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Abstract

Nature provides an abundant source of small molecules that can be used to
interrogate biological systems. However, these compounds are often available in limited
quantities from natural sources and must be synthesized in order to: 1) accumulate
useful amounts for further study; 2) provide an efficient means to introduce structural
modifications to achieve analogues. Part I demonstrates the asymmetric total synthesis
of (-)-clavosolide A, showcasing the tandem allylic oxidation/oxa-Michael reaction in
the stereoselective formation of the 2,3-trans-2,6-cis-tetrahydropyran core. Part II
demonstrates the total synthesis of the immunosuppressive compounds, subglutinols A
and B through reductive deoxygenation and cross-metathesis/intramolecular Sn2'
reactions from a common intermediate to form the substituted 2,3-trans-2,5-trans-
tetrahydrofuran and 2,3-trans-2,5-cis—tetrahydrofuran cores (subglutinol A and B
respectively. Preliminary structure-activity relationships as well as biological studies are
presented. In future, the construction of these natural products will aid in the

elucidation of their biological mechanisms.
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1. The role of natural products in chemical biology

1.1 Classical vs. chemical genetics

Living systems range from simple unicellular organisms (e.g. bacteria) to
complex multicellular and multitissue organisms (e.g. humans). Understanding the
mechanisms that constitute life is important for the recognition and intervention of
aberrant or diseased states. Classical genetic techniques have contributed greatly to the
current understanding of biological mechanisms through specific genetic modifications
such as overexpression, deletion, or mutation.[1]

Gene modification introduces a perturbation into a system which is then
interrogated for differences in phenotype from the normal system. While much insight
has been gained from these experiments they can have disadvantages that lead to
unwanted global side effects and incompatibility with more complex systems. These
drawbacks stem from the irreversible nature of genetic modification. In the case of
genetic mutation, the structure of the gene product or protein is altered, leading to a
possible inhibition of its function. If the function of the protein is critical for the survival
of the organism then death will occur and the function of the protein remains obscure.
Gene deletion can also suffer from this drawback.[1-2] A single protein may have
multiple functions in the cellular environment. If the gene/protein is deleted then the
resultant phenotype could be due to the loss of one specific function, the loss of multiple

functions, or a synergistic effect due to the loss of multiple functions.[3]



Chemical genetics seeks to overcome these disadvantages by using small-
molecules as the source of perturbation. The advantages of small-molecules over genetic
mutation include a reversible, temporal, and dose-dependent response and depending
on the specificity of the small-molecule, the perturbation of a single protein function.[3]
Other advantages of using small-molecules include access to a wider range of organisms
in model systems while providing a functional handle to identify specific targets. The
major disadvantage of using small molecules is that they may interact with structurally
related biological targets, producing off-target effects. Off-target effects can lead to
unclear mechanistic determinations in biological pathways. In the case of drug
development, these off-target interactions can lead to unwanted side-effects that can

decrease the overall quality of life for the recipient.

1.2 Small molecules in chemical biology

There are two main sources of small-molecules in drug discovery: combinatorial
chemistry libraries and naturally derived compounds. Combinatorial libraries have been
successful in identifying modulators of significant biological processes, but have only
led to the discovery of one FDA approved drug in the previous 20+ years while in
contrast, from the 1940’s to date, 73% of currently approved drugs are natural products
or derivatives.[4-7] The major drawback of combinatorial libraries is the lack of chemical

diversity, which stems from the two-dimensional nature of the drug like scaffold



synthesis. Proteins are three-dimensional structures; as such combinatorially derived
compounds are unable to take advantage of all three dimensions of chemical space.[8-9]

On the other hand, nature takes full advantage of the natural selection process to
produce chemically diverse compounds.[10] The Screening Hypothesis proposes that
organisms that could produce and retain chemical diversity at a low energetic cost
would be favored by the evolutionary process. The organisms that can screen a large
number of compounds will increase their likelihood of generating potent and specific
biological molecules.[11] As a consequence, natural products have an immense chemical
diversity and are a rich source of biologically active compounds.

Organisms have evolved natural product compounds for their own purposes,
but human proteins contain many structural domains that are conserved from the
evolutionary process. As such, natural product compounds may have similar molecular
targets in humans as their originating organism.[4, 12] This could explain why natural
products have been successfully employed as modulators of diseased processes.

In order for a small-molecule to be a useful tool to study biological systems it
must be available in sufficient quantities to conduct biological experiments. In addition,
it must also possess a certain level of specificity and potency. The availability of a
compound is quite often limited from natural sources as shown in the case of the widely

used anti-cancer drug Taxol, derived from the bark of the Yew tree. One estimation is



that only a single dose of Taxol could be isolated from one mature tree.[13] Access to the

limited supply of natural products necessitates a chemical or biochemical synthesis.



2. The total synthesis of (—)-clavosolide A

2.1 Substituted tetrahydropyrans as a structural mo tif in nature

Substituted tetrahydropyrans are ubiquitous structural features in a variety of
biologically active natural products.[14-15] Samples of such structures are shown in

Figure 1.

Leucascandrolide A
Anti-cancer activity

Neopeltolide
Anti-cancer activity

(=)-Centrolobine
Anti-parasitic activity

(-)-Ratjadone
Anti-cancer activity

Phorboxazole A Ry=H, R,=OH
Phorboxazole B R{=0OH, R,=H
Cytostatic activity

Figure 1: Biologically active natural products containing tetrahydropyrans.



Leucascandrolide A is a potent anti-cancer natural product that was isolated
from the marine sponge Leucascandra caveolata in 1996.[16] Its biological activity and
interesting structural features, consisting of a 2,6-trans-tetrahydropyran and a 2,6-cis-
tetrahydropyran have inspired multiple syntheses.[17-28] Centrolobine, the antiparasitic
compound has also been a proving ground for methodologies to achieve 2,6-cis-
tetrahydropyrans.[29-32] The phorboxazoles contain four distinct tri-, and penta-
substituted tetrahydropyrans.[33-34] Likewise, ratjadone and neopeltolide contain 2,6-

cis-tetrahydropyran cores.[35-36]

2.2 Substituted tetrahydropyrans

2.2.1 Synthetic methods to access tetrahydropyrans

CSA, Et,0,
19 °C, 30 min
—_—

50%, >20:1

A. epoxide opening

OTBS OTBS
' Cr(lll)-catalyst
B. hetero Diels-Alder 0O 4A m.s. (neat) =

+ )K/\ 40h,25°C,64% B
H OTBDPS R nO o OTBDPS

OBn

C. radical cyclization O._.OBn  BnsSnH,AIBN, O o~

X - o
EtOZC benzene, 4 h Et02C OBn
Br 96% >20:1

OBn OBn
/C02Me
| Pd(OAc),, CO :

W\

D.cyclization onto OH Y MeOH/CH3CN (1:2),
unactivated olefins 70h,25°C

oy
N AN W 1y - = N AN oY "y
¢ p OTIPS 0 o7 ¢ p OTIPS
0 o

Figure 2: Synthetic methods used to construct substituted tetrahydropyrans.
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Efficient and stereoselective access to substituted tetrahydropyrans has been the
focus of considerable effort in the synthetic community and addressed by a variety of
methodologies.[15] Figure 2 presents four examples of methods used in natural product
synthesis to construct substituted tetrahydropyrans. Figure 2A shows an intramolecular
acid promoted epoxide opening tactic that was used in the synthesis of the cytotoxic
compounds (+)-thyrsiferol and (+)-venustatriol.[37] Figure 2B shows a hetero Diels—
Alder reaction under reagent control to selectively form an intermediate in the synthesis
of the antifungal compound (+)-ambruticin.[38] In Figure 2C, the tributyltin radical
promotes stereoselective cyclization under substrate control in the synthesis of ent-
lasonolide.[39] Figure 2D demonstrates an intramolecular palladium mediated
activation of a terminal olefin and subsequent ring closure by the nucleophilic hydroxyl
group en route to the synthesis of phorboxazole A.[33, 40] Although currently available
methods of tetrahydropyran formation are useful, there remains a great need for a
synthetic strategy to construct this class of molecules that enables rapid and robust
access to substrates, proceeds in excellent stereoselectivity and yield, and requires mild

reaction conditions compatible with a variety of functional groups. [41]

2.2.2 Tandem allylic oxidation/oxa-Michael reaction

One underexplored method to form substituted tetrahydropyrans is the
intramolecular 1,4-addition of oxygen nucleophiles to a,-unsaturated carbonyl

compounds. The lack of interest in this method is due to several factors including low



nucleophilicity of oxygen, retro-Michael addition and poor stereochemical control.[42]
These drawbacks necessitate the enhancement of oxygen nucleophilicity through the use
of a strong base, or the activation of the Michael acceptor through the use of acid
catalysts, amine catalysts or transition-metal complexes. These harsh conditions are
often intolerant to other functional groups of the substrate. To meet these goals, a new
method was needed that was mild enough to tolerate a variety of functional groups,
proceed in good yield, and have high stereoselective control. The Hong lab developed
such a method through the introduction of a structural element at the C4 position to
promote a favorable conformation, enhance oxygen nucleophilicity and reduce reaction

reversibility through the gem-disubstituent effect.[41]



H.C™ CH,
A
112.2°
H CH,
H,Cy iCH,
111.1°
H,C, CH,
H,C CH, 0=, &0° 1.20° 190" 2;10" 200° 360°
A LD \g \ io ?
109.5° — O@k\, ;ﬁg QO)FOQ C’k@ }g 0
eclipsed FANCHE eclipsed ants eclipsed gauche eclipsed
_—— O’L }gj. O’L ’%‘(‘O O’iD %D O’I\o
)
eclipsed gauche eclipsed gauche  echpsed giche aclipsad

Figure 3: a. Thorpe-Ingold effect on bond angle. b. Relative energies of the
rotational conformations of butane and 2,2-dimethylbutane.

The gem-disubstituant effect increases the rate of intramolecular cyclization by
two distinct processes: 1) it decreases the bond angle between the reactive groups
through the Thorpe-Ingold Effect; 2) it decreases the prevalence of the extended chain
conformation by eliminating possible anti rotational conformations through the Reactive
Rotomer effect.[43-45] Figure 3a shows the Thorp-Ingold effect on bond angle by
increasing methyl substitution at the C2 position of propane. Increasing the substitution
decreases the bond angle of the carbon backbone. In the case of intramolecular
cyclization reactions, this decreased bond angle serves to decrease the through space

distance between the reactive functionalities.



Figure 3b. demonstrates the relative change in energy of the rotamers of butane
(solid line) and 2,2-dimethylbutane (dashed line). Butane is able to adopt 4 possible
rotational configurations; eclipsed, gauche, or anti (or trans) with anti having the lowest
energy. The anti configuration in longer chain systems results in an open or extended
chain configuration to minimize overall energy. In the case of 2,2-dimethylbutane, there
are only two possible configurations: eclipsed and gauche. In longer chain systems this
results in no difference in energy between the extended form and the coiled or closed
conformations. The result in intramolecular cyclization reactions is that molecules that
possess this disubstitution effect spend as much time in the closed chain configuration as
in the open chain configuration, and consequently the reactive functionalities spend
more time in closer proximity to one another resulting in acceleration of the reaction
rate. Based on this analysis, it was hypothesized that the gem-disubstituant effect could

be applied to the allylic oxidation/oxa-Michael reaction to accelerate the reaction rate.

10



t-BuLi
HMPA/THF (1:10)
—78 °C, 5 min., then

1. n-BuLi, THF
-78°C,1h,then23 S_ _S

&

S__S

S_S 2. PTSA, MeOH (%)-glycidyl-
-78°C,12h “~ benzyl ether, 1 h
78% for 2 steps OH 83%

21 2.2
1,3-diaxial
interaction

MnOQ, CH20|2
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S__S E\ S
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93%, 5201 dr R“‘mo RAJO'i
H l o
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Sfjs
\\\ Q”A
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2.6

BI‘I/\
N-OTHP
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H 1l R = cH,0Bn
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interaction o
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ChX
H |
S@\OHH
R B

l

S _S

R\\\@O

H™H

2,6-trans-THP
2.7

Figure 4: The allylic oxidation/oxa-Michael reaction promoted by the gem-

disubstituent effect.

The Hong lab devised a model system to test this hypothesis by introduction of

promoting the gem-disubstituant effect.[41]

1,3-dithiane at the C4 position (Figure 4) to the secondary hydroxyl group. The 1,3-
dithiane group was selected because it allows rapid access to substrates and acts as a

latent functional group for a carbonyl, olefinic, alcohol, or methylene unit while

The substrate for the allylic oxidation/oxa-Michael reaction was prepared in

11

three steps from commercially available 1,3-dithiane 2.1 coupled with allyl bromide 2.3,
followed by hydrolysis of the THP protecting group under acidic conditions to give the

allylic alcohol 2.2 in good yield.[46] Dithiane 2.2 was then coupled under basic



conditions with commercially available (+)-glycidyl benzyl ether to afford the allylic
alcohol 2.4.

After testing a variety of oxidative conditions, MnO: was determined to provide
exclusive chemoselective oxidation of the allylic alcohol without formation of the bis-
oxidation product. When 2.4 was subjected to allylic oxidation, o«,p-unsaturated
aldehyde 2.5 was formed and underwent spontaneous intramolecular conjugate
addition to exclusively produce 2,6-cis-tetrahydropyran 2.6. The stereochemical outcome
was rationalized on the basis that the unfavorable 1,3-diaxial interaction developed in
conformation B between the C6 «a,3-unsaturated aldehyde and the 1,3-dithiane group is
larger than that of the C6 hydrogen and the 1,3-dithiane group in conformation A.

To further explore the hypothesis that the gem-disubstituant effect could be
applied to the allylic oxidation/oxa-Michael reaction, a different model system was
devised to determine its role on reaction rate, stereoselectivity and efficiency of the

allylic oxidation/oxa-Michael reaction (Table 1).

12



MnO, R, .R

R, LR R, LR R, LR
/\/(j\ R ﬁ m /\)/j\
— o _— +
HO™ ™ HO" “Ph 07> Ho" YPh H 0" ph 07 07 Ph

B

Substrate A

Table 1: Effect of gem-disubstituent groups on rate enhancement and
stereoselectivity.

Substrate Ratioof A to B 2,6-cis:2,6-trans of Al %Yield P!
2.8, R=H 3:1 7:1 83%
2.9, R=Me 4:1 10:1 94%
2.10, R = -S(CH2)S- A only >20:1 96%

[a] Combined yield of tetrahydropyran and diketone. [b] The diastereomeric ratio of 2,6-cis:2,6-trans was
determined by integration of 'TH NMR of the crude product.

Three substrates were prepared with varying degrees of substitution at the C4
position to determine their effect on reaction rate and stereoselectivity in the tandem
allylic oxidation/oxa-Michael reaction. When 2.8 was subjected to the allylic
oxidation/oxa-Michael reaction it provided a ratio of the tetrahydropyran product A to
bis-oxidation product B in 3:1 with a moderate stereoselectivity of 7:1, favoring the 2,6-
cis-tetrahydropyran. Increasing the gem-disubstituent group to methyl and hydrogen,
compound 2.9 slightly decreased the formation of the bis-oxidation product, as well as
improved the diastereoselectivity to 10:1. Dithiane 2.10 eliminated the formation of the
bis-oxidation product and provided the 2,6-cis-tetrahydropyran product as a single
diastereomer.

These experiments showed that after the allylic oxidation, the larger gem-
disubstituent effect accelerated the rate of reaction by promotion of a more favorable

conformation, placing the nucleophilic oxygen in closer proximity to the conjugate
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acceptor. This increased reaction rate precluded the slower oxidation of the benzylic
alcohol in the dithiane case. Increased 1,3-diaxial interactions at the C4 position also
improved stereoselectivity and yield. In addition, this methodology has been applied by
the Hong lab in the synthesis of neopeltolide, cyanolide A, leucascandrolide A, and SCH

351448.[28, 41, 47-48] We applied this methodology to the synthesis of clavosolide A.

2.3 Isolation of clavosolides A—D

Clavosolides A-D are a family of unique dimeric macrolides, isolated
independently by two groups from the extract of the Philippine marine sponge Myristra
clavosa, in 2002.[49-50] The initial crude extract exhibited differential cytotoxicity and
antiproliferative effects when tested in the NCI-60 tumor cell line assay. Upon further
purification and testing it was discovered that clavosolides A-D were noncytotoxic. [49-
50]

An 18.7 gram crude extract was subjected to extensive chromatography to yield
the four clavosolide compounds in only trace amounts: 0.3 mg of clavosolide A, 0.2 mg
of clavosolide B, 0.4 mg of clavosolide C, and 0.2 mg of clavosolide D [50]. The recovery
of such small quantities of these compounds from natural sources made it imperative to

discover synthetic means to accumulate sufficient material for further biological studies.
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Initially reported

structures of

clavosolides A-D

2.1 (A) R1 = R2 = R3 = CH3
212 (B)R1=R3=CH3, R, =H
213 (C) R1 = R2 = CH3, R3 =H
214 D)Ry=H, R, =R3=CHj;

H3C// \\H
Revised structures of HA>—

clavosolides A-D
215 (A) R1 = R2 = R3 = CH3 MeO

2.16 (B)R; =R;=CH3, R, = H "0

217 (C) R1 = R2 = CH3, R3 =H

218 (D)R, =H, R,=R;=CH; M€0" T O
OMe

Figure 5: Initial and revised structural assignments of clavosolides A-D.

The structure and stereochemistry of the clavosolides were elucidated by
extensive NMR analysis and molecular modeling calculations (Figure 5). Clavosolides
A-C possess a C2-symmetric macrolide core, two -xylose residues with varying degrees
of methylation, two symmetrical 2,6-cis-tetrahydropyran subunits as well as two syn-
cyclopropyl appendages. There was some ambiguity in the spectral data concerning the
stereochemistry of the cyclopropane moieties that led Faulkner to rely on molecular
modeling for their relative assignment.[49-50] Clavosolide D was assigned to be
identical to clavosolide A except for the unsymmetrical tetrahydropyran subunits,
wherein one tetrahydropyran replaced the methyl group at the C3 position with
hydrogen. In 2005, Willis and co-workers completed the first total synthesis of the

initially assigned structure of clavosolide A 2.11.[51] Their spectral data did not match
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that of the natural product, which led them to propose a revised structure for the
clavosolides, which was confirmed by the Lee group’s first total synthesis of clavosolide
A(Figure 5) [51-52].

2.4 Syntheses of clavosolide A and establishment of the

absolute stereochemistry

The unique structure of clavosolide A has attracted considerable interest from
the synthetic community. To date, there have been four total and two formal syntheses
of clavosolide A [52-58]. The previous syntheses have five different strategies to form the

2,3-trans-2,6-cis-tetrahydropyran core of the monomeric unit of clavosolide A.

2.4.1 Lee group’s total synthesis of (-)-clavosolid e A

W

o) . \
quOTBDPs 13steps  MeO,C N TN
218 OH OH OPMB

219

OTBS

NaH, THF
25°C, 4 h
82%, 11:1 dr MeO,C

N

223
OH ccly SNH

1) a. 2,4,6-Cl;PHCOCI
EtsN, THF, 25°C, 2 h
b. DMAP, PhMe, reflux

17h BF3 OEty, 4A m.s.
2) TBAF, THF,0°C, 3 h CH,Cl,, =78 to
41% for 2 steps 25°C,3h e .
1% (—)-clavosolide A

Figure 6: Lee group’s synthesis of (-)-clavosolide A.
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The first total synthesis of clavosolide A was reported by Lee and co-workers in
2006 (Figure 6).[59] Their method to construct the 2,6-cis-tetrahydropyran 2.20 relied
upon intramolecular conjugate addition of 2.19 by activation of the oxygen nucleophile
under basic conditions (NaH). This reaction proceeded in 82% with 11:1
diastereoselectivity favoring the 2,6-cis-tetrahydropyran 2.20. Protection of the C4
hydroxyl group, hydrolysis of the methyl ester and deprotection of the PMB group
furnished the substrate 2.21 for dimerization by modified Yamaguchi
macrolactonization protocol. This included a two step/one-pot process whereby the
carboxylic acid was activated by forming the mixed anhydride with 2,4,6-
trichlorobenzoyl chloride, followed by filtration of EtsN-HCl. DMAP was added in
toluene to form a second mixed anhydride which underwent macrolactonization upon
refluxing to form the clavosolide A aglycon 2.22 in 41% for two steps. 2.22 was then
subjected to Schmidt glycosylation with the trichloroacetimidate sugar 2.23 and BFs>-OEt:
which proceeded to give the (3,3-anomer, clavosolide A in 11% as well as a statistical
mixture of a,3- and a,a-anomers.

The Lee group’s synthetic clavosolide A matched with all authentic spectra
except the sign of optical rotation. This established the relative stereochemistry and was
in agreement with the proposed revision of the structure of natural clavosolide made by

Willis and co-workers in 2005 and led them to determine that they made (+)-clavosolide
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A, the antipode of the natural product.[51] It was later reported that the mistake in

optical rotation was a clerical error thus established the absolute stereochemistry.[59]

2.4.2 Smith group’s total synthesis of (-)-clavosol ide A

Q O OTIPSH
| 7 steps B y a. HMODS, CH,Cl,
| H <] 35 °C, 4 days

H b. 2.25, DTBMP, CH,Cl, 0
(E)-crotonaldehyde 2.25 —78°C,15h "0 OTIPSH
OH 94% for 2 steps ) ] - i
: TIP 07 <]
O'K/\ &E&O 7:1dr SO 207 3
2 steps 2,27
52 01IPS ——— TIPSO OH
. 2.26
a. Cp,TiMe,, Me;CCO,Et (0]

THF, 63 °C (dark), 24 h

b. Me,AICI, 4A m.s. QTIPS H

° g A 7 st
CHZCE)IQ, 25 °C, 1 second TIPSO 207 S steps (o)-clavosolide A
65% for 2 steps 2.29 H
" .
@
(o]
Wyonps
CIMe,AIO
e 2.28

Figure 7: Smith group’s synthesis of (-)-clavosolide A.

In 2006, Smith and co-workers published the total synthesis of (-)-clavosolide A
(Figure 7).[55] Utilizing a stereoselective, Lewis acid promoted condensation reaction, 3-
hydroxy acid 2.26 was converted to the bis-TMS acid derivative then treated with
aldehyde 2.25 to form dioxanone 2.27 as the substrate for their Petasis—Ferrier
union/rearrangement tactic. They have applied this methodology in the synthesis of
multiple substituted tetrahydropyrans.[34, 60-63]. Upon addition of Petasis—Tebbe

reagent (Cp2TiMe2) and ethyl trimethylacetate, the C4 olefin is formed and following
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filtration, Me2AICl is added to act as a Lewis acid. The subsequently formed
oxocarbenium opens the acetal ring while simultaneously forming the enol ether
(transition state 2.28). Upon quenching the reaction rearrangement proceeds to give 2.29
in 65% for two steps as a single compound. Ketone reduction, benzylation, silyl
deprotection and oxidation provided the substrate for dimerization, deprotection and
glycosidation. The same Yamaguchi macrolactonization protocol was used for the
dimerization as reported in the Lee synthesis. The final reaction was Schmidt bis-
glycosylation where the only difference from the Lee synthesis was that TMSOTf was

used as the Lewis acid instead of BFs;-OEt..

2.4.3 Willis group’s total synthesis of (-)-clavoso  lide A

= 1. TFA, CH,CI,, 25 °C

MeO.C 2. K,CO4, MeOH, 25 °C
N0 3. CHgNp, Et,0,25°C  MeO,C

2.30 OBn 88% for 3 steps

OTIPS CICH,l, Et,Zn

0, OTBS CH20|2’80|:0 15°C

MeOLC o NN g1, 4t ar . MeOL

7 steps

2,32 OMe
MeO/,( ‘\\OMe

PhS (0]
2.34
NBS, CH3CN
4A m.s.
-40t025°C,1.5h

8% (—)-clavosolide A
0

Figure 8: Willis group’s synthesis of (-)-clavosolide A.
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In 2006, Willis and co-workers reported their synthesis of (-)-clavosolide A
(Figure 8).[54] They started with the known enol ether 2.30 and subjected it to Prins’
reaction in the presence of TFA to achieve three new asymmetric centers with complete
stereochemical control.[51] The trifluoroacetyl group was then hydrolyzed with
methoxide, followed by addition of diazomethane to convert of the carboxylic acid
byproduct from the Prins’ reaction into the methyl ester to provide 2,6-cis-
tetrahydropyran 2.31 in 88% yield for three steps as a single diastereomer.

After successive manipulations, 2.32 was prepared as the substrate for Simmons—
Smith cyclopropanation. The TBS protected allylic alcohol 2.32 underwent reaction with
diethyl zinc and chloroiodomethane to provide the desired cyclopropane
tetrahydropyran 2.33 as a 4:1 mixture of diastereomers. TBS hydrolysis, methyl ester
hydrolysis, dimerization using the identical Yamaguchi macrolactonization protocol to
Lee (section 2.4.1) and TIPS hydrolysis provided the clavosolide aglycon 2.22. The
aglycon was subjected to Schmidt glycosylation in which the Lewis acid was NBS and
the glycosyl donor was thioglycoside 2.34. This reaction provided (-)-clavosolide A in

18% yield with the expected «,3- and a,a-anomers.
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2.4.4 Chakraborty group’s first-generation synthesi s of (-)-
clavosolide A

1. TBDPSCI, Et;N, DMAP (cat.)
DMF, 0 to 25 °C, 5 h.

Me 2. MsCl, Et;N, DMAP (cat.)

: CH,Cl,, 0 to 25 °C, 30 min.

OH
Bno” Y Y YT 3. CSA (cat.), MeOH, 25 °C, 48 h
o

Ox OH 75% for 3 steps
2.35
OTBDPS Et,Zn, CH,l, OTBDPS
—-20t00°C,4h

_—
96%, >20:1dr  BnO

1. allyl bromide, K,CO3
DMF,0t025°C,0.5h

2. CSA, CH,Cl,/MeOH (4:1)
0 °C, 10 min.

y 85% for 2 steps

1. CSA, CH,Cl,/MeOH (4:1), 0 °C, 10 min
OTBDPS 2. Pd(PPh3),, morpholine, THF, 25 °C, 1 h
then, 2,4,6-trichlorobenzoyl chloride,
EtsN, THF, 25 °C, 3 h, then DMAP,
toluene, 80 °C, 5h
3. TBAF, AcOH (cat.), THF, 0to 25 °C, 8 h

53% for 3 steps

2,4,6-trichlorobenzoyl-
chloride, Et3N, THF,
25 °C, then 2.40, DMAP
toluene, 25°C, 1 h
85% TBDPSO

241 H
R=TES

1 step )
222 —— > (-)-clavosolide A

Figure 9: Chakraborty group’s first-generation synthesis of (-)-clavosolide A.

As with the Willis group, Chakraborty and co-workers achieved the synthesis of
the initially reported structure of clavosolide A, 2.11, but quickly resolved the structure
and subsequently reported their first generation synthesis of (-)-clavosolide A (Figure

9).[57, 64] Their synthesis began with their previous synthetic intermediate 2.35.[65] The
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primary alcohol was protected by TBDPS, followed by mesylation of the secondary
hydroxyl group. Acetonide hydrolysis under acidic conditions led to spontaneous
intramolecular Sx2 cyclization with complete stereochemical control to form the 2,6-cis-
tetrahydropyran 2.36 in 75% for 3 steps. Through successive protection, oxidation,
alkylation and Mitsonobu process, 2.37 was produced as the substrate for stereoselective
Simmons-Smith cyclopropanation. The unprotected allylic alcohol was added to diethyl
zinc and diiodomethane to give a cyclopropane 2.38 as a single compound in 96% yield.
The secondary hydroxyl group of 2.38 then underwent stereochemical inversion,
followed by a series of deprotection, protection, and oxidation reactions to achieve 2.39.
2.39 was then allylated and the TES group was hydrolyzed to provide 2.40 as the
nucleophile for the four step dimerization process. After dimerization, the silyl group
was cleaved to provide aglycon dimer 2.22. Schmidt glycosylation under similar
conditions with Lee and Smith (sections 2.4.1 and 2.4.2 respectively) completed (-)-

clavosolide A.
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2.4.5 Chakraborty group’s second-generation synthes is of (-)-
clavosolide A

OMe
MeO,,, OMe
OH OH 'd O2 43
) TBDPSCI, Et;N, DMAP (cat.) ) cal ANH :
DMF, 0 to 25 °C, 4 h. 3
BnO. 859 BnO. TMSOTf, 4A m.s.
-0 OH ° -0 OTBDPS CH,Cl,, 25°C, 2 h
H H H 84%, 1:1 o;
2.36 2.42 o, 11 ocp
OMe OMe
MeO,, “OMe MeO,, OMe

2,4 ,6-trichlorobenzoyl

(0 )NG) 12 steps chloride, EtsN, THF, 25 °C,
‘n,, —_— 3 h then, added to DMAP,
BRO HOLC toluene, 80 °C, 5 h
A A 2 e, then12hat25°C .
g 0] g OTBDPS en oa (-)-clavosolide A
2.44 %

Figure 10: Chakraborty group’s second generation synthesis of (-)-clavosolide

After a somewhat laborious first generation synthesis, Chakraborty and co-
workers developed a more straight forward strategy to obtain (-)-clavosolide A (Figure
10). Beginning from their 2,6-cis-tetrahydropyran 2.36, the primary alcohol was
protected followed by Schmidt glycosylation to provide 2.44. The advantage of installing
of the glycoside prior to dimerization is the exclusion of forming unwanted a,a- and
a,[-anomers as observed in each of the previously discussed syntheses, thus improving
the efficiency of synthesis. Tetrahydropyran glycoside 2.44 was then subjected to similar
reaction conditions as reported in the first generation synthesis to obtain monomeric

2.45. Yamaguchi dimerization led to the formation of (-)-clavosolide A in 71% yield.
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2.4.6 Jennings group’s formal synthesis of (—)-clav  osolide A

1. Et,BOMe, NaBH,,

o O
THF, -78 °C, 2 h \)J\NJJ\O

2. DMP, PPTS, CH,Cl,,
° MOM
OH O 25°C, 12 h o><o Bn)‘J o><o Jom
H 3.03, Sudan Ill, CH,Clp, H 948  H 1
' ' _78°C,05h ' N0 odeps o
SH 61% for 3 steps S YH - ’ )_/
2.46 247 ) 249 BN
1. LiOBu, THF, OMOM a. a"yl-MgBro
—781t00°C,4h THF,-78°C,0.5h
2. TFA, THF, 70 °C b. TFA, TES-H,CH,Cl,,
24 h —4010-20 °C, 13 h

_—
66% for 2 steps 65% for 2 steps

1. 2,4,6-trichlorobenzoyl
chloride, Et3N, THF,
25 °C, 2.5 h, then, DMAP,
toluene, 125 °C, 12 h
2. bromocatecholborane,
CH,Cl,, =78 °C, 15 min
18.5% for 2 steps

Figure 11: Jennings group’s formal synthesis of (-)-clavosolide A.

In an effort paralleling the Smith group’s synthesis of 2.26, Jennings and Carrick
exploited Evans aldol chemistry, Simmons-Smith cyclopropanation and Mitsunobu
inversion of hydroxyl group stereochemistry to achieve 2.46.[58] Stereoselective
reduction led to the 1,3-syn-diol which was immediately protected as the acetonide. The
terminal olefin was then oxidized in the presence of buffered ozone to provide 2.47 in
61% yield for three steps (Figure 11). Standard Evans’ aldol addition of oxazolidinone
2.48 to aldehyde 2.47 were applied followed by MOM protection of the secondary
hydroxyl group.
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Removal of the chiral auxiliary by conversion of 2.51 to the benzyl ester then
acetonide hydrolysis formed the lactone 2.50 as the substrate for alkylation and
stereoselective oxocarbenium reduction. 2.50 was treated with allyl bromide to form the
alkylated hemi-acetal which was then subjected to the next step without purification.
TFA promoted dehydration/oxocarbenium formation occurred which then allowed
triethylsilylhydride to add in an axial fashion to the oxocarbenium.[66] This
stereoselective reduction provided the 2,6-cis-tetrahydropyran 2.51 in 65% for two steps
as a single diastereomer. From 2.51, the clavosolide A aglycon 2.22 was reached by
subsequent oxidations and then Yamaguchi macrolactonization and MOM deprotection.

This completed Jenning’s formal synthesis of (-)-clavosolide A.
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2.5 The total synthesis of (-)-clavosolide A

2.5.1 Retrosynthesis

C:)Me OMe

Ou_~_OMe MeO, “OMe
1)/\)/, Shiina

OMe macrolactomzahon

OTIPS
- MeO,C
H 253
Schmidt allylic oxidation/
glycosylatlon oxa-Michael cyclization
OTIPS OTIPS
MeOQC
254
2.55
Q [\s OH O OH
= G = WA
_ . HO 257 2.58
dithiane coupling 2.56 o)
O OTIPS OJ\O iodocyclization OH
- B p— = = —— B _
2,59 2.60 2.61

Figure 12: Retrosynthesis of (-)-clavosolide A.

The primary goals of this project were to exploit the tandem allylic
oxidation/oxa-Michael methodology developed in our lab to construct the 2,3-trans-2,6-
cis-tetrahydropyran monomeric core of clavosolide A and to accomplish the total
synthesis in the most efficient manner to date. To that end the first anticipated
disconnect (Figure 12) was at the macrolactone, which was thought to be achieved from
a one step Shiina dimerization process after Simmons-Smith cyclopropanation, silyl

cleavage and methyl ester hydrolysis, from THP glycoside 2.53. The key transformation
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in this synthetic strategy relied upon conversion of the acyclic diol 2.55 to the 2,3-trans-
2,6-cis-tetrahydropyran 2.54 through the tandem allylic oxidation/oxa-Michael reaction
in a stereoselective fashion.

The acyclic diol 2.55 could be produced in a convergent coupling of dithiane 2.56
with epoxide 2.59. Dithiane 2.56 would be produced from the known dithiane
compound 2.57 through oxidation and Horner-Wadsworth-Emmons olefination with
trimethyl phosphonoacetate followed by 1,2-reduction of the a,f-unsaturated methyl
ester with diisobutylaluminum hydride. 2.57 can be produced following the procedure
established by Ley, from the commercially available 3-hydroxy methyl ester 2.58.[67]

Epoxide 2.59 was expected from hydrolysis of the iodocarbonate 2.60 followed
by silyl protection. Boc protection and iodocyclization could gain access to 2.60 from the
known allylic alcohol 2.61 which was produced from the kinetic resolution of Sharpless

asymmetric epoxidation procedure established by Prasad and co-workers.[68]
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2.5.2 Synthesis of the dithiane fragment

trityl-Cl, Et;N, DMAP

LAH, THE o4 oTr

9 OH chc, 25°C, 17h QO bt025°C 6h L

—_—_—
MeO” ™ 95% MeO™ ™ 97% :

2.58 2.62 2.63
SO;-pyridine BF;-OEt, SO pyridine
DMSO, Et3N o OTr 1,3-propanedithiol DMSO, EtsN

CH,Cl,, 0°C, 2 h P CH,Cl,, 78 10 25 °C, 10 h [\S OH cH,Cl,, 0°C, 2h
e — _— >
75% for 2 steps S
264 trimethyl 2.57
phosphonium
acetate Y DIBALH, CH,Cl, o
C U n-BuLi, THF , S5 S —78t0-40°C, 1h , 558
SN _—r8°C.2h ' 99% '
H 75% for 2 steps  MeO,C.__~ F
265 7:1 (ZIE) 2.66 HO 2.56

Figure 13: Synthesis of the dithiane coupling fragment 2.56.

Commercially available B-hydroxy methyl ester 2.26 was tritylated under
standard conditions followed by LAH reduction of the methyl ester 2.62 to the primary
alcohol 2.63 in good yield (Figure 13). Parikh-Doering oxidation gave the unstable
aldehyde 2.64 which was quickly subjected to Lewis acid mediated dithiane formation
and upon warming the trityl group was cleaved to provide dithiane 2.57 in 75% for two
steps.[67] A second Parikh-Doering oxidation followed by Horner-Wadsworth-
Emmons olefination of 2.65 with trimethyl phosphonoacetate provided 2.66 in 75% for
two steps in 7:1 (Z/E) ratio.[69] 1,2-Hydride addition to the a,B-unsaturated methyl ester

gave the dithiane coupling intermediate 2.56.
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2.5.3 Synthesis of the epoxide fragment

crotyl-Br
NaH, THF wL n-BulLi, THF wL
?LQ- ow2sc 08 9 wotcasn g 2 M
NN 21t071% NN T B0 22% NN
2.67 31 (E:2Z) 2.68 269

Na/NHa, H,0, THF
~781t0-20°C, 1 h

no reaction
1-bromo-2-butyne
WLO NaH, THF/DMF 10:1 WLO
B 0t0o25°C,1.75h = —
0 OH o._*~
NN 55 to 56% NN
2.67 2.70

Figure 14: First attempt to synthesize the epoxide fragment.

The first attempted synthesis of the epoxide fragment (Figure 14) began with O-
alkylation of the commercially available acetonide 2.67 with crotyl bromide to provide
allyl ether 2.68 as an inseparable mixture of E and Z isomers (3/1) that served as
substrate for a 1,2-Wittig rearrangement. Unfortunately, 2.68 was volatile under reduced
pressure which made handling and purification problematic, leading to inconsistent
yields and difficulty interpreting spectra. In an attempt to obtain 2.68 as the pure E
diastereomer, O-alkylation of acetonide 2.67 with 1-bromo-2-butyne was expected to be
selectively reduced to the E alkene under dissolving metal reduction conditions, but was
unsuccessful in all attempts.[70]

Marginal success was achieved when 2.68 was subjected to 1,2-Wittig
rearrangement conditions leading to 18 to 22% yields as the single diastereomer 2.69.[70]
The uncertainty in the etherification step, coupled with the low yielding 1,2-Wittig

rearrangement was cause for revision in the synthetic plan for the epoxide fragment.
29



SO3-pyridine
%Q OH DMSO, Et3N %O ZnBr, allyl-MgBr WLQ OH
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Figure 15: Second attempt to synthesize the epoxide fragment.

The strategy for the second attempt (Figure 15) was to employ the stereoselective
alkylation of aldehyde 2.72 which was furnished from Parikh-Doering oxidation of the
commercially available acetonide 2.71.[69, 71] It was anticipated that the organozinc
nucleophile would preferentially provide the 1,3-anti addition product, but all attempts
resulted in no reaction.

Aldehyde 2.72 was then subjected to crotylation to provide a mixture of
diastereomeric allylic alcohols 2.73 followed by oxidation in the presence of TPAP and
NMO or PCC. Stereoselective reduction of 2.74 by zinc borohydride provided the
desired diastereomeric alcohol as a single compound 2.69, but in very low yield.[72] The
inefficiency and redundancy of this scheme favored another revision to the synthetic

strategy to achieve the epoxide coupling fragment.
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Figure 16: Synthesis of acyclic carbonate 2.75.

The next synthetic approach (Figure 16) was to install the epoxide stereocenter
rather than begin with it in place. In the known procedure, allyl magnesium bromide
was added to (E)-crotonaldehyde to prepare the racemate of 2.61. Kinetic resolution of
Sharpless asymmetric epoxidation provided the (S)-2.61 as a single compound as
determined by '"H NMR of the Moshers’ ester derivative.[53] 2.61 was then converted to
the acyclic tert-butyl carbonate 2.75 in the presence of di-fert-butyl dicarbonate (Boc:O)
and DMAP. The strategy was to employ substrate controlled iodocyclization to transfer

chirality from the stereogenic center of 2.75 onto the terminal olefin.[78]
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5 i 5
| conditions
t-Bu ~0 Q T . Q)J\Q + o) o)

2.75 2.60A 2.60B

Table 2: Optimization of iodocyclization conditions.

Entry | Electrophile Solvent Temp. Time | %Yieldl! Ratio
Source °C A:BIbI

1 IBr CH2Cl: -78 <5 min 0% n.a.

2 IBr CH:Cl> -20 <5 min 20% 5:1

3 IBr CH:Cl2 0 <5 min 0% n.a.

4 IBr toluene -78 <5 min 38% 6:1

5 IBr toluene -40 <5 min 33% 6:1

6 IBr toluene -20 <5min | 24 to51% 2 to

3:1

7 IBr toluene 0 <5 min 0% n.a.

8 IBr CHsCN -20 <5 min 0% n.a.

9 IBr CH:Cl/CHsCN -20 <5min | 8to25% 5to

(3:1) 6:1

10 IBr CHsCN/toluene -20 <5min | 22to 73% 6:1
(1:1)

11 I CH:CL2 -78 1h 0% n.a.

12 I CH2Cl: -20 1h 22 to 28% 3:1

13 I CHsCN -20 3h 20 to 33% 5:1

14 I toluene 20 to 6 h no rxn n.a.
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15 I CH:CL/CHsCN -20 4h 63% 5:1
(2:1)

16 I CH:CL/CHsCN -20 12h 60% 5:1
(2:1)

17 NIS CHsCN -20 5h no rxn n.a.

18 NIS CH:CN 0 14 h 90 to 93% 5:1

[a] Isolated yield. [b] Diastereomeric ratio determined by '"H NMR of crude mixture.
Acyclic carbonate 2.75 was screened under a variety of reaction conditions

(Table 2) to provide the cyclic iodo carbonate 2.60. Iodine monobromide was the first I*

source examined.[73] Using dichloromethane as solvent, the reaction temperature was
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varied from -78 °C to 0 °C. In entries 1 and 3 (-78 °C and 0 °C, respectively) the desired
product was detected on TLC before quenching, but was not observed prior to aqueous
work-up. Entry 2 however, provided the desired product in 20% yield with a
diastereoselectivity of 6:1. Toluene was used as the solvent for entries 4-7 while the
temperature was varied leading to low, or in the case of entry 6, irreproducible yields.
Entry 10 employed a cosolvent system consisting of a 1:1 mixture of acetonitrile and
toluene while maintaining a temperature of 20 °C, also giving irreproducible results.
The conclusion reached was that the quenching process was too slow to effectively
destroy the reactive iodine monobromide, leading to decomposition of the product. It is
worth noting that in all cases where more than one equivalent of IBr was used, only
trace amounts or no product was obtained.

The electrophile source was exchanged for L, a less reactive I donor in the hopes
of avoiding the issues that reduced the yields in entries 1-10.[74] Entries 11-14 provided
either complete decomposition of starting material, no reaction or low yields. Entries 15
and 16 employed a cosolvent system of dichloromethane and acetonitrile (2:1) that
provided the desired compound in 60 to 63% yield, with moderate diastereoselectivity.

The final electrophile source screened was N-iodosuccinimide. This reagent
(entries 17 and 18) provided milder reaction conditions as well as a dramatic

improvement in the overall yield (>90%) while maintaining a 5:1 diastereoselectivity.[75]
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TBSCI or TBDPSCI

imidazole
DMF, 25 °C, 15-20 h
)(J)\ R=TBS; 62 to 88%
K,CO3, MeOH R=TBDPS; 90 to 92%
? Y AL w L?\/?i/\
oS 95% =
2.60 2.76 TIPSOTY, NaH 2.77R=TBS
CHQC|2, 25 °C, 15 min 2.78 R=TBDPS
94 t0 97% 2.59 R=TIPS

Y 2.7, 2.78, or 2.59 Y

, 55 S ¢-BuLi, THF/HMPA (10:1) 858
g -78°C,1h - OR
_ 2.79 R=TBS; 58% _ =
HO a6 2.80 R=TBDPS: 61% HO Q
. 2.55 R=TIPS; 55% H

Figure 17: Epoxide fragment synthesis and coupling reactions.

Cyclic iodo carbonate 2.60 was hydrolyzed by methoxide in the presence of
potassium carbonate to form the allylic alcohol epoxide 2.76 in good yield (Figure 17).
2.76 in turn was protected with TBS, TBDPS, or TIPS according to standard silylation
protocol. Deprotonation of the dithiane fragment with ¢-BuLi followed by nucleophilic
opening of the epoxide fragment provided the acyclic substrates 2.79, 2.80 and 2.55 for

the tandem allylic oxidation/oxa-Michael reaction in moderate yields.[76]
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2.5.4 The tandem allylic oxidation/oxa-Michael reac  tion

a.MnOQ, CH20|2
o 25°C, 51010 h &

, S S b. dimethyl triazolium iodide , S S
‘ OR DBU, MeOH, MnO,, 4A m.s. OR
- 25°C, 12to 14 h 3
HO _— (,) = 0 MeO,C 0 =
H —
2.48 R=TBS; 61 to 92%
2.46 R=TBS 2.49 R=TBDPS; 77 to 78%
2.47 R=TBDPS 2.20 R=TIPS; 85%
2.21 R=TIPS
S S
Q] o OR MeCOH
_ _ H o) =

Figure 18: One-pot allylic oxidation/oxa-Michael reaction and oxidation to
methyl ester.

The key transformation in the synthesis of clavosolide A was the one-pot, allylic
oxidation/oxa-Michael reaction and NHC catalyzed oxidation of the aldehyde to the
methyl ester (Figure 18).[28, 47] The acyclic allylic alcohol was selectively oxidized to the
o, B-unsaturated aldehyde by successive additions of MnO, followed by intramolecular
conjugate addition by the secondary hydroxyl group, forming the 2,3-trans-2,6-cis-
tetrahydropyran aldehyde. This intermediate was not isolated, but rather subjected to
NHC catalyzed oxidation of the aldehyde to the methyl ester in the same pot. This
substrate controlled stereoselective process provided 2.48, 2.49 and 2.20 as single

diastereomers (>20:1) in good yield.
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o
S__S I, 5
’ OR sat. ag. NaHCO4/CHCN OR
MeO,C o L (1:11),0°C,1t01.5h  MeO,C o o
2.81 R=TBS 2.83 R=TBS; 61 to 89%
2.82 R=TBDPS 2.84 R=TBDPS: 95%
254 R=TIPS 2.85 R=TIPS; 88 to 95%
OH
NaBH, ,
MeOH ' OR
—78°C, 5min MeO,C o N

2.86 R=TBS; 71 to 98%, 7:1 dr
2.87 R=TBDPS; 98%, 7:1 dr
2.88 R=TIPS; 90 to >99%, 7:1 dr

Figure 19: Dithiane cleavage and stereoselective ketone reduction.

Iodine mediated cleavage of the dithiane group proceeded in moderate to good

yield for each silyl protected tetrahydropyran as shown in Figure 19. Sodium

borohydride reduction was conducted at =78 °C in methanol to give excellent yields

with 7:1 diastereoselectivity favoring the $-alcohol for each intermediate.[55]
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2.5.5 Glycosylation and cyclopropanation

OMe
MeO,,, OMe
Phs” N0 234 OMe
OH MeOTf, 4A ms. MeO,, ~OMe
‘. OR diethyl ether
MeO.C H 25°C,48t072h o” ©
o2 0 7 2.89 R=TBS: 0% oR
2.86 R=TBS 2.90 R=TBDPS; 30 to 84%; 4:1 B:a MeO.C s
. = — . -4 p- e =
2.87 R=TBDPS 2.53 R=TIPS; 65%; 4:1 B:a 2 o
2.88 R=TIPS
OMe
ClCHzl, Etzzn MeO/,, i\\OMe
CH,Cl,, 0to 15 °C
85h

2.91 R=TBDPS; 66%, >20:1 dr
2.92 R=TIPS; 60 to 71%, >20:1 dr
MeO,C

Figure 20: Schmidt glycosylation and Simmons-Smith cyclopropanation.

In Figure 20, TBS protected [-alcohol 2.53 was subjected to Schmidt
glycosylation with MeOTf and thioglycoside 2.34. Unfortunately, these conditions were
too harsh to maintain the integrity of the TBS group leading to a complex mixture of bis-
glycosylated compounds. In order to circumvent this acid promoted hydrolysis issue,
the TBDPS protected allylic alcohol 2.87 was synthesized and then subjected to the same
glycosylation conditions. The reaction proceeded in 30 to 84% yield with a 4:1 :«x ratio.
The TIPS protected allylic alcohol 2.88 was also subjected to glycosylation and
proceeded in 65% yield with a diastereoselectivity of 3.8:1 favoring the (3-glycoside.[54]

The next step in the synthesis of clavosolide A was the installation of the
cyclopropane functionality. This was accomplished by wusing Simmons-Smith

cyclopropanation. Glycoside 2.90 was added to a mixture of diethyl zinc and
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chloroiodomethane at 0 °C and slowly warmed to 15 °C over 8.5 hours to provide the
cyclopropane 2.91 in 60% as a single diastereomer. Likewise, TIPS protected allylic
alcohol 2.53 was subjected to the same reaction conditions and provided 2.92 in 60 to
71% vyield as a single diastereomer. Previous syntheses used chelation controlled
Simmons-Smith cyclopropanation.[55, 57-58] The drawback to using the stereoselective
Simmons-Smith cyclopropanation approach is that after cyclopropanation the
secondary hydroxyl group has to be converted to the opposite configuration through the
Mitsunobu reaction. Like the Willis group, the stereoselectivity of our approach was due
to the steric encumbrance imparted by the silyl group to the olefin, leaving the opposite

face as the only option for cyclopropanation to occur.[54]
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2.5.6 Completion of the total synthesis of (-)-clav  osolide A

OMe OMe
MeO,,, “OMe MeO,,, “OMe
Conditions , o
’ OH H
MeO,C o <
H
2.91 2.93
Table 3: TBDPS deprotection attempts
Reaction conditions Reaction outcome
TBAF, THEF, 25-50 °C, 12 h no reaction
HF-pyridine, THF, 2540 °C, 12 h no reaction
TASF, DMF, 75 °C, 24 h no reaction
CsF, THF or DMF, 25 °C, 1-1.5h decomposition

The next step after cyclopropanation was deprotection of the silyl ether.
Attempts to cleave the TBDPS group of 2.91 were unsuccessful by a variety of fluoride
sources (Table 3). Standard desilylation conditions of TBAF and the milder HF-pyridine
in THF resulted in no reaction.[78] TSAF was then used as the fluoride source under
high temperature for 24 hours, but was also unsuccessful at cleaving the TBDPS group.
The final fluoride source tested was CsF, which resulted in complete decomposition of
2.91. The inability to remove the TBDPS group led to the synthesis of the TIPS
containing compound, which is more stable to acid hydrolysis in the glycosylation step,
but less hindered. The rational was that a less sterically hindered silyl group would be

able to be cleaved under standard conditions.
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MeO,,, “OMe MeO,,, OMe
TBAF, THF 0" 0
9 © 25°C,12h
—_— /4,
65% N OH H
MeO,C -
’ € 2 (@) R 4
2.93 H
OMe
LiOH MeO,, .OMe
25°C, 15 h o” 0 toluene, 90 °C,5h  (=)-clavosolide A
i OH H 72% for 2 steps 2.15
HO,C -
2 o > ,
2.94 H

Figure 21: Completion of (-)-clavosolide A.

Figure 21 shows the preparation for the final dimerization step. 2.92 was
desilylated in the presence of TBAF over 12 hours to provide 2.93 in 65%. The methyl
ester 2.93 was then hydrolyzed under standard condition of LiOH to provide the
clavosolide A monomer 2.94.[77]

The final step in this synthesis of (-)-clavosolide A was dimerization. All
previous syntheses of clavosolide A have employed a one-pot, two step or two step
Yamaguchi macrolactonization process. Our synthesis of (—)-clavosolide A from 2.94
relied upon Shiina lactonization with MNBA.[77, 79-80] A large excess of DMAP and
slight excess of MNBA was added to toluene and heated to 90 °C. Monomer 2.94 was
added slowly over 5 hours via syringe pump. MNBA and 2.94 form the first mixed
anhydride to which DMAP attacked to form a second anhydride between 2.94 and

DMAP. Once the second anhydride formed, lactonization occurred rapidly at high
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temperature and in a dilute solution. (-)-Clavosolide A was provided in 72% for 2 steps,
completing the synthesis.

The advantages of this synthesis over previous syntheses are as follows. It is the
most efficient synthesis to date, being completed in 13 linear steps while the most
efficient synthesis completed previously was 17 linear steps (Smith group). The one-pot
allylic oxidation/oxa-Michael reaction formed the 2,6-cis-tetrahydropyran as a single
compound in good yield. Dithiane coupling allowed for rapid access to a late stage

intermediate, which also provides rapid access to analogues.
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2.6 Future work

OMe

(0] - OMe .
dithiane hydrolysis
o K ketone reduction
OMe H

glycosidation

Shiina S__S allylic oxidation/
macrolactonization OH H oxa-Michael
e z —
HO,C
T
S__S 2.96 H
=
HOJ 0
266 o O oo g o H
dithiane H B iodocyclization/ B Brown allylation/ | '
coupling M 2 hydrolysis /\/\<{ " Boc protection <[
— H — H — > H
2.98 2.99 2.100

Figure 22: Second generation retrosynthesis for (-)-clavosolide A.

In an effort to improve the synthesis of (—)-clavosolide A, we have devised a plan
that could potentially lead to a more efficient pathway for construction. Figure 22
outlines the plan for our second-generation synthesis. The first disconnect is at the
glycosidic linkages, coming from the clavosolide A aglycon. The aglycon could be
produced from hydrolysis of the bis-dithiane 2.95 followed by ketone reduction.
Carboxylic acid 2.96 would be dimerized by Shiina protocol used in the first-generation
synthesis. Tandem allylic oxidation/oxa-Michael reaction is expected to yield similar
diastereoselectivity in the 2,6-cis-tetrahydropyran 2.96 as in our first-generation

synthesis. Coupling of dithiane 2.56 with the cyclopropanated epoxide 2.98 is expected
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to furnish the substrate 2.97. Iodocyclization and carbonate hydrolysis could achieve the
epoxide coupling fragment. And finally, asymmetric Brown allylation of the known
aldehyde 2.100 and Boc protection could complete the plan.[81]

There are some foreseeable problematic steps in this plan. First, the volatility of
the known aldehyde 2.100 has already been established.[81] Our intention is to develop
a dry system by which we can distill the aldehyde 2.100 product directly into a flask
containing the Brown allylation reagent. The second predictable issue is in the coupling
step. Deprotonation of the allylic alcohol occurs before dithiane deprotonation, and it is
likely that the allylic alkoxide will attack the acyclic methyl ester portion of the epoxide
2.98. This may or may not interfere with the dithiane attack of the epoxide. The final
problem is to find a method by which to improve the efficiency of the bis-glycosidation
of the aglycon dimer. The highest percent yield observed for this reaction to date is 18%
by Willis and co-workers.[54]

If these problems could be solved, then this plan would provide an even more
efficient route to the construction of clavosolide A. It would also make limited use of
protecting groups, depending on what defines a protecting group. Each traditionally
defined protecting group described in the plan would serve a purpose besides
protection. For example: the dithiane group serves as a carbon nucleophile in the
coupling step, while accelerating the rate of reaction and enhancing the stereoselectivity

of the oxa-Michael reaction. The Boc protecting group provides the epoxide oxygen and
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the methyl carbonate eliminates the production of an alkoxide that would decrease the
yield in the coupling step through charge repulsion. Given these factors, a protecting
group free synthesis of clavosolide would indeed be elegant.

Clavosolide A has been shown to be biologically inactive against the NCI's 60
cancer cell line. It is curious that a molecule that is highly functionalized like clavosolide
A would be inactive in all biological systems. In future, it may prove to have some

useful biological activity.

2.7 Conclusion

The total synthesis of the marine natural product (-)-clavosolide A has attracted
considerable interest from the synthetic community due to its unique structural features:
2,3-trans-2,6-cis-tetrahydropypran, cyclopropane and xylose moieties. The completion of
our synthesis included iodocyclization chirality transfer, dithiane opening of the
epoxide, stereoselective tandem allylic oxidation/oxa-Michael reaction to form the
tetrahydropyran, and a one step Shiina mediated macrolactonization reaction. This
synthesis is the shortest to date in 13 linear steps from the known enantiopure allylic

alcohol 2.61.
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2.8 Experimental

SO4-pyridine BF;-OEt,
OH OTr DMSO, Et3;N o OTr 1,3-propanedithiol S OH
CH,Cl,, 0°C,2h U CH,Cl,, -78t0 25 °C, 10 h
B .
: 75% for 2 steps S
2.63 2.64 2.57

[Oxidation] To a cooled solution (0 °C) of tritylated primary alcohol 2.63 (2.75 g, 8.30
mmol) in CH2CL (60 ml, 0.14 M) was added DMSO (3.54 ml, 49.8 mmol), EtsN (3.47 ml,
24.9 mmol), and SOs-pyridine (3.96 g, 24.9 mmol) and stirred at same temperature for 2
hours. To the mixture was then added saturated aqueous NaHCOs (60 ml). The layers
were separated and the aqueous layer was extracted with CHxCl2 (60 ml, x2). The
combined layers were dried over Na:SOs and then concentrated in vacuo. The crude
aldehyde was then triturated with diethyl ether and the residual solvents removed in
vacuo. TLC: Re= 0.69, hexanes/EtOAc, 5/1. The crude aldehyde was then subjected to the
next step without further purification. [Dithiane protection/trityl deprotection] The
crude aldehyde was dissolved in anhydrous CH2ClL: (23 ml, 0.36 M) and cooled to -78
°C. To this solution was added 1,3-propanedithiol (0.916 ml, 9.13 mmol) dropwise and
then stirred for 10 minutes. BFs-OEt2 (2.08 ml, 16.6 mmol) was then added dropwise and
the solution was stirred for 30 minutes then allowed to slowly warm to 25 °C for 12
hours. The mixture was then cooled to 0 °C and quenched with saturated aqueous
NaHCQO:s. The layers were then separated and the aqueous layer was then extracted with

CH:Cl2 (30 ml, x2). The combined layers were then dried over Na:SOs and concentrated
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in vacuo. The crude dithiane was purified by column chromatography (silica gel,
Hexanes/EtOAc, 3/1) to afford the above dithiane (1.12 g, 6.23 mmol) in 75% for two
steps as a pale yellow oil. [a]*p = +23.4; TLC: Re= 0.31, Hexanes/EtOAc 3/1. '"H NMR (400
MHz; CDCls) d 4.27(d, ] = 5.2 Hz, 1H), 3.65 (dddd, ] = 18, 11.2, 6.8, 6.8 Hz, 2H), 2.94-2.80

(m, 4H), 2.13-2.01(m, 3H), 1.88-1.77 (m, 1H), 1.07 (d, ] = 7.2, 3H).

trimethyl
phosphonium
SOg-pyridine acetate m

Cs OH  DMSO, Et;N C n-BuLi, THF s 4

S CH,C,, 0°C, 20 )\) ~78°C,2h

S” 75% for 2 steps \/ﬁ/
= 71 (Z:E) MeO,C

2,57 2,65 2,66

[Oxidation] To a cooled (0 °C) solution of primary alcohol 2.57 (1.55 g, 8.71 mmol) in
CH:CL: (118 ml, 0.074 M) was added DMSO (3.71 ml, 52.26 mmol), EtsN (3.64 ml,
26.1mmol), and SOs-pyridine (4.20 g, 26.1 mmol) and stirred at the same temperature for
1.5 hours. Saturated aqueous NaHCOs was added to the mixture then the layers were
separated. The aqueous layer was then extracted with CH2Cl: (x2) and the combined
layers were dried over Na25:0s then concentrated in vacuo. The crude aldehyde was then
triturated with diethyl ether and concentrated in vacuo. The crude aldehyde was then
used in the next step without further purification. TLC: R¢ = 0.28, hexanes/EtOAc, 3/1.
[Horner-Emmons Reaction] To a cooled (-78 °C) solution of THF (350 ml) and

trimethylphosphonoacetate (3.75 ml, 26.13 mmol) was added n-BuLi (10.45 ml, 2N in
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hexanes, 26.13 mmol) dropwise and then stirred at the same temperature for 20 minutes.
The crude aldehyde 2.65 in THF (10 ml) was then added dropwise and stirred for 45
minutes further. Saturated aqueous NH4Cl was then carefully added then diluted with
EtOAc. The layers were then separated and the aqueous layer was then extracted with
EtOAc (x2). The combined organic layers were then washed with brine, dried over
Na:SOs, then concentrated in wvacuo. The crude mixture was purified by column
chromatography (silica gel, Hexanes/EtOAc, 6/1) to afford the a,B-unsaturated methyl
ester 2.66 (1.52 g, 6.53 mmol) in 75% as a 5/1 mixture of Z/E diastereomers. For Z-isomer
[a]®p = +36.95 (c 1.00, CHCIs) TLC: Rt = 0.55, hexanes to EtOAc, 6/1. 'H NMR (400 MHz;
CDCls) 9 6.22 (dd, ] =9.6, 9.6 Hz, 1H), 5.80 (d, ] = 11.6, 1H), 4.01 (b, 1H), 3.70 (s, 3H), 2.9-
2.77 (m, 4H), 2.11-1.78 (m, 2H), 1.21 (d, ] = 6.4Hz, 3H). *C NMR (100 MHz;, CDCls) 6
166.3, 151.0, 119.5, 52.90, 51.10, 37.05, 29.91, 29.85, 25.82, 17.83. IR (neat) 2953, 1717, 1643,
1437, 1211, 1177 cm?. For E-isomer [a]®p = -26.19 (c 1.00, CHCIs) TLC: R¢ = 0.39,
hexanes/EtOAc, 6/1. 'H NMR (400 MHz; CDCl) 6 6.94 (dd, ] =16.8, 8.4, 1H), 5.86 (d, ] =
16 Hz, 1H), 4.09 (d, ] = 6 Hz, 1H), 3.71 (s, 3H), 2.92-2.78 (m, 5H), 2.20-2.06 (m, 1H), 1.88-
1.76 (m, 1H), 1.24 (d, ] = 7.2 Hz, 3H). *C NMR (100 MHz; CDCls) d 166.5, 149.6, 121.6,
52.88, 51.51, 41.46, 30.59, 30.50, 25.72, 17.01. IR (neat) 3021, 1718, 1657, 1435, 1275, 1215

cml.
m DIBAL-H, CH,CI, m

, 858  -78t0-40°C,1h , 5 S
MeO Cf 9% /\f
e 7 =
2566 HO
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[1,2 reduction] To a cooled (-78 °C) solution of Z-a,3-unsaturated methyl ester 2.66 (788
mg, 3.39 mmol) in CH2Cl2 (57 ml, 0.06 M) was added diisobutylaluminum hydride (6.78
ml, 1 M in toluene, 6.78 mmol) dropwise and the solution was allowed to warm to -40 °C
over 30 minutes and then stirred at 40 °C for an additional 30 minutes. The mixture was
then cooled to —78 °C and carefully quenched with saturated aqueous NH4Cl then
diluted with saturated aqueous Rochelle’s salt and stirred at ambient temperature for 6
hours. The layers were separated and the aqueous layer was extracted with CH:Cl:
(x3).The combined layers were then dried over Na:SOs then concentrated in vacuo. The
crude mixture was then purified by column chromatography (silica gel, hexanes/EtOAc,
2/1 to afford the allylic alcohol 2.56 (457 mg, 2.23 mmol) in 99%. [a]*vp = -22.4 (c 0.97,
CHCl); TLC: Re= 0.22, hexanes/EtOAc, 2:1. 'H NMR (500 MHz, CDCls) © 5.68 (ddd, ] =
11.0, 7.0, 7.0 Hz, 1H), 5.46 (dd, ] = 11.0, 11.0 Hz, 1H), 4.22 (dd, ] = 12.5, 7.0 Hz, 1H), 4.14
(dd, J =12.5, 7.0 Hz, 1H), 3.99 (d, ] = 6.5 Hz, 1H), 2.77-2.90 (m, 5H), 2.04-2.11 (m, 1H),
1.76-1.87 (m, 1H), 1.73 (br s, 1H), 1.15 (d, J="7.0 Hz, 3H); *C NMR (125 MHz, CDCls) d
133.2, 129.5, 58.0, 53.6, 36.7, 30.29, 30.16, 25.6, 18.5; IR (neat) 3349, 1421, 1275, 985, 907,

736 cm™.

% crotyl-Br
NaH, THF %
o Q 0to25°C,0.5h g Q
NSO —————= NP Y

2.67 2.68
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[O-alkylation] To a cooled (0 °C) solution of dioxolane 2.67 (500 mg, 3.78 mmol) in THF
(100 ml, 0.038 M) was added NaH (757 mg, 19 mmol), then warmed to 25 °C and stirred
for 30 minutes. Then crotylbromide (1.16 ml, 11.34 mmol) was added dropwise then
stirred at that temperature for 1 hour. The reaction mixture was then cooled to 0 °C and
quenched with the addition of saturated aqueous NH:Cl then diluted with diethyl ether.
The layers were separated and then the aqueous layer was extracted with diethyl ether
(x3). The combined layers were then washed with brine, dried over Na:SO, then
concentrated in vacuo. The residue was then purified by column chromatography (silica
gel, hexanes/EtOAc, 20/1) to afford a 2.5/1 E/Z mixture of the dioxolane ether 2.68 in 71%
as a clear oil. TLC: R¢ = 0.23, hexanes/EtOAc, 40:1. 'H NMR (400 MHz, CDCls) d 5.70
(ddd, J=21.6,12.8, 6.4 Hz, 1 H), 5.61-5.50 (m, 1 H), 4.27 (dd, ] = 11.6, 5.6 Hz, 1 H), 4.10 (d,
J=7.6 Hz, 1 H), 4.06 (dd, | = 8.4, 6.8 Hz, 1 H), 3.95 (dddd, | = 8.8, 2.4, 2.4, 1.2 Hz, 1 H),
3.72 (dd, ] =8.0, 6.4 Hz, 1 H), 3.50 (dd, ] =9.6, 5.6 Hz, 1 H), 3.41 (dd, ] =10.0, 5.6 Hz, 1 H),

1.71 (dd, ] =64, 1.2 Hz, 3 H), 1.42 (s, 3 H), 1.36 (s, 3 H).

wLo n'BULi, THF %Q QH

H —-78t00 C,2.5h - R
o_ - = 250 o _
NP

2.68 2.69

[1,2-Wittig rearrangement] To a cooled (-78 °C) solution of the dioxolane ether 2.68 (144
mg, 0.77 mmol) in THF (20 ml, 0.039 M) under nitrogen atmosphere was added n-BuLi

(0.50 ml, 1.24 mmol, 2.5 M in hexanes) dropwise over 30 minutes. The solution was then
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allowed to slowly warm to 0 °C over 2 hours. The mixture was then cooled to 78 °C and
quenched with saturated aqueous NH4Cl then diluted with EtOAc. The layers were
separated and the aqueous layer was then extracted with EtOAc (x2). The combined
layers were washed with brine and then dried over Na2SOa. The solvents were removed
under reduced pressure. The crude residue was then purified by column
chromatography (silica gel, hexanes/EtOAc, 3/1) to give the allylic alcohol 2.69 as a
single diastereomer in 22% as a clear oil. TLC: R¢ = 0.25, hexanes/ EtOAc, 3:1. 'H NMR
(400 MHz, CDCls) 6 5.70 (ddd, ] =13.2, 13.2, 6.4 Hz, 1 H), 5.51 (ddd, ] = 14.8, 14.8, 6.8 Hz,
1 H), 4.34—4.20 (m, 2 H), 4.08 (dd, ] = 8.0, 6.0 Hz, 1 H), 3.58 (dd, ] = 7.6, 7.6 Hz, 1 H), 2.75
(s, 1 H), 1.81-1.72 (m, 1 H), 1.70 (d, 6.4 Hz, 3 H), 1.61 (s, 1 H), 1.42 (s, 3 H), 1.36 (s, 1 H);
3C NMR (125 MHz, CDCls) 6 133.6, 133.2, 126.9, 109.3, 75.11, 71.70, 69.69, 53.40, 40.81,

40.21, 26.88, 25.77, 17.63.

1-bromo-2-butyne

WLO NaH, THF/DMF 10:1 WLO
2 01025°C, 1.75h 2
O _A_OH LAl o\/\/o/
56%
2,67 2.70

[O-alkylation] To a cooled (0 °C) solution of the dioxolane 2.67 (500 mg, 3.78 mmol) in
THE/DMF (10:1, 11 ml total, 0.34 M) was added NaH (750 mg, 18.9 mmol) and the
solution was warmed to 25 °C for 45 minutes. Then added 1-bromo-2-butyne (606 mg,
4.54 mmol) dropwise then stirred for an additional 1 hour. The mixture was then cooled

to —10 °C and carefully quenched with the addition of saturated aqueous NHiCl then

50



diluted with EtOAc. The layers were separated and the aqueous layer was extracted
with EtOAc (x2). The organic layers were washed with brine, then dried over Na:SO..
The solvents were removed in vacuo to provide a crude oil. The crude product was
separated by column chromatography (silica gel, hexanes/EtOAc, 40/1) to give the
propargyl ether 2.70 (388 mg, 2.12 mmol) in 56% as a clear oil. TLC: R¢ = 0.35, hexanes/
EtOAc, 45:1. 'H NMR (400 MHz, CDCls) 0 4.31 (ddd, ] = 18.0, 12.0, 6.0 Hz, 1 H), 4.15 (dd,
J=2.8,28Hz 2H),4.07 (dd, ] =84, 84 Hz 1H),3.74 (dd, ] =8.4, 6.4 Hz, 1 H), 3.58 (ddd,

18.8,16.0, 6.0 Hz, 2 H), 1.84 (dd, ] = 2.0, 2.0 Hz, 3 H), 1.41 (s, 3 H), 1.34 (s, 3 H).

SO3-pyridine
DMSO, Et;N
WLQ OH  CH,Cl,, 0°C, 1h WLO
2.71 2.72

[Oxidation] To a cooled (0 °C) solution of primary alcohol 2.71 (125 mg, 0.85 mmol) was
added DMSO (362 ml, 5.10 mmol), EtsN (355 ml, 2.55 mmol), and SOs-pyridine (406 mg,
2.55 mmol) in that order and stirred for 1 hour at the same temperature. The reaction
was quenched with the addition of saturated aqueous NaHCOs. The layers were
separated and the aqueous layer was then extracted with CH2ClL (x2). The combined

layers were then dried over Na2SO.x.

wL crotyl-MgBr WL
o O ether, 35°C, 1h 0 OH

2.72 2.73
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[Grignard Rxn] To a dry solution of diethylether (4 ml, 0.08M) was added Mg° (81 mg,
3.33 mmol) then was heated to reflux (35 °C) for 2h. The solution was cooled to 25 °C
and then was added dropwise via syringe to a stirring solution of the crude aldehyde
(0.33 mmol) in diethylether (0.5 ml, 0.66 M). The mixture was stirred for an additional 1
hour and then cooled to 0 °C and carefully quenched with saturated aqueous NH4Cl and
diluted with EtOAc. The layers were separated and the aqueous layer was extracted
once with EtOAc. The combined layers were then washed with brine, dried over Na:SOs,
then concentrated in vacuo. The residue was then purified by column chromatography

(silica gel, hexanes/EtOAc, 3:1) to give a 1:1 mixture of diastereomers in 73% yield.

TPAP, NMO

WLQ OH 4A n:.s., CHZ.C|2 WLQ 1)
O\/:\/é\/\—>25 €. >5 min O\/_\)%

2,73 2,74
[Allylic oxidation] To a stirred solution of allylic alcohols 2.73 (7 mg, 0.037 mmol) in
CH2CL (1 ml 0.037 M) was added powdered 4A molecular sieves (15 mg, ~150%wt),
NMO (17 mg, 0.148), and TPAP (1.3 mg, 10mol%) then stirred for approximately 5
minutes then filtered through a small plug of silica gel. The crude mixture was then
concentrated in vacuo and then purified by column chromatography (silica gel,
hexanes/EtOAc, 1/1) to give the E-a,3-unsaturated ketone 2.74 in 6.80 mg, 0.037 mmol)
in 99% as a clear oil. TLC: Rf = 0.61, hexanes/ EtOAc, 3:1. 'H NMR (400 MHz, CDCls) o
6.92 (ddd, ] = 22.8, 13.6, 6.8 Hz, 1 H), 6.14 (dd, ] = 30.0, 1.6 Hz, 1 H), 4.54 (ddd, ] = 12.4,

52



6.0, 6.0 Hz, 1 H), 4.23 (dd, ] = 8.4, 6.0 Hz, 1 H), 3.58 (dd, ] = 8.0, 6.4 Hz, 1 H), 3.11 (dd, ] =
16.8, 5.6 Hz, 1 H), 2.72 (dd, ] = 16.4, 7.6 Hz, 1 H), 1.93 (d, ] = 7.2 Hz, 3 H), 1.41 (s, 3 H),

1.36 (s, 3 H).

/\/MgBr
Q Et,0, 25 °C
OH
; | ol W\
B ———
1% ~

(E)-crotonaldehyde 2.61

[Grignard addition] To a stirred solution of Mg? (3.6 g, 13.9 mmol) in diethyl ether (300
ml, 0.03 M) was slowly added allyl bromide (10.0 ml, 9.92 mmol) then stirred at ambient
temperature for 2 hours. (E)-crotonaldehyde (8.27 ml, 100 mmol) was added dropwise
over 30 minutes then the mixture stirred for 1 hour further. The reaction was cooled to 0
°C then quenched with addition of H20 (50 ml). The layers were separated and the
aqueous layer was extracted with diethyl ether (50 ml, x2) then the pooled organic layers
were washed with saturated brine solution then dried over Na:SOs. The crude mixture
was then concentrated in vacuo and then purified by column chromatography (silica gel,
pentane/diethyl ether, 5/1) to give allylic alcohol 2.61 (7.95 g, 70.9 mmol) in 71% as a
clear oil. TLC: R¢ = 0.35, hexanes/ EtOAc, 3:1. 'H NMR (500 MHz, CDCls) d 5.79 (dddd, |
=17.5,10.0, 7.5, 7.5 Hz, 1 H), 5.68 (dd, | = 16.5, 7.5 Hz, 1 H), 5.49 (ddd, ] =15.5, 7.0, 1.5 Hz,
1 H), 5.15-5.08 (m, 2 H), 4.10 (d, ] = 6.5 Hz, 1 H), 2.40-2.21 (m, 2 H), 1.76 (d, ] = 3.0 Hz, 1

H), 1.69 (d, ] = 6.5 Hz, 3 H).
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Ti(O-iPr),, d-DIPT

CH20|2,4A m.s.,
-20 °C,
/\/?i/\ t-BuOOH, 18 h ?H/
T 230, sonq NN
= 33%, >20:1 =
2.61 2.61a

[Sharpless asymmetric epoxidation] To a cooled (20 °C) solution of allylic alcohol 2.61
(5616 mg, 4.60 mmol) and 4A molecular sieves (516 mg, 100%wt) in CH2Cl2 (38.3 ml, 0.12
M) was added d-diisopropyl tartrate (135 ul, 0.644 mmol) and titanium (IV)
isopropoxide (135 ul, 046 mmol) and stirred for 20 minutes. Then tert-
butylhydroperoxide (498 ul, 2.99 mmol, 5.5 M in decane) was added dropwise then the
mixture was stirred at the same temperature for 6 hours. The reaction mixture was then
placed into a 20 °C freezer for an additional 12 hours. Saturated aqueous Na250s (50
ml) and stirred at ambient temperature for 5 hours then filtered through a small pad of
Celite®. The solvents were removed in vacuo and then purified by column
chromatography (silica gel, pentane/diethyl ether, 5/1) to give allylic alcohol 2.61a (170

mg, 1.52 mmol) in 33% as a clear oil.

Boc,0, DMAP O
OH CH,Clp, 25°C,6h g, J_
< —_—  »
PN 96 to >99% o 9
N
NN
2.61a 2.75

[Boc-protection] To a stirred solution of allylic alcohol 2.61a (1 g, 8.92 mmol) in CHzCl2
(100 ml, 0.09 M) at 25 °C was added di-tert-butyl dicarbonate (1.95 g, 8.92 mmol) in

CH:Cl2 (5 ml), then DMAP (500 mg, 50mol%) and was stirred for 12 hours at the same
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temperature. When all of the starting material was consumed the reaction was quenched
with saturated aqueous NaHCOs and stirred vigorously for 30 minutes. The layers were
separated then the aqueous layer was extracted with CH2Clz (x3). The pooled organic
layers were then washed with brine and dried over Na:5Os. The crude material was then
purified by column chromatography (silica gel, hexanes/EtOAc, 40:1) to provide acyclic
carbonate 2.75 (1.887 g, 8.89 mmol) in 99% yield as a clear oil. TLC: Rt = 0.75, hexanes/
EtOAc, 9:1. [a]®p = -76.3 (c 1.0, CHCl:) '"H NMR (500 MHz, CDCls) d 5.77-5.66 (m, 2 H),
5.45 (dd, ] =15.5, 6.0 Hz, 1 H), 5.09 (dd, ] =16.5, 16.5 Hz, 2 H), 5.00, (dd, ] =10.0, 5.0 Hz, 1
H), 2.44 (ddd, ] = 16.5, 11.0, 2.0 Hz, 1 H), 2.36 (ddd, ] = 15.5, 10.0, 4.0 Hz, 1 H), 1.68 (d, ] =
5.6 Hz, 3 H), 1.45 (s, 9 H); 3C NMR (125 MHz, CDCl) 6 152.9, 133.3, 129.8, 128.8, 117.8,
81.8,77.1,39.1, 27.8, 17.7; IR (neat) 3727, 3628, 2983, 2360, 2340, 1739, 1276, 1162, 967, 770,

669 cm L.

O O
NIS, CH3;CN
t'Bu\OJ\O 0°C, 14 h OJ\O
B T —— = =
NN 93%, 5:1dr NP
275 2.60

[Iodocyclization] To a cool (0 °C) solution of 2.75 (167 mg, 0.787 mmol) in acetonitrile
(4.4 ml, 0.18 M) was added N-iodosuccinimide (885 mg, 3.94 mmol) and stirred for a
further 14 hours. The reaction was diluted with saturated aqueous sodium thiosulfate
then stirred vigorously for 2 hours then diluted with CH2Cl> (5 ml). The layers were

separated and the aqueous layer was extracted with CHxCl> (5 ml, x2). The pooled
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organic layers were then washed with brine, dried over Na2SOs. The crude material was
then purified by column chromatography (silica gel, hexanes/EtOAc, 3:1) to provide syn-
carbonate 2.60 (206 mg, 0.732 mmol) as a colorless oil. TLC: Rt = 0.30, hexanes/ EtOAc,
3:1. [a]*p =+13.9 (c 0.95, CHCls5) '"H NMR (500 MHz, CDCls) 6 5.89 (dd, ] =14.1, 8.5 Hz, 1
H), 5.60 (dd, | =14.8, 7.7 Hz, 1 H), 4.63 (dd, ] =15.5, 8.5 Hz, 1 H), 4.62 (dd, ] =11.9, 5.9 Hz,
1 H), 3.27 (ddd, | = 16.6, 11.1, 5.5 Hz, 2 H), 2.54-2.43 (m, 2 H), 1.76 (d, ] = 6.5 Hz); *C
NMR (125 MHz, CDCls) 6 148.2, 131.9, 126.9, 78.8, 76.8, 33.6, 17.6, 5.46. For anti-carbonate
2.60: 'H NMR (500 MHz, CDCls) & 5.88 (m, 1H), 5.53 (ddd, ] =19.0, 13.5, 8.0 Hz, 1 H), 5.01
(dd, J=9.5,5.0 Hz, 1 H), 4.54 (ddd, ] = 16.5, 8.5, 4.5 Hz, 1 H), 4.43 (dd, ] =11.0, 5.0 Hz, 1
H), 3.28 (dd, ] = 10.5, 8.0 Hz, 1 H), 2.27-2.14 (m, 2 H), 1.78 (d, ] = 7.0 Hz, 3 H); *C NMR

(125 MHz, CDCls) 6 148.0, 131.2, 126.7, 76.3, 74.8, 31.4, 17.7, 4.7.

0]

2, e o o

oo BTN L D
oSS 95%

2.25 2.76

[Carbonate hydrolysis] To a stirred solution of cyclic iodo carbonate 2.25 (471 mg, 1.67
mmol) in MeOH (4.2 ml, 0.04 M) at 25 °C was added K:COs (692 mg, 5.01 mmol) and
stirred for 4 hours. Saturated aqueous NaHCOs (5 ml) was added then diluted with
diethyl ether (10 ml) and the layers were separated. The aqueous layer was extracted
with diethyl ether (10 ml, x4). The combined layers were dried over Na:SOs and the
solvents were removed in wvacuo. The crude mixture was purified by column
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chromatography (silica gel, hexanes/EtOAc, 3:1) to provide epoxide 2.76 (203 mg, 1.59
mmol) as a clear oil in 95%. TLC: R¢ = 0.2, hexanes/ EtOAc, 5:1. [a]®p = +6.01 (c 0.83,
CHCIs); 'H NMR (500 MHz, CDCls) 0 5.87 (dd, ] =18.5, 8.5 Hz, 1 H), 5.50 (dd, ] =19.0, 9.5
1 Hz, 1 H), 522 (dd, [=17.0, 851 Hz, 1 H) 2.98 (m, 1 H), 2.76 (dd, ] = 6.5, 6.5 Hz, 1 H),
248 (dd, J=6.5,3.5 Hz, 1 H) 1.88 (dd, ] = 16.0, 8.0 Hz, 2 H), 1.72 (d, ] = 8.5 Hz, 3 H); °C
NMR (125 MHz, CDCls) o 133.2, 127.4, 71.2, 50.0, 46.7, 39.9, 17.5; IR (neat) 3423, 2998,

2924, 1429, 1256, 971, 838, 757 cm™.

O OH TBSCI, imidazole O OTBS
S~ _DMF,25°C,15-20h N
2.76 2.77

[Silylation] To a 25 °C solution of 2.76 (84 mg, 0.66 mmol) in DMF (8 ml, 0.08 M) was
added imidazole (67 mg, 0.99 mmol) and tert-butyl dimethylsilyl chloride (497 mg, 3.30
mmol) and stirred for 20 hours before quenching with saturated aqueous NaHCOs and
diluted with EtOAc (20 ml) and H20 (10 ml). The layers were separated and the aqueous
layer was extracted with EtOAc (20 ml, x3). The combined organic layers were washed
with saturated brine solution then dried over Na:SO: and the solvents were removed in
vacuo. The crude mixture was purified by column chromatography (silica gel,
hexanes/EtOAc, 8:1) to provide epoxide 2.77 (99 mg, 0.41 mmol) in 62% as a yellow oil.
TLC: R¢ = 0.65, hexanes/ EtOAc, 8:1. "H NMR (400 MHz, CDCls) © 5.61 (ddd, ] =20.0, 14.0,

7.2 Hz, 1 H), 5.48 (dd, ] = 17.6, 10.0 Hz, 1 H), 4.26 (dd, ] = 12.4, 4.0 Hz, 1 H), 2.89 (m, 1 H),
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2.74 (dd, ] = 4.2, 42 Hz, 1 H), 2.47 (dd, ] = 4.1, 4.1 Hz, 1 H), 1.80-1.72 (m, 2 H), 1.68 (d, ] =

8.2 Hz, 3 H), 0.82 (s, 9 H), 0.01 (s, 6 H).

o OH TIPSOTf, NaH o OTIPS
W CH,Cl,, 25 °C, 15 min %:\/:\/\
276 2.59

[TIPS protection] To a cooled (0 °C) solution of 2.76 (273 mg, 2.13 mmol) in THF (41 ml,
0.05 M) was added NaH (426 mg, 10.7 mmol) then stirred for 30 minutes. Then TIPSOTf
(575 ul, 2.13 mmol) was added and stirred for 15 minutes. The reaction was quenched
with saturated aqueous NaHCOs (30 ml) then diluted with EtOAc (50 ml). The layers
were separated and the aqueous layer was extracted with EtOAc (50 ml, x2). The organic
layers were combined and washed with saturated brine solution then dried over
Na:SOs. The solvents were removed in vacuo and the crude mixture was purified by
column chromatography (silica gel, hexanes/EtOAc, 3:1) to provide epoxide 2.59 (570
mg, 2.0 mmol) as a clear o0il in 94%. TLC: Rt = 0.2, hexanes/ EtOAc, 5:1. [a]®p = +25.2 (c
0.78, CHCls); '"H NMR (500 MHz, CDCl)  5.88 (dddd, | = 21.5, 18.0, 9.5, 9.5 Hz, 1 H),
5.07-4.98 (m, 2 H), 3.48 (dd, ] =17.5, 9.0 Hz, 1 H), 3.27 (dd, ] = 8.5, 8.5 Hz, 1 H), 3.12 (dd, |
=16.0, 7.5 Hz, 1 H), 2.31-2.21 (m, 2 H), 1.01 (d, ] = 7.0 Hz, 3 H), 0.88 (s, 18 H), 0.03 (d, ] =
10.0 Hz, 3 H); *C NMR (125 MHz, CDCl) d 134.1, 126.0, 71.9, 49.3, 47.1, 41.8, 18.1, 18.0,

17.9, 12.3.
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t-BuLi, 2.77,
J THF/HMPA (10:1), QTBS
HO = -78°C,1h HO = (Ij =
H
2.56 2.79

[Dithiane coupling] To a cooled (-78 °C) solution of dithiane 2.56 (28 mg, 0.136 mmol)
in THE/HMPA (1.85 ml, 10/1) was added #-BuLi (168 pl, 0.286 mmol, 1.7 M in hexanes)
and stirred for 5 minutes. The solution turned a bright orange color. Then epoxide 2.77
(30 mg, 0.124 mmol) in THF (0.5 ml) was added dropwise and the solution was stirred at
the same temperature for 1 hour. Saturated aqueous NHiCl (1 ml) was added then
diluted with EtOAc (5 ml). The layers were separated and the aqueous layer was
extracted with EtOAc (50 ml, x2). The organic layers were combined and washed with
saturated brine solution then dried over Na:SOs. The solvents were removed in vacuo
and the crude mixture was purified by column chromatography (silica gel,
hexanes/EtOAc, 5:1) to provide dithiane 2.79 (32 mg, 0.072 mmol) in 58% as a clear oil.
TLC: Rf = 0.30, hexanes/ EtOAc, 5:1. 'H NMR (500 MHz, CDCls) 6 5.76-5.65 (m, 2 H),
5.61 (dd, ] =19.0, 8.0 Hz, 1 H), 5.42 (dd, ] = 19.5, 9.0 Hz, 1 H), 4.24 (dd, ] =17.0, 8.0 Hz, 1
H), 413 (dd, | = 16.5, 6.0 Hz, 4.07 (dd, ] = 10.5, 10.5 Hz, 1 H), 3.69 (s, 1 H), 3.25 (ddd, J=
20.0,17.5,9.0 Hz, 1 H), 2.99 (ddd, ] = 17.5, 13.0, 4.5 Hz, 1 H), 2.89-2.70 (m, 4 H), 2.24 (dd, |
=19.5,10.5 Hz, 1 H), 2.05 (d, ] = 19.0 Hz, 1 H), 2.02-1.73 (m, 4 H), 1.69 (d, ] = 8.0 Hz, 3 H),
1.50 (dd, J=17.5, 8.0 Hz, 1 H), 1.21 (d, J= 8.5 Hz, 3 H), 0.88 (s, 9H), 0.07 (d, ] = 19.5 Hz, 6
H).
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), 555 -BuL, 2.59, 35S
J THF/HMPA (10:1), ' QTIPS
—-78°C,1h :
HO HO > o =

2,56 2.55

[Dithiane coupling] To a cooled (-78 °C) solution of 2.56 (43 mg, 0.21 mmol) in
THE/HMPA (5 ml, 10:1, 0.04 M) was added ¢-BuLi (0.50 ml, 0.84 mmol, 1.7M in pentane)
and the dark orange solution was stirred for 5 minutes. Epoxide 2.59 (50 mg, 0.176
mmol) in THF (0.5 ml) was added dropwise and then stirred for 1 h. The reaction was
quenched by addition of saturated aqueous NH4Cl (5 ml) and stirred until solution
turned clear and then diluted with EtOAc (10 ml). The layers were separated then the
aqueous layer was extracted with EtOAc (10 ml, x2). The organic layers were combined
and washed with a saturated brine solution then dried over Na2SOs. The solvents were
removed in vacuo and the crude mixture was purified by column chromatography (silica
gel, hexanes/EtOAc, 6:1) to provide 2.55 (47 mg, 0.96 mmol) in 55% as a clear oil. TLC: Rt
= 0.30, hexanes/ EtOAc, 5:1. [a]*p = +17.5 (c 0.78, CHCls); '"H NMR (500 MHz, CDCls) 6
5.67 (d, J=5.5Hz 2 H), 5.62 (dd, J=15.5, 6.5 Hz, 1 H), 5.46 (ddd, ] =15.5, 7.5, 1.5 Hz, 1 H),
4.43 (dd, J=13.5,7.5 Hz, 1 H), 4.24 (ddd, | =12.5, 5.0, 5.0 Hz, 1 H), 4.17-4.10 (m, 1 H), 4.04
(dd, J=10.0, 10.0 Hz, 1 H), 3.57 (s, 1 H), 3.22 (ddd, ] =16.5, 13.5, 6.5 Hz, 1 H), 3.01 (ddd, |
=14.0, 10.5, 3.0 Hz, 1 H), 2.87 (ddd, ] = 14.0, 10.0, 3.5 Hz, 1 H), 2.78-2.72 (m, 2 H), 2.27

(dd, ] = 15.0, 8.5 Hz, 1 H), 2.07-1.79 (m, 5 H), 1.70 (dd, ] = 6.5, 1.5 Hz, 3 H), 1.51-1.45 (m, 2
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H), 1.22 (d, ] = 6.5 Hz, 3 H), 1.06 (br s, 21 H); 3C NMR (125 MHz, CDCl3) d 159.1, 133.2,

130.1, 126.8, 113.6, 72.3, 66.3, 66.1, 63.5, 61.0, 54.4, 46.6, 45.2, 37.4, 26.9, 24.6, 23.6,

20.1.
a.Mn02, CH2C|2
25°C, 5h

& b. dimethyl triazolium iodide Y

, S5 S DBU, MeOH, MnO,, 4A ms. , S S
' OTIPS 25°C, 12 h OTIPS
Ho P 0 = 5% MeO,C o N

H 2.20

2.21

[One-pot THP formation] To a stirred solution of 2.21 (117 mg, 0.205 mmol) in CH=CL (4
ml, 0.05 M) at 25 °C was added MnO:2 (89 mg, 1.03 mmol) and stirred for 1 hour followed
by addition of MnO: (89 mg, 1.03 mmol) every 1 hour for 4 hours then added MeOH
(400 pl, 10.25 mmol), MnO:2 (89 mg, 1.03 mmol), 4A molecular sieves (585 mg, 500%wt)
then dimethyl triazolium iodide (5 mg, 0.021 mmol, 5mol%) in DBU (410 ul, 1 M in
CH:ClLz) and stirred for 12 hours. The crude mixture was then filtered through a small
plug of Celite®. The solvents were removed in vacuo and the crude mixture was purified
by column chromatography (silica gel, hexanes/EtOAc, 5:1) to provide 2.20 (104 mg, 0.17
mmol) in 85% as a clear oil. TLC: Rf = 0.75, hexanes/ EtOAc, 3:1. [a]®p = +12.8 (c 1.0,
CHCl); 'H NMR (500 MHz, CDCls) 9 5.55 (ddd, ] =15.0, 13.0, 6.0 Hz, 1 H), 5.39 (ddd, | =
15.0, 7.0, 1.5 Hz, 1 H), 4.31 (ddd, ] = 9.0, 9.0, 4.0 Hz, 1 H), 3.89 (ddd, ] =9.5, 9.5, 3.0 Hz, 1
H), 3.81 (dd, ] =9.5, 9.5 Hz, 1 H), 3.67 (s, 3 H), 3.12 (ddd, ] = 15.0, 12.5, 3.0 Hz, 1 H), 2.89

(ddd, J=15.0, 12.5, 3.0 Hz, 1 H), 2.66 (dd, | =13.5, 1.5, 1 H), 2.62 (dd, | = 9.5, 45 Hz, 1 H),
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2,53 (dd, ] = 15.0, 3.5 Hz, 1 H), 2.30 (dd, ] = 14.5, 9.5 Hz, 1 H), 2.07 (ddd, ] = 14.0, 3.0, 3.0
Hz, 1 H), 1.86-1.79 (m, 2 H), 1.7 (dd, J= 6.5, 1.5 Hz, 3 H), 1.64 (dd, ] = 10.5, 7.0 Hz, 1 H),
1.50 (ddd, ] = 13.0, 9.0, 3.5 Hz, 1 H), 1.14 (d, ] = 6.5 Hz, 3 H), 1.04 (s, 21 H); ); *C NMR
(125 MHz, CDClL) d 171.8, 134.0, 125.8, 73.7, 70.8, 70.4, 54.8, 51.5, 45.5, 44.1, 43.7, 39.5,
25.7,25.6, 25.1,18.1, 18.0, 17.7, 12.3; IR (neat) 2944, 2909, 2362, 2357, 2118, 1554, 1168, 921,

811, 725 cm™.

Sq sat. aq. NaI-I|2003/CH30N o

", (:)TIPS (1:1),0°C,1t01.5h ‘, QTIPS

MeO,C o N MeO,C o NP
2,20 2,52

[Dithiane deprotection] To a cooled (0 °C) solution of saturated aqueous NaHCOs and
CH:CN (1:1, 1 ml, 0.14 M) and 2.20 (83.8 mg, 0.140 mmol) was added I. (36 mg, 0.14
mmol) and stirred for 15 minutes followed by I» (36 mg, 0.14 mmol) every 15 minutes for
1.25 hours then the reaction was quenched with saturated aqueous Na25:0s (3 ml) and
saturated aqueous NaHCOs (3 ml) and stirred vigorously until all brown/yellow color
disappears. The solution was then diluted with diethyl ether (10 ml) and the layers were
separated. The aqueous layer was extracted with diethyl ether (10 ml, x2) then the
organic layers were pooled and washed with saturated brine solution then dried over
Na:SOs. The solvents The solvents were removed in vacuo and the crude mixture was

purified by column chromatography (silica gel, hexanes/EtOAc, 5:1) to provide 2.52 (62.3
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mg, 0.12 mmol) in 88% as a clear oil. TLC: Rt = 0.64, hexanes/ EtOAc, 3:1. [a]*p = +3.1 (c
0.08, CHCIs); '"H NMR (500 MHz, CDCls) 6 5.53 (dd, | =13.3, 7.1 Hz, 1 H), 5.34 (dd, | =
15.5, 8.0 Hz, 1 H), 4.31 (ddd, 11.0, 9.5, 4.0 Hz, 1 H), 3.65 (ddd, | = 13.5, 13.5, 3.0 Hz, 1 H),
3.60-3.54 (m, 1 H), 2.71 (dd, | = 15.0, 3.0 Hz, 1 H), 2.55 (dd, ] = 15.5, 9.5 Hz, 1 H) 2.36 (d,
6.5 Hz, 2 H), 2.32 (dd, 10.5, 6.5 Hz, 1 H), 1.93 (ddd, ] = 13.0, 13.0, 10.0 Hz, 1 H), 1.68 (d, ] =
6.5 Hz, 3 H), 1.53 (ddd, ] =13.5, 13.5, 10.0 Hz, 1 H) 1.03 (s, 18 H), 1.00 (d, ] = 6.5 Hz, 3 H);
13C NMR (125 MHz, CDCls) 8 171.1, 134.0, 126.6, 79.0, 74.2, 70.8, 51.7, 49.5, 48.0, 44.9, 39.6,

18.1, 18.0, 17.6, 12.3, 9.23; IR (neat) 3801, 2970, 2913, 2424, 2350, 2342, 1744, 1088, 936, 811,

770 cm™.
(e} NaBH, OH
MeOH
" C:)T|PS _78 °C, 5 min " (:)T|PS
MeO,C N B —— MeO,C N
2 0 90% 2 0
2.52 2.55

[Reduction] To a cooled (-78 °C) solution of 2.52 (49 mg, 0.115 mmol) in MeOH (2 ml,
0.06M) was added NaBH: (9 mg, 0.238 mmol) and stirred for 5 minutes. The reaction
was quenched by slow addition of saturated aqueous NH4Cl (1 ml) and then warmed to
ambient temperature. The mixture was diluted with diethyl ether (10 ml) and the layers
were separated. The aqueous layer was extracted with diethyl ether (10 ml, x3) then the
combined layers were washed with saturated brine and dried over Na2SOs. The solvents
were removed in vacuo and the crude mixture was purified by column chromatography

(silica gel, hexanes/EtOAc 3:1) to provide the (3-alcohol 2.55 (39 mg, 0.09 mmol) in 90%
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yield as a clear oil. TLC: Rt = 0.40, hexanes/ EtOAc, 2:1. [a]*®p = +16.2 (c 0.17, CHCls); '"H
NMR (500 MHz, CDCls) 8 5.52 (dd, | = 15.0, 6.0 Hz, 1 H), 5.34 (dd, | = 16.0, 8.0 Hz, 1 H),
4.27 (ddd, ] =9.0, 9.0, 4.0 Hz, 1 H), 3.68 (s, 3 H), 2.61 (dd, ] = 15.0, 2.5 Hz, 1 H), 2.04 (s, 1
H), 1.88 (ddd, ] =13.0, 5.0, 2.0 Hz, 1 H), 1.82 (ddd, ] = 13.5, 9.5, 4.0 Hz, 1.69 (d, ] = 6.5 Hz,
3 H), 1.46 (ddd, | =12.5, 10.0, 3.0 Hz, 2 H), 1.31 (dd, ] = 23.5, 11.0 Hz, 2 H), 1.03 (s, 18 H),
0.97 (d, ] = 6.5 Hz, 3 H); 3C NMR (125 MHz, CDCls) 0 172.1, 134.3, 126.0, 77.6, 73.3, 72.2,
70.9,44.7, 43.7, 41.4, 38.8, 18.1, 18.0, 17.6, 12.8, 12.3; IR (neat) 3727, 3599, 2943, 2866, 2361,
2340, 1744, 1085 cm. For a-alcohol TLC: R¢ = 0.40, hexanes/ EtOAc, 2:1. '"H NMR (500
MHz, CDCl) 9 5.54 (ddd, ] = 15.5, 13.0, 6.0 Hz, 1 H), 5.35 (ddd, ] =15.5, 7.5, 3.5 Hz, 1 H),
4.30 (ddd, ] = 14.0, 11.0, 4.0 Hz, 1 H), 3.92 (s, 3 H), 3.85 (ddd, ] = 10.0, 10.0, 3.0 Hz, 1 H),
3.73-3.62 (m, 5 H), 3.43-3.28 (m, 2 H), 1.69 (d, ] =8.0 Hz, 3 H), 1.03 (br s, 21 H), 0.91 (d, | =
6.5 Hz, 3 H); 'TH NMR (500 MHz, CDCls) d 234.5, 231.6, 193.5, 134.3, 126.0, 113.2, 107.6,

82.3,70.9, 69.3, 44.8, 40.0, 18.1, 18.0, 17.4, 12.3.

OMe
MeO,, “OMe
phs” S0~ 234 OMe
OH MeOTf, 4A m.s. MeO,, ~OMe
., diethyl ether
g QTIPS 25°C, 48 h o” o
MeO,C N >
’ 0o oTIPS
2.55 MeO,C o 2
219

64



[Glycosidation] To a 25 °C solution of 2.55 (25 mg, 0.058 mmol), 2.34 (29 mg, 0.117
mmol) and 4A molecular sieves (50 mg, 200%wt) in diethyl ether (1 ml, 0.07 M) was
added MeOTf (16.5 ul, 0.146 mmol) and the solution was stirred for 48 hours. NaHCO:s
powder (50 mg, 200%wt) was added and the solution was stirred for 6 hours before
addition of saturated aqueous NaHCQO:s then diluted with diethyl ether (5 ml). The layers
were separated and the aqueous layer was extracted with diethyl ether (10 ml, x3). The
organic layers were combined and then dried over Na:SOs. . The solvents were removed
in vacuo and the crude mixture was purified by column chromatography (silica gel,
hexanes/EtOAc 8:1) to provide the $-anomer 2.19 (28 mg, 0.046 mmol) in X% as a clear
oil. TLC: R¢ = 0.35, hexanes/ EtOAc, 2:1. [a]®p = +15.3 (c 0.10, CHCls); '"H NMR (500 MHz,
CDCls) © 5.53 (ddd, ] =15.5, 13.0, 13.0, 6.5 Hz, 1 H), 5.36 (dd, | = 15.5, 8.0 Hz, 1 H), 4.28 (d,
J=7.5Hz,1H),3.97 (dd, ] =11.0, 4.5 Hz, 1 H), 3.70 (s, 3 H), 3.63 (s, 3 H), 3.60 (s, 3 H), 3.49
(d, 3 H), 3.33-3.23 (m, 2 H), 3.10 (dd, ] = 18.0, 9.0 Hz, 1 H), 2.99 (dd, ] = 8.0, 8.0 Hz, 1 H),
2.63 (dd, ] =15.0, 2.5 Hz, 1 H), 2.40 (dd, J=14.5, 10.0 Hz, 1 H), 2.03 (dd, J=12.5, 4.0 Hz, 1
H), 1.83 (ddd, ] = 14.5, 10.0, 4.5 Hz, 1 H), 1.71 (d, ] = 5.5 Hz, 3 H), 1.46 (dd, ] = 12.5, 12.5
Hz, 1 H), 1.05 (br s, 21 H), 1.02 (d, ] = 6.5 Hz, 3 H); *C NMR (125 MHz, CDCls) 5 217.5,
192.7, 190.8, 187.8, 172.1, 170.7, 142.9, 125.9, 105.5, 95.3, 77.7, 70.9, 69.3, 58.8, 44.6, 40.3,
18.1, 18.0, 12.7, 12.3, 7.4; IR (neat) 3629, 2943, 2867, 2249, 1737, 1166, 1092, 909 cm™'. For
2.19 a-anomer: TLC: R¢ = 0.31, hexanes/ EtOAc, 2:1. 'TH NMR (500 MHz, CDCls) d 5.52

(ddd, | =15.0, 12.5, 6.5 Hz, 1 H), 5.33 (dd, ] = 15.5, 8.0, 1 H), 5.05 (d, ] = 4.0 Hz, 1 H), 4.272
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(ddd, ] =115, 9.5, 4.0 Hz, 1 H), 3.67 (s, 3 H), 3.62 (s, 3 H), 3.49 (s, 3 H), 3.47 (s, 3 H), 3.41
(dd, ] = 18.5, 9.5 Hz, 2 H), 3.28-3.21 (m, 1 H), 3.16 (dd, ] = 9.5, 3.5 Hz, 1 H), 2.6 (dd, ] =
15.0, 3.0 Hz, 1 H), 2.37 (dd, ] = 14.5, 9.5 Hz, 1 H), 1.98 (dd, ] = 11.0, 4.5 Hz, 1 H), 1.84 (ddd,
J=13.5,10.0, 4.0 Hz, 1 H), 1.69 (d, ] = 6.0 Hz, 3 H), 1.45 (ddd, ] = 13.0, 10.0, 3.0 Hz, 1 H),

1.33-1.20 (m, 2 H), 1.02 (br s, 21 H), 0.98 (d, ] = 6.5 Hz, 3 H).

OMe
MeO,,, OMe
2.34
PhS” ~O OMe
OH MeOTf, 4A m.s. MeO,,, ~OMe
., diethyl ether
’ QTBDPS 25°C,48h o O
M - > .
e0,C o = 7% . OTBDPS
2.54 MeO,C o NP
2.57

[Schmidt glycosylation] To a stirred solution of thioglycoside 2.54 (17 mg, 0.059 mmol),
alcohol 2.54 (15 mg, 0.029 mmol) and 4A molecular sieves (30 mg, 200%wt) in diethyl
ether (1 ml, 0.03 M) was added MeOTf (8.5 pl, 0.074 mmol) and then stirred at the same
temperature for 48 hours. The reaction was quenched by addition of solid NaHCO:s (30
mg) followed by vigorous stirring for 6 hours. The solution was diluted with diethyl
ether (5 ml) and saturated aqueous NaHCO: (5 ml). The layers were separated and the
aqueous layer was extracted with diethyl ether (5 ml, x3). The combined organic layers
were washed with a saturated aqueous brine solution and then dried over anhydrous

Na:SOs. The solvents were removed in vacuo and the crude residue was purified by
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column chromatography (silica gel, hexanes/EtOAc, 6:1) to afford p-anomer 2.57 (10.2
mg, 0.015 mmol) in 54% as a colorless oil: TLC: Rt = 0.24, hexanes/EtOAc, 5:1. 'H NMR
(500 MHz, CDCls) & 7.62 (ddd, ] = 8.0, 4.3, 4.3 Hz, 4 H), 7.40- 7.29 (m, 6 H), 5.30 (ddd, | =
19.1,9.5,2.2 Hz, 1 H), 5.16 (dd, ] = 18.0, 7.5, 1 H), 4.29-4.19 (m, 2 H), 3.92 (dd, ] =14.4, 6.5,
1 H), 3.61 (s, 3H), 3.57 (s, 3H), 3.46 (s, 3H), 3.42 (s, 3H), 3.42 (s, 3H), 3.37-3.15 (m, 6 H),
3.08 (dd, ] =10.9, 10.9, 2 H), 3.03 (dd, | = 14.4, 14.4, 1 H), 2.95 (dd, ] = 11.6, 9.5, 1 H), 2.55
(dd, J=18.7, 4.0, 1 H), 2.30 (dd, 18.3, 13.3, 1 H), 1.97 (dd, 14.5, 6.5, 1 H), 1.81 (ddd, ] =17.0,
11.5, 6.1 Hz, 1 H), 1.51 (d, 7.9 Hz, 3 H), 1.49-1.41 (m, 2 H), 1.25 (s, 3 H), 1.03 (br s, 9H),
0.96 (dd, 8.2, 3.1 Hz, 3 H). a-anomer: TLC: R¢ = 0.21, hexanes/EtOAc, 5:1. 'TH NMR (500
MHz, CDCls) 6 7.62 (dd, ] = 19.5, 6.5 Hz, 4 H), 7.42-7.29 (m, 6 H), 5.32 (dd, | = 15.0, 7.5
Hz, 1 H), 5.23 (ddd, ] = 12.5, 12.5, 6.5 Hz, 1 H), 4.26 (ddd, ] = 8.5, 8.5, 4.5 Hz, 1 H), 3.67
(dd, J=11.0, 6.0 Hz, 1 H), 3.62 (s, 3 H), 3.48 (s, 3 H), 3.44 (s, 3 H), 3.41 (s, 3 H), 3.34 (ddd, |
=10.0, 10.0, 3.5 Hz, 2 H), 3.28-3.21 (m, 2 H), 3.14 (dd, ] = 9.5, 3.5 Hz, 1 H), 2.56 (dd, | =
14.5,3.0 Hz, 1 H), 2.30 (dd, ] =14.0, 9.5 Hz, 1 H), 1.91 (dd, ] = 12.5, 4.5 Hz, 1 H), 1.80 (ddd,
J=13.5,9.0, 4.5 Hz, 1 H), 1.54 (d, ] = 6.5 Hz, 3 H), 1.52-1.42 (m, 2 H), 1.23 (dd, ] =7.0, 7.0

Hz, 1 H), 1.11 (dd, ] = 23.0, 11.5 Hz, 1 H), 1.03 (s, 9 H), 0.94 (d, ] = 6.5 Hz, 3 H).
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MeO,,, “OMe CICHy,l, diethyl-Zn MeO,, “OMe
CH,Cl,, 010 15 °C
o) e 85h o~ o
” oTIPS
MeO,C 8
eL; o =
2,53

[Cyclopropanation] To a cooled (0 °C) solution of diethyl zinc (165 ul, 1 M in hexanes,
0.165 mmol) was added CICH:I (24 pl, 0.33 mmol) and stirred for 25 minutes until a
white precipitate formed. Olefin 2.53 (10 mg, 0.0165 mmol) in CH2Cl2 (0.5 ml) was added
dropwise with two washings with CH2Clz (0.25 ml) then slowly warmed to 15 °C over 7
hours then stirred at 15 °C for 1.5 hours. The reaction was quenched with saturated
aqueous NH:4Cl (1 ml) and diluted with CH2Clz (10 ml). The layers were separated and
the aqueous layer was then extracted with CH2Cl> (10 ml, x3). The solvents were
removed in vacuo and the crude mixture was purified by column chromatography (silica
gel, hexanes/EtOAc, 4:1) to provide cyclopropane 2.92 (7.2 mg, 0.0117 mmol) as a clear
oil in 71%. TLC: Rf = 0.45, hexanes/ EtOAc, 2:1. [a]*pb = X (c 0.X, CHCL); 'H NMR (500
MHz, CDCls) 0 4.28 (d, ] =7.5 Hz, 1 H), 3.96 (s, 3 H), 3.64 (s, 3 H), 3.61 (s, 3 H), 3.58 (s, 3
H), 3.47 (s, 3 H), 3.33-3.20 (m, 3 H), 3.09 (dd, ] = 8.5, 4.0 Hz, 1 H), 2.96 (dd, ] = 8.5, 8.5 Hz,
1 H), 2.61 (dd, ] =14.5, 3.0 Hz, 1 H), 2.35 (dd, ] =15.0, 10.0 Hz, 1 H, 2.05 (dd, | =13.0, 3.5
Hz, 1 H), 1.83 (ddd, ] = 14.0, 9.5, 4.0 Hz, 1 H), 1.67 (d, J= 6.5 Hz, 3 H), 1.03 (br s, 12 H),
0.63-0.48 (m, 2 H), 0.43 (ddd, 13.0, 8.5, 6.0 Hz, 1 H), 0.17 (ddd, 13.0, 9.0, 4.5 Hz, 1 H); *C

NMR (125 MHz, CDCls) o 172.1, 105.5, 85.6, 83.1, 83.2, 79.4, 77.7, 73.1, 72.3, 63.2, 60.8,
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58.8, 51.5, 45.4, 42.1, 40.8, 39.0, 29.7, 25.9, 18.7, 18.2, 12.8, 12.7, 10.7; IR (neat) 2937, 2866,

1740, 1463, 1161, 1094, 911, 733, 648 cm.

OMe OMe
MeO,,, OMe CICH,l, diethyl-Zn MeO,,, «OMe
CH,Cl,, 0 to 15 °C
0 0O 85h 0 0O
OTBDPS
MeO,C o —
2.90

[Cyclopropanation] To a cooled (0 °C) solution of diethyl zinc (234 ul, 0.24 mmol, 1 M in
hexanes) was added CICH:I (x pl, x mmol) and stirred for 25 minutes until a white
precipitate formed. Silyl ether 2.90 (16.0 mg, 0.023 mmol) in CH:Cl2 (0.5 ml) was added
dropwise followed by two washings with CH2Clz (0.25 ml) then slowly warmed to 15 °C
over 8.5 hours. The reaction was quenched by addition of saturated aqueous NH4Cl (1
ml) and diluted with CH2Cl2 (10 ml) and H2O (5 ml). The layers were separated and the
aqueous layer was extracted with CH2Clz2 (10 ml, x2). The pooled organic layers were
then dried over Na:SOs. The solvents were removed in vacuo and the crude mixture was
purified by column chromatography (silica gel, hexanes/EtOAc, 4:1) to provide
cyclopropane 2.91 (10.8 mg, 0.015 mmol) as a clear oil in 66%. TLC: R¢ = 0.24,
hexanes/EtOAc, 5:1. 'TH NMR (500 MHz, CDCls) 8 7.79-7.19 (m, 10 H), 4.27 (d, | = 9.5 Hz,
1 H), 3.99 (dd, ] =14.5, 6.0 Hz, 1 H), 3.70 (s, 3 H), 3.68 (s, 3 H), 3.61 (s, 3 H), 3.59 (s, 3 h),

3,56 (d, ] = 4.5 Hz, 3 H), 3.37 (dd, ] = 14.5, 4.0 Hz, 1 H), 3.32-3.12 (m, 5 H), 3.10 (dd, ] =
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11.5, 11.5 Hz, 2 H), 2.97 (dd, ] = 11.0, 11.0 Hz, 1 H), 2.73 (dd, ] = 17.5, 8.5 Hz, 1 H), 2.61
(dd, ] = 18.5, 4.0 Hz, 1 H), 2.43 (dd, ] = 17.0, 10.0 Hz, 1 H), 2.14 (dd, ] = 16.0, 7.0 Hz, 1 H),
1.57 (br's, 1 H), 1.15 (d, ] = 9.0 Hz, 3 H), 1.05-1.00 (m, 4 H), 0.96 (dd, ] = 16.0, 8.5 Hz, 1 H),
0.73-0.54 (m, 2 H), 0.49 (dd, ] = 11.0, 5.5 Hz, 1 H), 0.38 (ddd, J= 12.0, 4.0, 4.0 Hz, 1 H), 0.26

(dd, J=12.0, 7.0 Hz, 1 H).

OMe OMe

MeO,, “OMe MeO,, “OMe
TBAF, THF
o~ 0 40°C,3h e °

65% OH H

. MeO,C 8

7 €02 () 3 7
293

[TIPS hydrolysis] To a 25 °C solution of 2.92 (7.2 mg, 0.012 mmol) was added TBAF (120
ul, 0.12 mmol, 1 M in THF) then the solution was heated to 40 °C for 2 hours. TBAF (120
pl, 0.12 mmol, 1 M in THF) was added and the mixture was stirred for an additional
hour then cooled to 25 °C and quenched with saturated aqueous NH4Cl (2 ml) and
stirred for an additional hour. The mixture was diluted with Et:O (10 ml) and H20 (3 ml)
and the layers were separated. The aqueous layer was extracted with EtzO (10 ml, x3)
then the pooled organic layers were dried over Na:SOs. The solvents were removed in
vacuo and the crude mixture was purified by column chromatography (silica gel,
hexanes/EtOAc, 1:1) to provide alcohol 2.93 (3.5 mg, 0.008 mmol) in 65% as a clear oil.

TLC: Re=0.25, hexanes/ EtOAc, 1:1. "H NMR (500 MHz, CDCls) 0 4.19 (d, ] =9.5 Hz, 1 H),
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3.87 (dd, ] = 14.5, 6.5 Hz, 1 H), 3.62 (s, 3 H), 3.55 (s, 3 H), 3.52 (s, 3 H), 3.40 (s, 3 H), 3.23—
3.10 (m, 1 H), 3.03 (dd, ] = 11.0, 4.0 Hz, 1 H), 3.00 (dd, ] = 8.5, 3.0 Hz, 1 H), 2.90 (dd, ] =
9.5, 9.5 Hz, 1 H), 2.60 (dd, ] = 19.5, 3.5 Hz, 1 H), 2.34 (dd, ] = 19.0, 12.0, 1 H), 2.00 (dd, ] =
13.5, 4.0 Hz, 1 H), 1.73-1.55 (m, 3 H), 1.39 (dd, ] = 11.5, 11.5 Hz, 1 H), 1.18 (s, 1 H), 0.97 (d,
J=75Hz, 3 H),0.94 (d, ] = 8.0 Hz, 3 H), 0.68 (ddd, ] = 13.5, 11.0, 8.0 Hz, 1 H), 0.50 (ddd, |
=16.0, 10.5, 4.5 Hz, 1 H), 0.21 (ddd, ] = 11.0, 10.5, 5.5 Hz, 1 H), 0.09 (ddd, ] = 11.0, 10.5, 5.5
Hz, 1 H); C NMR (125 MHz, CDCls) & 196.3, 186.0, 179.0, 155.3, 141.7, 138.1, 127.0,

118.4, 105.6, 95.6, 85.5, 83.8, 79.3, 60.8, 47.4, 41.9, 37.1, 27.9, 26.1, 15.3, 12.7, 4.4.

OMe OMe
MeO,, ~OMe MeO,, “OMe
LiOH
o” o THF/MeOH/H,0 (2:1:1) o” o
25°C,15h ,
g OH H ’ OH H
MeO,C o - 3 ’ HO,C o - S ’
i
2,93 2.94

[Methyl ester hydrolysis] To a 25 °C solution of methyl ester 2.93 (3.5 mg, 0.008 mmol)
in THF/MeOH/H:O (2:1:1, 1 ml, 0.008 M) was added LiOH (0.023 ml, 0.024 mmol, 1 M in
H20) and stirred for 15 hours. The reaction mixture was then cooled to 0 °C and
acidified with 1 M HC], and diluted with diethyl ether (5 ml). The layers were separated
and the aqueous layer was extracted with diethyl ether (5ml, x 3). The combined organic
layers were dried over Na:S5Os. The solvents were removed in vacuo and the crude

mixture subjected to the next step without further purification.
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MeO,, .OMe
o” o MNBA, DMAP
toluene, 90 °C, 5 h 2.15 .
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HO,C R
2 o 3 ,
H
2.94

[Shiina macrolactonization] To a stirred solution of MNBA (7.8 mg, 0.023 mmol) and
DMAP (18.6 mg, 0.152 mmol) in toluene (2 ml) was added the crude acid 2.94 in toluene
(2.5 ml) by syringe pump at 90 °C for 5 hours. The reaction mixture was concentrated in
vacuo. The crude residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 3:1) to afford clavosolide A 2.15 (2.3 mg, 0.0027 mmol) in 72% for 2 steps
as a white solid. TLC: R¢ = 0.6, hexanes/ EtOAc, 1:1. '"H NMR (500 MHz, CDCl) d 4.41
(dd, J=9.0,9.0 Hz, 2 H), 4.26 (d, ] = 8.0 Hz, 2 H), 3.95 (dd, ] =11.5, 5.0 Hz, 2 H), 3.61 (s, 6
H), 3.58 (s, 6 H), 3.46 (s, 6 H), 3.48-3.23 (m, 4 H), 3.24 (dd, | = 11.5, 11.5 Hz, 2 H), 3.24
(ddd, J=8.5, 8.5, 5 Hz, 2 H), 3.09 (dd, ] = 8.5, 8.5 Hz, 2 H), 3.08 (dd, ] =11.5, 8.5 Hz, 2 H),
2.95(dd, ]=8.5,8.5Hz 2 H), 2.54 (dd, ] =17.0, 3.0 Hz, 2 H), 2.41 (dd, ] =17, 6.5 Hz, 2 H),
2.04 (dd, J=11.5, 4.5 Hz, 2 H), 1.88 (ddd, ] = 15.0, 15.0, 9.0 Hz, 2 H), 1.68 (br d, ] = 15.0 Hz,
2 H), 1.38 (m, 2 H), 1.37 (dd, ] = 11.5, 11.5 Hz, 2 H), 0.96 (d, ] = 6.5 Hz, 6 H), 0.81 (m, 2 H),
0.71 (ddd, ] =9.0, 9.0, 5.0 Hz, 2 H), 0.34 (ddd, ] = 8.5, 8.5, 5.0 Hz, 2 H), 0.22 (ddd, ] = 8.5,

5.0 Hz, 2 H).
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3. Total synthesis of Subglutinols A and B

3.1 Organ transplant rejection and autoimmunity

Organ transplant rejection can occur when the recipient’s immune system
recognizes the implanted organ as a foreign entity and mounts an attack. Transplant
rejections are classified into three categories: hyperacute, acute, and chronic
rejection.[82] Acute rejection occurs to some extent in almost all organ transplant
recipients. Hyperacute rejection occurs in patients that have preexisting antibodies to the
donor organ, leading to immediate systemic inflammation. The only recourse is
immediate removal of the rejected organ. The mechanisms that contribute to chronic
rejection are poorly understood. An inhaled form of cyclosporin A has met with limited
success, but the most common treatment is re-transplantation or bone marrow
transplantation from the donor of the organ.[83]

Rejection occurs when the recipient immune system recognizes mismatched
histone compatibility complex antigens of the donor organ as a foreign object. The
current paradigm in organ transplant rejection is that alloreactive T-cells primed with
alloantigens and recipient antigen presenting cells (APC’s) function as the primary
mediators of the rejection response.[84] This response is due to induced cytotoxicity and
cytokine promoted inflammation. The most common method of treating this process is

through immunosuppressive chemotherapy. Patients who receive donated organs can
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expect to continue an immunosppressive chemotherapy regimen for the remainder of

their lifespan.

3.1.1 T-cell activation

CRAC channel
inhibitors, such as La*,
SKF26365 and 2-ABP

TCR ORAlIl, ca*r K™ channel

Plasma membrane
& 8 & Cytosal
cD3 STIM] K

Ca™

O ==0
O==
0!

! . K= channel inhibitors,
CsA and such as Shk—DAP22
STIMI inhibitors | | Fk506 and TRAM-34

Figure 23: T-cell activation and Ca? signaling pathway. (Figure reproduced
with permission of Nature Publishing Groupl85].)

Current immunosuppressive chemotherapies focus on suppression of the T-cell
mediated immune response. The adaptive immune response is initiated when a foreign
antigen particle is presented by the major histone compatibility complex in a binding
event to the T-cell receptor (Figure 23). This binding event promotes a cascade of

secondary messengers leading to release of Ca? from the endoplasmic reticulum into the
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cytosol. An increase of intracellular Ca?* ions promotes activation of calcineurin, leading
to upregulation of genes associated with proliferation and differentiation of naive T-cells
into either helper T-cells or cytotoxic T-cells. [85-88]

After depletion of the stored intracellular Ca*, STIM 1 (stromal interaction
molecule 1) translocates to the cell membrane and binds to calcium-release calcium
current channel (CRAC) which opens a pore for extracellular Ca* to enter the cell. Ca*
ions enter the cell due to a voltage gradient caused by the efflux of K* through a voltage
gated potassium channel. The replenishment of Ca?* ions propagates the proliferation

and differentiation signals of T-cells and therefore continues the immune response. [85]

OMe

"OH

cyclosporin A FK-506

Figure 24: Examples of FDA approved immunosuppressive drugs.

The two major clinically approved compounds used to treat organ transplant
rejection are cyclosporin A and FK-506 (Figure 24). These compounds are also used to
treat other immune disorders including multiple sclerosis, ulcerative colitis, eczema,

rheumatoid arthritis and insulin dependent diabetes. [88]
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Cyclosporin A is a cyclic peptide that inhibits the immune response by binding
to cyclophilin A, forming a complex that inhibits the function of calcineurin. FK-506 or
Tacrolimus® is a macrolactone natural product that binds to calmodulin, thereby
preventing its activation of calcineurin. While these compounds are effective at
suppressing the immune response they also have detrimental off-target effects
manifesting as gastrointestinal irritation, neuropathy, nephrocytoxicity, and an overall
poor quality of life.[89-90] These off target effects necessitate a better understanding of
the biology governing the immune response so that chemotherapies lacking these side

effects can be developed. [86, 88]

3.2 Isolation and characterization of subglutinols A and B

MeQO 7
o] ¢}
3.1a subglutinol A (12S) R = H, viridoxin A
3.1b subglutinol B (12R) R = COCHy, viridoxin B

Figure 25: Subglutinols A and B with assigned configuration based on
viridoxins A and B.

Subglutinols A and B (Figure 25) are diterpene pyrones that were first isolated

by Clardy and co-workers in 1995, from the endophytic fungus Fusarium subglutinans
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harvested from the intercellular spaces of the twining vine Tripterygium wilfordii [91].
The structure and relative stereochemistries for subglutinols A and B were determined
through NMR and X-ray crystallographic analysis. The absolute stereochemistry was
tentatively assigned to be in agreement with the structurally related natural products
viridoxins A and B (Figure 25). Subglutinols A and B possess a trans-fused decalone
core, trisubstituted tetrahydrofuran ring and a-pyrone appendage at the C4 position.
The subglutinols A and B differ only at the stereogenic C12 position.

Clardy and co-workers examined subglutinols A and B in the mixed lymphocyte
reaction assay (MLR assay) and in the thymocyte proliferation assay (TP assay) where
they were equipotent, suggesting that the stereogenic center that differentiates the two
compounds may have limited interaction with the biological target. Cyclosporin A was
also tested in the same assay systems and showed to be roughly as potent as the
subglutinols in the MLR assay but 10* times more potent in the TP assay. The most
noticeable difference was the lack of cytotoxicity of the subglutinols. The lack of
cytotoxicity of the subglutinols merits further study of their mode of action, possibly
elucidating a novel target for immunosuppression. The lack of access to the subglutinols
from natural sources necessitated a synthetic means to obtain the compounds for further

biological study.
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3.3 Synthetic methods to access substituted tetrahy drofurans
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Figure 26: Synthetic methods to access substituted tetrahydrofurans.

There have been many reported strategies for the stereoselective construction of
substituted tetrahydrofurans (Figure 26). Base promoted intramolecular 1,4-conjugate
addition of vinyl sulfones (Figure 26A) shows that formation of 2,5-cis-tetrahydrofurans
and 2.5-trans-tetrahydrofurans can be achieved in good diastereoselectivity, with olefin
geometry determining the relative configuration of the product.[92] The radical

mediated cyclization of an epoxide to an olefin in Figure 26B was able to achieve the 2,6-
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cis-tetrahydrofuran as a single configuration, but with a 4:1 ratio of 2,4-trans- to 2,4-cis-
tetrahydrofurans.[93] The Lewis acid promoted Prins cyclization in Figure 26C
proceeded in 69% yield with a 5:1 diastereomeric ratio to provide the triflate enol ether.
Oxocarbenium formation of the Oshima-Utimoto intermediate (Figure 26D) followed
by stereoselective alkylation provided the trisubstituted 2,5-trans-tetrahydrofuran
intermediate in greater than 20:1 diastereoselectivity.[94-95] The final entry E shows a
zinc mediated cascade reaction wherein elimination of iodine opens the first epoxide
which serves a nucleophile that internally opens the second epoxide to provide a 9:1
diastereoselectivity for the 2,5-cis-tetrahydrofuran.[96] This is not an exhaustive list, but
serves to illustrate the need for complex substrate manipulation necessary to gain access
to tetrahydrofurans formation (entries A and E) and the potentially incompatible
conditions used to construct tetrahydrofurans with highly functionalized compounds

(entries B, C, and D).
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3.4 Structurally similar natural products and their biological

activities
)/* )/*
/\ OH

H - R R= R—W
H

\O R
m metarhlzm A m vmdoxm A

R = W
candelalide A R = OAc: sesquicillin R = Ac: nalanthalide

metarhlzm B vmdoxm B
R = OH: BR-050

Figure 27: Structurally similar natural products to subglutinols A and B.

There have been reported several structurally related compounds to the
subglutinols that possess interesting biologically activity. Metarhizins A and B have
shown potent antiproliferative effects against human cancer cell lines K562 (leukemia),
A549 (lung cancer), and HCT116 (colon cancer) [97]. Viridoxins A and B have been
shown to be a potent insect toxins [98]. Interestingly, the toxicity of both metarhizins and
viridoxins is dependent upon the functionality of the R group attached to the trans-
decaline core shown in Figure 27. BR-050 has been patented as a bone resorption
inhibitor.[99]

Sesquicillin was isolated from the fermentation broth of Acremonium sp., strain
132-94 in an effort to discover new glucocorticoid receptor antagonists [100].

Glucocorticoid receptors have been implicated in the proliferation of naive T-cells and
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thus have an effect in the immune response, as such, sesquicillin has shown to be a

potential target in immunosuppression.[101-103]
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Figure 28: Danishefsky’s synthesis of (+)-sesquicillin.

The first synthesis of (*)-sesquicillin was reported by Danishefsky and co-
workers (Figure 28), and employed Uda’s intermediate ketone 3.2 as the starting point.
[104-105] Through stepwise manipulation the homoprenyl subunit was installed
followed by selective deprotection of the ketal group at C4 to provide 3.3. Formylation,
ee protection, reduction, mesylation, elimination, reduction and O-alkylation provided
ether 3.4 as the substrate for the Eschenmoser—Claisen rearrangement. Rearrangement
led to the installation of the C3 exo-methylene functionality as well as the desired

stereochemistry at the C4 position shown in structure 3.5. They finished the synthesis
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through a linear approach to install the a-pyrone precursor 3.6 and finally conducted
DBU mediated enol lactonization to furnish (+)-sesquicillin.

Candelalide A and nalanthalide are voltage gated potassium channel blockers
(Kv1.3). Blockage of these channels disallows efflux of K*, which prohibits formation of
the necessary voltage gradient to allow replenishment of intracellular Ca?* levels needed

to sustain the T-cell activation signal. This indirectly inhibits the immune response.
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Figure 29: Katoh's synthesis of (-)-candelalide A.

Candelalide A was isolated by a research group at Merck in 2001 from the
culture broth of Sesquicillium candelabrum, in an effort to discover new Kv1.3 inhibitors
[106]. In 2005 Katoh’s group reported the first total synthesis of candelalide A (Figure
29). [107] This method was similar to the Danishefsky synthesis of sesquicillin, in that

both used the same Uda intermediate as a starting point 3.2 as well as installing the
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allylic alcohol precursor to the exo-methylene functionality. Katoh’s method employed
the stannyl ether 3.7 as precursor to [2,3]-Wittig rearrangement to install the exo-
methylene group as well as the correct stereocenter at the C4 position, and was then
converted to the aldehyde 3.8 through DMP oxidation. Direct addition of the lithio-y-
pyrone 3.9 led to a mixture of secondary alcohols 3.10 which were cleaved through
Barton-McCombie protocol to give 3.11. Desilylation, oxidation, mesylation, and
elimination led to (-)-candelalide A.

s s

H:  ores H:  omes
6 steps 7 st
;;ED/ osterg m L5PY (-nalanthalide

0 (@]
3.3 Sn(nBu),
3.12

Figure 30: Katoh’s synthesis of (-)-nalanthalide.

Katoh’s group also reported the first total synthesis of (-)-nalanthalide in 2006
[108]. Nalanthalide, like candelalide is a Kv1.3 inhibitor. The total synthesis of
nalanthalide followed Danishefsky’s procedure with very slight modifications to achieve
the known structure 3.3 (Figures 28 and 30). At this stage, the stannyl ether 3.12 was
constructed for the [2,3]-Wittig rearrangement followed by installation of the y-pyrone
appendage using the identical protocol as shown in Figure 29 for the synthesis of (-)-

candelalide in 7 steps.[108]
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3.5 The total synthesis of subglutinols A and B

3.5.1 Retrosynthesis

3.1a Subglutinol A (12S)
3.1b Subglutinol B (12R) s—
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Mischer ketone 3.19

Figure 31: Retrosynthesis for subglutinols A and B.

The retrosynthetic strategy for the subglutinols 3.1 (Figure 31) was designed to
install the C12 stereocenters from a common intermediate 3.18 which could be prepared
from the known 3.19 (S)-(+)-5-methyl-Wieland—Mischer ketone.[109] The subglutinol A
intermediate 3.15 was envisioned from the stereoselective, Lewis acid promoted
reductive deoxygenation of the hemiketal 3.16. The C12 stereocenter for the subglutinol

B intermediate 3.17 could be prepared through tandem cross-metathesis/Sn2' process.
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The subglutinol intermediates 3.15 and 3.17 would then be subjected to the same
sequence of reactions to install the allylic alcohols at the C3 position 3.14 and the a-
pyrone appendages, including 2,3-Wittig rearrangement, and direct coupling of the
pyrone.

It should be noted that my contribution to the subglutinol project mainly focused
on construction of intermediate 3.15 while the method for construction of 3.17 and

pyrone installation was conducted by the Hong lab’s former post-doc Hyoungsu Kim.

3.5.2 Synthesis of the (12 S)-2,3-trans -2,5-cis -tetrahydrofuran 3.22

Z
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Figure 32: Leuche reduction pathway

The first attempt at installation of the C12 stereocenter of subglutinol A (Figure
32) began with the ozonolysis of the terminal alkene of 3.18 to provide the lactol 3.20 in

quantitative yield. Addition of vinylmagnesiumbromide to aldehyde 3.20 provided

85



allylic alcohols 3.21 in 77%, followed by allylic oxidation with MnO: to provid hemiketal
3.22 in 48%. Stereoselective reduction of the «,f-unsaturated ketone under Leuche
conditions provided the allylic alcohol 3.21a in a 3:1 diastereoselectivity in 58% for the
desired diastereomer.[110] Selective mesylation of the allylic alcohol proved challenging
as was observed in the subsequent intramolecular Sx2 reaction that provided the desired
subglutinol A intermediate 3.15 in 18% with the major side product 3.22 in 42%. The low
yield, redundant oxidation/reduction process, and lack of chemoselective mesylation led

to the abandonment of this pathway and a revision of the synthetic strategy.
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Figure 33: Reductive deoxygenation, 1,4-hydride addition.

The next attempt toward the subglutinol A intermediate 3.15 relied upon
chemoselective and stereoselective hydride addition to a Lewis acid promoted

oxocarbenium intermediate (Figure 33).[112] Upon addition of BFs-OEt. and NaBHsCN,
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the oxocarbenium intermediate was formed, but unexpectedly the fully reduced adduct
3.23 was observed as a single compound. The rationale behind the observed product is
that the hydride first undergoes 1,4 conjugate addition followed by a second
oxocarbenium formation and subsequent 1,2-hydride addition. Although this sequence
failed to provide the desired product, the stereochemical outcome at the C12 position

was determined to be in the desired S configuration through careful NMR analysis.

BF5-OEt,
4—< NaBH,CN ’(—< ’(—<
CH,Cl,
78°C,1h
3.25:3.26 = 2:1

\J 3.24 \_/ 3.25 \_/ 3.26

Figure 34: B-dimethyl substitution effect on 1,4- vs. 1,2-hydride addition.

Encouraged by the stereochemical outcome of the previous reaction, it was
expected that increasing the steric influence at the (3 position could hinder 1,4 hydride
addition and lead to the desired product. To that end, 3.22 was reacted with Grubbs’
second generation catalyst and isopropylidine to form 3.24 in 25%. It was then subjected
to reductive deoxygenation conditions to provide the desired product 3.25 and the fully

reduced adduct 3.26 in a 2:1 ratio (Figure 34).

87



O
:) Li——R )\//R MnO, MR

- - H o H =
H - oH THF H - _on CHClL25°C - - _OH
0°C,1h 4h
3.27a R=TMS, 88% 3.16a R=H, 74%

5% 3.27b R=TES, 61% 3.16b R=TMS, 86% 5 %o
\/ 3.20 3.27c R=TIPS, 89% 1\ / 3.16c R=TES, 95% \ J
3.16d R=TIPS, 95%

TBAF
THF )
an7e% = B2 10
from 3.27b )

Figure 35: Synthesis of a,f-unsaturated propargyl ketones.

In an effort to improve chemoselectivity of the reductive deoxygenation process
it was necessary to further minimize the 1,4-hydride contribution, presumably through
steric hindrance. To achieve this goal, four propargylic compounds were constructed
(Figure 35) with terminal groups of varying steric bulkiness. Silylated lithio-yne
reagents were added to aldehyde 3.20 to form mixtures of the propargyl alcohols which
were then selectively oxidized to the «,f-unsaturated compounds 3.16a-d.[112] TES

alkyne was desilylated with TBAF to provide 3.28 in 78% yield.
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Table 4: Steric influence on chemoselectivity and stereoselectivity of hydride
addition.

Substrate R Yield 1,2- vs. 1,4-Hydridel® | Diastereoselectivity!!
Addition
3.16a H 29% 1:1 12S only
3.16b TMS 67% 1,2-addition with 12S only
trace 1,4-addition
3.16¢ TES 86% Only 1,2-addition 125 only
3.16d TIPS 91% Only 1,2-addition 125 only

[a] Chemoselectivity and diastereoselectivity were determined from crude 'H NMR.
The propargylic system with the terminal hydrogen 3.16a underwent reductive

deoxygenation to provide a 1.1:1 ratio of 1,2 to 1,4 hydride addition with low yield
(Table 4).[111] The added steric bulk of the terminal trimethylsilyl (TMS) group 3.16b
provided the desired 1,2 adduct with trace amounts of the 1,4 adduct as a single
diastereomer in modest yield. As the steric influence increased (triethylsilyl, 3.16¢ and
triisopropyl 3.16d) only the 1,2 adducts were observed as single diastereomers in good

yields.
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Figure 36: a. Inside envelope attack of hydride to oxocarbenium; b. hydride
addition to the face opposite C17 methyl group.

In order to explain the stereochemical outcome of the hydride addition in the
proparglyic systems (Table 4), we turned to Woerpel's model.[111] In Figure 36a the
five membered oxocarbenium intermediate is susceptible to nucleophilic attack from
either the top face or the bottom face. Nucleophilic addition from the inside attack
model produces a more favorable staggered product while addition from the outside
attack model leads to the less favorable eclipsed product. The thermodynamically
favorable staggered product leads to nucleophilic attack primarily from the inside
envelope conformation.

Nucleophilic attack from the inside envelope conformation leads to two possible
conformations for hydride attack in the propargylic systems as shown in Figure 36b.
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Conformation A is less favorable for hydride attack due to the steric interaction with the
C17 methyl group and would lead to the (12R) product. Conformation B, lacking in this
steric interaction is more favorable for hydride attack, leading exclusively to the

observed (12S) product.
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Figure 37: X-ray crystal structure of 3.30 and completion of intermediate 3.15.

After optimization of the reductive deoxygenation reaction the triisopropylsilyl
group of 3.16d was cleaved with tetrabutylammoniumflouride (TBAF) to provide 3.30 in
91% yield. An X-ray crystallographic analysis of alkyne 3.30 was used to determine the
relative stereochemistry at the C12 position (Figure 37). The alkyne was then reduced
with hydrogen in the presence of Lindlar’s catalyst in 99% yield to provide the desired

subglutinol A intermediate 3.15.
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3.5.3 Synthesis of the (12 R) 2,3-trans -2,5-trans -tetrahydrofuran 3.17

OH b ffinic acid SO,Ph =
p enzene sulfinic aci - vinyl-MgBr —
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Y 320 Y 331 \J 347

Figure 38: Reductive alkylation of sulfone to form subglutinol B intermediate.

The first attempt to construct the subglutinol B intermediate began from the
lactol 3.20 which was substituted by benzene sulfinic acid to form the sulfone 3.31 as a
mixture of diastereomers in 43% yield (Figure 38).[112] Nucleophilic addition by the
organozinc reagent proceeded via the inside envelope attack model from the bottom

face to selectively provide 3.17 as a single diastereomer.
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Figure 39: Tandem cross-metathesis/Sn2' reaction to form subglutinol B
intermediate.
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In an effort to improve the efficiency and significance of the subglutinol story, a
new method was developed for the stereoselective formation of the 2,3-trans-2,5-trans-
tetrahydropyran ring for the subglutinol B intermediate 3.17. This method relied upon
tandem cross-metathesis of the common intermediate 3.18 with allyl chloride followed
by spontaneous Sx2' intramolecular cyclization to provide compound 3.17 as a single
diastereomer.[113-116] The origin of stereoselectivity in this process can be rationalized
from the conformational analysis shown in Figure 39. In conformation A, there is a
larger 1,3-diaxial interaction between the vinyl hydrogen and the C17 up axial methyl
group. In conformation B, the 1,3-diaxial interaction is lessened, leading to a more

favorable conformation leading exclusively to the observed product 3.17.
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Figure 40: Effect of olefin geometry on diastereoselectivity.

In order to explore this reaction further, it was important to understand the role

of the alkene geometry (Figure 40). The common intermediate 3.18 was acylated to
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prevent spontaneous Sn2' cyclization during the cross-metathesis process. Both E and Z
products were obtained from the cross-metathesis reaction with allyl chloride in the
presence of Grubbs’ second generation catalyst. These compounds were separated and
then subjected independently to deacetylation with diisobutylaluminum hydride
followed by addition of sodium hydride to promote the Sx2' cyclization process. The E-
isomer 3.34 provided the desired tetrahydrofuran 3.17 in 91% with a diastereomeric ratio
of 11:1 favoring the 2,5-trans configuration. The Z-isomer provided 3.17 in 96% yield in
>20:1 diastereomeric ratio favoring the 2,5-trans configuration. This indicated that the
largest unfavorable 1,3-diaxial interaction (Figure 39, conformation A) introduced by the
Z olefin precludes the formation of the 2,5-cis-tetrahydrofuran, while the E olefin does so

to a lesser extent with both olefins favoring 3.17 as the major product.
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3.5.4 First-generation installation of  a-pyrone group
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Figure 41: First generation exo-methylene installation.

After achieving the desired tetrahydropyran intermediates for subglutinols A
and B (3.15 and 3.17, respectively) the next step was the installation of the exo-methylene
group at the C3 position as well as the C4 homoallylic alcohol. Following Danishefsky
and Katoh’s lead, the ketal was hydrolyzed under acidic conditions followed by
formylation and ethoxyethylether protection to provide 3.36a and 3.36b.[105, 107] The
o, B-unsaturated ketone was then reduced to the alcohol followed by mesylation, which
resulted in spontaneous elimination to provide 3.37a and 3.37b. Sodium borohydride
reduction followed by etherification led to the stannyl methyl ethers 3.38a and 3.38b.

[2,3]-Wittig rearrangement proceeded in the expected fashion to provide homoallylic
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alcohols 3.39a and 3.39b.[117] Dess-Martin oxidation provided the aldehydes 3.40a and

3.40b.
Z : I I * 0 \ OMe x— o
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toluene, reflux, 2 h
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Figure 42: Failed attempts at coupling a-pyrone.

It was anticipated that subglutinols A and B could be achieved by conversion of
the aldehydes 3.40a and 3.40b into an appropriate leaving group followed by direct
coupling with the metallated a-pyrone 3.41 (Figure 42). These attempts at direct
coupling resulted in no reaction. This is presumably due to the steric congestion
provided by the decalin core surrounding the leaving group as noted by both Katoh and
Danishefsky.[105, 107] Direct coupling of the lithiated a-pyrone 3.44 to 3.40b proceeded

in 47% yield to provide the diastereomeric alcohols 3.43b. The alcohols were subjected to
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xanthate formation followed by Barton-McCombie deoxygenation to form 3.42b.[118]
Cross-metathesis with 2-methylpropene gave the methyl protected subglutinol B, 3.55.
Unfortunately, all attempts to hydrolyze the pyrone methoxy group failed, leading us to

apply Katoh’s method of y-pyrone installation.
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Figure 43: Installation of y-pyrone from Katoh’s method.

To circumvent the problems associated with hydrolyzing the protected a-pyrone
functionality, the lithio-y-pyrone 3.9 was added to aldehydes 3.40a and 3.40b to provide
diastereomeric alcohols 3.44a and 3.44b, followed by Barton-McCombie protocol to
achieve 3.45a and 3.56b in 65% and 83% yield for 2 steps, respectively (Figure 43). The
isopropenyl functionality was installed through cross-metathesis and finally the methyl
protecting group of the vinylogous ester was hydrolyzed and spontaneously underwent

tautomerization to subglutinols A and B (3.1a and 3.1b). The synthetic subglutinols A
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and B were identical in all ways to the isolated natural products, establishing the

absolute stereochemistries as 125 and 12R for subglutinols A and B respectively.

3.5.5 Second-generation installation of  a-pyrone group

The next task was to improve the efficiency of the pyrone installation to provide
better access to analogues for biological study. Katoh and Danishefsky both utilized
sigmatropic rearrangements to install the C3 exo-methylene and the appropriate
functionality at the sterically congested C4 position in preparation for the a- or y-pyrone
appendage. Our next approach was through a Cul-mediated intramolecular Sn2'

pathway (Table 5).[119-121]
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Table 5: Cul-mediated intermolecular SN2’ alkylation of phosphate 28b with
[2-(1,3-dioxolan-2-yl)ethyllmagnesium bromide.

Entry Solvent Temperature °C %Yieldl Ratio of 3.48b/3.48b* "I
1 THF -30 89 1:3
2 THF 0 100 1:1
3 THF 25 82 2:1
4 Et2O/ THF 1:1 25 91 3:1
5 Et.O/ THF 3:1 25 95 5:1
6 Et2O/ THF 3:1 50 NDIel 1:1

[a] Combined yield of isolated 3.48b and 3.48b*. [b] Determined by integration of exo-
methylene and vinyl protons in 'H NMR spectrum of the crude product. [c] Not determined.
Allylic alcohol 3.14b was converted to the phosphate 3.47b by O-alkylation with

CIP(O)(OEt)2 under standard conditions in good yield. 3.47b was then subjected to
varying conditions of Cul-mediated alkylation to optimize Sx2' yield. At low
temperature (-30 °C) in THF, the major product was the Sx2 adduct 3.48b*. Increasing
the temperature under these conditions improved the chemoselectivity up to 3:1
favoring the Sn2' product at 25 °C. A co-solvent system of Et2O and THF was then tested

to determine the solvent effect on chemoselectivity. A 3:1 mixture of EtzO/THF at 25 °C
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provided the best ratio of Snx2'/Sn2 (5:1) in 95% yield. The ketal functionality also

provided a functional handle to follow Danishefski’s linear method for the pyrone

installation.[105, 119-121]

MgBr
Cgast

1. Jones' reagent

— ’{e_ acetone, 25°C,0.5h
,{ Cul-LiCl H S & 2 Mel KCOs DMF
HS b Et,0, THF m 25°C, 2 h, then NaOMe
i 25°C,0.5h MeOH, 25 °C, 1 h
m 3.48a 64% z 3.49a 34% for 2 steps
OR 3.48b 80% J\/ 3.49b 45% for 2 steps
(5:1 S\2'/S\2)
CIP(O)(OEY), 3.14a R=H o)
Et,N. DMAP [3.141; R=H \/
CH,Cl,, 0 to 3.47a R=P(O)(OEt),, 92%
25°C, 0.5h

3.47b R=P(O)(OEt),, 97%

Grubbs' 2" cat.

O
2-methylpropene
CH,Cl,, 50 °C, 72 h

3.50a 91%
3.50b 85%
COzMe COzMe
,{_< 1. Mel, CaCO3
I;I N 0 CH;CN (3:1)
; 25°C, 24 h
2. DBU, benzene,
reflux, 1 h
MeOZC

3.1a 53% for 2 steps
3.1b 54% for 2 steps

{ Q*@:z

1. LDA, THF, -78 °C, 0.5 h
then 3.50, =78 °C, 0.5 h

2. DMP, NaHCO4
CHyCl,,25°C,0.5h
3.52a 53% for 2 steps
3.52b 84% for 2 steps

o I (12S) subglutinol A
(12R) subglutinol B

O\OH

Figure 44: Second-generation synthesis of the a-pyrone group.

Allylic alcohols 3.14a and 3.14b were converted into the phosphates 3.47a and

3.47b (Figure 44). Cu'mediated intramolecular Sx2' addition of the Grignard reagent
3.51 converted the allylic phosphates to the ketals 3.48a and 3.48b both as a 5:1 mixture

of Sn2'/Sn2 products. Deketalization followed by oxidation led to the methyl esters 3.49a
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and 3.49b. Cross-metathesis with 2-methylpropene installed the isopropenyl group
followed by enolate addition to aldehyde dithiane 3.53 then oxidation to provide 3.52a
and 3.52b. Dithiane hydrolysis followed by DBU mediated cyclization provided

subglutinols A and B.[105]

3.6 Biological activity of subglutinols A and B

3.6.1 Structure-activity relationships of subglutin ols A and B in the
mixed lymphocyte reaction assay

31a 3.14a 3.44a 3.45a 3.46a

Table 6: Structure-activity relationship in the mixed lymphocyte reaction.

Compound ICs0 [nM]
Subglutinol A 3.1a 25
3.14a Inactive
3.44a Inactive
3.45a 838
3.46a 109
Cyclosporin A 89

Experimental conditions: Single cell suspension of lymph node cells (2 x 105 cells) from
C57BL/6 mouse were plated with irradiated (3,500 rads) allogeneic splenocytes (5 x 105 cells)
from BALB/c in 100 pl RPMI-1640 supplemented with 10% fetal calf serum (Hyclone, Logan,
UT), 10-5 M B-mercaptoethanol (Sigma-Aldrich), 2 mM L-glutamine (Gibco-BRL), 10 mM
HEPES (Gibco-BRL) and 1x antibiotic-antimycotic (Gibco-BRL) in 96 well tissue culture plates.
Testing agents were added at the final concentrations of 0, 0.0016, 0.008, 0.04, 0.2, 1, 5 uM in
triplicate wells. Cells were cultured at 37 °C for 4 days in a humidified 5% CO:2 incubator, and
the number of viable cells in culture based on quantity of ATP, was measured by the
CellTiter-Glo® Luminescent Cell Viability Assay kit (Promega, Madison, WI).
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In collaboration with professor Dong-Sup Lee at the Immunology Cancer
Research Institute College of Medicine, Seoul National University Seoul 110-799
(Korea), subglutinol A, as well as four other late stage intermediates were subjected to
the mixed lymphocyte reaction assay to determine which functionalities were important
to the observed biological effect (Table 6).[122] Subglutinol A proved to be more potent
than cyclosporin A, while 3.46a and 3.45a provided lower, but significant levels of
immunosuppressive activity. Compounds 3.14a and 3.44a were inactive. The conclusion
from this experiment is that the pyrone functionality is crucial to the subglutinols
immunosuppressive activity of the subglutinols. We hypothesized that the pyrone could
possibly serve as an electrophile to amino acids located within the active site of the

biological target to form covalent linkages.
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3.6.2 SUPREX assay

CypA with and without compound
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Figure 45: A SUPREX binding assay for cyclophilin. Human CypA was obtained
through recombinant DNA method and incubated in deuterated SUPREX buffer. MALDI-TOF
mass spectrometry was used to determine the change in mass of CypA and by analogy, its
binding affinity to subglutinol A and DMSO.

In collaboration with the Fitzgerald group at Duke University, we set out to
determine if subglutinol A 3.1a shares the same molecular target as cyclosporin A. The
SUPREX (Stability of Unpurified Proteins from Rates of H/D eXchange) technique has
been previously used to determine the binding affinity of cyclosporin A to cyclophilin A
(CypA) [111]. Subglutinol A was subjected to the SUPREX assay as well as 10% DMSO

for the control. Figure 45 indicates there was no significant binding of subglutinol A to
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cyclophilin A. The absence of a significant shift (> 0.3 M from the control) at the C'?suprex
midpoint indicates the dissociation constant is approximately 20 uM. Conversely,
cyclosporin A has a dissociation constant with CypA of 1.5 to 3 M under similar assay
conditions. These results indicate that subglutinol A is likely to have a different

molecular target than Cyp A.

3.6.3 Patch-clamp assay

Relative peak current amplitude, %

Su-01 Su-02 Su-03 Psora4d DMSO

<

|;| ° t| :: ° @\M/\
J ;3 O
o) : MeQ : (/m
d Y—oH o;:%o 0 ogie)
3.1a subglutinol A = Su-01 3.46b = Su-03 5-(4-Phenylbutoxy)psoralen = Psora4

3.1b subglutinol B = Su-02

Figure 46: Patch-clamp assay for voltage-gated potassium channel. CHO cells,
transfected with Kv1.3 cDNA were used in these experiments and all compounds were tested
at 10 uM concentration in DMSO.
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After excluding Cyp A as a possible target for the subglutinols, the next step was
to determine if Kv1.3 (the molecular target of nalanthalide and candelalide) was the
molecular target. In collaboration with professor Seok-Yong Lee in the Duke University
biochemistry department, subglutinols A and B, as well as subglutinol B late stage
intermediate 3.46b, and 5-(4-phenylbutoxy) psoralen (Psora, a potent inhibitor of the
Kv1.3 potassium channel) were screened in a patch clamp assay wherein depolarization
of the cell membrane is measured as a function of current flow.[124]

Figure 46 shows subglutinols A and B had no effect on membrane
depolarization, while subglutinol B-y-pyrone 3.46b had a marginal effect. Psora was
used as a positive control and showed a significant inhibition of peak current amplitude,
while DMSO, the negative control, had no effect, thus validating the experimental
conditions. These data indicates that the molecular target is unlikely to be the Kv1.3

potassium channel.

3.6.4 Osteogenic activity of subglutinols A

The currently approved immunosuppressant drugs cyclosporin A and FK-506
possess many undesired off-target effects including a dose-dependent biphasic effect on
osteoblast differentiation and bone density [125-127]. At low concentrations cyclosporin
A and FK-506 elicit an anabolic effect on bone tissue, but at therapeutic concentrations
they have a negative or catabolic effect on bone mass leading to osteopenia,

osteoporosis, and increased incidences of bone fractures [128-129].
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Figure 47: Effect of subglutinol A on a. ALP protein expression level/activity in
murine C2C12 cells, b. mRNA expression level of AP-1 family transcription factors,
and c. protein expression levels in the nucleus of AP-1 family transcription factors.

BMP-2 is a crucial regulator of differentiation and proliferation of pluripotent
osteoblast precursors in a variety of human bone tissues [130]. To determine the effect
subglutinol A 3.1a has on BMP-2 induced differentiation, pluripotent murine
mesenchymal C2C12 cells were treated with 3.1a and examined for alkaline phosphatase
(ALP), an early phase marker of osteoblast differentiation. Figure 47a shows a dose-
dependent upregulation of ALP, indicating that subglutinol A promotes bone cell
growth.

Fra-1, an AP-1 family transcription factor has been implicated in the osteoblast
differentiation activity of cyclosporin A at low concentrations [131-132]. Because of this
activity, we tested the effect of subglutinol A on mRNA expression of Fra-1 and other
AP-1 family transcription factors: c-Fos, Fra-2, c-Jun and JunD (Figure 47b). With the
notable exception of c-Fos, subglutinol A increased expression of these AP-1 family

transcription factors on the transcriptional level. Furthermore, the western blot analysis
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in Figure 47c shows an increase of Fra-1, Fra-2, c-Jun and JunD protein expression levels
in the nucleus, implicating the AP-1 family of transcription factors as key regulators of

the anabolic activity of subglutinol A.

3.7 Future work

One piece of information in the subglutinol story that remains elusive is the
identification of their molecular target/mode of action. One possibility to identify the
molecular target would be to develop an affinity probe by modifying the subglutinols by
attaching a handle that could “fish out” the target from cell lysate. This could be
achieved by attaching a linker to the olefin through cross-metathesis and then
connecting it to a “tag”. The subglutinol-construct could then be added to cell lysate

followed by electrophoretic separation and visualization via the tag.

3.8 Conclusion

The stereoselective synthesis of subglutinols A and B was completed from the
common intermediate 3.18, as well as the establishment of the absolute stereochemistries
based on comparison of [a]*p values of the synthetic subglutinols to the natural
subglutinols. Subglutinol A was achieved through reductive deoxygenation of 3.16,
while subglutinol B was achieved through a tandem cross-metathesis/Sn2'
intramolecular stereoselective cyclization process. It was also shown that the exo-

methylene functionality as well as the stereocenter at the C4 position can be produced
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by an intermolecular Cu'-mediated Snx2' alkylation reaction, leading to an efficient
method for the installation of the a-pyrone subunit.

Preliminary structure-activity relationships were developed that implicate the
pyrone functionality as the pharmacophore. The dose dependant positive anabolic
osteogenic activity of subglutinol A and the notable lack of cytotoxicity showcase the

great potential of this compound in therapeutic applications.

3.9 Experimental

| O
) OH
H = O3, PPhg, EtOAC H: H 5”<O
: OH _78°C. 5 min._ : OH :
100%
00 olke) 00
\/ 3.18 \/ 3.20 \/

[Ozonolysis] alcohol 3.18 (143 mg, 0.512 mmol) in EtOAc (25 mL, 0.02 M) was cooled to
-78 °C and treated with Os for 5 minutes without stirring (until the blue color persisted).
Triphenylphosphene (402 mg, 1.54 mmol) was then added in one portion and the
resulting mixture was stirred at 25 °C for 6 h. The solvents were removed in vacuo and
the residue was purified by column chromatography (silica gel, hexanes/EtOAc, 2/1) to

afford lactol 3.20 as a colorless oil (145 mg, 100%): R¢ 0.25 (hexanes/EtOAc, 3/1).
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[Alkylation] To a cooled (78 °C) solution of lactol 3.20 (264.0 mg, 0.93 mmol) in THF (10
mL, 0.09 M) was added vinylmagnesium bromide (9.3 mL, 1.0 M, 9.3 mmol) in a
dropwise manner over 15 min. The solution was allowed to warm to 0 °C and stirred for
6.5 h. The reaction mixture was then cooled to —78 °C, quenched with saturated aqueous
NH.4Cl solution, and diluted with EtOAc (10 mL). The layers were separated, and the
aqueous layer was extracted with EtOAc (2 x 10 mL). The combined organic layers were
dried over anhydrous Na:S50s, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, hexanes/EtOAc, 2/1) to give a mixture of
diastereomeric alcohols as colorless oils (173.0 mg, 59%); Rf 0.25 (hexanes/EtOAc, 6/1).
[MnO:-Oxidation] To a stirred solution of allylic alcohols 3.21 (102.0 mg, 0.327 mmol) in
CH:Cl2 (20 mL, 0.02 M) was added MnO: (268 mg, 3.27 mmol) and allowed to stir for 10
h at 25 °C. The mixture was then filtered through a small pad of celite, and concentrated
in wvacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 3/1) to afford enone 3.22 as a colorless oil (49.0 mg, 48%): Rt 0.25
(hexanes/EtOAc, 7/1); 'H NMR (400 MHz, CDCls) 0 6.41 (dd, ] =17.6, 10.4 Hz, 1 H), 6.23

(d, ] =17.2 Hz, 1 H), 5.76 (d, ] = 10.8 Hz, 1 H), 3.77-3.94 (m, 4 H), 3.55-3.62 (m, 1 H), 2.84
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(d, ] = 14.0 Hz, 1 H), 2.61 (s, 1 H), 2.46 (d, ] = 14.0 Hz, 1 H), 1.35-1.72 (m, 11 H), 1.07 (s, 3

H), 0.9 (s, 3 H).

= =
/g NaBH,, CeCls /E
= o) MeOH, 0 °C = OH
N : OH 0.5h - : OH
E;;D/ 58% Q@’
0o oo
\/ 3.22 \/ 3.21a

Allylic alcohol 3.21a [Leuche reduction] a, 3-unsaturated ketone 3.22 (10.7 mg, 0.0345
mmol) was dissolved in 2 mL of MeOH (2 ml, 0.017M) then cooled to 0 °C. Dry CeCls
(10.2 mg, 1.2 mmol) was added followed by NaBHs (1.6 mg, 1.2 mmol) then stirred for 3
hours. The reaction was quenched with NH4Cl then diluted with EtOAc. The layers
were separated and the aqueous layer was extracted twice with EtOAc and washed once
with brine then dried over Na:SOs. The solvents were removed in vacuo and the crude
oil was purified by column chromatography (silica gel, hexanes/EtOAc, 3:1) to afford the
major diastereomer in 58% and the minor diastereomer in 19%. For the major
diastereomer 3.21a: 'H NMR (CDCls;, 400MHz): © 5.88 (ddd, 6.8, 5.6, 4.4 Hz, 1H), 5.14
(dd, 54.4, 17.4 Hz, 2H), 4.26 (dd, 6.8, 3.6 Hz, 1H), 3.87 (m, 4H), 3.43 (m, 1H), 1.85 (d, 15.6

Hz, 1H), 1.45 (m, 27H), 1.10 (s, 3H), 0.89 (s, 3H).
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[Intramolecular alkoxylation] To a cooled (0 °C) solution of allylic alcohol 3.21a (11 mg,
0.034 mmol) in CH2Cl> (3 ml, 0.01M) was added Et:N (143 uL, 0.102 mmol) followed by
mesyl-Cl (3.2 pL, 0.041 mmol) and stirred for 5 minutes. Saturated aqueous NaHCOs
was added and diluted with CH2Clz (3 mL). The layers were separated and the aqueous
layer was extracted with CH2Cl: (x 2). The layers were pooled and dried over Na2SOs,
then the solvents were removed in vacuo and the crude mixture was purified by silica gel
chromatography (silica gel, hexanes/EtOAc, 5:1) to afford the desired 2,3-trans-2,5-cis-
tetrahydrofuran 3.15 as a white solid in 18% yield. R¢ 0.46 (hexanes/EtOAc, 7/1); [a]*>%p =
-37.2 (¢ 1.00, CHCIs); '"H NMR (400 MHz, CDCls) 6 5.96 (ddd, ] =17.2, 10.4, 7.2 Hz, 1 H),
521 (d, J=17.2 Hz, 1 H), 5.06 (d, ] = 10.8 Hz, 1 H), 4.37-4.43 (m, 1 H), 3.88-3.96 (m, 3 H),
3.80-3.86 (m, 1 H), 3.15 (dd, ] = 11.6, 3.2 Hz, 1 H), 1.47-1.91 (m, 13 H), 1.09 (s, 3 H), 0.83
(s, 3 H); 3C NMR (100 MHz, CDCl) d 140.0, 114.8, 113.2, 87.0, 78.3, 65.2, 64.6, 48.7, 46.4,
44.2,43.8, 30.4, 29.8, 23.0, 22.8, 21.7, 18.3, 16.5; IR (neat) 2940, 2877, 1172, 1102, 1027, 952,

902 cm'; HRMS (FAB) found 291.1956 [calced for C18H2703 (M-H)* 291.1960].
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[Reductive deoxygenation] To a cooled (78 °C) solution of y-hydroxy enone 3.22 (4.0
mg, 0.013 mmol) in CH2Clz (1 mL) was added dropwise NaBHsCN (0.39 mL, 0.1 M in
CH3CN, 0.039 mmol). After the resulting mixture was stirred at the same temperature
for 10 min, BFs-EO (0.39 mL, 0.1 M in CH2Clz, 0.039 mmol) was added. The reaction
mixture was stirred for 30 min at the same temperature, quenched with saturated
aqueous NaHCOs solution, and diluted with EtOAc (5 mL). The layers were separated,
and the aqueous layer was extracted with EtOAc. The combined organic layers were
washed with brine, dried over anhydrous Na:SOs, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexanes/EtOAc, 15/1 to 8:1)
to afford 2,3-trans-2,5-cis-tetrahydrofuran 3.23 (2.9 mg, 76%) as a colorless oil: 'H NMR
(400 MHz, CDCls) & 3.77-3.97 (m, 5 H), 3.09 (dd, ] = 11.6, 2.8 Hz, 1 H), 1.45-1.85 (m, 13

H), 1.31 (dd, J =11.6,4.0 Hz, 2 H), 1.09 (s, 3H), 0.94 (dd, ] =7.6, 7.6 Hz, 3 H), 0.84 (s, 3 H).

_ Grubbs' 2" cat.
/Q methylisopropene =
- CH,CI
H S o 2Ll o

OH  -78t035°C,24h H:
00
P 322
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[Cross-metathesis] a,[3-unsaturated ketone 3.22 (16 mg, 0.052 mmol) was dissolved in
CH:CL (2 mL, 0.026M) in a Schlenk flask. The flask was cooled to -78 °C then 2-
methylisopropene was condensed into the flask until the volume increased by half.
5mol% of Grubbs” second generation catalyst was added. The flask was sealed and then
warmed to 35 °C. After 2 hours 5mol% of Grubbs” second generation catalyst was
added. After 12 hours 5mol% of Grubbs’ second generation catalyst was added. After 10
hours the reaction was filtered through a plug of silica gel. The crude product mixture
was then purified via flash chromatography where the mobile phase was 5:1 hexanes to
EtOAc to provide 3.24 as a yellow oil in 23% yield (28% based on recovered starting
material). 'H NMR (CDCls;, 400MHz): 6 6.09 (s, 1H), 3.86 (m, 4H), 3.59 (dd, 5.8, 4.6 Hz,
1H), 2.73 (d, 14 Hz, 1H), 2.34 (d, 14.4 Hz, 1H), 2.13 (s, 3H), 2.05 (s, 2H), 1.89 (s, 3H), 1.55

(m, 23H), 1.07 (s, 3H), 0.88 (s, 3H).

Representative example for propargylation:

? M s
Li—=—TIPS
=
THF, 7810 0°C H }\//
Q@, % OH
\_/ 3.20 O\_/O 3.27¢c

[Propargylation] To a cooled (78 °C) solution of triisopropylsilyl acetylene (846.4 mg,
4.64 mmol) in THF (15 mL, 0.077 M) was added dropwise n-BuLi (2.90 mL, 1.6 M in

hexanes, 4.64 mmol), and the resulting mixture was stirred at the same temperature for
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10 min. To this solution was lactol 3.20 (327.4 mg, 1.16 mmol) added and the reaction
mixture was allowed to slowly warm to 0 °C for 5 h. The reaction mixture was quenched
with saturated aqueous NHiCl solution and diluted with EtOAc (50 mL). The layers
were separated, and the aqueous layer was extracted with EtOAc (2 x 20 mL). The
combined organic layers were dried over anhydrous Na2SOs, and concentrated in vacuo.
The residue was purified by column chromatography (silica gel, hexanes/EtOAc, 2/1) to
afford two diastereomeric TIPS-propargylic alcohols 3.27c as a colorless oil (478.4 mg,
89%): [For Less Polar Alcohol] Rf 0.38 (hexanes/EtOAc, 2/1); [a]®%p = +16.4 (c 0.23,
CHCl); 'TH NMR (400 MHz, CDCls) d 4.52 (dd, ] = 8.8, 3.2 Hz, 1 H), 3.89-3.95 (m, 3 H),
3.80-3.86 (m, 1 H), 3.51-3.56 (m, 1 H), 3.28 (br s, 1 H), 2.08 (dd, ] = 14.8, 3.2 Hz, 1 H), 1.31-
1.72 (m, 11 H), 1.09 (s, 3 H), 1.05-1.07 (m, 21 H), 0.87 (s, 3 H); *C NMR (100 MHz, CDCls)
0113.2, 109.8, 84.1, 77.0, 65.1, 64.7, 59.0, 50.2, 46.7, 43.2, 41.5, 30.3, 28.3, 26.1, 22.9, 20.7,
18.5, 17.0, 12.5, 11.0. [For More Polar Alcohol] R¢ 0.31 (hexanes/EtOAc, 2/1); [a]®?p =
+34.1 (c 0.23, CHCI3); '"H NMR (400 MHz, CDCls) d 4.63 (dd, | = 8.8, 2.8 Hz, 1 H), 3.89-
3.95 (m, 3 H), 3.80-3.84 (m, 1 H), 3.67 (dd, ] =10.0, 5.6 Hz, 1 H), 2.45 (br s, 1 H), 1.93 (dd, |
=15.6, 8.4 Hz, 1 H), 1.82 (dd, ] = 15.6, 2.8 Hz, 1 H), 1.30-1.70 (m, 11 H), 1.08 (s, 3 H), 1.05-
1.07 (m, 21 H), 0.89 (s, 3 H); *C NMR (100 MHz, CDCls) d 113.3, 109.9, 84.3, 74.4, 65.2,
64.7, 59.2, 46.7, 44.3, 43.1, 41.6, 30.3, 28.7, 25.9, 22.8, 20.4, 18.5, 17.2, 16.3, 11.0; HRMS

(FAB) found 463.3242 [calcd for CrHarOsSi (M-H)* 463.3244].
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Two diastereomeric alcohols 3.27a (203 mg, 88%): [For Less Polar Alcohol] R¢ 0.25
hexanes/EtOAc, 15/1); [a]®%p = +10.7 (c 1.0, CHCls); '"H NMR (400 MHz, CDCl) d 4.48
(dd, ] =9.6, 2.4 Hz, 1 H), 3.78-3.93 (m, 4 H), 3.47 (dd, ] = 10.8, 4.8 Hz, 1 H), 2.04 (dd, | =
12.0, 2.4 Hz, 1 H), 1.20-1.73 (m, 12 H), 1.08 (s, 3 H), 0.85 (s, 3 H), 0.16 (s, 9 H); *C NMR
(100 MHz, CDCls) 6 113.5, 108.0, 88.4, 77.3, 65.4, 65.0, 59.4, 50.3, 47.0, 43.5, 41.8, 30.5, 28.7,
26.7,23.2,21.0, 17.3, 12.9, 0.1; IR (neat) 3330, 2951, 2875, 2158, 2019, 1451 cm-'. [For More
Polar Alcohol] R¢ 0.25 (hexanes/EtOAc, 13/1); [a]?>%p = +18.7 (c 0.3, CHCls); 'H NMR (400
MHz, CDCls) 8 4.59 (dd, | = 8.8, 2.4 Hz, 1 H), 3.79-3.94 (m, 4H), 3.60-3.70 (m, 1 H), 1.91
(dd, J=15.6, 8.8 Hz, 1 H), 1.78 (dd, ] = 15.4, 2.6 Hz, 1 H), 1.25-1.70 (m, 11 H), 1.07 (s, 3 H),
0.88 (s, 3 H), 0.85 (s, 1 H), 0.16 (s, 9 H); *C NMR (100 MHz, CDCls) 6 113.3, 88.6, 74.6,
65.2, 64.8, 59.7, 46.5, 44.4, 43.2, 41.6, 30.4, 30.3, 28.7, 26.4, 22.9, 20.5, 17.3, 16.4, 0.1; IR
(neat) 3330, 2951,2875, 2158, 2019, 1451 cm™'; HRMS (EI) found 381.2392 [calcd for

CaHs360451 (M)* 381.2383].



Two diastereomeric alcohols 3.27b (63.0 mg, 61%): [For Less Polar Alcohol] Rt 0.25
(hexanes/EtOAc, 10/1); [a]®%p = +22.6 (¢ 0.1, CHCls); 'TH NMR (400 MHz, CDCls) d 4.48
(dd, ] =9.2, 3.2 Hz, 1 H), 3.77-3.95 (m, 4 H), 3.49 (dd, ] = 10.4, 44 Hz, 1 H), 2.05 (dd, | =
15.2,2.8 Hz, 1 H), 1.22-1.73 (m, 12 H), 1.08 (s, 3 H), 0.97 (dd, | =7.6, 7.6 Hz, 9 H), 0.85 (s, 3
H), 0.59 (ddd, | = 8.0, 8.0, 8.0 Hz, 6 H); ®C NMR (100 MHz, CDCls) & 113.3, 109.0,
85.7,76.9, 65.2, 64.8, 59.3, 50.1, 46.6, 43.3, 41.6, 30.3, 28.5, 26.4, 23.0, 20.8, 17.1, 12.9, 7.39,
4.23; IR (neat) 3322, 2934, 2873, 2168, 1456 cm™'; [For More Polar Alcohol] R¢ 0.25
(hexanes/EtOAc, 10/1); [a]*?p = +5.11 (c 0.9, CHCls); '"H NMR (400 MHz, CDCls) d 4.59
(dd, ] =84, 2.8 Hz, 1 H), 3.78-3.94 (m, 4 H), 3.67 (dd, | = 10.0, 5.2 Hz, 1 H), 1.91 (dd, | =
15.6, 8.4 Hz, 1 H), 1.79 (dd, ] = 15.2, 2.4 Hz, 1 H), 1.28-1.72 (m, 11 H), 1.07 (s, 3 H), 0.97
(dd, ] =8.0, 8.0 Hz, 9 H), 0.87 (s, 3 H), 0.58 (ddd, ] = 8.0, 8.0, 8.0 Hz, 6 H); *C NMR (100
MHz, CDCl) 6 113.3, 109.0, 85.8, 74.5, 65.2, 64.8, 59.5, 46.6, 44.3, 43.2, 41.7, 30.3, 28.7, 26.2,
229, 20.5, 17.3, 16.3, 7.40, 4.25; IR (neat) 3269, 2952, 2874, 2247, 1460 cm'; HRMS (EI)

found 422.2851 [calcd for C2sH4204Si (M)* 422.2852].

Representative example of propargylic oxidation:

OH O

TIPS TIPS
H /g\/ MnO,, CH,Cl, H M
~ 1~_OH 25°C,1h - - ,OH
folke! 00
\/  3.27c \/ 3.16d
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Y-hydroxy TIPSynone 3.16d [MnO: oxidation] To a solution of TIPSpropargylic
alcohols 3.27¢ (478.4 mg, 1.033 mmol) in CH2Cl> (30 mL, 0.034 M) was added MnO:
(179.9 mg, 2.066 mmol) at 25 °C, and the resulting mixture was stirred at the same
temperature for 20 min. An addition of MnO: (89.8 mg, 1.033 mmol) was repeated twice
every 20 min. The reaction mixture was filtered through a pad of celite, and
concentrated in vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 4/1) to afford y-hydroxy TIPSynone 3.16d as a colorless oil (454.9 mg,
95%): Rt 0.39 (hexanes/EtOAc, 4/1); [a]®p = +18.0 (¢ 0.59, CHCL); '"H NMR (400 MHz,
CDCls) 0 3.86-3.93 (m, 3 H), 3.75-3.83 (m, 2 H), 2.78 (d, ] = 13.2 Hz, 1 H), 2.58 (d, ] = 13.6
Hz, 1 H), 2.08 (d, ] =5.2 Hz, 1 H), 1.35-1.68 (m, 11 H), 1.07-1.12 (m, 21 H), 1.06 (s, 3 H),
0.93 (s, 3 H); *C NMR (100 MHz, CDCls) 6 187.8, 112.7, 106.1, 94.4, 74.0, 64.9, 64.5, 53.1,
45.1, 44.8, 43.0, 30.0, 28.1, 26.4, 22.5, 21.0, 18.2, 16.7, 15.3, 10.8; IR (neat) 3480, 2941, 2865,

1652 cm™; HRMS (FAB) found 461.3085 [calcd for C2zH4s04Si (M-H)* 461.3087].

o H
M

H OH

7
‘

O O 3.16a
\/

[Desilylation] To a solution of TES-propargylic alcohol 3.27b (57.0 mg, 0.134 mmol) in
THF (10.0 mL, 0.013 M) was added TBAF (0.27 mL, 1.0 M THEF, 0.269 mmol), and the

resulting mixture was stirred at 25 °C for 30 minutes. The reaction mixture was diluted
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with saturated aqueous NaHCO:s solution and diluted with EtOAc. The layers were
separated, and the aqueous layer was extracted with EtOAc (1 x 5 mL). The combined
organic layers were washed with brine, dried over anhydrous Na:SOs, and concentrated
in wvacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 3/1) to afford two diastereomeric propargylic alcohols 3.16a (32.0 mg,
78%): [For Less Polar Alcohol] R¢0.25 (hexanes/EtOAc, 10/1); [a]®%p = +5.3 (¢ 0.1, CHCl);
"H NMR (400 MHz, CDCls)  4.51 (dd, ] =9.6, 1.2 Hz, 1 H), 3.78-3.95 (m, 4 H), 3.48 (dd, |
=9.6,3.8 Hz, 1 H), 2.46 (s, 1 H), 2.09 (d, ] =15.2 Hz, 1 H), 1.22-1.72 (m, 12 H), 1.08 (s, 3 H),
0.86 (s, 3 H); *C NMR (100 MHz, CDCls) o 113.2, 86.0, 71.9, 65.2, 64.8, 58.7, 50.4, 47.0,
43.2, 41.5, 30.3, 28.4, 26.8, 23.0, 20.8, 17.0, 12.6; IR (neat) 3296, 2949, 2876, 2219, 1450 cm;
[For More Polar Alcohol] Rt 0.25 (hexanes/EtOAc, 10/1); [a]®3p = +17.3 (c 0.3, CHCls); 'H
NMR (400 MHz, CDCls) o 4.60 (d, ] = 8.4 Hz, 1 H), 3.78-3.95 (m, 4 H), 3.69 (dd, ] =9.2, 6
Hz, 1 H), 2.46 (s, 1 H), 1.94 (dd, ] = 15.6, 8.8 Hz, 1 H), 1.80 (d, ] = 15.2 Hz, 1 H), 1.20-1.71
(m, 11 H), 1.07 (s, 3 H), 0.89 (s, 3 H); *C NMR (100 MHz, CDCls) d 113.3, 85.8, 74.6, 72.2,
65.3, 64.8, 58.9, 46.4, 44.4, 43.2, 41.6, 30.3, 28.7, 26.4, 22.8, 20.5, 17.3, 16.4; IR (neat) 3296,
2949, 2876, 2219, 1450 cm!; HRMS (EI) found 308.1986 [calcd for CisHasOs (M)+

308.1988].

118



(0]

7

H S
= _~_OH

o\_/o 3.16b

3.16b As a colorless oil (55.0 mg, 86%): Rt 0.25 (hexanes/EtOAc, 5/1); [a]*%p = -2.1 (¢ 1.0,
CHCl); '"H NMR (CDCls, 400 MHz) 6 3.85 (m, 4 H), 3.62-3.68 (m, 1 H), 2.65 (d, | = 13.2
Hz, 1 H), 2.60 (d, ] =13.2 Hz, 1 H), 2.08 (s, 1 H), 1.34-1.74 (m, 11 H), 1.06 (s, 3H), 0.92 (s,
3H), 0.24 (s, 9H); *C NMR (100 MHz, CDCls) d 113.0, 103.8, 97.6, 74.4, 65.2, 64.8, 53.1,
454, 44.8, 43.3, 30.3, 28.4, 26.5, 22.7, 21.2, 17.0, 15.5, -0.8; IR (neat) 2950, 2874, 1651, 1450

cm-; HRMS (EI) found 378.2228 [calcd for C2iH340:sSi (M) 378.2226].

)c‘)\// TES
4

H = _on

00 316¢
\/

3.16¢ As a colorless oil (39.0 mg, 95%): Rt 0.25 (hexanes/EtOAc, 5/1); [a]®%b = +4.3 (¢ 0.7,
CHCL); '"H NMR (CDCl;, 400 MHz) & 3.77-3.92 (m, 4 H), 3.72 (dd, ] = 104, 5.2 Hz, 1 H),
2.72(d, ] =13.2 Hz, 1 H), 2.62 (d, ] = 13.2 Hz, 1 H), 2.08 (s, 1 H), 1.35-1.73 (m, 11 H), 1.06
(s, 3 H), 1.01 (dd, ] = 8.0, 8.0 Hz, 9 H), 0.92 (s, 3 H), 0.67 (dd, ] = 15.6, 8.0 Hz, 6 H); 1*C
NMR (100 MHz, CDCls) o 188.2, 112.9, 105.2, 95.8, 74.5, 65.2, 64.8, 53.4, 45.4, 45.0, 43.3,
30.2, 28.4, 26.5, 22.7, 21.2, 17.0, 15.5, 7.3, 3.8; IR (neat) 2954, 2875, 1651, 1452, 1215 cm;

HRMS (EI) found 420.2695 [calcd for C2sH0O4Si (M)* 420.2696].
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Representative procedure for formation of 2,3-trans-2,5-cis-tetrahydrofuran.

O _
I __Ps BFyOR, \/: TIPS
i 7 Et;SiH HS Yy
@,OH -78°C,2h Q@/
— =
oo
QP 316d \/ 329d

[reductive deoxygenation] To a stirred solution of y-hydroxy TIPS-ynone 3.16d (454.9
mg, 0.983 mL) in CH2Clz (40 mL, 0.025 M) was added Et:SiH (0.47 mL, 2.95 mmol) at —78
°C. The resulting mixture was stirred at the same temperature for 20 min, and BFs-Et2O
(0.37 mL, 2.95 mmol) was added. The reaction mixture was allowed to warm slowly to —
20 °C for 2 h, and quenched with saturated aqueous NaHCO:s solution, and the resulting
mixture was stirred vigorously at 25 °C for 20 min. The layers were separated, and the
aqueous layer was extracted with CH2Cl: (1 x 20 mL). The combined organic layers were
washed with brine, dried over anhydrous Na:SOs, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexanes/EtOAc, 10/1) to
afford 2,3-trans-2,5-cis-tetrahydrofuran 3.29d (398.4 mg, 91%) as a colorless oil. R¢ 0.38
(hexanes/EtOAc, 10/1); [a]*>4p = -16.0 (c 1.02, CHCIs); '"H NMR (400 MHz, CDCls) 6 4.63
(dd, ] =10.0, 3.2 Hz, 1 H), 3.89-3.96 (m, 3 H), 3.80-3.86 (m, 1 H), 3.06 (dd, ] = 12.0, 3.6 Hz,
1 H), 1.70-1.90 (m, 3 H), 1.46-1.73 (m, 10 H), 1.09 (s, 3 H), 1.07-1.12 (m, 21 H), 1.00 (s, 3

H); ¥C NMR (100 MHz, CDCls) d 113.1, 108.6, 87.4, 85.6, 66.2, 65.2, 64.6, 49.0, 48.5, 44.4,
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43.7, 30.4, 29.7, 22.97, 22.90, 21.9, 18.5, 18.2, 15.6, 11.1; IR (neat) 2940, 2863 1462 cm™ ;

HRMS (FAB) found 445.3136 [calcd for C27HasOsSi (M-H)* 445.3138].

oi_/o 3.29a
3.29a A colorless oil (15.0 mg, 29%) R¢ 0.25 (hexanes/EtOAc, 10/1); [a>¢p = -29.6 (c 0.3,
CHCls); '"H NMR (CDCls, 400 MHz) 6 4.60 (dddd, | =9.2, 44, 2.4, 1.2 Hz, 1 H), 3.80-3.97
(m, 5 H), 3.08 (dd, ] =12, 3.2 Hz, 1 H), 2.51 (dd, ] = 2.4, 1.2 Hz, 1 H), 1.20-1.88 (m, 11 H),
1.09 (s, 3 H), 0.99 (s, 3 H); *C NMR (100 MHz, CDCls) d 113.2, 87.7, 84.6, 73.3, 65.6, 65.3,

64.7, 48.6, 48.0, 44.5, 43.8, 30.4, 29.8, 23.0, 22.9, 21.9, 18.3, 15.7; IR (neat) 3305, 2941, 2876,

1451, 1101, 753 cm~'; HRMS (EI) found 290.1874 [calcd for CisH2604 (M)* 290.1882].

00
\J 3.29b

3.29b A colorless oil. R 0.20 (hexanes/EtOAc, 10/1); [a]**b = -25.1 (¢ 0.3, CHCls); 'H
NMR (CDCls, 400MHz): d 4.60 (dd, | = 4.4, 4.4 Hz, 1 H), 3.80-3.94 (m, 4 H), 3.06 (dd, 12.2,

2.8 Hz, 1 H), 1.23-1.88 (m, 11 H), 1.09 (s, 3 H), 0.98 (s, 3 H), 0.14 (s, 9 H); 13C NMR (100
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MHz, CDCl)  113.2, 106.3, 89.7, 87.6, 66.2, 65.3, 64.7, 48.6, 48.4, 44.5, 43.8, 30.4, 29.8, 23.1,
23.0, 21.9, 18.3, 15.8, —-0.2; IR (neat) 3010, 2950, 2878, 1452 cm~'; HRMS (EI) found 362.2275

[caled for CaiH3:0sS1 (M)* 362.2277].

/(—fTES
H :

(0]

OiJO 3.29¢

3.29¢ A white solid (24.0 mg, 86%): R¢ 0.25 (hexanes/EtOAc, 12/1); [a]***p = -28.6 (c 0.5,
CHCl); '"H NMR (CDCls, 400 MHz): o 4.61 (dd, ] = 9.6, 3.6 Hz, 1 H), 3.78-3.95 (m, 4 H),
3.06 (dd, ] =12.0, 3.6 Hz, 1 H), 1.23-1.90 (m, 13 H), 1.09 (s, 3 H), 1.0 (s, 3 H), 0.97 (dd, | =
8.0, 8.0 Hz, 9 H), 0.58 (ddd, J = 8.0, 8.0, 8.0 Hz, 6 H); *C NMR (100 MHz, CDCl) 6 113.2,
107.7, 87.6, 87.0, 66.2, 65.3, 64.7, 48.8, 48.6, 44.5, 43.8, 30.4,29.8, 23.0, 22.9, 18.3, 15.7, 7.39,

4.27; IR (neat) 3342, 2952, 2875, 1458, 1114, 1017, 740 cm™".

fTIPS fH
H = TBAF, THF H I

;I 0 25°C,1h ;I 0
_— =

00 0o

9 3.20d 9 330

[Desilylation] To a stirred solution of alkyne 3.29d (324.8 mg, 0.727 mmol) in THF (10
mL) was added TBAF (1.45 mL, 1.0 M in THF, 1.45 mmol). The resulting mixture was
stirred for 1 h at 25 °C, quenched with saturated aqueous NH:Cl solution, and diluted
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with EtOAc. The layers were separated, and the aqueous layer was extracted with
EtOAc (1 x 5 mL). The combined organic layers were washed with brine, dried over
anhydrous Na:SOs, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, hexanes/EtOAc, 7/1 to 4/1) to afford alkyne 3.30 as a white
solid (204.2 mg, 97%): Rt 0.37 (hexanes/EtOAc, 7/1); Rt 0.25 (hexanes/EtOAc, 10/1) [a]*%
=-34.8 (c 1.00, CHCls); '"H NMR (400 MHz, CDCls) 0 4.60 (ddd, ] =9.2, 4.4, 2.4 Hz, 1 H),
3.89-3.95 (m, 3 H), 3.79-3.86 (m, 1 H), 3.08 (dd, ] =12.0, 3.6 Hz, 1 H), 2.51 (d, J=2.0 Hz, 1
H), 1.79-1.89 (m, 3 H), 1.45-1.74 (m, 10 H), 1.09 (s, 3 H), 0.99 (s, 3 H); *C NMR (100 MHz,
CDCls) 0 113.1, 87.6, 84.5, 73.3, 65.4, 65.2, 64.6, 48.4, 47.9, 44.4, 43.7, 30.3, 29.7, 22.92, 22.81,
21.8,18.2, 15.7; IR (neat) 3305, 2941, 2876, 1451, 1101, 753 cm'; HRMS (EI) found 290.1874

[caled for CisH260s (M)* 290.1882].

fH H,, Lindlar's catalyst /(:
H 3 EtOAc/pyridine (30:1) H

= O 25°C.3h

folke! 3.30 O 0 315
U/

[Alkyne reduction] To a solution of alkyne 3.30 (204.2 mg, 0.703 mmol) in ethyl
acetate/pyridine (30:1, total 31 mL, 0.023 M) was added Lindlar’s catalyst (20.4 mg, 10
wt%) under Hz atmosphere at 25 °C. The reaction mixture was stirred at the same
temperature for 3 h. The reaction mixture was filtered through a pad of Celite,

concentrated in wvacuo, and purified by column chromatography (silica gel,
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hexanes/EtOAc, 7/1) to give alkene 3.15 (2042 mg, 99%) as a white solid: R¢ 0.46
(hexanes/EtOAc, 7/1); [a]*% = -37.2 (¢ 1.00, CHCLs); 'H NMR (400 MHz, CDCls) d 5.96
(ddd, ] =17.2, 10.4, 7.2 Hz, 1 H), 5.21 (d, ] = 17.2 Hz, 1 H), 5.06 (d, ] = 10.8 Hz, 1 H), 4.37—
4.43 (m, 1 H), 3.88-3.96 (m, 3 H), 3.80-3.86 (m, 1 H), 3.15 (dd, ] = 11.6, 3.2 Hz, 1 H), 1.47-
1.91 (m, 13 H), 1.09 (s, 3 H), 0.83 (s, 3 H); 3C NMR (100 MHz, CDCls) & 140.0, 114.8, 113.2,
87.0, 78.3, 65.2, 64.6, 48.7, 46.4, 44.2, 43.8, 30.4, 29.8, 23.0, 22.8, 21.7, 18.3, 16.5; IR (neat)
2940, 2877, 1172, 1102, 1027, 952, 902 cm; HRMS (FAB) found 291.1956 [calcd for

CisH20s (M=H)* 291.1960].

o) Ph
) O\\S\\o
E CaCl,, PhSOOgH ’ /{
Q;D,OH (+)-CSA, 25°C, 2h - o)
00 320 00
\/ o 33

[Sulfonation] Compound 3.20 (58.5 mg, 0.206 mmol) was dissolved in 4 mL of CH:Cl:
followed by CaClz (60 mg) as a drying agent then PhSOsH (59 mg, 0.413 mmol). A few
crystals of camphor sulfonic acid was added. The solution was stirred for 2 hours then
quenched with saturated sodium bicarbonate then extracted twice with EtOAc followed
by a rinse with brine. The crude mixture was purified via flash chromatography where
the mobile phase was 6:1 hexanes to EtOAc to give 3.31 in 43% a clear oil. 'H NMR

(CDCL;, 400MHz): & 5.97 (ddd, 6.4, 4Hz, 1H), 5.21 (dt, 17.2, 1.4Hz, 1H), 5.07 (dt, 10, 2Hz,
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1H), 4.41 (m, 1H), 3.85 (m, 4H), 3.15 (dd, 8.4, 3.6Hz, 1H), 1.7 (m, 7H), 1.5 (m, 24), 1.25 (s,

3H), 1.09 (s, 3H), 0.83 (s, 3H).

o. Ph —
S, -
\/i O ZnBr,, vinyl-MgBr H -':/\O
H: b THF, 0°C @’
; I QP 37

00 331
\/

[oxocarbenium alkylation] Compound 3.31 (36mg, 0.088 mmol) was dissolved in THF
followed by ZnBr: (24 mg, 0.11 mmol) then cooled to 0 °C. Vinyl MgBr (0.193 mL, 0.193
mmol) was added and warmed to room temperature then stirred for 2 hours. Added
ZnBr: (24 mg, 0.11 mmol) then cooled to 0 °C. Vinyl MgBr (0.193 mL, 0.193 mmol) was
added and warmed to room temperature and stirred for 2 hours. Cooled reaction to 0
°C then added 10 equivalents of ZnBr: followed by 20 equivalents of vinyl-MgBr.
Quenched the reaction with NH4Cl and extracted twice with EtOAc followed by one
rinse with brine. The crude product was separated via flash chromatography where the
mobile phase was 9:1 hexanes to EtOAc. The solvents were removed under reduced

pressure to give 3.17 as a clear oil in 46% yield as a single compound.
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[Tandem cross-metathesis/Sn2' reaction] To a solution of olefin 3.18 (1.412 g, 5.04 mmol)
in CH2Clz2 (50 mL, 0.10 M) were added allyl chloride (1.23 mL, 15.1 mmol) and Grubbs’
second-generation catalyst (213.7 mg, 0.252 mmol) at 25 °C. The resulting mixture was
refluxed for 1.5 h. An addition of allyl chloride (0.412 mL, 5.04 mmol) and Grubbs’
second-generation catalyst (213.7 mg, 0.252 mmol) was repeated three times every 1.5 h.
The reaction mixture was refluxed for further 24 h, cooled to 25 °C, and concentrated in
vacuo. The residue was purified by column chromatography (silica gel; hexanes/EtOAc,
10/1 to 6/1) to afford 2,3-trans-2,5-trans-tetrahydrofuran 3.17 as a white solid (781.3 mg,
53%, 76% based on recovered starting material): Rt 0.42 (hexanes/EtOAc, 7/1); [a]®°p = -
25.9 (¢ 1.01, CHCls); 'H NMR (400 MHz, CDCls) 8 5.89 (ddd, ] = 16.8, 10.0, 6.4 Hz, 1 H),
5.18 (dd, ] =16.8, 1.2 Hz, 1 H), 5.08 (dd, ] = 10.0, 1.2 Hz, 1 H), 4.49 (ddd, ] = 6.8, 6.8, 6.8
Hz, 1 H), 3.89-3.96 (m, 3 H), 3.80-3.86 (m, 1 H), 3.21-3.26 (m, 1 H), 1.88 (dd, ] = 11.6, 3.2
Hz, 1 H), 1.80-1.85 (m, 1 H), 1.44-1.69 (m, 9 H), 1.24-1.33 (m, 2 H), 1.08 (s, 3 H), 0.87 (s, 3
H); C NMR (100 MHz, CDCls) d 140.0, 113.9, 113.3, 85.9, 78.2, 65.4, 64.8, 48.5, 47.5, 45.2,
43.9, 30.5, 29.9, 23.2, 22.9, 22.1, 18.4, 15.5; IR (neat) 2934, 2872, 1455, 1380, 1174, 1102,

1027, 952, 902 cm™'; HRMS (FAB) found 293.2111 [calcd for CisH200s (M+H)* 293.2117].
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[Acetylation] Compound 3.18 (0.143 mmol), and a few small crystals of 4-
dimethylaminopyridine were placed in a 50 mL round bottom flask then placed under
vacuum for 15 minutes then refilled with N2 (x3). Dry CH2Cl> was then added via
syringe along with 4 equivalents of triethylamine (0.573 mmol) followed by 2
equivalents of acetic anhydride (0.286 mmol). The reaction stirred at 23 °C for 5 hours
then added 2 equivalents of triethylamine (0.286 mmol) followed by 1 equivalent of
acetic anhydride (0.143 mmol). The reaction mixture stirred for one hour then an
additional 2 equivalents of triethylamine followed by 1 equivalent of acetic anhydride
was added. After stirring for 1 hour the reaction was quenched with ammonium
chloride. The reaction mixture was washed with ammonium chloride twice followed by
a wash of aqueous saturated sodium chloride and then dried over magnesium sulfate
and filtered. The solvents were removed under reduced pressure. The crude product
was then separated on a silica gel column where the mobile phase used was 20:1
hexanes to ethyl acetate. The solvents were removed under reduced pressure to yield
3.32 as a white crystalline solid in quantitative yield. 'H NMR (CDCls, 400MHz): d 5.78
(ddd, 9.6, 7.6, 1H), 5.06 (d, 10.4Hz, 1H), 4.93 (d, 16Hz, 1H), 4.68 (m, 1H), 3.85 (m, 4H),
2.04 (s, 3H), 1.98 (t, 7.6Hz, 2H), 1.50 (m, 15H), 1.08 (s, 3H), 0.90 (s, 3H).
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[Cross-methasis] Compound 3.32 (66 mg, 0.205 mmol) was dissolved in 30 mL of CH2Cl
with allyl chloride (78.6 mg, 1.03 mmol) and 5mol% of Grubbs’ second generation
catalyst. The solution was heated to reflux for one hour. 5mol% of Grubbs” second
generation catalyst was added and stirred for one hour. 5mol% of Grubbs’ second
generation catalyst was added and stirred for 12 hours. The crude mixture was filtered
through a small plug of silica gel. The crude product was purified via flash
chromatography where the mobile phase was 20:1 hexanes to EtOAc to give 3.33 as a
brown oil in 85% yield. 'H NMR (CDCls, 400MHz): d 5.74 (dt, 8, 7.2Hz, 1H), 5.53 (dt,
7.6, 7.2 Hz, 1H), 4.64 (m, 1H), 4.05 (d, 7Hz, 2H), 3.86 (m, 4H), 2.04 (s, 3H), 1.98 (t, 8Hz,

2H), 1.50 (m, 14H), 1.07 (s, 3H), 0.90 (s, 3H).

cl cl
| | NaH L
DIBAL-H DMF/THF (1:2) =
T CH,Cl,, 78 °C, 2 h H: 40°C, 15 h TN
B " OAC 430/ - - OH I <
b 91% (11:1 dr)
0O E3.33 0 0O E-3.34 00 347
U/ \/ \/
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[Acetyl hydrolysis] To a cooled (-78 °C) solution of (E)-olefin 3.33 (66mg, 0.171 mmol) in
CH:Clz (5 ml, 0.03 M) was added DIBAL-H (0.513 ml, 0.513 mmol, 1 M in CH2CLz) and
stirred at the same temperature for 2 hours. The reaction was quenched by addition of
saturated aqueous NHiCl (1 ml) and warmed to ambient temperature. The mixture was
diluted with saturated aqueous potassium sodium tartrate (4 ml) then stirred vigorously
for 5 hours. The layers were separated and the aqueous layer was extracted with CH2Cl2
(5 ml, x 3).The combined layers were dried over Na2SOs then the solvents were removed
in vacuo. The crude mixture was purified by column chromatography (silica gel,
hexanes/EtOAc, 20:1) to give 3.34 (24 mg, 0.074 mmol) in 43% as a clear oil
[Intramolecular Snx2' cyclization] To (E)-olefin 3.34 (24 mg, 0.074 mmol) in DMF/THF
(1:2, 0.024 M) at 0 °C was added NaH (14.8 mg, 0.37 mmol) then the mixture was heated
to 40 °C for 15 hours. The mixture was cooled to 0 °C then quenched with addition of
saturated aqueous NaHCOs (1 ml). The solution was diluted with EtOAc (10 ml) and
H:20 (10 ml). The layers were separated and the aqueous layer was extracted with EtOAc
(10 ml, x2). The combined organic layers were then washed with saturated aqueous
brine solution and dried over Na:SOu. The solvents were removed in vacuo and the crude
oil was purified by column chromatography (silica gel, hexanes/EtOAc, 5:1) to provide

3.17 ( mg, 0.067 mmol) in 91% (11:1 dr) as a clear oil.
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Cl Cl

| DIBAL-H | Nait S
- DMF/THF (1:2) :
H : CH,Cl,, =78 °C, 2 h H S 40°C,15h H ":/\O
T OAC 55% 1~ OH  96% (>20:1 dn) :
0 O 73.33 O 0O 7334 O 0 317
U/ U/ \/

[Acetyl hydrolysis] To a cooled (-78 °C) solution of (Z)-olefin 3.33 (10.2 mg, 0.027 mmol)
in CH2Clz2 (1 ml, 0.027 M) was added DIBAL-H (0.027 ml, 0.027 mmol, 1 M in CH2Cl)
and stirred at the same temperature for 2 hours. The reaction was quenched by addition
of saturated aqueous NH:Cl (0.25 ml) and warmed to ambient temperature. The mixture
was diluted with saturated aqueous potassium sodium tartrate (1 ml) then stirred
vigorously for 5 hours. The layers were separated and the aqueous layer was extracted
with CH2Cl> (Iml, x 3).The combined layers were dried over Na:SOs then the solvents
were removed in vacuo. The crude mixture was purified by column chromatography
(silica gel, hexanes/EtOAc, 20:1) to give (Z)-3.34 (5.1 mg, 0.015 mmol) in 55% as a clear
oil. [Intramolecular Sx2' cyclization] To (Z)-olefin 3.34 (5.1 mg, 0.015 mmol) in
DMEF/THEF (1:2, 0.024 M) at 0 °C was added NaH (3.0 mg, 0.075 mmol) then the mixture
was heated to 40 °C for 15 hours. The mixture was cooled to 0 °C then quenched with
addition of saturated aqueous NaHCO:s (1 ml). The solution was diluted with EtOAc (3
ml) and H2O (3 ml). The layers were separated and the aqueous layer was extracted with
EtOAc (3 ml, x2). The combined organic layers were then washed with saturated

aqueous brine solution and dried over Na:SOs. The solvents were removed in vacuo and
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the crude oil was purified by column chromatography (silica gel, hexanes/EtOAc, 5:1) to

provide 3.17 (4.8 mg, 0.014 mmol) in 96% (>20:1 dr) as a clear oil.

/(: 1 N HCI —
H S THF/H,0 (4:1) :I

H :
: = 60°C,3h =~ 0
QP a5 O 3.35a

[Ketal hydrolysis] To a solution of 3.15 (191.3 mg, 0.654 mmol) in THF/H20 (4:1, total 10
mL, 0.065M) was added 1 N HCI (0.5 mL) at 25 °C. The resulting mixture was stirred at
60 °C for 3 h, cooled to 0 °C, quenched with saturated aqueous NaHCOs solution, and
diluted with EtOAc (50 mL). The layers were separated, and the aqueous layer was
extracted with EtOAc (1 x 20 mL). The combined organic layers were washed with brine,
dried over anhydrous Na:50: , and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, hexanes/EtOAc, 7/1) to afford ketone 3.35a as a
colorless oil (147.3 mg, 91%): Rt 0.31 (hexanes/EtOAc, 7/1); [a]**7p = -52.2 (c 0.85, CHCl);
"H NMR (400 MHz, CDCls) 0 5.97 (ddd, ] =16.8, 10.4, 6.4 Hz, 1 H), 5.23 (ddd, ] =16.8, 1.2,
1.2 Hz, 1 H), 5.09 (ddd, ] =10.4, 1.2, 1.2 Hz, 1 H), 4.40-4.46 (m, 1 H), 3.08 (dd, ] =11.6, 3.2
Hz, 1 H), 2.57 (ddd, ] = 13.6, 13.6, 6.8 Hz, 1 H), 2.21 (dd, | = 13.6, 4.4 Hz, 1 H), 2.04-2.10
(m, 1 H), 1.86-1.98 (m, 2 H), 1.52-1.78 (m, 7 H), 1.30 (dd, ] =12.8, 2.8 Hz, 1 H), 1.19 (s, 3
H), 0.93 (s, 3 H); *C NMR (100 MHz, CDCls) d 214.1, 139.6, 115.1, 86.5, 78.1, 52.9, 49.1,
46.0, 44.9, 37.3, 31.8, 26.3, 22.9, 21.5, 20.3, 16.8; IR (neat) 2940, 2870, 1700 cm'; HRMS (EI)

found 248.1779 [calcd for CisH2402 (M)* 248.1776].
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ot

O 3.35b
[For 3.35b] A colorless oil (583.1 mg, 98%): R 0.29 (hexanes/EtOAc, 7/1); [a]*p = —48.2 (c
1.01, CHCL); [a]®®p = -25.9 (¢ 1.01, CHCls); 'H NMR (400 MHz, CDCls) 6 5.88 (ddd, | =
16.8, 10.0, 6.4 Hz, 1 H), 5.20 (ddd, ] =16.8, 1.2. 1.2 Hz, 1 H), 5.06 (ddd, ] =104, 1.2, 1.2 Hz,
1H), 4.52 (ddd, ] =6.8, 6.8, 6.8 Hz, 1 H), 3.17 (dd, ] =124, 3.6 Hz, 1 H), 2.58 (ddd, ] = 14.0,
14.0, 7.2 Hz, 1 H), 2.21 (dddd, | = 14.0, 8.8, 2.0, 2.0 Hz, 1 H), 2.08 (ddddd, ] = 11.2, 6.4, 4.0,
2.0,2.0 Hz, 1 H), 1.88 (dd, ] = 11.6, 7.2 Hz, 1 H), 1.81-1.87 (m, 2 H), 1.66 (dddd, | = 14.0,
14.0, 14.0, 4.0 Hz, 1 H), 1.46-1.61 (m, 4 H), 1.23 (dd, ] = 13.6, 2.8 Hz, 1 H), 1.20 (ddd, ] =
11.2, 8.8, 0.8 Hz, 1 H), 1.13 (s, 3 H), 0.91 (s, 3 H); ¥C NMR (100 MHz, CDCls) d 214.0,
139.2, 114.1, 85.2, 77.9, 52.4, 48.9, 46.9, 45.6, 37.3, 31.7, 26.2, 22.8, 21.6, 20.2, 15.5; IR (neat)
2939, 2870, 1706, 1454, 1247, 1106, 924 cm™; HRMS (EI) found 248.1776 [calcd for

CisH2402 (M)* 248.1776].

/(— — EVE, PPTS /{:
H * EtCHO, NaH =z CH,Cl,, 25 °C H S

: H s < ~ O
: O THF, reflux, 1 h g O 12h '
o 3.35a OH O EEO O 3.36a

[Formylation] To a solution of ketone 3.35a (427.3 mg, 1.72 mmol) in THF (30 mL, 057

M) were added ethylformate (1.39 mL, 17.2 mmol) and NaH (258.2 mg, 60% dispersion
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in mineral oil, 5.16 mmol) at 0 °C. After stirred for 1 h under refluxing condition, the
reaction mixture was cooled to 0 °C, quenched with saturated aqueous NH4Cl solution,
and diluted with EtOAc (50 mL). The layers were separated, and the aqueous layer was
extracted with EtOAc (2 x 20 mL). The combined organic layers were washed with brine,
dried over anhydrous Na:50s, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, hexanes/EtOAc, 5/1) to afford enol as a colorless oil
(404.2 mg, 85%). [EE protection] To a solution of enol ketone (404.2 mg, 1.46 mmol) in
CH:CL: (20 mL, 0.073 M) were added ethyl vinyl ether (1.4 mL, 14.6 mmol) and PPTS
(73.5 mg, 0.0.292 mmol) at 25 °C. After stirred at the same temperature for 12 h, the
reaction mixture was quenched with saturated aqueous NaHCO:s solution. The layers
were separated, and the aqueous layer was extracted with CH2CL2 (1 x 20 mL). The
combined organic layers were washed with brine, dried over anhydrous Na:SOs, and
concentrated in vacuo. The residue was purified by column chromatography (silica gel,

hexanes/EtOAc, 4/1) to afford EE-protected enol 3.36a as a colorless oil (401.9 mg, 79%):
'H NMR (400 MHz, CDCls) [For Two Diastereomers] d [7.41 (br dd, | = 2.0, 2.0 Hz for
one diastereomer) and 7.40 (br dd, | = 2.0, 2.0 Hz for the other diastereomer), 1 H]J, 5.96
(ddd, ] =17.2,10.4, 6.8 Hz, 1 H), 5.22 (ddd, ] = 17.2, 1.6, 1.6 Hz, 1 H), 5.03-5.11 (m, 2 H),
4.40-4.46 (m, 1 H), [3.70 (dddd, ] = 7.2, 7.2, 7.2, 0.8 Hz for one diastereomer) and 3.68
(dddd, ] =7.2,7.2,7.2, 0.8 Hz for the other diastereomer), 1 H], [3.49 (ddd, [ =7.2,7.2,7.2

Hz for one diastereomer) and 3.46 (ddd, | =7.2, 7.2, 7.2 Hz for the other diastereomer), 1
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H], 3.11 (dd, J = 12.0, 3.6 Hz, 1 H), [2.70 (dddd, | = 16.8, 1.6, 1.6, 1.6 Hz for one
diastereomer) and 2.69 (dddd, | = 17.2, 2.0, 2.0, 2.0 Hz for the other diastereomer), 1 H],
2.26-2.37 (m, 1 H), 1.99 (ddd, | = 13.6, 2.8, 2.8 Hz, 1 H), 1.81-1.92 (m, 2 H), 1.78 (dd, | =
10.4, 10.4 Hz, 1 H), 1.70 (dddd, | = 12.4, 12.4, 12.4, 2.8 Hz, 1 H), 1.54-1.62 (m, 3 H), 1.49
(ddd, ] =13.2, 3.2, 1.6 Hz, 1 H), [1.42 (d, ] = 5.2 Hz for one diastereomer) and 1.41 (d, | =
5.2 Hz for the other diastereomer), 3 H], [1.20 (dd, | = 7.2, 7.2 Hz for one diastereomer)
and 1.19 (dd, | = 7.2, 7.2 Hz for the other diastereomer), 3 H], 1.14 (s, 3 H), 0.91 (s, 3 H);
3C NMR (100 MHz, CDCls) [For Two Diastereomers] o 205.1, 151.37, 151.26, 139.6,
114.8, 113.58, 113.46, 103.4, 103.2, 86.5, 78.2, 63.39, 63.32, 48.1, 46.4, 46.0, 44.7, 32.9, 21.72,

21.58, 20.8, 20.3,19.9, 16.7, 14.7.

EEO O 3 3gp

A colorless oil (679.2 mg, 94%): R¢ 0.23 (hexanes/EtOAc, 7/1); [a]¥'p = -27.1 (c 0.97,
CHCL); 'TH NMR (400 MHz, CDCls) [For Two Diastereomers] o 7.40 (br s, 1 H), 5.88
(ddd, J=16.8, 10.0, 6.4 Hz, 1 H), 5.19 (d, ] = 16.8 Hz, 1 H), 5.02-5.09 (m, 2 H), 4.53 (ddd, |
=8.0, 6.9, 6.8 Hz, 1 H), 3.68 (dddd, ] =8.0,7.2,7.2,7.2 Hz, 1 H), 3.47 (dddd, | =8.8,7.2, 7.2,
7.2Hz,1H),3.20 (dd, J=11.2, 3.2 Hz, 1 H), 2.70 (dddd, ] = 16.8, 1.6, 1.6, 1.6 Hz, 1 H), 2.69

(dd, ] =16.8, 7.6 Hz, 1 H), 2.25-2.36 (m, 1 H), 1.94-2.00 (m, 2 H), 1.80-1.91 (m, 2 H), 1.47—
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1.64 (m, 3 H), 1.49 (d, ] =12.8 Hz, 1 H), [1.41 (d, ] = 5.2 Hz for one diastereomer) and 1.40
(d, ] =5.2 Hz for the other diastereomer), 3 H], 1.29 (dd, ] =11.2,9.2 Hz, 1 H), [1.194 (dd, |
= 7.2, 7.2 Hz for one diastereomer) and 1.191 (dd, | = 7.2, 7.2 Hz for the other
diastereomer), 3 H], 1.13 (s, 3 H), 0.94 (s, 3 H); ¥C NMR (100 MHz, CDCls) [For Two
Diastereomers] o 205.2, 151.46, 151.32, 139.3, 113.9, 113.61, 113.48, 103.49, 103.27, 85.3,
78.0, 63.46, 63.39, 47.8, 47.0, 46.4, 45.5, 32.9, 21.8, 20.9, 20.4, 19.9, 15.5, 14.8; HRMS (FAB)

found 347.2221 [calcd for C2iH3104 (M-H)* 347.2222].

H :I NaBH,, EtOH H __:{ MsClI, Et3;N H ::’(7

1~°  0°c05h CH,Cly, 25 °C 0

_—
81% for

= = 2 steps |
EEO O 3.36a EEO OH @) 3.37a

[NaBHs-Reduction] To a cooled (0 °C) solution of EE-protected enol ketone 3.36a (401.9
mg, 1.15 mmol) in EtOH (10 mL, 0.12 M) was added NaBH4 (87.3 mg, 2.31 mmol). After
stirred at the same temperature for 30 min, the reaction mixture was quenched with
saturated aqueous NaHCOs solution, diluted with EtOAc (100 mL), and the resulting
mixture was stirred vigorously for 1 h. The layers were separated, and the aqueous layer
was extracted with EtOAc (2 x 20 mL). The combined organic layers were washed with
brine, dried over anhydrous Na:S5Os, and concentrated in vacuo to give crude alcohol
(352.4 mg). The residue was employed in the next step without further purification.

[Mesylation & Elimination] To a cooled (0 °C) solution of the crude alcohol (352.4 mg)
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in CH2Cl2 (20 mL) were added EtsN (0.42 mL, 3.02 mmol) and methanesulfonyl chloride
(0.16 mL, 2.01 mmol). After stirred at 25 °C for 30 min, the reaction mixture was
quenched with saturated aqueous NaHCO:s solution. The layers were separated, and the
aqueous layer was extracted with CH2ClL: (1 x 20 mL). The combined organic layers were
washed with brine, dried over anhydrous Na:SOs, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexanes/EtOAc, 5/1) to
afford enal 3.37a as a colorless oil (242.7 mg, 81% for two steps): 'H NMR (400 MHz,
CDCls) ©9.38 (s, 1 H), 6.49 (s, 1 H), 6.00 (ddd, ] =16.8, 104, 6.4 Hz, 1 H), 5.25 (dd, ] = 16.8,
0.8 Hz, 1 H), 5.10 (d, ] =10.4 Hz, 1 H), 4.43-4.49 (m, 1 H), 3.16 (dd, ] =124, 3.6 Hz, 1 H),
241 (dd, ] =184, 6.8 Hz, 1 H), 2.16 (dddd, | = 18.8, 8.4, 8.4, 2.0 Hz, 1 H), 1.90-1.97 (m, 1
H), 1.58-1.89 (m, 6 H), 1.47 (ddd, ] =13.2, 13.2, 40 Hz, 1 H), 1.33 (dd, ] =12.8, 2.8 Hz, 1
H), 1.08 (s, 3 H), 0.89 (s, 3 H); *C NMR (100 MHz, CDCl) d 194.8, 161.1, 139.9, 137.7,
115.2, 87.5, 78.6, 49.9, 46.1, 44.4, 37.0, 22.41, 22.23, 19.7, 16.5; IR (neat) 2925, 2851, 1682,

1266, 1116, 987, 919 cm™'; HRMS (EI) found 260.1772 [calcd for CizH2402 (M)* 260.1776].

:’(
:HI 0
|
o 3.37b

For 3.37b: A colorless oil (443.8 mg, 87% for two steps): Rt 0.27 (hexanes/EtOAc, 7/1);

[a]% = -18.2 (c 0.45, CHCL); '"H NMR (400 MHz, CDCL) & 9.38 (s, 1 H), 6.45 (s, 1 H),

136



5.86 (ddd, ] = 16.8, 10.0, 6.4 Hz, 1 H), 5.17 (ddd, ] = 16.8, 1.2, 1.2 Hz, 1 H), 5.02 (ddd, ] =
104, 1.2, 1.2 Hz, 1 H), 4.52 (ddd, ] = 8.0, 6.8, 6.8 Hz, 1 H), 3.20 (dd, ] = 12.8, 3.6 Hz, 1 H),
2.36 (ddd, ] = 19.2, 6.4, 1.2 Hz, 1 H), 2.11 (ddd, ] = 18.8, 10.0, 10.0 Hz, 1 H), 1.94 (dd, ] =
11.6, 7.2 Hz, 1 H), 1.85-1.90 (m, 1 H), 1.59-1.76 (m, 4 H), 1.42 (ddd, ] = 12.8, 12.8, 3.2 Hz, 1
H), 1.29 (dd, ] = 12.4, 2.4 Hz, 1 H), 1.24 (dd, ] = 11.2, 10.0 Hz, 1 H), 1.04 (s, 3 H), 0.89 (s, 3
H); 3C NMR (100 MHz, CDCls) d 194.6, 160.8, 139.3, 137.5, 114.1, 86.0, 78.1, 49.2, 46.8,
45.0, 36.7, 22.16, 22.12, 19.4, 15.1; IR (neat) 2935, 2871, 1682, 1457, 1376, 1115, 989 cm-;

HRMS (EI) found 260.1778 [calcd for Ci7H2Oz (M)* 260.1776].

H I NaBH,, EtOH H I

- .0 0°C,1h - ~_ 0
—_—
|

O 3.37a OH  3.14a

To a cooled (0 °C) solution of a,-unsaturated aldehyde 3.37a (242.7 mg, 0.932 mmol) in
EtOH (10 mL, 0.093 M) was added NaBHs (70.4 mg, 1.86 mmol). After stirred at the same
temperature for 1 h, the reaction mixture was quenched with saturated aqueous
NaHCO:s solution and diluted with EtOAc (40 mL). The layers were separated, and the
aqueous layer was extracted with EtOAc (2 x 20 mL). The combined organic layers were
washed with brine, dried over anhydrous Na:SOs, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexanes/EtOAc, 3/1) to

afford allylic alcohol 3.14a as a colorless oil (231.4 mg, 95%): R¢0.42 (hexanes/EtOAc, 2/1);
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[a]?3 = -18.3 (¢ 1.00, CHCls); 'H NMR (400 MHz, CDCL3)  5.93 (ddd, ] = 16.8, 10.4, 6.4
Hz, 1 H), 5.37 (s, 1 H), 5.17 (d, ] = 17.2 Hz, 1 H), 5.02 (d, ] = 10.4 Hz, 1 H), 4.35-4.41 (m, 1
H), 3.85 (s, 2 H), 3.07 (dd, ] = 12.0, 3.2 Hz, 1 H), 2.39 (br s, 1 H), 1.96-2.10 (m, 2 H), 1.79
(dddd, ] =12.0, 3.6, 3.2, 3.2 Hz, 1 H), 1.61-1.74 (m, 3 H), 1.56 (ddd, ] = 13.2, 3.2, 3.2 Hz, 1
H), 1.47-1.53 (m, 2 H), 1.19-1.29 (m, 2 H), 0.91 (s, 3 H), 0.79 (s, 3 H); 3C NMR (100 MHz,
CDCls) & 139.8, 135.0, 133.5, 114.9, 87.7, 78.4, 66.7, 50.1, 45.9, 44.0, 38.0, 35.1, 26.4, 23.2,
222, 20.3, 16.1; IR (neat) 3392, 2925, 2865, 1456, 1103, 1034, 988 cm-'; HRMS (EI) found

262.1931 [calcd for Ci7H2602 (M)* 262.1933].

:/i
:HI ,0
OH 3.14b

For 3.14b: A colorless oil (379.9 mg, 88%): Rt 0.45 (hexanes/EtOAc, 2/1); [a]* %> =-15.2 (¢
0.83, CHCls); 'H NMR (400 MHz, CDCls) 9 5.84 (dddd, | = 16.8, 10.0, 6.8, 1.2 Hz, 1 H),
537 (s, 1 H), 5.15 (dd, ] =17.2, 1.2 Hz, 1 H), 499 (dd, ] =104, 1.2 Hz, 1 H), 449 (ddd, | =
7.6,7.6,6.8 Hz, 1 H), 3.85 (s, 2 H), 3.17 (dd, ] =12.4, 2.8 Hz, 1 H), 2.30 (br s, 1 H), 1.98-2.10
(m, 2 H), 1.90 (dd, ] = 11.2, 7.2 Hz, 1 H), 1.49-1.80 (m, 5 H), 1.17-1.29 (m, 2 H), 0.92 (s, 3
H), 0.83 (s, 3 H); C NMR (100 MHz, CDCls) d 139.5, 135.0, 133.6, 114.0, 86.4, 78.1, 66.7,
49.7, 46.9, 44.8, 37.9, 35.0, 26.4, 23.1, 22.3, 20.3, 15.0; IR (neat) 3400, 2926, 2868, 1451, 1378,

1100, 993 cm-1; HRMS (EI) found 262.1935 [calcd for Ci7H2602 (M)* 262.1933].
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H ’(: (n-Bu)3SnCH2 ) ,(: L ,(:

O KH, 18-c-6 U *_,0 n-BuLi, hexanes - .0
0°C,0.5h -50t025°C,1h
- =
85% 70% :
OH 3.4a O._Sn(n-Bu) 3
~ 3 -
3.38a HO™ 3.39a

[O-Alkylation] To a cooled (0 °C) solution of allylic alcohol 3.14a (231.4 mg, 0.882 mmol)
in THF (10 mL, 0.088 M) were added KH (106.1 mg, 2.65 mmol) in THF (1.0 mL), 18-
crown-6 (466.3 mg, 1.76 mmol), and (n-Bu)sSnCH:l. After stirred at the same
temperature for 30 min, the reaction mixture was quenched with saturated aqueous
NH.4Cl solution and diluted with EtOAc (50 mL). The layers were separated, and the
aqueous layer was extracted with EtOAc (1 x 20 mL). The combined organic layers were
washed with brine, dried over anhydrous Na:SOs, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexanes/EtOAc, 50/1) to
afford 3.38a as a colorless oil (423.1 mg, 85%). [2,3]-Wittig Rearrangement] To a cooled
(=50 °C) solution of 3.38a (108.4 mg, 0.192 mmol) in hexanes (5 mL, 0.022 M) was added
n-BuLi (1.2 mL, 1.6 M in hexanes, 1.92 mmol). After stirred at the same temperature for
10 min, the reaction mixture was slowly allowed to warm to 25 °C for 1 h. The reaction
mixture was quenched with saturated aqueous NH4Cl solution and diluted with EtOAc
(10 mL). The layers were separated, and the aqueous layer was extracted with EtOAc (1
x 10 mL). The combined organic layers were washed with brine, dried over anhydrous
Na:50s, and concentrated in vacuo. The residue was purified by column chromatography
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(silica gel, hexanes/EtOAc, 3/1) to afford homoallylic alcohol 3.39a as a colorless oil (37.4
mg, 70%): Rt 0.44 (hexanes/EtOAc, 2/1); [a]**7p = —43.7 (¢ 0.57, CHCL); '"H NMR (400
MHz, CDCl) 6 5.96 (ddd, | = 16.8, 10.4, 6.4 Hz, 1 H), 5.22 (ddd, | =17.2, 1.6, 1.6 Hz, 1 H),
5.06 (ddd, ] =10.4, 1.6, 1.6 Hz, 1 H), 4.92 (s, 1 H), 4.76 (s, 1 H), 4.38-4.44 (m, 1 H), 3.77 (br
s, 1 H), 3.60 (dd, ] = 10.4, 10.4 Hz, 1 H), 3.06 (dd, ] =12.0, 2.8 Hz, 1 H), 2.28 (dd, ] = 14.0,
4.0 Hz, 1 H), 2.14 (ddd, | = 13.2, 13.2, 2.8 Hz, 1 H), 1.95 (dd, ] = 10.4, 4.8 Hz, 1 H), 1.83
(dddd, ] =12.0, 7.6, 3.2, 3.2 Hz 1 H), 1.66-1.77 (m, 3 H), 1.24-1.47 (m, 4 H), 0.98 (s, 3 H),
0.81 (s, 3 H) *C NMR (100 MHz, CDCls) 6 146.2, 139.8, 115.1, 113.5, 87.4, 78.3, 60.5, 59.1,
46.78, 46.66, 44.3, 38.0, 35.0, 30.8, 24.8, 24.5, 22.2, 17.0; IR (neat) 3416, 2926, 2868, 1445,
1037, 1022, 986, 923, 887 cm; HRMS (EI) found 277.2090 [calcd for CisHsO. (M)

276.2089].

Ho/i 3.3%
For 3.39b: A colorless oil (42.7 mg, 71%): R 0.44 (hexanes/EtOAc, 2/1); [a]¥'p = -34.2 (¢
1.01, CHCls); '"H NMR (400 MHz, CDCls)  5.91 (ddd, ] = 16.8, 10.4, 6.8 Hz, 1 H), 5.20 (dd,
J=16.6, 1.6 Hz, 1 H), 5.06 (dd, ] =10.4, 1.6 Hz, 1 H), 4.94 (s, 1 H), 4.78 (s, 1 H), 4.51 (ddd, |
=7.6,6.8, 6.8 Hz, 1 H), 3.77 (ddd, ] =9.6, 9.6, 4.8 Hz, 1 H), 3.60 (dd, ] =10.4, 10.4 Hz, 1 H),

3.15(dd, J=11.6, 3.2 Hz, 1 H), 2.28 (dd, | =14.0, 4.0 Hz, 1 H), 2.14 (ddd, | =13.2, 13.2, 2.8
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Hz, 1 H), 1.90-2.01 (m, 2 H), 1.83 (dddd, ] = 12.0, 7.6, 3.2, 3.2 Hz, 1 H), 1.45-1.74 (m, 5 H),
1.20-1.28 (m, 2 H), 0.99 (s, 3 H), 0.86 (s, 3 H); 3C NMR (100 MHz, CDCL) d 146.2, 139.6,
114.1, 113.6, 86.1, 78.1, 60.5, 59.1, 47.8, 46.3, 45.0, 38.0, 35.0, 30.7, 24.7, 24.4, 22.3, 15.8; IR
(neat) 3424, 2929, 2871, 1452, 1384, 1115, 1023, 954, 919, 889 cm-; HRMS (EI) found

276.2086 [caled for CisHsO2 (M)* 276.2089].

(@) Br
d N—0Me 3.44
. Dess-Martin —
— periodinane s
H & 5 NaHCOg CH,Cly HE Y n-BuLi, THF
' 25°C, 1 h : -78°C, 0.5h
T _— >
. 86% 47%
Ho~ 339 0”7 3.40b
— NaHMDS —5  ABN —
H - 0 Cs,THF HZ % (n-BupSnH H Yy
T -78°C,1h T toluene y
then Mel, 0.5 h reflux, 2h
0 : o H SMe 57% for o :
OH O’QS 2 steps
d N—ome d H—ome d Y—ome

3.43b 3.42b

[Dess—Martin Oxidation] To a solution of homoallylic alcohol 3.39b (31.3 mg, 0.113
mmol) in CH2Clz (5 mL, 0.023 M) were added NaHCOs (38.0 mg, 0.452 mmol) and Dess-
Martin periodinane (96.1 mg, 0.223 mmol) at 25 °C. After stirred for 1 h, the reaction
mixture was quenched with saturated aqueous Na:25:0s solution and saturated aqueous
NaHCO:s solution, and the resulting mixture was stirred vigorously for 1 h. The layers

were separated, and the aqueous layer was extracted with CH2CL: (1 x 10 mL). The
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combined organic layers were dried over anhydrous Na:SOs and concentrated in vacuo.
The residue was purified by column chromatography (silica gel, hexanes/EtOAc, 10/1) to
afford aldehyde 3.40b as a colorless oil (29.1 mg, 86%). [a-Pyrone Addition] To a cooled
(78 °C) solution of bromo-a-pyrone 3.44 (197.8 mg, 0.849 mmol) in THF (8 mL, 0.11 M)
was added dropwise n-BuLi (0.53 mL, 1.6 M in hexanes, 0.848 mmol), and the resulting
mixture was stirred for 5 min at the same temperature. To this solution was added
aldehyde 3.40b (28.4 mg, 0.103 M) in THF. The reaction mixture was stirred at the same
temperature for 30 min, quenched with saturated aqueous NH:Cl solution, and diluted
with EtOAc. The layers were separated, and the aqueous layer was extracted with
EtOAc (2 x 10 mL). The combined organic layers were dried over anhydrous Na:SOs and
concentrated in vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 2/1) to afford two diastereomeric alcohols 3.43b as colorless oils (20.7
mg, 47%). [Methyl Xanthate Formation] To a cooled (-78 °C) solution of alcohols 3.43b
(20.7 mg, 0.048 mmol) was added CSz (0.029 mL, 0.48 mmol) in THF (5 mL, 0.01 M), and
the resulting mixture was stirred at the same temperature for 10 min. To this solution
was added dropwise NaHMDS (0.48 mL, 0.2 M in THF, 0.08 mmol) at -78 °C. The
resulting mixture was stirred for 1 h at the same temperature, and excess Mel was added
in one portion. After stirred for 30 min at —78 °C, the reaction mixture was quenched
with saturated aqueous NHuCl solution and diluted with EtOAc. The layers were

separated, and the aqueous layer was extracted with EtOAc (2 x 10 mL). The combined

142



organic layers were dried over anhydrous Na:SO: and concentrated in vacuo. The
residue was filtrated by column chromatography (silica gel, hexanes/EtOAc, 2/1) to
afford two diastereomeric xanthates as colorless oils (17.6 mg, 70%). [Barton-McCombie
Radical Deoxygenation] To a solution of two diastereomeric xanthates in toluene (1 mL)
were added AIBN (2.4 mg, 0.014 mmol) and (n-Bu)sSnH (0.036 mL, 0.17 mmol). The
resulting mixture was cooled to 0 °C, degassed by repeating to vacuum, and refilled
with argon three times. The reaction mixture was refluxed for 2 h, cooled to 25 °C, and
concentrated in vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 2/1) to afford 3.42b as a colorless oil (11.4 mg, 81%): R¢ 0.32
(hexanes/EtOAc, 2/1); [a]*?p = -73.8 (c 0.17, CHCls); 'H NMR (400 MHz, CDCls) o 5.93
(ddd, ] =17.6,10.0, 6.4 Hz, 1 H), 5.22 (d, ] =17.2 Hz, 1 H), 5.07 (d, ] = 10.4 Hz, 1 H), 4.54
(s, 1H),4.52(ddd, J=7.2,7.2,72Hz, 1 H), 4.28 (s, 1 H), 3.72 (s, 3 H), 3.23 (dd, ] =12.0, 3.2
Hz, 1 H), 2.70 (dd, ] =12.8, 11.6 Hz, 1 H), 2.61 (dd, ] =12.8, 4.0 Hz, 1 H), 2.43 (dd, ] =13.2,
13.2 Hz, 1 H), 2.19 (s, 3 H), 2.12 (d, ] = 16.4 Hz, 1 H), 2.08 (dd, | = 11.6, 4.0 Hz, 1 H), 1.95
(dd, J =11.6, 6.8 Hz, 1 H), 1.80-1.91 (m, 2 H), 1.91 (s, 3 H), 1.57-1.72 (m, 2 H), 1.39-1.48
(m, 2 H), 1.32 (dd, ] =10.4, 9.6 Hz, 1 H), 0.96 (s, 3 H), 0.87 (s, 3 H); *C NMR (100 MHz,
CDCls) 6 168.4, 165.5, 156.2, 147.8, 139.8, 114.04, 113.87, 110.7, 108.8, 86.3, 78.2, 60.3, 55.9,
47.8, 45.08, 44.96, 38.4, 34.8, 30.5, 24.9, 24.3, 22.50, 22.37, 17.4, 15.7, 10.6; IR (neat) 2924,
2854, 1708, 1645, 1559, 1456, 1100, 988 cm'; HRMS (FAB) found 413.2690 [calcd for

Ca6H370s (M+H)* 413.2692].
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(0] A OMe (0] \ OMe
3.42b 3.55

To a cooled (-78 °C) solution of alkene 3.42b (11.4 mg, 0.028 mmol) in 2-
methylpropene/CH:Cl2 (2:1, total 3 mL, 0.009 M) was added Grubbs’ second-generation
catalyst (2.3 mg, 0.0028 mmol). The resulting mixture was refluxed for 12 h. An addition
of Grubbs’ second-generation catalyst (2.3 mg, 0.0028 mmol) was repeated two times
every 12 h. The reaction mixture was cooled to —78 °C and concentrated in vacuo. The
residue was purified by column chromatography (silica gel; hexanes/EtOAc, 4/1 to 2/1)
to afford alkene 3.55 as a white foam (11.7 mg, 96%): R¢ 0.32 (hexanes/EtOAc, 2/1); [a]*“p
=-67.6 (c 0.25, CHCl3); 'H NMR (400 MHz, CDCls) 0 5.33 (d, ] =9.2 Hz, 1 H), 4.81 (ddd, |
=8.8,8.8, 72 Hz 1H), 454 (s, 1 H), 427 (s, 1 H), 3.73 (s, 3H), 3.24 (dd, ] =12.0, 2.8 Hz, 1
H), 2.70 (dd, | = 12.4, 11.6 Hz, 1 H), 2.61 (dd, ] = 12.8, 4.0 Hz, 1 H), 2.43 (br dd, | = 13.6,
13.6 Hz, 1 H), 2.19 (s, 3 H), 2.12 (d, ] =15.6 Hz, 1 H), 2.08 (dd, ] =11.2, 3.6 Hz, 1 H), 1.84—
1.95 (m, 3 H), 1.91 (s, 3 H), 1.73 (s, 3 H), 1.69 (s, 3 H), 1.54-1.77 (m, 3 H), 1.38-1.47 (m, 2
H), 1.25 (dd, ] = 10.0, 10.0 Hz, 1 H), 0.96 (s, 3 H), 0.87 (s, 3 H); *C NMR (100 MHz, CDCls)
0 168.4, 165.5, 156.2, 147.8, 134.7, 126.9, 113.9, 110.6, 108.8, 86.0, 73.7, 60.3, 56.0, 48.5, 45.0,

38.4, 34.9, 30.6, 25.9, 25.0, 24.4, 22.6, 22.4, 18.0, 17.4, 15.7, 10.6; IR (neat) 2927, 2866, 1709,
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1645, 1561, 1448, 1367, 1233, 1103 cm™; HRMS (FAB) found 441.3013 [calcd for C2sH#10s4

(M-+H)* 441.3005].

Br 337

Dess-Martin O;:éio H *’(7

(— . . — : O
‘I periodinane I
H : NaHCO,, CH,Cl, H = n-Buli, THF

O - 0
- 25°C,1h ~ _-78°C,05h
_ 97% . e ;:%‘

- =
HO™ 3304 0" 3.40a
3.44a

[Dess-Martin Oxidation] To a solution of homoallylic alcohol 3.39a (31.3 mg, 0.113
mmol) in CH2Clz (5 mL, 0.023 M) were added NaHCOs (38.0 mg, 0.452 mmol) and Dess—
Martin periodinane (96.1 mg, 0.223 mmol) at 25 °C. After stirred for 1 h, the reaction
mixture was quenched with saturated aqueous Na25:0s solution and saturated aqueous
NaHCO:s solution, and the resulting mixture was stirred vigorously for 1 h. The layers
were separated, and the aqueous layer was extracted with CH2CL2 (1 x 10 mL). The
combined organic layers were dried over anhydrous Na:5Os and concentrated in vacuo.
The residue was purified by column chromatography (silica gel, hexanes/EtOAc, 10/1) to
afford aldehyde 3.40a as a colorless oil (29.1 mg, 97%). [y-Pyrone Addition] To a cooled
(78 °C) solution of bromo-y-pyrone 3.37 (134.2 mg, 0.580 mmol) in THF (5 mL) was
added dropwise n-BuLi (0.36 mL, 1.6 M in hexanes, 0.576 mmol), and the resulting
mixture was stirred for 5 min at the same temperature. To this solution was added

aldehyde 3.40a (29.1 mg, 0.106 mmol) in THF (2 mL, 0.053 M). The reaction mixture was
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stirred at the same temperature for 30 min, quenched with saturated aqueous NH:Cl
solution, and diluted with EtOAc. The layers were separated, and the aqueous layer was
extracted with EtOAc (2 x 10 mL). The combined organic layers were dried over
anhydrous Na:SOs and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, hexanes/EtOAc, 2/1) to afford alcohols 3.44a as colorless oils
(32.7 mg, 68%): IR (neat) 3271, 2954, 2873, 1665, 1573, 1466, 1425, 1378, 1321, 1185, 1152,

1100, 1034, 990 cm~!; HRMS (FAB) found 429.2640 [calcd for C26Hs7Os (M+H)* 429.2141].

Two diastereomeric alcohols 3.44b as a colorless oil (52.3 mg, 82%): [For Less Polar
Alcohol] R¢ 0.38 (hexanes/EtOAc, 1/2); [a]?'p = -18.3 (c 0.64, CHCls); '"H NMR (400 MHz,
CDCls) © 5.92 (ddd, ] = 16.8, 10.0, 6.8 Hz, 1 H), 5.19 (dd, | = 17.2, 1.2 Hz, 1 H), 5.00-5.09
(m, 3 H), 4.76 (s, 1 H), 449 (ddd, | =7.6, 7.2, 7.2 Hz, 1 H), 4.46 (s, 1 H), 3.95 (s, 3 H), 3.30
(dd, J=11.6,2.8 Hz, 1 H), 2.50 (ddd, ] = 13.2, 13.2, 6.0 Hz, 1 H), 2.31 (dd, ] = 13.2,3.6 Hz, 1
H), 2.26 (s, 3 H), 2.11 (dd, ] =12.8, 3.2 Hz, 1 H), 2.05 (d, ] =5.2 Hz, 1 H), 1.93 (dd, ] = 11.2,
6.8 Hz, 1 H), 1.87 (s, 3 H), 1.53-1.81 (m, 4 H), 1.49 (br s, 1 H), 1.35 (dd, ] = 10.4, 10.0 Hz, 1

H), 1.17-1.26 (m, 1 H), 0.91 (s, 3 H), 0.84 (s, 3 H); *C NMR (100 MHz, CDCls) 5 181.6,
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160.5, 155.6, 147.3, 139.8, 119.5, 114.1, 112.6, 105.5, 86.0, 78.3, 66.9, 61.8, 55.6, 47.8, 45.3,
45.2,38.7,34.5, 33.7, 24.9, 24.5, 22.5, 16.9, 15.7, 9.6; HRMS (FAB) found 429.2646 [calcd for
Ca6H37Os (M+H)* 429.2641]. [For More Polar Alcohol] Rt 0.31 (hexanes/EtOAc, 1/2);
[a]¥7p = —47.7 (c 0.82, CHCL); "H NMR (400 MHz, CDCls) o 5.94 (ddd, | = 16.8, 10.4, 6.8
Hz, 1 H), 5.21 (d, J=16.8 Hz, 1 H), 5.05 (d, ] =10.0 Hz, 1 H), 4.97 (d, ] = 8.4 Hz, 1 H), 4.51
(ddd, ] = 8.0, 6.8, 6.8 Hz, 1 H), 4.45 (s, 2 H), 3.93 (s, 3 H), 3.33 (dd, ] = 12.0, 2.8 Hz, 1 H),
2.54 (d, ] =8.4 Hz, 1 H), 2.24-2.30 (m, 1 H), 2.24 (s, 3 H), 1.92-2.06 (m, 3 H), 1.85 (s, 3 H),
1.80-1.88 (m, 2 H), 1.19-1.69 (m, 6 H), 0.96 (s, 3 H), 0.86 (s, 3 H); *C NMR (100 MHz,
CDCls) o 181.6, 160.8, 155.8, 147.7, 139.9, 119.4, 113.9, 111.0, 105.4, 86.2, 78.0, 67.0, 63.9,
55.5, 48.2, 46.1, 45.1, 39.0, 35.9, 32.2, 25.2, 24.8, 22.5, 16.9, 15.7, 9.5; HRMS (FAB) found

429.2630 [calcd for CasHs7Os (M+H)* 429.2641].

s e A

O]

H : i
= 1+~ ° NaHVDS O  ABN :
CS,, THF (n-Bu)sSnH
-78°C,1h toluene -
H ! SMe =
o;:%o

reflux,2h  MeQ

MeQO = MeO
OH then Mel, 0.5 h O—<
— S 65% for
o =0 0 2 steps

3.44a 3.45a

[Methyl Xanthate Formation] To a cooled (-78 °C) solution of alcohols 3.44a (32.7 mg,
0.0763 mmol) was added CS: (0.046 mL, 0.763 mmol) in THF (5 mL, 0.0153 M), and the
resulting mixture was stirred at the same temperature for 10 min. To this solution was

added NaHMDS (0.38 mL, 0.2 M in THF, 0.76 mmol) dropwise at =78 °C. The resulting
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mixture was stirred for 1 h at the same temperature, and excess Mel was added in one
portion. After stirred for 30 min at the same temperature, the reaction mixture was
quenched with saturated aqueous NHiCl solution and diluted with EtOAc. The layers
were separated, and the aqueous layer was extracted with EtOAc (2 x 10 mL). The
combined organic layers were dried over anhydrous Na:SO: and concentrated in vacuo.
The residue was filtrated by column chromatography (silica gel, hexanes/EtOAc, 2/1) to
afford the crude xanthates as colorless oils. [Barton-McCombie Radical
Deoxygenation] To a solution of xanthates in toluene (1 mL) were added AIBN and (n-
Bu)sSnH. The resulting mixture was cooled to 0 °C, degassed, and refilled with argon
three times. The reaction mixture was refluxed for 2 h, cooled to 25 °C, and concentrated
in wvacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 2/1) to afford 3.45a as a colorless 0il (20.6 mg, 65% for two steps): R¢ 0.32
(hexanes/EtOAc, 1/1); [a]*?p = -60.6 (c 0.36, CHCls); '"H NMR (400 MHz, CDCls) d 5.98
(ddd, ] =16.8, 104, 6.4 Hz, 1 H), 5.22 (d, ] =17.2 Hz, 1 H), 5.07 (d, ] = 10.4 Hz, 1 H), 4.51
(s, 1 H), 4.404. 45 (m, 1 H), 4.21 (s, 1 H), 3.85 (s, 3 H), 3.15 (dd, ] = 12.4, 2.8 Hz, 1 H), 2.65
(dd, J=12.8, 3.2 Hz, 1 H), 249 (dd, ] =12.4, 12.4 Hz, 1 H), 243 (br dd, ] =124, 12.4 Hz, 1
H), 2.24 (s, 3 H), 2.09 (br d, ] = 13.2 Hz, 1 H), 1.85-1.97 (m, 3 H), 1.90 (s, 3 H), 1.79 (ddd, ]
=11.2, 11.2, 11.2 Hz, 2 H), 1.57-1.62 (m, 2 H), 1.38-1.47 (m, 2 H), 0.94 (s, 3 H), 0.82 (s, 3

H); C NMR (100 MHz, CDCL) o 180.3, 162.8, 154.9, 148.5, 140.1, 118.6, 115.0, 109.6,
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103.1, 87.6, 78.4, 55.9, 55.3, 46.9, 45.2, 44.3, 38.5, 34.7, 30.5, 25.1, 24.4, 22.3, 20.0, 16.94,

16.89, 10.0; IR (neat) 2940, 2870, 1700, 1457, 1429, 1266, 1246, 1115, 974, 929 cm-.

3.45b
For 3.45b: A colorless oil (17.2 mg, 83% for two steps): Rt 0.39 (hexanes/EtOAc, 1/1);
[a]*% = -54.6 (¢ 0.43, CHCl5); 'H NMR (400 MHz, CDCls) 9 5.93 (ddd, ] = 16.8, 10.0, 6.8
Hz, 1 H),5.21 (d, ]=16.8 Hz, 1 H), 5.05 (d, ] = 10.0 Hz, 1 H), 4.48-4.54 (m, 1 H), 4.52 (s, 1
H), 4.21 (s, 1 H), 3.85 (s, 3 H), 3.24 (dd, ] = 124, 3.6 Hz, 1 H), 2.65 (dd, ] =124, 3.6 Hz, 1
H), 2.49 (dd, ] =12.0, 12.0 Hz, 1 H), 2.39-2.43 (m, 1 H), 2.24 (s, 3H), 2.10 (d, ] =12.0 Hz, 1
H), 1.85-1.99 (m, 4 H), 1.90 (s, 3 H), 1.57-1.73 (m, 3 H), 1.25-1.45 (m, 3 H), 0.94 (s, 3 H),
0.86 (s, 3 H); *C NMR (100 MHz, CDCls) d 180.3, 162.8, 154.9, 148.5, 139.9, 118.6, 114.0,
109.7, 103.1, 86.4, 78.2, 55.8, 55.3, 47.8, 45.1, 44.8, 38.3, 34.7, 30.5, 25.0, 24.3, 22.5, 20.0, 16.9,
15.6, 10.0; IR (neat) 2924, 2858, 1670, 1599, 1459, 1417, 1375, 1318, 1149, 1111, 988 cm;

HRMS (FAB) found 413.2691 [calcd for CasHs7Os (M+H)* 413.2692].
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To a cooled (-78 °C) solution of alkene 3.45a (20.6 mg, 0.0499 mmol) in 2-
methylpropene/CH:Cl2 (2:1, total 3 mL, 0.017M) was added Grubbs’ second-generation
catalyst (2.1 mg, 0.0025 mmol). The resulting mixture was refluxed for 12 h. An addition
of Grubbs’ second-generation catalyst (2.1 mg, 0.0025 mmol) was repeated twice every
12 h. The reaction mixture was cooled to —78 °C and concentrated in vacuo. The residue
was purified by column chromatography (silica gel; hexanes/EtOAc, 4/1 to 2/1) to afford
alkene 3.46a as a colorless oil (22.0 mg, 79%): R¢ 0.32 (hexanes/EtOAc, 1/1); [a]**®p = -55.6
(c 0.22, CHCls); 'H NMR (400 MHz, CDCls) 9 5.35 (d, ] = 8.8 Hz, 1 H), 4.67 (ddd, ] = 10.0,
10.0, 3.2 Hz, 1 H), 4.51 (s, 1 H), 4.20 (s, 1 H), 3.85 (s, 3 H), 3.09 (dd, ] = 12.0, 3.2 Hz, 1 H),
2.65 (dd, J=12.8,3.6 Hz, 1 H), 2.49 (dd, | =12.4, 11.6 Hz, 1 H), 2.41 (br d, ] =12.4 Hz, 1 H),
2.24 (s, 3H), 2.09 (d, ] =14.0 Hz, 1 H), 1.94 (dd, | = 11.6, 3.2 Hz, 1 H), 1.89 (s, 3 H), 1.75-
1.88 (m, 3 H), 1.71 (s, 3 H), 1.69 (s, 3 H), 1.55-1.74 (m, 3 H), 1.43 (d, ] =11.2 Hz, 1 H), 1.42
(d, J=12.4 Hz, 1 H), 0.94 (s, 3 H), 0.85 (s, 3 H); *C NMR (100 MHz, CDCls) d 180.3, 162.9,
154.9, 148.6, 135.4, 127.4, 118.6, 109.6, 103.2, 87.3, 74.1, 56.0, 55.3, 47.9, 45.3, 44.5, 38.5, 34.7,

30.6, 25.7, 25.1, 24.5, 22.4, 20.0, 18.1, 17.02, 16.94, 10.0; IR (neat) 2925, 2866, 1668, 1596,
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1457, 1437, 1417, 1374, 1318, 1252, 1115, 988 cm'; HRMS (FAB) found 441.2996 [calcd for

CasHs1Os (M+H)* 441.3005].

3.46b
For 3.46b: A colorless oil (29.2 mg, 83%): Rt 0.39 (hexanes/EtOAc, 1/1); [a]**®p = -55.6 (¢
0.22, CHCLs); 'H NMR (400 MHz, CDCL) & 5.33 (d, ] = 8.0 Hz, 1 H), 4.80 (ddd, ] = 8.8, 8.8,
8.0 Hz, 1 H), 4.51 (s, 1 H), 4.21 (s, 1 H), 3.85 (s, 3 H), 3.25 (dd, ] = 12.4, 3.6 Hz, 1 H), 2.65
(dd, J=12.8, 3.2 Hz, 1 H), 2.49 (dd, ] = 12.0, 12.0 Hz, 1 H), 2.41 (br d, ] = 12.8 Hz, 1 H), 2.24
(s, 3 H), 2.10 (d, ] = 12.8 Hz, 1 H), 1.84-1.99 (m, 4 H), 1.90 (s, 3 H), 1.73 (s, 3 H), 1.69 (s, 3
H), 1.56-1.71 (m, 3 H), 1.44 (d, ] = 2.8 Hz, 1 H), 1.41 (ddd, ] = 3.2, 3.2, 3.2 Hz, 1 H), 1.25
(dd, J = 10.8, 10.8 Hz, 1 H), 0.94 (s, 3 H), 0.87 (s, 3 H); *C NMR (100 MHz, CDCls)  180.3,
162.9, 154.9, 148.6, 134.6, 127.0, 118.6, 109.6, 103.2, 86.0, 73.7, 55.8, 55.3, 48.5, 45.0, 44.8,
38.4, 34.7, 30.5, 25.9, 25.0, 24.3, 22.6, 20.0, 17.9, 16.9, 15.7, 10.0; IR (neat) 2924, 2865, 1670,
1600, 1456, 1416, 1376, 1318, 1252, 1149, 1109, 987, 882 cm~'; HRMS (FAB) found 441.3001

[caled for CasHarOs (M+H)* 441.3005].
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3.46a 3.1a (12S) subglutinol A

To a stirred solution of 3.46a (8.1 mg, 0.0184 mmol) in THF/MeOH (2/1, total 1.5 mL,
0.012 M) was added 2 N NaOH (0.5 mL, 1 mmol) at 25 °C. The resulting mixture was
refluxed for 8 h, cooled to 25 °C, neutralized with saturated aqueous NHiCl, and diluted
with EtOAc. The layers were separated, and the aqueous layer was extracted with
EtOAc (2 x 10 mL). The combined organic layers were dried over anhydrous Na:SOs and
concentrated in vacuo. The residue was purified by column chromatography (silica gel,
EtOAc¢/MeOH, 10/1) to afford (-)-subglutinol A (3.1a) as a white solid (6.2 mg, 80%)
whose spectral data is identical to those of natural material: [a]*% = -59.5 (¢ 0.12,
MeOH), nat. [a]®% = -58.7 (¢ 0.027, MeOH); HRMS (FAB) found 427.2836 [calcd for
CorH39Os (M+H)* 427.2848]. For (-)-subglutinol B (3.1b) as a white solid (9.8 mg, 96%)
whose spectra data is identical to those of natural material: [a]*%p = -73.3 (c 0.11,

MeOH), nat. [a]®% = -75.0 (¢ 0.288, MeOH).
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[Phosphate addition] To a cooled (0 °C) solution of alcohol 3.14a (297.3 mg, 1.133 mmol)
in CH2CL: (3 mL, 0.38 M) were added Et3N (0.316 mL, 2.266 mmol), DMAP (13.8 mg,
0.1133 mmol), and diethylchlorophosphate (0.164 mL, 1.133 mmol). The resulting
mixture was allowed to warm to 25 °C with stirring for 30 min before quenched with
saturated aqueous NaHCO:s (0.05 mL) and diluted hexanes. The resulting crude mixture
was purified directly by column chromatography (silica gel, hexanes/EtOAc, 1/2) to
afford phosphate 3.47a (413.2 mg, 92%) as a colorless oil: Rt 0.45 (hexanes/EtOAc, 1/2);
[a]?3p = -0.66 (c 1.37, CHCl5); 'H NMR (400 MHz, CDCls) 0 5.96 (ddd, ] = 17.2, 10.4, 6.8
Hz, 1 H), 5.50 (s, 1 H), 5.20 (dd, ] =17.2, 1.2 Hz, 1 H), 5.05 (dd, ] =10.4, 1.2 Hz, 1 H), 4.38—
4.44 (m, 1 H), 4.23-4.34 (m, 2 H), 4.04-4.12 (m, 4 H), 3.10 (dd, ] = 11.6, 3.6 Hz, 1 H), 2.01-
2.17 (m, 2 H), 1.83 (dddd, ] =12.0, 3.6, 3.6, 3.6 Hz, 1 H), 1.65-1.78 (m, 3 H), 1.51-1.62 (m, 3
H), 1.31 (dd, J=7.2, 7.2 Hz, 6 H), 1.24-1.29 (m, 2 H), 0.95 (s, 3 H), 0.82 (s, 3 H); *C NMR
(100 MHz, CDCls) d 139.9, 138.8, 129.41, 129.34, 115.0, 87.7, 78.5, 71.56, 71.51, 63.60, 63.55,
499, 46.0, 44.1, 37.8, 35.4, 26.4, 23.0, 22.2, 20.3, 16.21, 16.13, 16.06; IR (neat) 2989, 2935,
1458, 1370, 1264, 1034, 988, 752 cm~'; HRMS (EI) found 398.2220 [calcd for Ca1Hs0sP (M)*

398.2222].
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For 3.47b: A colorless oil (191.8 mg, 97%): Rt 0.45 (hexanes/EtOAc, 1/2); [«]*% = -10.9 (c
1.00, CHCL); 'H NMR (400 MHz, CDCls) 6 5.85 (ddd, =172, 10.4, 6.8 Hz, 1 H), 548 (s, 1
H), 5.15(ddd, =172, 1.6, 1.6 Hz, 1 H), 4.99 (ddd, ] =10.4, 1.6, 1.6 Hz, 1 H), 4.49 (ddd, ] =
8.4,8.4,6.8Hz 1H),4.23-4.32 (m, 2 H), 4.014.09 (m, 4 H), 3.16 (dd, ] =12.8, 3.2 Hz, 1 H),
1.97-2.15 (m, 2 H), 1.90 (dd, ] = 11.2, 6.8 Hz, 1 H), 1.79 (dddd, ] = 12.4, 3.6, 3.6, 2.8 Hz, 1
H), 1.50-1.75 (m, 6 H), 1.28 (dd, ] = 6.8, 6.8 Hz, 6 H), 1.24-1.29 (m, 1 H), 0.92 (s, 3 H), 0.84
(s, 3 H); ®C NMR (100 MHz, CDCls) d 139.5, 138.6, 129.39, 129.32, 113.9, 86.3, 78.1, 71.46,
71.41, 63.52, 63.46, 49.4, 46.9, 44.9, 37.7, 35.3, 26.3, 22.9, 22.3, 20.2, 16.06, 15.99, 15.0; IR
(neat) 2932, 1457, 1372, 1263, 1025, 979 cm™; HRMS (EI) found 398.2216 [calcd for

C2iH305P (M) 398.2222].

e WA .

‘,(: S H : 5 5
H: b Cul-LiCl
' Et,O, THF .
25°C,0.5h :
B ——
L
I 3.47a o’ o o” o
0 \__/ 3.48a \__/ 3.48a*
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[Cu(I)-Mediated Sn2" Reaction] To a yellowish green solution of Cul-2LiCl (2.44 mL,
0.5 M in THF, 1.22 mmol) was added Et.O (10 mL). The resulting mixture was stirred at
25 °C for 10 min before Grignard reagent (2.44 mL, 0.5 M in THF, 1.22 mmol) was added
dropwise. The resulting dark green solution was stirred until turned to dark black, then
phosphate 3.47a (121.4 mg, 0.305 mmol) in EtO (5 mL) was added dropwise. The
reaction mixture was stirred at the same temperature for 30 min before quenched with
saturated aqueous NH4Cl and NH4OH and diluted with Et:O. The resulting cloudy
solution was stirred vigorously until the aqueous layer turned to clean light blue. The
layers were separated, and the aqueous layer was extracted with Et2O. The combined
organic layers were washed with brine, dried over anhydrous Na25SOs, and concentrated
in vacuo to afford a ~5:1 mixture of Sn2'-adduct 3.48a and Sn2-adduct 3.48a* which was
purified by column chromatography (silica gel, hexanes/EtOAc, 10/1) to afford Sn2'-
adduct 3.48a (67.8 mg, 64%) and Sn2-adduct 3.48a* (12.8 mg, 12%) as colorless oils: [For
Sn2’-Adduct 3.48a] Rt 0.32 (hexanes/EtOAc, 6/1); [a]**p = —44.5 (c 0.17, CHCls); '"H NMR
(400 MHz, CDCls) 6 5.95 (ddd, ] =17.2,10.4, 6.8 Hz, 1 H), 5.21 (ddd, =172, 1.6, 1.6 Hz, 1
H), 5.05 (ddd, ] =10.4, 1.6, 1.6 Hz, 1 H), 4.82 (dd, ] =4.4, 44 Hz, 1 H), 4.69 (dd, ] =2.0, 2.0
Hz, 1 H), 4.54 (dd, ] =2.0, 2.0 Hz, 1 H), 4.36-4.42 (m, 1 H), 3.81-3.97 (m, 4 H), 3.08 (dd, ] =
11.6, 3.6 Hz, 1 H), 2.15 (ddd, ] = 13.6, 5.2, 1.6 Hz, 1 H), 2.08 (ddd, | = 13.6, 13.6, 5.6 Hz, 1
H), 1.36-1.85 (m, 13 H), 1.21 (dd, ] = 10.0, 2.8 Hz, 1 H), 0.93 (s, 3 H), 0.79 (d, ] = 0.8 Hz, 1

H); C NMR (100 MHz, CDCls) o 147.7, 140.0, 115.0, 110.6, 104.7, 87.5, 78.3, 64.8, 58.1,
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46.8, 45.3, 44.2, 38.4, 34.8, 32.5, 30.5, 25.0, 24.6, 22.3, 20.6, 16.8; HRMS (EI) found 346.2511
[calcd for C2H3Os (M)* 346.2508]. [For Sn2-Adduct 3.48a*] R¢ 0.42 (hexanes/EtOAc, 1/2);
H NMR (400 MHz, CDCls) 8 5.98 (ddd, ] =17.2, 104, 6.4 Hz, 1 H), 5.21 (ddd, ] =17.2, 1.6,
1.6 Hz, 1 H), 5.16 (s, 1 H), 5.06 (ddd, ] =10.4, 1.6, 1.6 Hz, 1 H), 4.83 (dd, ] = 4.8, 4.8 Hz, 1
H), 4.39-4.44 (m, 1 H), 3.81-3.97 (m, 4 H), 3.12 (dd, ] =12.0, 3.6 Hz, 1 H), 1.98 (dd, ] = 8.8,
52Hz 2H),1.89(dd, J=7.2,7.2 Hz, 2 H), 1.81 (dddd, ] = 11.2, 3.6, 3.6, 3.6 Hz, 1 H), 1.65-
1.77 (m, 3 H), 1.44-1.63 (m, 7 H), 1.26 (ddd, ] = 12.8, 12.8, 4.0 Hz, 1 H), 1.24 (dd, ] = 13.2,
2.4 Hz, 1 H), 092 (s, 3 H), 0.82 (d, ] = 1.2 Hz, 3 H); ®C NMR (100 MHz, CDCls) d 140.1,
134.6, 133.1, 114.9, 104.5, 87.9, 78.5, 64.8, 50.3, 46.1, 44.2, 38.5, 36.9, 35.4, 33.4, 29.1, 23.5,

22.4,22.2,20.9, 16.2.

~

~

:”\\ :/<
iHi 0 90
Y +
o O o O
\_/ 3.48b / 3.48b*

For 3.48b: A 5:1 mixture of Sn2'-adduct 3.48b and Sx2-adduct 3.48b* was purified by
column chromatography (silica gel, hexanes/EtOAc, 10/1) to afford Sx2’-adduct 3.48b
(34.5 mg, 80%) and Sn2- adduct 3.48b* (6.7 mg, 15%) as colorless oils: [For Sn2’-Adduct
3.48b] R¢ 0.39 (hexanes/EtOAc, 6/1); [a]*% = -39.4 (c 1.00, CHCls); 'H NMR (400 MHz,

CDCls) 0 5.88 (ddd, | =16.2, 104, 6.8 Hz, 1 H), 5.19 (ddd, ] =17.2, 2.0, 2.0 Hz, 1 H), 5.04
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(ddd, J=10.4, 1.2, 1.2 Hz, 1 H), 4.81 (dd, ] = 4.4, 44 Hz, 1 H), 4.69 (dd, ] = 2.4, 2.4 Hz, 1 H),
454 (dd, ] =2.0, 2.0 Hz, 1 H), 4.48 (ddd, ] = 8.4, 6.8, 6.8 Hz, 1 H), 3.80-3.97 (m, 4 H), 3.16
(dd, J = 11.6, 3.6 Hz, 1 H), 2.15 (ddd, ] = 13.6, 4.8, 2.0 Hz, 1 H), 2.02-2.11 (m, 1 H), 1.90
(dd, J=11.2, 6.8 Hz, 1 H), 1.78-1.83 (m, 1 H), 1.50-1.75 (m, 6 H), 1.37-1.48 (m, 4 H), 1.18-
1.27 (m, 2 H), 0.93 (s, 3 H), 0.83 (d, ] = 0.8 Hz, 1 H); 3C NMR (100 MHz, CDCL) d 147.6,
139.8, 113.9, 110.6, 104.7, 86.1, 78.1, 64.8, 58.0, 47.7, 44.96, 44.85, 38.3, 34.7, 32.5, 30.5, 25.0,
24.5,22.4,20.6, 15.5; IR (neat) 2933, 1730 cm-; HRMS (EI) found 346.2513 [calcd for
C22H3:05 (M)* 346.2508]. [For Sx2-Adduct 3.48b*] Rf 0.45 (hexanes/EtOAc, 1/2); '"H NMR
(400 MHz, CDCls) 6 5.89 (ddd, [ =17.2, 10.4, 6.8 Hz, 1 H), 5.20 (ddd, J]=17.2, 1.2, 1.2 Hz, 1
H), 5.15 (s, 1 H), 5.02 (ddd, ] = 104, 1.2, 1.2 Hz, 1 H), 4.82 (dd, ] = 4.8, 4.8 Hz, 1 H), 4.52
(ddd, ] = 8.4, 6.8, 6.8 Hz, 1 H), 3.80-4.00 (m, 4 H), 3.20 (dd, ] = 12.0, 3.2 Hz, 1 H), 1.86-1.99
(m, 5 H), 1.19-1.29 (m, 3 H), 0.92 (s, 3 H), 0.85 (d, ] = 1.2 Hz, 3 H); *C NMR (100 MHz,
CDCls) 0 139.8, 134.6, 133.1, 113.9, 104.5, 86.6, 78.2, 64.8, 49.9, 47.1, 45.0, 38.4, 36.9, 35.3,

33.3,29.0, 23.5, 22.5, 22.2, 20.8, 15.1.

1. Jones' reagent
acetone, 25 °C, 0.5 h ’(:
2. Mel, K,CO3, DMF H S

e
: 25 °C, 2 h, then NaOMe = 0
m MeOH,25°C,1h
: 34% for 2 steps -

L Come

O O©°
\/ 3.49a

3.48a
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[One-Pot Deketalization/Oxidation] To a solution of dioxolane 3.48a (52.4 mg, 0.151
mmol) in acetone (0.076 M, 2 mL) was added dropwise Jones’ reagent (0.28 mL, 2.67 M
in H20, 0.73 mmol) at 25 °C. The resulting red solution was stirred for 30 min, quenched
with i-PrOH (0.1 mL), and diluted with H2O (5 mL) and EtOAc (20 mL). The layers were
separated, and the aqueous layer was extracted with EtOAc. The combined organic
layers were washed with brine, dried over anhydrous Na:SOs, and concentrated in vacuo
to afford the crude acid which was employed in the next step without purification.
[Esterification] To the crude acid in DMF (1 mL) was added KoCOs (208.7 mg, 1.51
mmol) at 25 °C. The resulting mixture was stirred for 10 min at the same temperature
before Mel (0.094 mL, 1.51 mmol) was added dropwise. The reaction mixture was stirred
for 2 h at 25 °C and diluted with MeOH (4 mL). NaOMe (78.3 mg, 1.45 mmol) was
added, and the resulting mixture was stirred vigorously for 1 h before quenched with
saturated aqueous NHiCl and diluted with EtOAc. The layers were separated, and the
aqueous layer was extracted with EtOAc. The combined organic layers were washed
with brine, and dried over anhydrous Na:SOs, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, hexanes/EtOAc, 10/1) to afford
methyl ester 3.49a (17.3 mg, 34% for two steps, 44% BRSM) as a colorless oil: R¢ 0.42
(hexanes/EtOAc, 6/1); [a]**%p = —29.8 (c 0.58, CHCls); 'H NMR (400 MHz, CDCls) d 5.96
(ddd, J=17.2,10.4, 6.4 Hz, 1 H), 5.21 (ddd, | =17.2, 1.6, 1.6 Hz, 1 H), 5.06 (ddd, ] =10.4,

1.6, 1.6 Hz, 1 H), 4.72 (dd, | = 2.0, 2.0 Hz, 1 H), 4.54 (dd, ] =2.0, 2.0 Hz, 1 H), 4.38-4.44 (m,
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1 H), 3.64 (s, 3 H), 3.09 (dd, ] = 11.2, 3.2 Hz, 1H), 2.04-2.27 (m, 4 H), 1.38-1.94 (m, 11 H),
1.23 (dd, ] = 9.6, 2.8 Hz, 1 H), 0.94 (s, 3 H), 0.80 (s, 3 H); *C NMR (100 MHz, CDClL) &
174.4, 147.3, 139.9, 115.0, 111.1, 87.4, 78.3, 57.6, 51.4, 46.8, 45.3, 44.2, 38.4, 34.7, 32.6, 30.5,

25.0, 24.5, 22.3, 21.6, 16.8; HRMS (EI) found 332.2346 [calcd for C21H30s (M)* 332.2351].

~—

:/;\\
H: o

COzMe
3.49b

For 3.49b: A colorless oil (21.4 mg, 45% for two steps, 57% BRSM): R¢ 0.45
(hexanes/EtOAc, 6/1); [a]**% = -12.5 (¢ 0.37, CHCLs); 'H NMR (400 MHz, CDCls) d 5.90
(ddd, J =16.8, 10.0, 6.4 Hz, 1 H), 5.20 (d, ] = 16.8 Hz, 1 H), 5.06 (d, ] = 10.0 Hz, 1 H), 4.73
(dd, J=2.0,2.0 Hz, 1 H), 4.54 (dd, ] =2.0, 2.0 Hz, 1 H), 4.50 (ddd, ] = 8.4, 6.8, 6.8 Hz, 1 H),
3.65 (s, 3 H), 3.18 (dd, ] = 11.6, 3.6 Hz, 1 H), 2.04-2.27 (m, 4 H), 1.81-1.94 (m, 3 H), 1.54—
1.74 (m, 5 H), 1.39-1.48 (m, H), 1.21-1.28 (m, 2 H), 0.94 (s, 3 H), 0.84 (s, 3 H); ¥C NMR
(100 MHz, CDCl) d 174.4, 147.3, 139.7, 114.0, 111.1, 86.1, 78.1, 57.5, 51.5, 47.7, 44.9, 38.3,
34.7, 32.6, 30.4, 24.9, 24.4, 22.4, 21.6, 15.6; IR (neat) 2930, 1736 cm™'; HRMS (EI) found

332.2360 [calcd for C21H»Os (M)* 332.2351].
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[Cross-metathesis] To a cooled (-78 °C) solution of alkene 3.49a (34.8 mg, 0.105 mmol) in
2-methylpropene/CH:Cl> (1:1, total 4 mL, 0.026 M) was added Grubbs’ second-
generation catalyst (4.5 mg, 0.005 mmol). The resulting mixture was refluxed for 24
hours. An addition of Grubbs’ second-generation catalyst (4.5 mg, 0.005 mmol) was
repeated two times every 24 hours. The reaction mixture was cooled to —78 °C and
concentrated in vacuo, and the residue was purified by column chromatography (silica
gel; hexanes/EtOAc, 4/1 to 2/1) to afford alkene 3.50a as a colorless oil (34.3 mg, 91%): R¢
0.42 (hexanes/EtOAc, 6/1); [a]*% = -31.9 (c 0.57, CHCls); 'H NMR (400 MHz, CDCls) o
5.33 (ddd, J=8.8,1.2,1.2 Hz, 1 H), 471 (dd, ] =2.0, 2.0, Hz, 1 H), 4.64 (ddd, ] =9.6, 9.6, 3.6
Hz, 1 H), 4.53 (dd, ] =1.6, 1.6 Hz, 1 H), 3.64 (s, 3 H), 3.03 (dd, ] = 11.2, 3.2 Hz, 1 H), 2.02—
2.26 (m, 4 H), 1.52-1.93 (m, 9 H), 1.69 (s, 3 H), 1.68 (d, ] =1.2 Hz, 3 H), 1.53-1.71 (m, 5 H),
1.39-1.49 (m, 2 H), 1.67-1.25 (m, 2 H), 0.94 (s, 3 H), 0.85 (d, ] = 0.8 Hz, 3 H); *C NMR (100
MHz, CDCls) o 174.4, 147.3, 135.4, 127.2, 111.0, 87.1, 74.1, 57.6, 51.4, 47.8, 45.4, 44.4, 38.4,
34.7, 32.6, 30.5, 25.7, 25.0, 24.5, 22.3, 21.6, 18.1, 16.9; HRMS (EI) found 360.2653 [calcd for

C2sH360s (M)* 360.2664].
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For 3.50b: A colorless oil (36.4 mg, 85%): Rt 0.45 (hexanes/EtOAc, 6/1); [a]*?p = -24.3 (¢
0.61, CHCLs); 'H NMR (400 MHz, CDCl3) & 5.31 (ddd, J=9.2, 1.2, 1.2 Hz, 1 H), 4.79 (ddd, |
- 8.8, 6.8, 6.8 Hz, 1 H), 4.73 (dd, ] = 2.0, 2.0 Hz, 1 H), 4.54 (dd, ] = 2.0, 2.0 Hz, 1 H), 3.65 (s,
3H),3.19 (dd, ] = 11.6, 3.6 Hz, 1 H), 2.05-2.27 (m, 4 H), 1.77-1.94 (m, 3 H), 1.73 (d,

- 1.2 Hz, 3 H), 1.67 (d, ] = 1.2 Hz, 3 H), 1.53-1.71 (m, 5 H), 1.39-1.49 (m, 2 H), 1.67-1.25
(m, 2 H), 0.94 (s, 3 H), 0.85 (d, ] = 0.8 Hz, 3 H); ®C NMR (100 MHz, CDCL) 5 174.4, 147.3,
134.7, 126.9, 111.0, 85.8, 73.7, 57.5, 51.4, 48.4, 44.99, 44.91, 38.3, 34.7, 32.6, 30.4, 25.9, 24.9,
24.4,22.5,21.6,17.9, 15.6; IR (neat) 2929, 1736 cm'; HRMS (EI) found 360.2666 [calcd for

CxHs360s3 (M)* 360.2664].
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[Aldol Reaction] To a cooled (=78 °C) solution of LDA (2 ml, 0.24 M in THF, 0.475
mmol) was added methyl ester 3.50a (34.3 mg, 0.095 mmol) in THF (1 mL, 0.010 M). The
resulting mixture was stirred for 30 min before aldehyde 3.53 (90.4 mg, 0.475 mmol) in
THF (0.5 mL, 0.95 M) was added. The reaction mixture was stirred at the same
temperature for 30 min, quenched with saturated aqueous NHiCl, and diluted with
Et20. The layers were separated, and the aqueous layer was extracted with Et:O. The
combined organic layers were washed with brine, dried over anhydrous Na:SOs, and
concentrated in vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 2/1) to afford a diastereomeric mixture of (-hydroxy esters (37.6 mg,
74%): HRMS (FAB) found 550.3149 [calcd for CasiHs00sS: (M)*550.3151]. [Dess—Martin
Oxidation] To a stirred solution of B-hydroxy ester (30.3 mg, 0.055 mmol) in CH2Cl> (4
mL, 0.014 M) were added NaHCO:s (18.5 mg, 0.22 mmol) and Dess-Martin periodinane
(35.0 mg, 0.83 mmol) at 25 °C. The reaction mixture was stirred for 1 h at the same

temperature and quenched with saturated aqueous Nax5:03 and saturated aqueous
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NaHCO:s. The layers were separated, and the aqueous layer was extracted with CH2CL.
The combined organic layers were washed with brine, dried over anhydrous Na250s,
and concentrated in vacuo. The residue was purified by column chromatography (silica
gel, hexanes/EtOAc, 3/1) to afford a mixture of B-keto esters 3.52a (21.7 mg, 72%): HRMS

(FAB) found 548.3013 [calcd for Cs1HasOaS2 (M) 548.2994].

5

MeOzC
s
@s ©

3.52b

For 3.52b: A colorless oil (19.48 mg, 92%): HRMS (FAB) found 548.2992 [calcd for

Cs1H1s04S2 (M)* 548.2994].
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3.52a

[Deketalization] To a stirred solution of dithiane 3.52a (18.4 mg, 0.0335 mmol) in
CHsCN/H20 (3:1, 2 mL, 0.017 M ) were added CaCOs (67.1 mg, 0.67 mmol) and Mel
(0.042 mL, 0.67 mmol) at 25 °C, and the reaction mixture was stirred vigorously for 24 h
at the same temperature. The reaction mixture was diluted with EtOAc and H:O. The
layers were separated, and the aqueous layer was extracted with EtOAc. The combined
organic layers were washed with brine, dried over anhydrous Na:SOs, and concentrated
in vacuo to afford the crude mixture of 2,4-diketo esters. Without further purification,
this crude mixtue of 2,4-diketo esters was used in the next step. [Pyrone-Annulation] To
a stirred solution of the crude 2,4-diketo esters in benzene (3 mL) was added DBU (0.05
mL, 0.335 mmol), and the resulting mixture was refluxed for 1 h before cooled to 25 °C.
The reaction mixture was neutralized carefully with 2 N HCl and diluted with EtOAc
and H20. The layers were separated, and the aqueous layer was extracted with EtOAc.

The combined organic layers were washed with brine, dried over anhydrous Na250s,

and concentrated in vacuo. The residue was purified by column chromatography (silica
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gel, hexanes/EtOAc, 1/1) to afford subglutinol A (3.1a) (7.6 mg, 53% for 2 steps) as a

white solid.

ST : 1. Mel, CaCO3

HT g CH4ON (3:1)
Y 25°C, 24 h
2. DBU, benzene, :
H reflux, 1 h . :
I\S/Ie020 54% for 2 steps Q
Q o d  V—oH
S — .
A 12R) subglutinol B
3.52b 3.1b (12R) subg

[Deketalization] To a stirred solution of alcohol dithiane 3.52b (19.4 mg, 0.0353 mmol)
in CHsCN/H20 (3:1, 2 mL, 0.018 M ) were added CaCOs (70.7 mg, 0.706 mmol) and Mel
(0.044 mL, 0.706 mmol) at 25 °C, and the reaction mixture was stirred vigorously for 24 h
at the same temperature. The reaction mixture was diluted with EtOAc and H:O. The
layers were separated, and the aqueous layer was extracted with EtOAc. The combined
organic layers were washed with brine, dried over anhydrous Na:SOs, and concentrated
in vacuo to afford the crude mixture of 2,4-diketo esters. Without further purification,
this crude mixture of 2,4-diketo esters was used in the next step. [Pyrone-Annulation]
To a stirred solution of the crude 2,4-diketo esters in benzene (3 mL) was added DBU
(0.053 mL, 0.353 mmol), and the resulting mixture was refluxed for 1 h before cooled to
25 °C. The reaction mixture was neutralized carefully with 2 N HCl and diluted with

EtOAc and H:O. The layers were separated, and the aqueous layer was extracted with
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EtOAc. The combined organic layers were washed with brine, dried over anhydrous
Na:50s, and concentrated in vacuo. The residue was purified by column chromatography
(silica gel, hexanes/EtOAc, 1/1) to afford subglutinol B (3.1b) (8.1 mg, 54% for 2 steps) as

a white solid.
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