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Enantioenriched Allylated Chromenes
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Described herein is the total synthesis of neopeéand eleven analogs with modifications to
its macrolactone and side chain. Preliminary bimlalgassays showed neopeltolide and its
analogs are not general cytotoxins as demonstratechotable cell line selectivity. The
introduction of different polar groups to the mdaotone at C8 and C9 positions is tolerated to
variable extent, while alternations to the sideirlgenerally lead to significantly diminished
potency with the exception of using a furan ringdplace the oxazole ring. Experimental data

also indicated p53 to play an auxiliary role in tpetent antiproliferative activity of these

compounds.
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DDQ mediated oxidative C-H bond cleavage has bestabkshed as an effective and
stereoselective method to prepare sulfur contaisirgor five- member rings. The moieties for
generating thiocarbenium ions are unsaturateddadgdfincluding allyl sulfides and preferably

vinyl sulfides, while the appended nucleophileslude enol acetates, enol carbamates and



allylsilanes. Most cyclization reactions rapidlyfaafl sulfur containingheterocycles with high
stereocontrols and in good to excellent yields undey mild conditions.
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Also described herein is an enantioselective amlditieaction that employs DDQ-mediated
carbon-hydrogen bond cleavagdd-Zhromene can undergo oxidative carbon-hydrogerd bon
cleavage and, in the presence of a chiral Brgnated, the resulting acetal intermediate is
converted to a chiral ion pair that reacts witheintolecular nucleophiles to prepare
enantiomerically enriched products. While the scobpthis process is still very limited, we were

able to conduct reactions with good enantiocordtaleasonable catalyst loadings in non-polar

©\/j (R*O),P(X)YH, PhCF3 ©\/j\/\
0 DDQ, nucleophile 0 A

R = chiral group, X=0or S, Y = O or NTf

aromatic solvents.
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1. TOTAL SYNTHESISOF NEOPELTOLIDE AND ANALOGS

1.1 INTRODUCTION

1.1.1 Discovery and Biological Activities of Neopeltolide

Secondary metabolites from marine sponges have foe to be rich sources of structurally
diverse and biological active compounds largely ttughe unique and harsh habitats of the
sponges. Among them, marine macrolides having potent cydot@roperties are especially
promising anticancer agerftdnfortunately, these macrolides are typically seaor even no
longer available. This makes further investigatadrntheir mechanism of action and structure-
activity relationship difficult, and hinders thgiotential growth into important lead compounds.
Total synthesis of these macrolides and their @salre thus indispensable for research in

cancer research community.

In 2007, Wright and co-workers isolated a new migadeodesignated as neopeltoli(iel) from
the deep-water spondaedalopelta belonging to the familyNeopeltidae off the north Jamaican
coast (Figure 1.13.It is a 14-membered macrolide featuring a tri-silted 2,6eis-
tetrahydropyran ring and a highly unsaturated obeazontaining side chain at C5-position,

which is identical to what was found in leucascatide A 1.3.% However, the structuré.l



originally proposed by Wright based on spectroscaudies contained several stereochemical
misassignmentsyhich were later corrected to be struct2zby Panef? and Scheidf through

their independent work in total synthesis.

OMe

Neopeltolide structure Neopeltolide structure
originally proposed by Wright revised by Panek and Scheit

Leucascandrolide A

Figure 1.1 Structures of neopeltolide and leucascandrolide A.

Neopeltolide was found to be an extremely poterint@gainst a series of tumor cell lines,
including P388 murine leukemia, A-549 human lungrastarcinoma, and NCI-ADR-RES
(formerly MCF7/ADR) human ovarian sarcoma {dCvalues of 0.56, 1.2, and 5.1 nM,
respectively}} For PANC-1 pancreatic and DLD-1 colorectal celel, neopeltolide also showed
strong inhibitory effects but with only 50% cellatk over an extended dose range, suggesting a
cytostatic effect on these two cell lines. Addiaty, neopeltolide is a potent inhibitor of the
fungal pathogerCandida albicans (MIC value of 0.625 pg/mL in liquid culture), wimicoften
poses a severe threat to the health of AIDS patidnt comparison, the structurally more
complex leucascandrolide A showed sub-micro motdribitory potency on P388 murine

leukemia (IGo value of 0.35 uM) and comparable potency on A5 @ndCandida albicans.*

The structural overlap and similar biological aities between neopeltolide and
leucascandrolide suggest the possibility that a mom mechanism is responsible for the

2



inhibition of cellular proliferation by the two cgrounds. In 2008 Kozmin and co-workers
reported a simplified congené&r of leucascandrolide A with the removal of C12, G@éthyl
groups and C18-C19 alkene group (Figure®L.Zellular studies demonstrated this congener
and neopeltolide effectively inhibited yeast celbwgth, which was substantially enhanced by
substituting glucose with galactose or glycerolbsaquent genetic analysis of determinants of
drug sensitivity and suggested these compoundsinmdyit mitochondrial ATP synthesis, and
evaluation of the activity of the four mitochondréectron transport chain complexes in yeast

and mammalian cells revealed their principal calltarget was the cytochrorhe; complex.

NT_W removed

|
removed
NH NH
13 6] 1.4 0)

OMe OMe

Leucascandrolide A Kozmin's simplified congener

Figure 1.2 Kozmin’s design of a simplified congener.

Besides neopeltolide and leucascandrolide, otimeifesi natural macrolides of this class include
callipeltosides, lyngbouilloside’ aurisid€ and lyngbyalosid&,which contain a C-3 hemiketal
instead of an ether functionality. However, thesengounds exhibit moderate cytotoxicity in

comparison to neopeltolide and leucascandrolide.



1.1.2 Reported Syntheses of the Macrolactone

Inspired by the potent cytotoxic activities of neltplide, several elegant total and formal
synthesis have emerged since its discovery in 260 Nearly all total syntheses used a
Mitsunobu reaction to connect the macrolactonehaltand the oxazole side chain acid, while a
major difference is the manner of constructing te&ahydropyran ring (Scheme 1.1). A
common approach uses the Prins reaction or itvat@ns. Syntheses from Scheiit,ee”®®and
Yadav® employed the Prins reaction to prepare the mactmia and the tetrahydropyran in one
step. As shown in Scheme 1.1, Scheidt et al. peepidwe dioxinone compourdd7 and treated it
with Sc(OTfy to give a cyclized intermediate, which releaseel titrahydropyrond.8 upon

heating in DMSO.

Mitsunobu reaction

~OH
MeO

1.5

1) S¢(OTf)z, CaSOy,
CH4CN, 55%

2) DMSO, 130 °C, 87%

QH OMe l\=lle oTBS
nPr

Scheme 1.1 Scheidt’s synthesis of the macrolactone by Priasrocyclization reaction.



Several syntheses assembled the tetrahydropyrgnbgfore the closure of the macrolactone.
The synthesis from Parlused a triflic acid promoted [4+2] annulation nbine aldehyde
1.9 and allylsilanel.10. The following oxymercuration installed the hydybgroup at C5 with
the correct stereochemistry (Scheme 1.2). Thiseglyawas also used by Mai®tand Kozmif®

in similar ways in their syntheses of the macraaet

OTMS Me.,
j\ /\H\/OSOZMes
iPr” >0 OMe Me Sitte,Ph 10 MeO
Pr i Pr =
r TfOH, 3:1 CH,Cly/benzene .
CHO .78 °C, 75%, d.r.=10:1 OYO SO,Mes
1.9 iPr 1.11

Scheme 1.2 Panek’s synthesis of the macrolactone.

Paterson et al. utilized a hetero Diels—Alder reacto assemble the tetrahydropyran core from
siloxydienel.14 and aldehydd.13 (Scheme 1.3} The reaction proceeded as expected under
the catalysis of chiral tridentate chromium (lI8)tsl.15 to provide thecis-tetrahydropyrond.16

in 78% vyield. Two years later Oestreich designechae flexible route to prepare the linear

intermediatel.13, facilitating the synthesis of different diasteresric analogs of neopeltolid’

"Pr. OMe
\ 6]

TBSO o 10% ‘N—cCF al
: \
N 1.15

(@) \\\“O
1.13
H

=

PMBO

4A M.S., then
acidified CHClI3
| 78%
1.14

OTES

Scheme 1.3 Paterson’s synthesis of the macrolactone featuyethbtero-Diels-Alder reaction.



Fuwa reported two syntheses of the neopeltoliderofeztone in 2008 and 201%:'°™ The
reported optimized route afforded the macrolacteiea concise 12-step synthetic sequence
(Scheme 1.4). The key step, an intramolecular axgugate addition, was accomplished by
treatment ofL.17 with DBU in toluene at 100 °C to close the tet@opyran ringl.18 with a
20:1 stereoselectivity and 73% vyield, and subsefp@tefin metathesis with 30% Grubbs-II
catalyst closed the macrolactone rhg0. Similar retro-synthetic strategy was used by @&t

in a 14-step route utilizing ether transfer metdody and a radical cyclization reaction to

establish the requisite stereochemistry of thatguropyran core.

MeOZC

DBU, toluene, 100 °C

—_—

73 % (d.r. > 20:1)

Grubbs-Il (30 mol%),
1,4-benzoquinone,

—_—
toluene, 100 °C,
85 %
OBOM
1.20

Scheme 1.4 Fuwa’s synthesis of macrolactone by oxa-conjugdtdition and metathesis.

Hong finished the formal synthesis of the macraaetfeaturing a tandem allylic oxidation/oxa-
Michael reaction to form the 2@s tetrahydropyran rind.22 with a 20:1 d.r. and 78% yield

(Scheme 1.53‘.)i Roulland utilized a [CpRu(MeCWHPFs-catalyzed tandem alkyne-enal
coupling/Michael addition sequence to close theakstdropyran ring, finishing the macrolactone

in 15 steps™"



Scheme 1.5 Hong's Synthesis by a tandem allylic oxidation/dA&chael reaction.

The Floreancig group became interested in neopddtdbr the opportunity of applying our
recently developed methodology of oxidative carbenformation mediated by DDQ. Previous
work by Dr. Tu, published in 2009, accomplished fbemal synthesis of the macrolactone
(Scheme 1.6)' The sequence featured the use of Brensted aciéhteddetherification and
Sonogashira reactions to assemble the fragmentanteamolecular hydrosilylation-Tamao
oxidation to effect a regioselective alkyne hydatiand a stereoselective hydrogenation to

establish the C-9 stereocenter.
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™S oH OSi(H)Pr, I
= 1) P{DVDS);
! NaH, Cl,CCN; 7 Il paephg,Cl, cul ) 2; Toar )
HO,, then TfOH I 0, iPr,NH, 89% [ — L .
= O 3)HxO,
0 77% o) Pr KHCO3, KF, 40
o OEt  °C; 58% over 3
OFEt OEt OSi(H)'Pr, steps
1.23 1.24 1.26

1) Sml,, EtCHO, -10 °C, 77% = ! 1) LIOH, 45 °C:;
_ MeO O, ’ L
2) (Me;0)BF,, Proton Pr o 2 ClsBzCl, EtsN;

Sponge, 0 °C, 90% DMAP, 65 °C,
OY OEt 71% over 2 steps
1.27 et 128

<

Qume

1) [(p-cymene),RuCl]y,

_ || @-furyl)sP, Na,COs, 10% Pd/C,

HoAc, 80 °C, 90%: Hy, 74%
MeO O, MeO 2 . Me
2) DDQ, (2,6-di-Cl)pyr,
O LiClO,, 4A M.S.,
o/ -
B & DCE, 56%;
1.29

Scheme 1.6 Previous work by Dr. Tu in the Floreancig group.

Based on the conformation of the macrocycle astidded by the X-ray structure &f30, the
sterically more-accessible convex face is the baeghould react with Ho provide the desired
stereoisomen.8 (Figure 1.3)'' Indeed, subjecting.30 to H, and Pd/C provided.8 in 74%

yield with a negligible amount (<10%) of C-9 diastemer.
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Figure 1.3 Crystal structure of Compourid30 in Tu’s synthesis.

1.1.3 Reported Syntheses of the Oxazole Side Chain

The first synthesis of the oxazole side chain wagmrted by Leighton in 2000, though in his
synthesis of leucascandrolide A he actually chodédfarent retro-synthetic strategy instead of
using the Mitsunobu reaction as the last $t8gince then, several syntheses have emerged with
the most efficient probably being a 9-step roufgoreed by Roulland in 2009 with an estimated

overall yield of 18% from commercially availablegents:® 20

The challenges involved in the synthesis of the sidain include the formation of the oxazole
ring and selective reduction of unsaturated bomtle. methods available for direct cyclization to
the oxazole ring typically afford low or moderaielgls, and the intermediates involved are often
unstable and may cause reproducibility problem&i¢8® 1.7}?° An alternate route is to make
oxazolonel.34 first, use triflic anhydride to convert it into azole triflate, and then perform a
Sonogashira reactidi® These routes may give better yields than direclizgtion, but the
oxazole triflate must be well protected from maistuand reproducibility is also a problem

based on our experience.



Late stage ringformation:

R1 R PPhs, (CBrCly),, Ri~s R,
\(“\f 2,6-di-t-Bu-4-Me pyridine; \(iﬁ
> o]
0] \O

then DBU
1.31 1.32
Early stage ring formation: NHCO,Me
(0]
Q CI3CC(O)NCO; K5COg; )J\ | |
4A'M.S., 100 °C 0~ “NH 1) Tf,0, base
OH - = —— QN
% 2) Sonogashira \—
coupling
A\
R " AN
1
1.33 1.34 1.35 R1

Scheme 1.7 Typical examples to the oxazole side chain.

1.1.4 Reported Approachesto Neopetolide Analogs

Several research groups have prepared neopeltatideogs and studied their cytotoxicity to
understand the structure-activity relationships@dpeltolide analogs. Scheidt et al. explored the
potencies of the macrolactone, the oxazole sidenchad two simplified analogs with the
modification of oxazole side chain to benzoyl edi87 and octanoyl estet.38 against MCF7
and P-388 cells (Figure 1.#¥ The macrolactone and side chain alone only shomimea
growth inhibition, and the elimination of the oxé&®ide chain abolishes the vast majority of
potency. These results indicate the full potency medly on a cooperative interaction of the

macrolactone and the oxazole side chain.
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MeO MeO

benzyol analog 1.37 octanoyl analog 1.38

Figure 1.4 Neopeltolide analogs reported by Scheidt.

Fuwa et al. confirmed the above cooperative intemady measuring the potencies of slightly
different macrolactone structures and the oxazdle chain'® An additional interesting result in
his report was that removing the C9 methyl grdg® or the C11 methoxy group40 did not
dramatically alter its antiproliferative potencyigére 1.5). The C-9-desmethyl analb@9 has
slightly better potencies against P388 cells, wi@ld1-demethoxy analo@.40 is 80% less

potent against P388 cells.

MeO

9-demethyl neopeltolide 1.39 11-demethoxy neopeltolide 1.40

Figure 1.5 Neopeltolide analogs reported by Fuwa.

Maier et al. prepared 5-epimérdl and 11-epimef.42 of neopeltolide by slight modifications
to their synthetic route, and these two analogklgtka 4~50 fold loss of potency on L929 and

A549 cells (Figure 1.6)”" Furthermore, Maier investigated the structurevitgtrelationship on

11



the side chain. The length of the side chain wasmdoto be very important to maintain its
potency, with a loss of potency by 6000 fold when tmethylene groups were removdd{l),
and even greater loss when the homoallyl chainreram®ved {.43). Additionally, (E)-isomers
1.45 or 1.46 lead to a 10~30 fold loss of potency compared with corresponding isomers.
The best result is thg (E)-analogl.47 with an additional double bond, which is equalbtent

to neopeltolide.

X
MeO. O
NN
\
(@)
H OMe
LR~
5-epimer 1.41 O

MeO,

° OMe
Cig
(e}

1.43

Figure 1.6 Neopeltolide analogs reported by Maier

12 SYNTHESISOF NEOPELTOLIDE

1.2.1 Completion of Neopeltolide Synthesis

The conversion from the macrolactone to neopekolids been reported, but we completed the

synthesis to have the natural product for subsddpiefogical studies. Reduction af8 with

12



NaBH, in MeOH at 0 °C followed by Mitsunobu esterifiaatt® with 1.6 (prepared according to
the protocol of Wipf and Grahdfi) provided the natural produtt2 (Scheme 1.8). All spectral

data matched those reported by the Scheidt gtoup.

0

6, DIAD, PPhs,

MeO CsHB, 90 % MeO

Scheme 1.8 Completion of the neopeltolide synthesis.

1.2.2 Modificationsto the M acrolactone

The alkene group i1.30 gave us a good opportunity to introduce functiog@ups onto the

macrolactone and investigate the potency of theltieg products. These functional groups
could alter the physical properties of neopeltqlidepefully leading to different absorption and
distribution profiles as well as providing possdii®s to control the drug delivery in future
studies. We also believe these studies could fudbe understanding on the structure-activity

relationship of these macrolides.

l. Synthesis of Dehydro-Neopeltolide

Since 1.30 was easily accessed through the sequence, we reduwath NaBH,, and then
appended the oxazole side chain to obtain dehyeopeitolide1.49 (Scheme 1.9). Although
this analog is not likely to differ much from nedipéde, the removal of one step in the sequence

makes the macrolide more accessible.

13



~OH
6, DIAD, PPhs,

MeO CGHG! 70% MeO

Scheme 1.9 Synthesis of dehydro-neopeltolide.

I. Synthesis of C9-Epi-Neopeltolide

We then subjected.30 to hydrogenation in the presence of [Ir(Cod)py(B){BFs (Crabtree's
catalyst)* The reaction proceeded fast with the catalyst ptorg reduction preferably from the
concave face where the tetrahydropyranyl oxygets rel®ser to coordinate the iridium atom
(Scheme 1.10 and Figure 1.7). The desired C9-epl®rwas isolated in a reasonable 54%
yield, while the diastereoselectivity for this réan was 1.4:1 based on crude NMR. Reduction

with NaBH, followed by Mitsunobu esterificatifiwith 1.6 provided C9epi-neopeltolidel.51.

Figure 1.7 Inversion of facial selectivity by utilizing oxygeroordination.

° «OH 1) NaBH,,
° 0,
MeO Crabtree's cat. MeO 0°C, 9% MeO,

- > —_—

H,, 54% 2) 6, DIAD,
, PPh3, CgHe,

67%
1.30 1.50

Scheme 1.10 Synthesis of C@pi-neopeltolide.
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I11.  Synthesis of Dihydroxy Neopeltolide

Next we tried to introduce polar groups that coblihg useful alterations in the physical
properties of the molecule. Exposidg0 to OsQ, followed by osmate ester cleavage with
NMO™ yielded diol1.52 in 75% vyield as a single diastereomer, as expdobed the analysis of
crystal structure of compourid30 (Scheme 1.11). This reaction required stoichioroédsQ to
proceed at a reasonable rate on our scale, thoungm \gcaled up the OgsQoading could
conceivably be lowered. After reduction with NaBMitsunobu esterification with.6 provided
dihydroxy neopeltolidel.53 in a moderate 50% yield. This reaction was peréatmat slightly
lowered temperature with a controlled amount of #ide chain acidl.6 to ensure the

regioselectivity over the more hindered secondad/tartiary alcohols.

OH

HO
1) NaBH,4, MeOH,
0°C, 92% MeO

2) 6, DIAD, PPhs,
CeHe, 15 °C, 50%

MeO.

1.30 1.52

Scheme 1.11 Synthesis of dihydroxy neopeltolide.

IV.  Synthesis of Two C8-Hydroxy Neopeltolides

Introducing one hydroxyl group instead of two isaldesirable. Under standard reaction
conditions with borane, two separable diastereoth&dsandl.55 were obtained from.48 with

a ratio of nearly 1:1 (Scheme 1.12). The stereoat@mssignments for these compounds were
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confirmed by NOESY experiments. Lowering the reactiemperature for the borane addition
had no effect on the ratio of the two diastereom@msmmonly employed bulkier reagents such
as thexylborane and dicyclohexylborane were unireadbward 1.48,'° but diethylborane

reacted efficiently to forml.54 as a single stereoisont&f.Both diastereomers were coupled

regioselectively withl.6 under Mitsunobu conditions to give two mono-hydrareopeltolides

1.56 and1.57.
~OH WOH ~OH
MeO B THE  meo + MeO
then HzOz

Pr O Pr O

1.54 1.55
1.6, DIAD, PPh,, 1.6, DIAD, PPhs,
CsHs, 42% CgHe, 45%

MeO MeO,

\
\ HN
1.56 «o

Scheme 1.12 Synthesis of mono-hydroxy neopeltolides.

V. Synthesis of Epoxy Neopeltolide

We were also interested in introducing an epoxideig to neopeltolide. To avert a potential
competitive Bayer-Villiger reaction, we first redeet1.30 with NaBH,, and then subjected the
alcohol1.48 to mCPBA oxidation (Scheme 1.13). The desired epo#i88 was obtained in a

moderate yield as a single diastereomer, as expéae the analysis of crystal structure of

16



compound1.30. Mitsunobu esterification witll.6 provided epoxyneopeltolid&.59 in 66%

yield.

o

6, DIAD, PPhs,

MeO CGHGr 66 % MeO

Scheme 1.13 Synthesis of epoxyneopeltolide.

VI.  Synthesisof an Amide Analog

Amide bonds are considerably more stable than dstexds under normal physiological
conditions, and amides have better solubility imemps solution compared with estEraVe
were curious about whether replacing the esterfiekwith an amide linkage in neopeltolide
would bring a significant variation in terms of poty. Compound.5 was treated with MsCI
and then sodium azide in DME affording the desired azide61 with inverted C5 stereocenter
in a moderate yield (Scheme 1.14). Standard hydiaigen provided amin&.62, followed by

coupling with PyBOP to obtain the desired amidi8 in 77% yield"®
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,‘\\\o H “\\\O Ms

NaN3;, DMF, 80 °C
M

- eO

42% in 2 steps

MsCl, Et;N, DCM

MeO, MeO

Hy, 10% Pd/C

—_—

83%

MeO

Scheme 1.14 Synthesis of amide analog.

1.2.3 Simplification to the Side Chain

Results from previous work explain that oxazoletaoning side chain is important for the
antiproliferative potency of neopeltolide, thouglstiows no potency on its oWff. Changing to
benzoate and octanoate esters oversimplifies thetste and diminishes potentl, and
shortening the length of the side chain signifibaitwers its potency® However, there has
been no attempt to investigate the role of the obeadng and the carbamate to our knowledge.
Considering the challenges of synthesis posed éyxXazole ring, we tried to use simpler and
more accessible aromatic rings to substitute ttazabe ring and investigate the antiproliferative

activities of the resulting products (Figure 1.8).
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MeO MeO

MeO MeO

Figure 1.8 Simplification to the side chain of neopeltolide.

l. Simplification with Phenyl Group

The phenyl-containing side chain acid was accestading from commercially available,
inexpensive 3-(3-bromophenyl)propionic ati@8 (Scheme 1.15)An esterification was effected
in quantitative yield using two equivalents of tmgchloride in methanol. The carbamate group
was introduced through a Sonogashira reaction inestellent yield in the presence of
bis(triphenylphosphine)palladium(ll) dichloridériphenylphosphineand copper(l) iodidé°
Without the presence of triphenylphosphine, theras wio coupling even at an elevated
temperature. A possible explanation was that thgnal group in1.70 could not reduce the

Pd(ll) to form the effective Pd(0) catalyst.
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To convert the alkyné.71 to thecis-alkenel.72, a standard Lindlar hydrogenation was initially
used. Although the desiratis-alkenewas obtained in 44% vyield, the reaction also preduc
trans-alkene and over-reduced alkane products that dasmme difficulties in the purification
process. Later experiments revealed P2-nickel ysttabuld perform this reduction to provide
1.72 in a very clean and efficient manrféfThe colloidal P2-nickel catalyst was easily prepar
from nickel(ll) acetate tetrahydrate and sodiumobgdride, and had to be used immediately
after preparation. Sometimes the P2-nickel reactitalled before complete conversion, and
another batch of freshly prepared catalyst hadeicatdded. The ester group was selectively
reduced with 1.3 equivalents of DIBAL-H to form ald/del1.73 in 64% vyield along with a
minor amount of over-reduced alcohol. A Still-Gerirondensatioff followed by hydrolysis
afforded the phenyl-containing side chain atitd4, which was coupled with.5 to providel.64

under Mitsunobu conditions.
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COOMe

COOH COOMe 0
JJ\ 1.70
SOCl,, MeOH
2 ///\H OMe
- . -
quant. } H
Br Br Pd(PPh3),Cly, PPhs, Cul  Meo. N. &
1.68 1.69 iPr,NH, THF, 60 °C, 88% 5
1.71
COOMe CHO
P2-Ni, Hy, 95% EtOH 1.3 equiv. DIBAL-H, DCM,
80% | 78 °C, 64% |
HN\ﬂ/OMe HN\[(ONIe
O 172 O 173
HOOC™ XX
1) (CF3CH,0),P(0)CH,CO,Me, MeO
KHMDS, 18-C-6, THF, -78°C,82% 1.5, PPhs, DIAD
—_—
2) LiOH, THF, H,0, 95% 87%
|
HN\H/OMe
o) 1.74

Scheme 1.15 Synthesis of the phenyl analog.

I. Simplification with Pyridyl Group

We chose commercially available 6-bromo-2-pyridardoxaldehydel.75 as our starting
material to prepare the pyridine-containing andl@$ (Scheme 1.16). Chain extension through
a Horner-Wadsworth-Emmons reacfidproceeded nearly quantitatively. Initially we uskas

palladium on charcoal to reduce the newly-formedubi® bond in compoundl.76.
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Unfortunately, the palladium catalyst led to a #igant debromination. Suppressors previously
reported to be effective in eliminating debrominati including diphenyl sulfid@ and zinc
bromide® were tried but with little improvement. Finallypdium borohydride in the presence of
cucF® effected a chemoselective reduction of the newtyad double bond to provide76 in

75% yield, and no debrominated product was fourttisireaction.

A Sonogashira coupling was then performed to affbi@8 in an excellent yield. Standard
Lindlar hydrogenation of.78 led to complete over-reduction in 3 hours. Sanmafil) iodide in
the presence of bis(triphenylphosphine)cobalt(ibhtbride’’ led to an undesired dimerized
product in 78% yield. Again the P2-nickel catalyatiuced the alkyne group in78 to provide
the cis-alkene group irl.79 in 65% yield with notrans-isomer. DIBAL-H was used to reduce
1.78 to provide the aldehyd&79 in a moderate 42% yield along with 37% of an owesiuced
alcohol. Still-Gennari condensation afforded theicka estefl.80 in 71% yield, which was then
hydrolyzed by lithium hydroxide. However, the zwiibnic nature of the hydrolytic product
made its purification and characterization difficuso it was used directly into the next

Mitsunobu reaction to form the pyridine-containergalogl.65.

22



COOEt COOEt

CHO  (Et0),P(0)CH,CO,Et, _ NaBH,, CuCl, MeOH,
NaH, THF, 96% H,0, 0 °C, 75%
NZ p _
| N N7
Br X S | |
Br B
1.75 1.76 1.77
CHO
o COOEt
)j\ 1.70
///” OMe N
Pd(PPhs),Cl,, PPhs, Cul NZ | 1) P-2 Ni, Hy, 95% EtOH, 65% NN
. \ _ _ o 0,
iPr;NH, THF, 60 °C, 88% o0 H yZ 2) DIBAL-H, DCM, -78 °C, 42%
HN_ _OMe
0 1.78 1.79 \([)r

(CF3CH,0),P(0)CH,CO.Me, MeO

KHMDS, 18-C-6, THF, -78 °C, 1) LIOH, THF, 85%

B — e

2) 1.5, PPh3,DIAD, 67%

71%

Scheme 1.16 Synthesis of the pyridine-containing analog.

I11.  Simplification with Furanyl Group

The sequence for furanyl analog started from coroiaky available reagent 5-bromo-2-
furaldehyde 1.81 (Scheme 1.17).Chain extension through a Horner-Wadsworth-Emmons
reaction produced.82 nearly quantitatively. While the newly-formed cogated double bond
could be easily reduced with the NaBBUCI system, a significant amount of debromination
occurred. We thought the NaB€uCl system would preferably occur otrans-alkene and we
might evade this problem by first performing a Sgeshira reaction. Thus a Sonogashira

coupling was performed to introduce the carbanatgniient in 82% yield. Much to our surprise,
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treatment of the Sonogashira prodt@3 with NaBH:;-CuCl led to a complete reduction from
the alkyne to an alkane before the reduction ofdisredtrans-alkene. Considering the result
reported by Maiéf" that the analod.47 with an additionaltrans-double bond was equally
potent to the natural product, we decided to retssdouble bond.

Thus, the Sonogashira proddd3 was reduced with the P2-nickel catalyst to affiwel desired
cis-alkenel.84 in 65% yield. DIBAL-H reduction led to a completeduction of the conjugated
ester to the corresponding alcohol, which was theédized with Dess-Martin reagéfito afford
the aldehydd.84. Still-Genarri condensation followed by hydrolygislded the conjugated side

chain acid1.86, which went through a Mitsunobu esterification gmvide the final furanyl

analogl.66.
MeO,C
MeO,C 0 2
Ox 2 170
X
o\ (Et0),P(O)CH,CO,Me /\ ” oM
_ N
NaH, THF, 97% Q" Pd(PPh;),Cl,, PPhs, Cul
Br 5 iPr,NH, THF, 60 °C, 82%
1.81 r 1.82
MeO 1.83
CO,Me
X X
P2-Ni, (CH,NH,), j;SDJgAléé"l) DeM.
95% EtOH, 65% o IR o
H OMe 2) DMP, 0 °C, 71% _H OMe
\ N—( \ N—(
184 O 185 ©
HO,C™ XX
1) (CF3CH,0),P(0)CH,CO,Me, - 1.5, DIAD, PPh;, MeO
KHMDS, 18-C-6, -78 °C, 70% CgHs, 50 %
o ——
2) LiOH, THF, 90 % —
OMe
\ H_\<
o) 1.66
1.86

Scheme 1.17 Synthesis of the furanyl analog.
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IV.  Simplification with Des-Carbamate Side Chain

The sequence to prepare the shortened oxazoleckale without the carbamate group was
smoothly completed in 5 steps (Scheme 1.18). Thenwercially available starting material, 2-
methyloxazole-4-carboxaldehyde87, underwent a Horner-Wadsworth-Emmons reaction to
prepare the chain extended produ&8 in 77% yield. Hydrogenation with 10% Pd/C followed
by a selective reduction provided the aldehyd® in good vyield. Still-Genarri condensation
afforded thecis-alkene 1.90 in 71% yield, which under hydrolysis produced wteortened
oxazole side chain acitl9l in 80% vyield. Finally a Mitsunobu reaction with theacrolactone

alcoholl.5 furnished the des-carbamate andlddy in a good yield.

CHO CO,Me CHO
(CF3CH,0),P(O)CH,CO,Me,
N)N (EtO)ZP(O)CHzcoZMe = 1) 10% Pd/C' H2! 82% ?(HNleSZ, 18-C-6,2TH|§
\ NaH, THF, 77% 2) DIBAL-H, DCM, X .
/ ’ NS ) -78 °C, 69% \ 4 78 °C, 71%
1.87 )‘ ©
1.88 1.89
A HO,C™ ™
Me0,C _ 2 1.5, DIAD,
LiOH, THF PPhs, CgHg
. .
NTX 80% N\ N 76 %
b o )‘ ©

1.91

Scheme 1.18 Synthesis of the des-carbamate analog.

1.3 BIOLOGICAL STUDIES

Next we sought to explore the potency of neopel&li.2, the macrolactone modified analogs
(1.49, 1.51, 1.53, 1.56, 1.57, 1.59 and 1.63) and the side chain modified analo@$4-1.67). The

biological assays were conducted by Dr. Balachandrahe research group of Professor Billy
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Day from School of Medicine, University of Pittsight Human colon carcinoma cell line
(HCT116) and an isogenic p53 knock-out control &@TH16 cells with p53 knock-out were
used to evaluate the antiproliferative potencyhelse compounds. An MCF-7 breast carcinoma
cell line obtained from Georgetown University wésoastudied, and this cell line is known to be
more resistant than the commonly used MCF7 (ATCCI&B+22™). The obtained & values

are listed in Table 1.1.

To confirm that the synthetic neopeltolide is the same as previously reported, we evaluated
its potency against the HCT116 cell line. Compofr&inhibited growth of HCT116 cells with

a Gk of 0.77 nM, which is in close agreement with tlagacreported by Kozmin (0.50 nN.

Next we analyzed the effect of macrolactone modiions to their potencies. The two
structurally closest analogs, the alkene andld§ and C9epi analogl.51, were slightly less
potent than neopeltolide. The C8-hydroxy analb§é and1.57, epoxy analod.59 and amide
analogl.63, showed 20~100 fold loss of potency against HCTa&dlss, while the dihydroxy
analog53 showed 1000 times less potency against HCT116.dellerestingly, the profile of
potency against HCT116-P53KO cells was differentrfragainst HCT116 cells. Neopeltolide
1.2 and analog4.49 and1.51 were roughly 10 times less potent when P53 wasHkew out,
which suggests an important role of P53 in theichag@ism against HCT116 cells. On the other
hand, more polar analogs3, 1.56, 1.57, 1.59 and1.63, showed little loss of potency in P53KO

cells, or even some gain.

26



In the MCF-7 cell line obtained from Georgetown Usity, neopeltolidel.2 showed an
effective inhibition with a Gl of 6.96 uM, indicating a significant loss of potency when
compared with the nanomolar potency in the commosBd MCF7 cells from ATCC. The C9-
epi analogl.51 and dihydroxy analod.53 were found to be more effective than the natural
product. The sharp contrast of relative potencets/een HCT116 and MCF-7 for the dihydroxy
analogl.53 might be additional evidence suggesting the seglgcof this class of macrolides

against different cell lines, and this selectivitay be highly dependent on their subtle structural

differences.
Table 1.1 Biological activities of neopeltolide and the avgs.
HCT116 HCT116-P53KO MCF-7
Compound Description
Glso[nM] Glso [nM] Glso [nM]

12 0.77 9.9 6960 neopeltolide
1.49 5.4 49 30000 alkene analog
151 6.6 50 1180 C@®pi analog
153 4300 4300 2770 dihydroxy analog
1.56 17 13 43600 C8-hydroxy analog

C9-epi-C8-epi-hydroxy
157 48 49 >50000

analog
1.59 24 48 >50000 epoxy analog
1.63 66 68 >50000 amide analog
1.64 100 73 >50000 phenyl analog
pyridine-containing
1.65 2900 2300 4480
analog

1.66 24 52 34800 Furanyl analog
1.67 730 550 >50000 des-carbamate analog
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When analyzing the modification on the side chawe, found that for HCT116 cells phenyl
analogl.64 and furanyl analod.66 showed roughly 20~100 fold less potency than niéalppke,
but comparable potency when p53 was knocked oué pyridine-containing analod.65
showed a significant loss against HCT116 cells,damiter potency against MCF-7 cell line than
the natural product. The des-carbamate ana@gshowed significant loss of potency in all the
cell lines tested, suggesting the essential rol¢hefcarbamate group for the full potency of

neopeltolide.

14 SUMMARY

The total synthesis of neopeltolide was completegether with the synthesis of eleven analogs
with modifications focusing on the macrolactone dné side chain (Figure 1.9). Preliminary
biological assays showed the selectivity of thesags against different cancer cell lines. The
potent antiproliferative activity of neopeltolideaw/found to be at least partly related to P53. The
introduction of polar groups to the macrolactond #re introduction of simplified aromatic ring
to the side chain led to different profiles of andliferative potencies against different cell Bne

ranging from significant loss to appreciable gain.

The changes to C9 stereocentedq and1.51), and the introduction of polar functional groups
to the macrolactonel(6, 1.57, 1.59 and 1.63), are both tolerated. Considering the overall
antiproliferative potency and ease of modificatithe C8-hydroxy analo.56 may be a good
start point for further research of targeted dregvery. The analog with two vicinal hydroxyl

groups1.53 is essentially inactive to HCT116 cells. The silbsbn of the oxazole ring with
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simpler aromatic ring4.64, 1.65 and1.67 is tolerated to a certain extent, and five-memtbere
furan ring1.67 provides antiproliferative Gdvalues closest to those of the natural prodLzt
The removal of the carbamate grolp7 leads to a significant loss of potency. This diear

underscores the importance of the carbamate goothgtpotency of neopeltolide.

MeO. MeO.

o e
\ H OMe \ o
N N
1.2 Glgp=0.77 M ~ 1.49: Glgy = 5.4 nM _<o 1.51: Glgy = 6.6 NM _<o

(e}
G|50=9.9 nM G|50=49 nM G|50=50 nM
O
(6]
N
Lo o \ on Pr O o om
e e e
LR LR N
1.53: Glgg = 4,300 nM 1.56: Glgg =17 nM 1.57: Glgg = 48 nM 5

Glgg = 4,300 nM Glgy =13 nM Glg = 49 nM

MeO. MeO. MeO

MeO. MeO MeO.

\ \
(/H_&OMe (/ _<0Me
1.59: Glgg =24 nM 1.63: Glgg =66 nM o) 1.64: Glgp = 100 nM

Glsp = 48 nM Glsp = 68 NM

MeO

MeO MeO

1.65: Glsy = 2,900 nM
G|50 = 2,300 nM

1.66: Glgy = 24 NM Y 1.67: Glsg = 730 nM
Glsp = 52 M Glgg = 550 nM

Figure 1.9 Neopeltolide and analogs.

top Gkp against HCT116; below Glagainst HCT116 with p53 knock-out
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2. SYNTHESIS OF SULFUR-CONTAINING HETEROCYCLESTHROUGH

OXIDATIVELY GENERATED THIOCARBENIUM IONS

21 INTRODUCTION

2.1.1 Previous Methodsfor Synthesis of Sulfur-Containing Heter ocycles

Organic sulfides are widely recognized as versdtilectional groups in organic chemistry.
Compared with theire oxygen counterparts, orgamitcdes are more nucleophilic and less basic,
and can be easily transformed into a variety ofivdéwves via hydrogenolysis, oxidation,
olefination and rearrangemétit, thus providing additional opportunities for —sturet
diversification. The versatility of sulfur has beg@monstrated in the construction of a number of
synthetic target) Sulfur is also among one of the most abundant efésnof life, primarily
being an essential component in many proteins afators®’ In some other cases, sulfur exists

in heterocycles that are important structural sitetin many biologically active moleculés.

In contrast to etherS, methods for the synthesis of sulfur containingehmtycles are relatively
limited. Of various methods reported for the systhef sulfur containing heterocycl&s®® the
two most successful strategies utilize the nucléiopmature of thio speciéd and the

intermediacy of thiocarbenium iofigScheme 2.1).
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thio nucleophile \ J\/j
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thiocarbenium

Scheme 2.1 Two major synthetic strategies for sulfur contagnheterocycles.

Thiocarbenium ions are attractive intermediates fbe synthesis of sulfur-containing
compounds$’ Traditionally, the Pummerer reaction has beerizetil to generate thiocarbenium
ions (Scheme 2.8 The classic Pummerer reaction involves an aoylatif a sulfoxide by an
anhydride, followed by elimination to form the tbaybenium ion and thus to expose the reactive
site on the adjacent carbon. The thiocarbenium igorthen trapped with acetate or other
nucleophiles where applicable. The classic Pummezaetion generally requires harsh acidic

initiators, and in most cases form® product when appended nucleophiles are &ed.

e N g’j R /S R2
RS 2 R R, X R2 ——» Ry Y
1 e 2 1
R ‘\@ OAc
HT N AcO
AcO

Scheme 2.2 Pummerer reaction.

Another way to generate thiocarbenium ion straiegya thia-Prins-type reactions in which ring
formation occurs through homoallylic mercaptanshwaldehydes in the presence of an acid
catalyst (Scheme 2.3). This method was first deedrby Li***and further developed by other

research groupg®

cl
R'CHO R
RSN SH ZQ%;iiFR . [%iﬁ

Scheme 2.3 Thia-Prins type reaction.
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2.1.2 Oxidative C-H Bond Cleavage

Selective and efficient oxidative activation of eH bond adjacent to a heteroatom (such

as N or O) has been widely investigated and suftdgssised in the synthesis of a number of
natural products and pharmaceutiédl®r. Tu and Dr. Liu in the Floreancig group have
developed a stereoselective synthetic route forpiieparation of tetrahydropyrones, whereby
allylic or benzylic ethers are oxidized with 2,3lioro-5,6-dicyano-1,4-benzoquinone (DDQ) to
generate oxocarbenium ions that react with appeadetlacetate nucleophiles(Scheme 2 4.
the postulated chair transition state, the sulestitiR assumes an equatorial position andffie
unsaturated oxocarbenium ion exists H)- (geometry. Therefore, the reaction generate<i®,6-
disubstituted tetrahydropyrones with excellentesieontrol.

OAc

/EJ\ DDQ O
—_—
R\Qf/\/R' - rjj\/\
X/\/\R. @ OAc R” — R
X=0,S

Scheme 2.4 Six-membered heterocycle synthesis through oxida@-H bond cleavage.

By a simple analogy to their oxygen counterpahs, desired thiocarbenium ions may also be
oxidatively generated from corresponding allyl slds. Sulfur is larger than oxygen, so the
orbital overlap between sulfur and the adjacerva@ain thiocarbenium ions may not be as good
as the orbital overlap between oxygen and carbooxocarbenium ions. On the other hand,
sulfur atom is less electronegative. A few studiese shown that the energetic difference
|2

between thiocarbenium ions and oxocarbenium iossniall. With respect to stereoselectivity,

due to the fact that carbon-sulfur bonds are siganitly longer than carbon-oxygen borfdsthe
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energy penalty ofZ)-geometry of the thiocarbenium ions oE)-geometry*** may be smaller

than the corresponding oxocarbenium geometriesreftre it is reasonable to assume lower

stereoselectivities from thiocarbenium ions intediages.

In 2007, Zhiping Li and coworkef$ attempted a similar approach, wherebghloranil instead

of DDQ was utilized to effect a C-H bond oxidatimn benzyl sulfides to generate
thiocarbenium ions, followed by an intermolecularcleophilic attack (Scheme 2.5). Though
limited by the scope of substrates and nucleophites method sheds light onto the feasibility of

synthesizing sulfur containing heterocycles via DD@diated oxidative C-H bond cleavage.

0O O

o-chloranil
NN - Ph
Ph S
O O _

ph)]\/u\/ Ph S

Scheme 2.5 C-H bond oxidation of benzyl sulfide with o-chlai&®*

22 SYNTHESISOF SULFUR CONTAINING HETEROCYCLESTHROUGH DDQ

MEDIATED OXIDATIVE C-H BOND CLEAVAGE

To provide a new alterative in addition to the i number of synthetic methods for sulfur
containing heterocycle synthesis, we decided toragmgh tetrahydrothiopyrones and
tetrahydrothiophenes through oxidatively generatétbcarbenium ions and appropriate

appended nucleophiles. We investigated the typesulfides that are used to generate
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thiocarbenium ions and the types of appended npbles, and synthesized a series of

substrates for the development of this synthetithodology.

221 Synthesisof Tetrahydrothiopyrone Using T hiocar benium lons Generated from

Allylic and Benzylic Sulfides

Our initial approach was to mimic our route to themation of tetrahydropyrones developed by
former group members Dr. Wang and Dr. Liu. Thetsgg involved the oxidative C-H bond
cleavage of allylic or benzylic ethers with DDQ #oeld oxocarbenium ions, and the
incorporation of an enol acetate as an appendeteoplile that had been proved to be
compatible with DDQ mediated oxidative cyclizatiohhus, substrate 2.2 was prepared and
subjected to the DDQ oxidation conditions (Schen@. A simple nucleophilic substitution of
(E)-1-bromohex-2-ene with but-1-yn-4-yl thioacet2t& afforded the allyl sulfide intermediate
in an excellent yield. The alkynyl group was themwerted to the enol acetd&® in 57% yield
via a ruthenium-catalyzed Markovnikov addition witlitOH.*> Substrate2.2 was then treated
with DDQ in 1,2-dichloroethane (DCE) in the preseraf 4A molecular sieves as the water
scavenger and 2,6-dichloropyridine as the base.cybkzation was complete within 2 hours at
room temperature, providing the desired tetrahydoptyranone2.3 in 50% vyield and over-
oxidation side produ@.4 in 4% yield. The addition of LiCI©to the reaction mixture is believed
to help reducing the formation @f4, presumably due to the stabilization of the radicaon of
DDQ that forms from the initial single electronnséer. Besides LiCIQ Mg(ClO4), was also

found to be as effective in this role.
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1) Bra_ X n-Pr OAG fj\/\n-Pr

DDQ, 2,6-di-Cl-pyridine,

KOH, MeOH, 50 °C, 95% LiCIO4, 4AM.S., DCE 2.3, 50%
= _SAc P - o
2) [(p-cymene)RuCl],, S rt., 2 hrs
(2-furyl)sP, Na,COg, Tol,
2.1 AcOH, 80 °C, 57% 22 I
S n-Pr
2.4, 4%

Scheme 2.6 Synthesis of a simple allyl sulfide and its cyatinn reaction.

To investigate the stereoselectivity of the reactgecondary allyl sulfid2.6 was synthesized in

a very similar route as illustrated in Scheme R.8hould be noted that the ruthenium-catalyzed
Markovnikov addition afforded the desired interealol acetate in only 27% vyield, while the
major products were terminal enol acetates. Sules@ reacted with DDQ to yiel®.7 as a
diastereomeric mixture at 10:1 ratio witts-product being preferred, confirming that thg-(

thiocarbenium ion is the dominant reactive speuiethe reaction process. The over-oxidation

side producR.8 was also isolated from this reaction.

0]

1) HSAc, Cs,CO3, 60%
OAc . .
) Bra_ X N-Pr DDQ, 2,6-di-Cl-pyridine, _
=
/{ KOH. MeOH. 50 °C, 97% /ij Mg(ClOg),, 4AM.S., DCE n-Pr” 8 n-Pr
- 50% (d:r = 10:1)
n-Pr”” "OMs n-Pr” N8 N N npr rt 2hrs
3) [(p-cymene)RuCl,]s, 0] 2.7
25 (2-furyl)3P, Na,CO3, Tol, 26
AcOH, 80 °C, 27% |
=
n-Pr= °8 n-Pr
4% 2.8

Scheme 2.7 Synthesis of substituted allyl sulfide and itslation reaction.
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Benzyl sulfide2.10 was similarly synthesized and subjected to théizatoon reaction (Scheme
2.8). The cyclization reaction with benzyl subsra?.10 afforded the desiredcis
tetrahydrothiopyranong2.11 in higher yield (60%) than the reaction with alglfide substrate
2.6, with an excellent diastereomeric ratio of 25:h der-oxidation was observed even after
the reaction was allowed to proceed at room tenperaovernight. We postulate that the
benzylic carbonhydrogen bond in the product do¢owerlap thep-orbitals of the aromatic ring,

thereby greatly slowing further oxidation of thesuled product.

0]

1) Iz,nBr, }§OH, MeOH, OAc DDQ, 2,6-di-Cl-pyridine,
/(// 50 °C, 95% Mg(CIOy),, 4A M.S., DCM fi
nPr O SH 2)[(p-cymene)RuCll,  nPr” s SPh rt, overnight mPrT ST Ph
(2-furyl)sP, Na,CO3, Tol, o (e — o
ACOH, 80 °C, 33% 61% (d:r = 25:1)
2.9 2.10 2.1

Scheme 2.8 Synthesis of substituted benzyl sulfide and idiggtion reaction

2.2.2 Synthesisof Tetrahydrothiopyrone Using T hiocar benium lons Generated from

Vinyl Sulfides

The over-oxidation problem observed with allyl gigf substrates is believed to be related to the
similar oxidation potentials between the substratesthe desired products, and thus comparable
oxidation rates of the two species to form thioeaibm ions. Previous mechanistic studies in
the Floreancig group and other groups revealed virgtl substrates have lower oxidation
potential than allyl substrates, and usually lead faster generation of corresponding
oxocarbenium ion intermediatésTherefore we postulated that vinyl sulfides woaidrcome

the over-oxidation problem and improve the efficigrof the reaction. Additionally, vinyl
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sulfides are attractive substrates because thasegses can be accessed through a number of

new metal mediated protocds.

Vinyl substrate®.13 and2.15 were synthesized and subjected to the DDQ oxida#actions as
illustrated in Scheme 2.9. An efficient palladiunediated coupling reactiéhbetween but-3-
yne-1-thiol2.12 and E)-1-iodohex-1-ene led to the formation of a vinylfgle structure, which
was subjected to the ruthenium catalyzed Markowngéadition conditions to afford the desired
substrate2.13. Exposing2.13 to DDQ provided2.3 in 58% isolated yield within 5 min at 0 °C
with no observable formation of the over-oxidatgide product2.4. Secondary vinyl sulfide
2.15 was prepared frord.14 and subjected to the DDQ mediated reaction canditio afford
the desirectis- cyclization produc®.7 in 71% vyield with an excellent 25:1 dr. Compareithw
the aforementioned allyl sulfides, both of theseylisulfides substrates require lower reaction
temperature and much shorter reaction time, yerdfthe desired products in better yields and
higher stereoselectivity when secondary sulfidesused.

1) (E)-1-iodohex-1-ene,

Pd(dppf)CI,DCM, Et;N, OAc DDQ, 2,6-di-Cl-pyridine, 0
45 °C, 74% Mg(CIOy),, 4A M.S., DCM
=" \_-SH - EK - f‘j\A
2) [(p-cymene)RUChl,,  “g~ N, p  0°C,5min s ey
212 (2-furyl)sP, Na;COs, 213 58% 2.3

Tol, AcOH, 80 °C, 43%

1) (E)-1-iodohex-1-ene, OAc DDQ, 2,6-di-Cl-pyr o

_~  Pd(dppf)Cl,, EtsN,
/{/ 4550 5o ﬁ 4AM.S., DCM flj\/\
n-Pr” ~SH 2) [(p-cymene)RuClylo, n-Pr S/\/\n-Pr 0°C, 5 min nPre s N .Pr

(2-furyl)sP, Na,COs, , ,
A 71% (d:r = 25:1)
244  Tol. AcOH, 80 °C, 34% 215 o

Scheme 2.9 Synthesis of vinyl sulfides and their cyclizati@actions.
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2.2.3 Synthesis of Tetrahydrothiopyrone with 2,3-Ster eoselectivity Using Enol Silane and

Enol Carbamates

Employing substituted nucleophiles instead of usstiied enol acetates may lead to the
formation of 2,3-disubstituted cyclization prodydisus expanding the scope and versatility of
this method. Initially we demonstrated this concleptusing substituted enol silanes aZ/ga
mixture, as shown in Scheme 2.10. Commerciallylalika 3-bromopropanoyl chloride16 was
reacted withN,O-dimethylhydroxylamine hydrochloride to form a Wiegh amide, followed by a
nucleophilic replacement with potassium thioacetatebtain intermediat2.17. The thioacetate
group was hydrolyzed and coupled witB)-l-iodohex-1-ene to yield vinyl sulfid2.18. The
Weinreb amide group was then converted to enonmedwting with vinyl magnesium bromide at
low temperature, followed by a cupper(l) mediatdglation reaction to afford the desired
substituted enol silanes19 with 1.2:1Z/E ratio. The cyclization reaction of th&BE substrate
mixture afforded the desired 2,3-disubstituted ategdrothiopyranone in good yield as an
inseparable mixture with a 1:0téans:cis ratio.

~,,.OMe _.OMe
O 1) HN(Me)OMe HCI N ™

N
1) KaCOs, MeOH, 64°%
Et;N, 52% Y KaCOs Me ’
cl 0 0
5 2)HSAs, Cs,C0;, 36% SAc  PUCPEICh, 45°C, 36% g NPT
2.16 247 %18

OTES DDQ, 2,6-di-Cl-pyr, Q
- ° 0,
1) CH,CHMgBr, -78 °C, i% ﬁ\“\n-su 4A |v|.s.,|v|eN02,> ﬁJj\A/n;Bu
2) CuBr Me,S, BuLi; TESCl, ~gXx~,p, ~ 0°C 69% § " npr

HMPA, -78°C, 81%

219 2.20

Scheme 2.10 Synthesis of vinyl sulfide with appended enolrsdlas &/E mixture

and its cyclization reactions
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To precisely control the stereochemical outcom#hef2,3-disubstituted cyclization product, the
substituted nucleophiles in the substrates nedzt torepared with a high degree of geometrical
control. The geometries of internal enol acetatekiaternal enol silanes are difficult to control.
Several different approaches to achieve the degeedetry on these two species were tried, but
none of them afforded satisfactory geometrical geley. Finally we were able to solve this
problem by preparing the desiréd)- and (E)- enol carbamates through two different routes
(Scheme 2.11 and 2.12).

The preparation and cyclization @)-enol carbamat@.24 is shown in Scheme 2.11. A Grignard
reaction between aldehy@&1 and vinyl magnesium bromide at low temperaturioveed by a
straightforward acylation, led to the formation alfyl carbamate2.22. Upon treatment with
LDA in the presence of HMPA at low temperattitehe allyl carbamat@.22 isomerized to the
desired (2)-enol carbamate.23. The silyl ether protecting group was cleaved WItBAF
(buffered with acetic acid), replaced with thioacedcid under Mitsunobu condition,and
coupled with E)-1-iodo-1-hexene under the catalysis of coppeifdide and potassium
hydroxide™ to form 2.24. Although the coupling reaction conditions were brégly developed
for thiols, we found thioesters could be used withilar efficiency, presumably due to situ
cleavage of thioesters with potassium hydroxidesréfore the necessity of converting thioesters
to thiols was eliminated. Treatment of tf-enol carbamate substraé2e4 with DDQ rapidly
afforded the cyclization produ@25 in 80% vyield with 25:1 dr favoring 2,8ans product.
When branched substra@26 was used, the reaction also ran very smoothly whith

stereocontrol favoring,34rans and 2,6eis stereochemical outcome.
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OCONEt, | pa HMPA, OCONEt,

|
f 1) CH,CHMgBr, -78 °C, 59% _~  Mel,-78°C X
> >
2) NaH, CICONEt,, 84%
otgs 2 NaH 2 =P OTBS 63% OTBS
2.21 2.22 2.23
2) HSAc, DIAD, PPh, \ 4AM.S., MeNO,, 0 °C
> B ——"
3) (E)-1-iodohex-1-ene,  “g” ", pr  80% s "y
Cul, KOH, 1,4-dioxane,
100 °C, 52% in 2 steps 2.24 2.25 (dr =25:1)
OCONEt, DDQ, 2,6-di-Cl-pyr, O
N 4AM.S., MeNO,, 0°C
_ >
_
s N"npr 82% S n-Pr
2.26 2.27 (dir=25:1:1)

Scheme 2.11 Synthesis of vinyl sulfides witfZ)-enol carbamate and cyclization reactions.

For the(E)-enol carbamate substré21, a different synthetic route was designed astriitied

in Scheme 2.12. Vinyl iodid2.29 with the desired geometry was prepared by expasliagyl
carbamate2.28 to Marek’s carbocupration/iodination sequeffceélhe following Kumada
coupling, hydroboration, Mitsunobu reaction and pmpcatalyzed coupling reaction provided
the (E)-enol carbamate substré281. Exposing2.31 to DDQ oxidation afforded 2,8s-product

2.32 in 88% vyield as a single stereoisomer (as detexthby NMR) within a few minutes at 0 °C.
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n-BuMgBr, Cul,

Et,0,-78 °C; 1, n-Bu 1) CH,CHMgBr, Pd(PPhy),, 71% "EY |
= OCONEt, - j\
52% I~ OCONEt, 2) (CeHi1)2BH, 0 °C OCONE,
2.28 2.29 then NaOH, H,0,, rt, 62% o
2.30
n-Bu
1) HSAc, DIAD, PPh;,74% | DDQ, 2,6-di-Cl-pyr, 0
4AM.S., MeNO,, 0 °C n-Bu
- OCONE,
2) (E)-1-iodohex-1-ene, X =
Cul, KOH, 1,4-dioxane, SN "npr 88% S n-Pr
100°C, 59% 2.31 2.32

Scheme 2.12 Synthesis of vinyl sulfide witfE)-enol carbamate and cyclization reaction.

2.24 Synthesisof Tetrahydrothiopyran Derivativeswith 2,3-Stereocontrol Using

Allylsilane

Another way to achieve 2,3-stereoselectivity iotigh usingt nucleophiles such as allylsilanes,
which were shown to be efficient nucleophiles imifr reactions® Palladium catalyzed
coupling between thid®.33 and E)-1-iodo-1-hexene afforded the common intermed2zé for
preparing bothlirans- andcis- allylsilane substrates. Treatment of the alkygrndup within situ
prepared Schwartz's reagent followed by iodine ghie* and a subsequent palladium
catalyzed Kumada coupling with trimethylsilyl melimagnesium chloridg afforded trans-
allylsilane 2.35 in high yields. Forcis-allylsilane substrat®.36, the alkynyl group was first
converted to an alkynyl iodide, then reduced viitlsitu generated diimide to obtain the desired

cis- geometry and coupled under Kumada conditionattoduce the allylsilane moiety.
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1) ZrCp,Cl,, DIBAL-H,

SiMe
then Iy, 78% (W Mes
S/\/\n—Pr

Il 2) TMSCH,MgCl,
(E)-1-iodohex-1-ene, Pd(Ph3)4, 91% 2.35
% Pd(dppf)Cl, DCM, Et3N, :
e Y
SH THF, 45 °C 61% S n-Pr 1) nBuLi, 1, 86% Sie
2.33 2.34 2) KZNZ(COZ)Z! HOACc, 3
pyridine, MeOH, 35% _
Pd(PPh3),, 93% S n-Pr
2.36

Scheme 2.13 Synthesis of vinyl sulfides with allylsilane nucfghile.

Oxidative cyclization with allylsilanes nucleoplslare greatly affected by the choice of solvent.
When methylene chloride was used, dienyl sul2d8 was the major product of the reaction,
probably resulting from the deprotonation of thidmsmium ion2.37 (Scheme 2.14). When more
polar solvent MeN®@ was used, the oxidation dfans-allylsilane substrate.35 led to the
formation of 2,3trans tetrahydrothiopyran derivatives39 in 68% yield with a 7.7:1 dr. With
cis-allylsilane substrate.36, the cyclization reaction also led to the formatiof 2,3{rans

tetrahydrothiopyra2.39 as the main product but with only 1.9:1 dr.
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S
QN\
© 2.38  54%
n-Pr

s X"npr MS,0°C S=— MeNO, n-Pr

2.35 237 -SiMe;* 2.39 68% (dr =7.7:1)
SiMe,
_— DDQ, 2,6-C|2Py X ‘\\\\\

STXA"Npr MeNO, M.S., 0°C N pr

2.36 2.39 75% (dr=1.9:1)

Scheme 2.14 Cyclization reaction of vinyl sulfides with alljlane nucleophile.

To further derivatize the cyclization products agband the scope of the reaction, several other
substituted allylsilane substrates were preparedirarestigated. Scheme 2.15 shows a modified
synthetic route for substitutettans allylsilane substrates. The allylsilane group wast
installed in2.42/2.43 using hydrozirconation/iodinatiotf and Kumada coupling;, followed by
deprotection of the silyl ether, mesylation andoldion to obtain intermediat@.44/2.45.
Reduction with lithium aluminum hydride and subsagjupalladium catalyzed coupling reaction

afforded the desirelans-substrate.46/2.47.

1) ZrCp,Cl,, DIBAL-H, _ SiMe; 1) CSA, MeOH
1\\\ then i _ /(W 2) MsCl, Et;N
- -

. R”OTBS
OTBS " 2) Me;SICHMgCI, Pd(Phy), 3) Cs,C05, HSAC
2.40 (R = n-Bu) 2.42 (R = n-Bu)
2.41 (R =i-Pr) 243 (R =i-Pr)
J\/\/VS"V'% 1) LAH, Et,0 J\/\/\/SW‘%
R” SAc 2) (E)-1-iodohex-1-ene, RTSTN"Npy
2.44 R = n-Bu) Pd(dppf)Cl,, EtsN, 45 °C 2.46 (R = n-Bu)
2.45 (R = i-Pr) 2.47 (R = i-Pr)

Scheme 2.15 Synthesis of secondary vinyl sulfides withns-allylsilane nucleophiles
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For the preparation of substituteid- allylsilane substratea54/2.55 (Scheme 2.16), the desired
ciss geometry in2.50/2.51 was installed by a partial hydrogenation of theresponding
propargyl silane catalyzed with situ prepared P2 nickét. The silyl protected alcohol was then
converted to vinyl sulfide2.54/2.55 by deprotection, mesylation, thiolation, reductiand

palladium catalyzed coupling reaction.

SiMe3
1) CSA, MeOH
J\/\ 1) BuLi, Me3SiCHyl = 2) MsCl, Et;N
R” ~OTBS 2) P2-Ni, H, R” ~OTBS 3) Cs2CO3, HSAC
2.48 (R = n-Bu) 2.50 (R = n-Bu)
2.49 (R = i-Pr) 2.51 (R = i-Pr)
. SiMe
SiMe3 4y LAH, Et,0 3
_ - =
2) (E)-1-iodohex-1-ene, X
R™ SAc Pd(dppf)Cl,, EtsN, 45 °C RTS8 X"npr
2.52 (R = n-Bu) 2.54 (R = n-Bu)
2.53 (R =i-Pr) 2.55 (R = i-Pr)

Scheme 2.16 Synthesis of secondary vinyl sulfides wiik-allylsilane nucleophile.

The results of oxidative cyclization in MeNn the substitutedrans-/cis- allylsilanes in
Scheme 2.15 and 2.16 are summarized in table Zng d&dditional n-butyl or i-propyl
substituents in these substrates led to the foomati four diastereomeric products as shown in
Figure 2.1denoted a®-trans-m-cis 2.58, o-trans-m-trans 2.59, o-cissm-cis 2.60 and o-cis-m-
trans products 2.61. The cyclization of substitutedrans- allylsilanes afforded good
stereoselectivities, with the expectedrans-m-cis products being major products. However, the
cyclization of substitutedis- allylsilanesled to the formation of a mixture oftrans-m-cis and
o-cissm-trans products in a nearly 1:1 ratio and other minostieeomers. The stereo structures

of these products were determined by NOESY and loaugonstant analysis. Also note that
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increasing the size of the substituent ondiseallylsilanes fronn-butyl toi-propyl has no effect
in improvingo-selectivity.

Table 2.1 Cyclization of substituted allylsilane substrates.

dr (o-t-m-c: o-t-mt:
Substrate Major product Total yield (%)
O-C-M:-C: O-C-MHt)

/E\/\/SW‘% Dj\
By 8T XA pr n-Bu” S n-Pr 68 1.0: 0.18:0.09:0.05

2.46 2.56

i-Pr S/\/\n_Pr i-Pr IS = n-Pr 79 1.0: 0.14: 0.09: 0.04

2.47 2.57
SiM63

X
_ 87 1.0:0.17:0.17:0.80
mBu” V8T X" pr n-Bu” °S n-Pr

2.54

X

_ 72 1.0:0.14:0.12:1.0
P s pr i-Pr S n-Pr
255

V4

/Ej:i\ -
R” 87 N "npr RY N7 NN pr

2.58 2.59
o-trans-m-cis o-trans-m-trans
m E\/C\
R7 87N npr RV 87N Nppr

2.60 2.61
0-CiS-m-cis o-cis-m-trans

Figure 2.1 Four diastereomeric products resulting from st allylsilanes.

R: n-butyl, iso-propyl
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Tri-substituted allylsilane2.63 was prepared in two steps froh62 (Scheme 2.17). The
following cyclization reaction led to the formatiah 2.64 in a 72% yield with a 2:1 dr favoring
2,34rans product. The diastereomeric rati@s fairly close to th€z)-allylsilane substrat@.36

as described in Scheme 2.14.

I _ DDQ, 2,6-di-Cl-pyr,
1)ZrCp,Cly, DIBAL-H; I, ~~F~_-SiMe3 4A M.S. MeNO,, 0 °C
ANNppr 72% (dr = 2.041.0) WP p.pr

2) Me3SiCH,MgCl, S S
5 XX, _p; Pd(Phs),, 45%(2 steps)

2.62

2.63 2.64

Scheme 2.17 Cyclization of tri-substituted allylsilane.

2.25 Synthesisof Tetrahydrothiophene

Tetrahydrothiophenes could also be accessible ghrthue present oxidative cyclization reaction
with one less carbon atom in the substrate strestlVe investigated their synthesis by only
choosing substrates with vinyl sulfide and all@sié functionalities. As shown in Scheme 2.18,
(2)-allylsilane substrat2.67 was synthesized and oxidatively cyclized in a v&ilar route.
Homopropargyl! silyl ethe.65 was deprotonated and reacted with trimethylsilgtmgl iodide,
followed by a partial hydrogenation of the triplenl catalyzed withn situ prepared P2 nickel
catalyst* and deprotection of the silyl ether to aff@®6. A standard sequence of mesylation,
reduction and coupling reaction led to the fornmatiof the desired substratz67. The
cyclization reaction rapidly afforded tetrahydragbihene2.68 in a 20:1 diastereomeric ratio
favoring 2,3eis stereochemistry. The 2¢3s stereochemistry was confirmed by further

hydrogenation t@.69 and compared with literature reported NMR df4ta.
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SiMe;,
SiMe; 1) MsCIEt;N;
1) n-BuLi, Me3SiCH,l, HSAc,Cs,CO3, 88%

_Z
(/ 62% | 2) LAH, 86% |
OTBS 2) P2-Ni, H, 3) (E)-1-iodohex-1-ene, AN~
3) 2-CSA, MeOH, on  Pd(dppfCly, EtaN, S n-Pr
9 45 °C, 53%
2.65 85% over 2 steps 2.66 o 067

DDQ, 2,6-di-Cl-pyr,

4AM.S., MeNO,, 0 °C - Pd/C, H,
/~n-Pr ’ n-Pr
5 min S 74% S
2.68 2.69

77% (dr = 20:1)

Scheme 2.18 Synthesis of tetrahydrothiophene throwigallylsilane.

2.3 DISCUSSION

2.3.1 Proposed Mechanism for Reactionswith Allyl and Vinyl Sulfides

The approach of extending the DDQ mediated oxidaivH bond cleavage strategy from allyl

or vinyl ether substrates to their sulfur countetgpdnas proved to be very successful. Under
similar reaction conditions to allyl ethers or Jirgthers, the cyclizations on allyl sulfides and

vinyl sulfides proceed smoothly as expected withderate to good yields and, in many cases,
excellent stereoselectivities.

A proposed mechanism for the cyclization of allylfisle 2.2 and the formation of side product

is shown in Figure 2.2. A single electron transéaction or2.2 generates the radical cati@ro,
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followed by a hydrogen atom abstraction by the DiExgical anion2.71 to form thea,p-
unsaturated thiocarbenium i@v2. An intramolecular nucleophilic attack from theokacetate
group, via a chair transition state, leads to threnftion of the cyclization produ@3. The
resulting acylium ion (not shown) was quenched [8+dichloropyridine, thus facilitating the
cyclization process. During the reaction, LiGl@esumably stabilizes the radical anibr0 and
acts as a catalyst. Due to comparable oxidatioenpads of the starting material2 and the
desired produc?.3, 2.3 may be further oxidized by DDQ under the reactonditions to form

undesired thiocarbenium i&i74 and eventually afford the side prodact.

)
OAc —‘ + Ojj\
/\L H ﬁ) — @w nPr
7
S)\/An-Pr SO nepr Ohc
OAc ®
H SET 270 H- abstraction 272 l
- o
S)\/\n—Pr o > o)
o o cl CN o]
N CI CN CljiiiCN d/\
Cl CN
=
cl CN cl CN OH s n-Pr
o] 0 23
2.71 273 .
o] o o]
DDQ SET H-" abstraction H
® / = |
A~
> e §2 n-Pr s A pr
2.3 2.74 24

Figure 2.2 A proposed mechanism of DDQ-mediated cyclizatioallyl sulfide2.2.

Compared with allyl sulfid®.2, the reaction of vinyl sulfid@.13 is much faster even at lower
temperature with a higher yield 213 and a negligible amount of side prod@et. This indicates
the samaey,p-unsaturated thiocarbenium ion intermediaf is formed in the reaction pathway
(Figure 2.3). A plausible explanation for the reatt difference is that vinyl sulfid®.13 has
much lower oxidation potential than the substrdy@ aulfide 2.2 and the desired produ2t3
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(also an allyl sulfide). Therefore at lower tempera the oxidation reaction on vinyl sulfi@el3
is much faster than on allyl sulfi®2 and the desired produ2i3 (which leads tdhe formation
of undesired over-oxidation produg#). This observation is in agreement with the cosicls

from previous mechanistic studi€s.

OAc OAc OAc
DDQ, 50% EJ\ DDQ, 58%
-
—_—
@/ o . /\/\ _
s> F" Nnpr 1t 15hr SN pr 0°C,5min S n-Pr
2.2 2.72 213

Figure 2.3 A comparison between allyl sulfi@&2 and vinyl sulfide 21.3.

2.3.2 Stereocontrol with Enol Acetate and Enol Carbamate Nucleophiles

For secondary sulfides substrats, 2.10 or 2.15, 2,6<is cyclization products are the major
products with satisfactory to excellent diastereneneatios. In the postulated chair transition
states, the substituent R assumes an equatoriibppand thg(E)-thiocarbenium ior2.75 is the
dominant reactive species in the reaction mecha(fsgure 2.4), thus favoring the formation of
2,6-cis product2.76. In the less favore@@)-thiocarbenium ior2.77 greater steric hindrance is
expected, and therefore Zr@ns product2.78 is formed as a minor product. Compared with

their oxygen counterparts, the stereoselectivities the cyclization reactions with sulfides are
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generally lower, indicating the longer bonds betwearbon and sulfur have an adverse affect to
the preference of thiE)-geometry of thiocarbenium ions. It should be alsted that though the
(2)-thiocarbenium ion explains the minor 2réns product nicely, we cannot exclude the

possibility of the minor product arising from a piide less favored boat transition state.

from E-thiocarbenium

¥ (@]
! —_—
OAcC R s Z R
2.75 2.76

major: 2,6-cis

from Z-thiocarbenium e}
t
(I)AC\ —_— R S ’///\R
277 R’ 2.78

minor: 2,6-trans

Figure 2.4 Stereocontrol of 2,6-disubsituted tetrahydrothiappne.

For secondary sulfides substrd2€4 with a (2)-vinyl carbamate, the 2,8ans cyclization
product2.25 is the major product with an excellent ratio of 25Similar to the mechanism of
2,6-disubstitution products, the substituents a¢ ®+ and 3-positions assume equatorial
orientations in the postulated chair transitiortestaand th€E)-thiocarbenium ior2.79 is the
dominant reactive species in the reaction mecha(fsgure 2.5), thus favoring the formation of
2,34rans product 2.25. The less favoredZ)-thiocarbenium2.80 presumably leads to the

formation of the minor produc.8l. We have also demonstrated that complementary
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stereocontrol result can be accessed thr@kyvinyl carbamate?.31, leading to 2,is product
2.32 as the major product through the same mechanism.

E-thiocarbenium

Z-thiocarbenium

Figure 2.5 Stereocontrol of 2,3-disubsituted THTP froB)-yinyl carbamate.

2.3.3 Mechanismsand Stereocontrolswith Allylsilane

Allylsilanes have also proved to be very efficientcleophiles in these oxidative cyclization
reactions, but the solvent of choice is the moldarddeNG, instead of dichloromethane to avoid
the formation of diene produ@38. Presumably allylsilanes are slightly weaker nogteles
than enol acetates and enol carbamates, and treeite#® thiocarbenium i08.37 has a longer
life in the reaction system. The use of more palalvent greatly helps to stabiliZ37 and
suppress the unwanted deprotonation pathway to tleendiene produ@.38.

Both (E)- and(2)- unsubstituted allylsilane afford 2¢8s products as the major products which
may be explained by the same mechanism as illestrat Figure 2.6 (onlyE)-allylsilane
structures are illustrated), whe(€)-thiocarbeniun.37 is more favored tha(¥)-thiocarbenium

2.82. It should be noted that thieans:cis stereoselectivities fror(E)-allylsilane2.35 (7.7:1) and
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(2)-allylsilane2.36 (1.9:1) are lower than those from the enol carldareabstrates. A reasonable
reason which may explain the lower stereoselegtnitE)-allylsilane2.35 is solvent effect due
to the necessary replacement of dichloromethanke M&NO,, however it cannot explain the
difference betwee(E)- and(2)-allylsilanes

S e ] ol
6% Wn-Pr _— > _

S n-Pr

i

2.37 2.39

l

L\/—F Sites ) SIM63 X
(St(;\n-Pr

\

2.83

2.82

Figure 2.6 Formation of 2,3&rans products fron{E)-allylsilanes.

When secondary allyl sulfides are used, four drast@eric products are formed (Figure 2.1,
2.58 to 2.61), again with the K)-allylsilane substrates reacting with much higherels of
stereocontrol than the correspondiZy-éllylsilane substrates. FoE)allylsilane substrates-
trans-m-cis product2.58 ando-cis-m-trans product2.61 are formed in a nearly 1:1 ratio (Figure
2.7).0ur experimental data revealed that the ratio®of fliastereomeric products are not very
relevant to the size of the R- substituents (T@klg, indicating a boat transition state is unkkel
to be responsible for the much lower stereoseliggtivtom the cyclization of £)-allylsilanes.
The most plausible pathway is through ti@@-thiocarbenium ion intermediat285 with the

conjugated alkenyl group occupying a pseudoaxiahtation.
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Figure 2.7 Formation of the two major diastereomeric proddicisn (2)-allylsilanes.

The oxidative cyclization frontis-allylsilane 2.67 to tetrahydrothiophen2.68 is also very
efficient with excellent stereoselectivity (dr 2P:(Scheme 2.18). Carbon-sulfur double bonds
are known to be longer than carbon-oxygen doublels5? which may explain this unusual 5-
endo cyclization reaction. The strong preference towa2¢3¢is product from(2)-allylsilane
may be related by the lower energy of {Eg-thiocarbenium ior2.86 compared with th€Z)-

thiocarbeniun®.87, but we do not fully understand the origin of #tereochemistry (Figure 2.8).

= n-Pr Z~n-Pr

SW S
®
2.86 2.64
SiMe;

n-Pr 2.88
2.87

Figure 2.8 Formation of the two diastereomeric THT productsf (2)-allylsilanes.
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24 SUMMARY

We have discovered DDQ mediated oxidative C-H batehvage to be an effective and
stereoselective method to synthesize sulfur comigisix- or five- member rings. The moieties
for generating thiocarbenium ions are unsaturatdftles including allyl sulfide and preferably
vinyl sulfide, both of which can be easily accesseile the appended nucleophiles include enol
acetate, enol carbamate and allylsilane.

With vinyl sulfides these cyclization reactions iddp afford sulfur containing six-membered
rings with high stereocontrol and in good to exadilyields under very mild conditions. Enol
acetates and enol carbamate nucleophiles tenddad @ktrahydrothiopyranones with the best
stereochemical outcomes. With unsubstituted endtaées as the nucleophilesis-2,6-
disubstituted tetrahydrothiopyranones are the predeproducts from cyclizations of secondary
sulfides. With substituted enol carbamates as theleophiles, trans-2,3-disubstituted
tetrahydrothiopyranones are the preferred produets cyclizations ofZ)-enol carbamates, and
cis-2,3-disubstituted tetrahydrothiopyranones areptieéerred products from cyclizations (&)-
enol carbamates. Allylsilane nucleophiles affordghgly inferior stereocontrols, and the
stereochemical outcomes are also affected by thmewy of the nucleophiles. While the exact
explanation for different stereocontrol frqiB)- and(Z)- allylsilanes remains to be explored, the
experimental studies tend to indicate the posgibihf a concerted interaction between the
thiocarbenium ion and the allylsilane moiety. le theanwhile, we have also demonstrated that
(E)- and (2)- allylsilanes could be used to prepare tetrahydwptienes with moderate to high
stereocontrol in good yields under very mild corais.

The combination of unique synthetic approach, gdodctional group compatibility and

excellent diastereoselectivity highlights this atide cyclization methodology from other
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common synthetic strategies for approaching swamntaining six- or five- member rings. The
synthetic methodology described here may also fapplications in accessing complex

molecules in pharmaceutical and special chemichlstry.
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3. ASYMMETRIC BIMOLECULAR COUPLING REACTIONS THROUGH

OXIDATIVELY GENERATED AROMATIC CATIONS: SCOPE AND LIMIT

31 INTRODUCTION

Fragment-based screening has become increasinglygrao design high-affinity ligands and
sub-units in search of biologically active molealeThis protocol generally requires the rapid
preparation of libraries of low molecular weightngmounds with diverse structures. Access to
these libraries would be facilitated by the devatept of new fragment coupling reactions that
allow structural variability and, preferably, inparation of one or more heteroatoms and
stereocenters. One strategy to generate these dragns through oxidative carbon-hydrogen
bond cleavage, which is characterized by the oxidaformation of stabilized carbocations
followed by intermolecular nucleophilic attack tccamplish the bimolecular coupling procé3s.
A significant challenge in this strategy is thebdtaed carbocations must have sufficient lifetime
to accommodate the addition rates of the internubdecnucleophile. For this reason, most
bimolecular coupling reactions through oxidativeboen-hydrogen bond cleavage are based on
readily oxidized substrates, such as tetrahydroisadjnes, electron-rich alkenes, isochromans

and xanthene¥.
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The Floreancig group has developed a number odadetective cyclization reactions based on
the oxidation of ethers, amides, and sulfides witd2chloro-5,6-dicyano-1,4-benzoquinone
(DDQ) as the oxidant:***®These processes proceed through oxidative carpdrogen bond
cleavage to form stabilized carbocations followadiftramolecular additions of appended
nucleophiles. Recently, Clausen and Villafane ie tRloreancig group have successfully
extended this approach to bimolecular couplingtieas, and prepared a numbét-2hromene

derivatives (Scheme 3.59.

3.1 3.2

R: electron donating or withdrawing group
Nucleophiles: allylsilanes, enolsilanes, trifluoroborates etc

Scheme 3.1 Achiral bimolecular coupling on chromene subssate

A plausible pathway for these bimolecular coupliegctions are shown in Scheme 3.2. The
incorporation of aromatic ring lowers the oxidatipotential of these substrates and assures
easier access to the intermedid# On the other hand, the aromatic ring also leadsigher
stability of the oxidation intermediate, and thes@ssitates a catalyst to promote its dissociation
to form an intermediate with higher reactivity. hiim perchlorate has been found to greatly
improve the efficiency of the reaction, presumalypromoting the dissociation of the acetal
3.4 and the formation of a more reactive ion pa®, which reacts with an intermolecular

nucleophile to affore.6.
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CIO4 CN
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Scheme 3.2 The formation of ion pairs in achiral bimolecutamupling.

The possible formation of an achiral ion pair i tkaction mechanism encouraged us to explore
the potential of replacing LiClOwith a chiral Brgnsted acid. Thus a chiral ionrf@ar may be
generated and available for further nucleophilidiaon to afford enantiomerically enriched
products (Scheme 3.3). Chirphosphoric acids were selected for their catalgttvities to
promote asymmetri@dditions through oxocarbeniumion intermediate$® The association
betweenthe oxocarbeniumion and phosphoric acid has been attributed to C=>xhydrogen
bondsrather conventionahydrogenbonds®* Though there are a few examples of asymmetric
additions into oxidatively generated carbocatianghie literature, all of these examples employ
chiral nucleophiles to achieve enantioselectiVi§?> To the best of our knowledge, this
postulated strategy is very unique in generatinghmal center from oxidatively generated

carbocations and achiral nucleophiles.
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Cl

R*O)2P X)YH N cl OH
+ 2
o o) O HO CN
(R*O),P(X)Y ~ CN
3.4 3.7 3.8

R = chiral group, X=0o0r S, Y = O or NTf

Scheme 3.3 Chiral ion pair from an oxidatively generated mtediate.

32 ASYMMETRIC BIMOLECULAR COUPLING REACTIONS THROUGH

OXIDATIVELY GENERATED AROMATIC CATIONS

In the postulated strategy, the co-existence ofdlsemic acetad.4 andthe chiral iron paiB.7
dictates the competition between the uncatalyzexdkdraund reaction which leads to racemic
products, and the postulated catalyzed reactionclwhéads to enantiomerically enriched
products. Our first approach was to identify thact®n conditions that may suppress the
background reaction. We anticipated the choiceobfemnt may have a significant impact on the
background reaction rate as well as the distancthefcounterions in the chiral pair. So we
performed the bimolecular coupling reaction betw@8mand allyltrimethylsilane in the absence
of LiClO4 in different solvents, expecting the disappearaocéentermediate3.4 on TLC to
reflect the background reaction rate (Table 3.1)om@ared with acetonitrile and
dichloromethane, the background reaction rate wasiderably slower in toluene presumably

due to its lower polarity. So toluene was seleétedurther screening experiments.
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Table 3.1 Initial solvent screening results (without LiG)O

Solvent Nucleophile Temperature °C TLC Consumption
acetonitrile AllyITMS 0 1.5 hours
dichloromethane AllyITMS 0 2 hours
toluene AllyITMS 0 12 hours

To screen for the optimal catalyst, several BINGiséd phosphoric acids and phosphoryl
triflimides 3.9-3.12, as well as their thio counterpa43-3.14, were synthesized according to
literature procedure and screened for optimal éoselectivities®® Specifically, substrat8.3
was exposed to DDQ oxidation in the presence oflstumetric amounts of catalysts at 0°C to
generate the relatively stable acetal intermediategproximately 30 minutes, followed by the
addition of allyltrimethylsilane to consume theemhediates and finish the coupling process.
After disappearance of the stable intermediate$ldd, the crude reaction mixture was purified
by column chromatography, and the enantiomeric &we&as measured by chiral HPLC using a
Lux Cellulose 3 column. The screening results vgenamarized in Table 3.2 (entry 1 to 6 for
catalyst screening). Triisopropylphenyl (TRIP) dithged phosphoryl triflimide3.11 was found

to be the optimal catalyst, affordirRy15 in 62% ee at stoichiometric loading (entry 3). The
absolute stereochemistry 8f15 was determined through an independent syntheficoaph
(discussed later in Scheme F2jnd confirmed with optical rotations and HPLC ngien times.
Phosphoryl triflimide groups were superior to phasmhacid groups presumably due to their
higher acidity. Thiophosphoric acgi13 and thiophosphoryl triflimid8.14 afforded very low ee.
Replacement of toluene with dichloromethane leB4®&6 ee (entry 7), while replacement with
a,a,0-trifluorotoluene  further improved the stereocohttm 77% ee (entry 8).a,a,0-

Trifluorotoluene was usually believed to behaveilsity as dichloromethane, so the sharp
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difference in stereocontrol between these two sad/&urther suggests the presence of aromatic
interactions between the chiral ion pair and the aromatic solvent, which are beneficight

stereochemical outcome.

Table 3.2 Screening results with stoichiometric loading abbgsts.

Ar
OO o X DDQ, solv, 0 °C

o O O o YH /\/SiMeg o N
Ar
3.3 3.9-3.14 3.15

Entry Catalyst Ar X Y Solvent ee %
1 3.9 2,4,6-Triisopropylphenyl (0] O Tol 26
2 3.10 3,5-Ditrifluoromethylphenyl 0] 0] Tol 4
3 311 2,4,6-Triisopropylphenyl (0] NTf Tol 62
4 3.12 2,6-Diisopropyl-4-(9-anthracenyl)phenyl (0] NTf Tol 13
5 3.13 2,4,6-Triisopropylphenyl S O Tol 4
6 3.14 2,4,6-Triisopropylphenyl S NTf Tol 13
7 311 2,4,6-Triisopropylphenyl O NTf DCM 34
8 311 2,4,6-Triisopropylphenyl O  NTf PhGF 77

To further improve the enantioselectivity of thaecton, we screened several other nucleophiles
besides allyltrimethylsilane (Table 3.3). Thesectiems were conducted mo,a-trifluorotoluene
with stoichiometric amount 08.11 at 0 °C. Allyl phenyl dimethylsilane and allylthpnyltin

provided 92% ee and 89% ee respectively (entrydl3anwhile allyltributyltin provided 48% ee
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(entry 2). While nucleophilicity difference seentslie a reasonable explanation, it should be
noted allyltriphenyltin is more nucleophilic thatlyatrimethylsilane®® Again we believe the
higher enantioselectivities may be resulting froosgible aromatic interactions between the

chiral iron pair3.7 and those nucleophiles containing phenyl groups.

Table 3.3 Screening results at stoichiometric loading of lyata.

N DDQ, PhCF3;, 0 °C N
(@] 0 A

3.11 (1 equiv)

3.3 3.15
Entry Catalyst M ee %
1 311 SiMe,Ph 92
2 311 SnBy 48
3 311 SnPh 89

To test the efficiency of the catalyst, we perfodnaeseries of reactions with allyltriphenyltin and
allyl phenyl dimethylsilane with substoichiometamount of catalys3.11 (Table 3.4). Lowering
catalyst 3.11 from stoichiometric amount to 20% at O °C resuliadnearly 30% drop in
enantioselectivity, with both nucleophiles afforgli®2% ee (entry 1 and 5). Lowering the
nucleophilic reaction temperature from 0 °C to -26 (the freezing point ofa,a,0-
trifluorotoluene is -29 °C) improved the enantiestivity significantly, with allyltriphenyltin
adding in 81% ee and 66% vyield (entry 2), and ghgnyl dimethylsilane adding in 86% ee and
56% vyield (entry 6). It should be noted the lowalds were partially affected by the scales of

these reactions and the evaporation loss of thdupts.
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Table 3.4 Screening results at one equivalent loading oflgstta

N DDQ, PhCF; N
)~ —— Tl
O 3.1 (0] X

3.3 3.15
Temperature Cat loading
Entry R Ee (%) Yield (%)
(°C) (mol%)
1 PhSn 0 20 62 -
2 PhSn -25 20 81 66
3 PhSn -25 10 68 66
4 PhSn -25 5 31 57
5 PhMeSi 0 20 62 -
6 PhMeSi -25 20 86 56
7 PhMeSi -25 10 79 52
8 PhMeSi -25 5 17 53

Further reducing the catalyst loading to 10% resulh slightly lower enantioselectivity, with
allyltriphenyltin adding in 68% ee and 66% yielchtfy 3), and allyl phenyl dimethylsilane
adding in 79% ee and 52% vyield (entry 7). Reducdimgy catalyst loading to 5% resulted in
significant drops in enantioselectivity, with 31% and 57% yield from allyltriphenyltin (entry
4), and 17% ee and 53% vyield from allyl phenyl dimysilane (entry 8). These
substoichiometric results indicate the turn-ovee raf the BINOL catalyst is not impressively
high, and at lower catalyst loading the uncatalyzackground reaction can become competitive,

but useful enantioselectivities can still be obedinvith 10% to 20% loading of the catalyst.
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Compound3.15 has not been prepared in enantiomerically pune fior literature. Therefore its
absolute stereochemistry has to be determined ghran independent synthetic route (Scheme
3.4). Commercially available-bromohydrocinnamic aci8.16 was converted to its methyl ester,
and partially reduced to obtain the correspondidgheyde3.17. The key stereocenter B118
was then introduced using a well-known Brown atigla reaction with predictable
stereochemical outconfe A palladium-mediated cyclizati8hfollowed by hydrogenation of the
alkene group provided.19 (observed ¢]p + 99.1). Another hydrogenation on the alk&ikb,
which was prepared with the present methodologyo( &€& before hydrogenation), afforded the
same product with an observed|{ + 73.0. Retention times with both products as vesll

racemic products also matched very well.

©\/\/002H 1) MeOH, SOCl,, 90% CKVCHO (+)-DIP-CI, AllyIMgBr, Et,0, -100 °C;
Br 2) DIBAL-H, DCM, Br H,0,, NaHCO3, RT, 67%

316 -78 °C, 76% 317
OH 1) Pd(OAc),, JohnPhos,
©\/M Cs,CO4, tol, 65 °C, 75% 2) 10% Pd/C, H,
- - 3.15
Br 2) 10% Pd/C, H,, DCM, 81% 0] DCM, 63%
3.18 3.19

Scheme 3.4 Synthetic approach to determine absolute stereoishs.

We attempted to expand the scope of the presenhoaheiogy, but the results were not
successful. Scheme 3.5 demonstrates two of suchmpes. Replacing allyl phenyl
dimethylsilane with methallyl phenyl dimethylsilana 3.3, with stoichiometric amount of the
optimal catalyst3.11 under optimal conditions, afforde®l20 in 33% ee. When an methoxy

group was installed on the substrate, also wititlsimmetric amount of the optimal catalys11
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under optimal conditions, the reaction afford@@2 only in 9% ee. We noticed that the
background reactions for both processes were ¢pstan the absence of catalyst. We postulate
that the enhanced nucleophilicity of the methatiigenyl dimethylsilane in comparison to the
allyl phenyl dimethylsilane creates the potent@l the competitive reaction with intermediates
related t03.4 (Scheme 3.2). The electron donation from thethoey group stabilizes the

intermediate cation and weakens its interactioth wie chiral counterion.

. X
©\/j )Vsnvlezph DDQ, 3.11(1 equiv) m
5 ’ 0
3.3

PhCFs, -25 °C
3.20
33% ee
M
MeO N , DDQ, 3.41(1 equiv) MO N
/\/SIMe2Ph
o PhCF3, -25 °C o N
3.22

Scheme 3.5 Unsuccessful attempts to expand the reaction scope

33 SUMMARY

We have discovered that DDQ-mediated carbon-hydrdgend cleavage reactions, the
presence of a chiral Brgnsted acid, can be usgdrterate chiral aromatic electrophiles that react
with intermolecular nucleophiles to prepare enanédcally enriched products. Mechanistic
studies implicate the formation of a mixed acet&imediate upon cation formation that ionizes

in the presence of chiral phosphoric acids to gegeeshiral ion pairs with reactive oxocarbenium
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cations, despiteéhe absenceof conventionalhydrogenbonding sites. While the scope of this
process is still very limited, several interestivlgservations have been noted. The uncatalyzed
background reaction to form racemic addition praslus a significant competitive process, but
can be suppressed by choosing non-polar solventloat temperature. For higher
enantioselectivity the best solvent is non-polanaatic solvent (with PhGFoeing the best), and
the best nucleophile are allyl phenyl dimethyls#aand allyltriphenyltin. These facts indicate
possible aromatic interactions between the choalpairs, nucleophiles and solvent which are
beneficial for the enantioselective outcome. Wetyate the best enantioselectivity requires a
delicate balance of electronic effects and aromatieractions in the chiral ion pair
intermediates. Despite these limitations we werde al® conduct reactions with good
enantiocontrol at reasonable catalyst loadingssé&Ipeocesses are, to the best of our knowledge,
the first examples of enantioselective reactionh wiitiral electrophiles that arise from oxidative

carbon-hydrogen bond cleavage.
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APPENDIX A

TOTAL SYNTHESIS OF NEOPELTOLIDE AND ANALOGS

Experimental

General Experimental
Proton tH NMR) and carbon{C NMR) nuclear magnetic resonance spectra werededon

Bruker Avance 300 spectrometer at 300 MHz and 75zMkéspectively. The chemical shifts

are given in parts per million (ppm) on the deléy $cale. Tetramethylsilane (TMS) or the
solvent peak was used as a reference valuéHf®iMR: TMS (in CDCE) = 0.00 ppm, CBOD
=3.31, for™*C NMR: TMS (in CDC}) = 0.00, CROD = 49.00. Data are reported as follows: (s =
singlet; d = doublet; t = triplet; q = quartet; daloublet of doublets; dt = doublet of triplets;Zr
broad). High resolution and low resolution masscspe were recorded on a VG 7070
spectrometer. Infrared (IR) spectra were collead@da Mattson Cygnus 100 spectrometer.
Optical rotations were measured on a Perkin-Elm&t Rolarimeter. Samples for IR were
prepared as a thin film on a NaCl plate by dissgvthe compound in Gi€l, and then
evaporating the CKLl,. Analytical TLC was performed on E. Merck pre-ah{25 mm) silica
gel 60F-254 plates. Visualization was done under(B84 nm). Flash chromatography was done
using ICN SiliTech 32-63 60 A silica gel. Methylecigloride was distilled under,Nrom Cah.
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Reagent grade ethyl acetate, diethyl ether, pensatehexanes (commercial mixture) were
purchased from EM Science and used as is for chography. Benzene was dried with 4A
molecular sieves. THF was distilled from sodium.h&t reagents were obtained from
commercial source without further purification. A#lactions were performed in oven or flame-

dried glasswareiith magnetic stirring unless otherwise noted.

General protocol for the preparation of macrocyclic alcohol from macrocyclic ketone with
NaBH. (general protocol A)

To a one-dram vial charged with macrocyclic ket@820 mmol) was added MeOH (0.5 mL).
The reaction mixture was cooled to 0 °C and NaB®#040 mmol) was added. After 10 min,
AcOH (0.40 mmol) was added and the reaction wasemmnated under vacuum. The resulting

residue was purified by flash column chromatograjohgfford the desired macrocyclic alcohol.

General protocol for the Mitsunobu coupling (general protocol B)

To a one-dram vial charged with macrocyclic alcof®@a019 mmol), oxazolic acid (0.078 mmaol)
and PPk (0.086 mmol) was added benzene (0.5 mL). To theti@n mixture was added DIAD
(0.086 mmol). After ten minutes the reaction wascemtrated under vacuum. The resulting

residue was purified by flash column chromatograohgfford the desired product.
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(1R,55,7S,9S,11R,13S)-13-hydr oxy-7-methoxy-9-methyl-5-pr opyl-4,15-
dioxabicyclo[9.3.1]pentadecan-3-one (1.5)
«OH General protocol A was followed, starting from theacrocyclic

MeO ketonel.8 (6.5 mg, 0.020 mmol) and NaBKL.6 mg, 0.042 mmol).

Flash column chromatography (50% EtOAc in hexawyedyled 6.2

Pr O
mg (95%) of the desired produdd NMR (300MHz, CDCY) & 5.12-5.21(m, 1H), 3.75-3.87(m,

1H), 3.73(ddd,) = 2.0, 4.4, 10.9 Hz, 1H), 3.59@= 9.4 Hz, 1H), 3.32(s, 3H), 3.18@#=9.3 Hz,
1H), 2.63(ddJ = 4.4, 14.5 Hz, 1H), 2.44(dd,= 10.7, 14.5 Hz, 1H), 1.99(ddd= 1.8, 1.8, 11.5
Hz, 1H), 1.81-1.92(m, 2H), 1.43-1.78(m, 5H), 1.124(m, 6H), 1.0(dJ = 6.7 Hz, 3H), 0.92(t]

= 7.3 Hz, 3H)*C NMR (75MHz, CDC}) 5 170.8, 78.6, 75.6, 73.3, 72.3, 68.1, 56.2, 442124
42.2,41.9, 40.7, 40.0, 36.9, 31.2, 25.5, 19.09;1R (film) 3416, 2918, 2871, 1730, 1650, 1459,
1087 cnt; HRMS (ESI) calc. for GHs0sNa ([M+Na]+): 351.2147, found 351.215%]§%° =

+17.1 (CHC4, ¢ = 0.2).

(2)-(1R,55,75,9S,11R,13R)-7-methoxy-9-methyl-3-oxo-5-propyl-4,15-dioxabicycl0[9.3.1]
pentadecan-13-yl 5-(2-((Z2)-3-((methoxycar bonyl)amino)pr op-1-en-1-yl)-oxazol-4-yl)pent-2-
enoate (1.2)

General protocol B was followed, starting from the
MeO macrocyclic alcoholl.5 (6.2 mg, 0.019 mmol), the

oxazolic acid1.6 (22.0 mg, 0.078 mmol), PRPH{11.4

OMe mg, 0.086 mmol) and DIAD (16.8L, 0.086 mmol).

Flash column chromatography (30% EtOAc in hexanes)

yielded 10.5 mg (93%) of neopeltolidé! NMR (300MHz, CQOD) & 7.66(s,1H), 6.32-6.41(m,
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1H), 6.28(dt,J = 2.1, 13.8 Hz, 1H), 6.03(pentet,= 6.0 Hz, 1H), 5.88(dJ = 11.6 Hz, 1H),
5.20(t,J = 2.8 Hz, 1H), 5.12-5.22(m, 1H), 4.30(dbks 1.4, 4.2 Hz, 2H), 4.06( = 9.3 Hz, 1H),
3.70(s, 1H), 3.65(s, 3H), 3.56(t,= 9.0 Hz, 1H), 3.28(s, 3H), 3.01(dd= 7.6, 15.1 Hz, 2H),
2.71(s, 1H), 2.70(dt) = 4.4, 14.7 Hz, 1H), 2.23(dd,= 11.0, 14.7 Hz, 1H), 1.73-1.90(m, 2H),
1.65-1.73(m, 2H), 1.44-1.60(m, 5H), 1.26-1.44(m,)6H07-1.18(m, 1H), 0.97(dl = 6.3 Hz,
3H), 0.92(d,J = 13.6 Hz, 3H)**C NMR (75MHz, CROD) & 173.1, 166.9, 161.9, 159.5, 150.0,
142.3, 139.3, 136.0, 121.7, 116.0, 77.2, 77.1,, 74104, 69.2, 56.4, 52.6, 45.3, 43.5, 43.3, 41.1,
38.0, 37.6, 37.4, 36.2, 32.6, 29.0, 26.4, 26.00,2D4.2; IR (film) 3357, 2954, 2922, 2854, 1719,
1646, 1537, 1458, 1376, 1342, 1249, 1178, 1064, 99¥cni; HRMS (ESI) calc. for

CaiHaN,0Na ([M+Na]): 613.3101, found 613.30763]p%° = +17.5 (MeOH, ¢ = 0.24).

(1R,5S,7S,11S,13R,Z)-13-hydr oxy-7-methoxy-9-methyl-5-propyl-4,15-dioxabicycl0[9.3.1]
pentadec-9-en-3-one (1.48)
+OH General protocol A was followed, starting from #Hikene keton&.30

MeO (14.9 mg, 0.046 mmolpnd NaBH (3.6 mg, 0.095 mmol). Flash

column chromatography (50% EtOAc in hexanes) ymld2.6mg

Pr O
(84%) of the desired produéd NMR (300MHz, CDC}) 8 5.31-5.37(m, 1H), 5.30(d,=7.2 Hz,

1H), 3.82-3.93(m, 3H), 3.49-3.56(m, 1H), 3.36(s)3263(dd,J = 3.8, 15.1 Hz, 1H), 2.51(dd,
= 11.1, 15.1 Hz, 1H), 2.33(d,= 13.3 Hz, 1H), 1.95-2.05(m, 3H), 1.86(t= 0.6 Hz, 3H), 1.81-
1.89(m, 1H), 1.64-1.74(m, 1H), 1.47-1.59(m, 2H%4Ls, 1H), 1.18-1.40(m, 3H), 0.920t= 7.2
Hz, 3H);**C NMR (75MHz, CDC}) & 170.3, 146.9, 125.1, 81.8, 74.1, 72.4, 72.0, 68719,

43.3,42.1 ,41.8, 40.5, 40.3, 37.4, 25.2, 18.0;1IR (film) 3422, 2959, 2923, 2854, 1732, 1654,
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1454, 1373, 1315, 1264, 1195, 1080, 1035, 981, 839, 755 cii; HRMS (ESI) calc. for

CisHaoOsNa ([M+Na]'): 349.1991, found 349.19921]p% = -47.0 (CHGY, ¢ = 0.38).

(2)-(1R,55,75,11S,13S,Z)-7-methoxy-9-methyl-3-oxo-5-pr opyl-4,15-dioxabicycl0[9.3.1]
pentadec-9-en-13-yl 5-(2-((Z2)-3-((methoxycar bonyl)amino)pr op-1-en-1-yl)-oxazol-4-yl)pent-
2-enoate (1.49)

General protocol B was followed, starting from the
MeO alkene alcohol.48 (6.8 mg, 0.021 mmol), the oxazolic

acid (23.0 mg, 0.083 mmol), PPfR23.5 mg, 0.090

OMe  mmol) and DIAD (17.8uL, 0.090mmol). Flash column

chromatography (30% EtOAc in hexanes) yielded 8.6
mg (70%) of the alkene analdéi NMR (300MHz, CROD) & 7.67(s, 1H), 6.34-6.43(m, 1H),
6.28(dt,d = 2.0, 12.0 Hz, 1H), 6.05(pentst= 6.0 Hz, 1H), 5.90(dt] = 1.5, 11.5 Hz, 1H), 5.25-
5.33(m, 1H), 5.27(t) = 2.8 Hz, 1H), 5.22(d) = 6.7 Hz, 1H), 4.31(d) = 4.7 Hz, 2H), 4.19-
4.28(m, 2H), 3.66(s, 3H), 3.58-3.65(m, 1H), 3.34H), 3.03(dddJ = 1.4, 7.7, 7.7 Hz, 2H),
2.73(t,J = 7.0 Hz, 2H), 2.69(dd] = 3.4, 10.2 Hz, 1H), 2.27-2.38(m, 2H), 1.95(d&; 10.4, 13.6
Hz, 1H), 1.84(s, 3H), 1.62-1.88(m, 5H), 1.49-1.58@H), 1.23-1.30(m, 3H), 0.95(,= 7.3 Hz,
3H); °C NMR (75MHz, CQOD) 5 172.7, 166.9, 162.0, 159.7, 150.1, 148.0, 14239,3, 136.0,
127.0, 121.8, 116.0, 83.4, 75.2, 71.3, 71.1, 68812, 52.7, 44.2, 43.3, 42.5, 41.1, 38.5, 36.3,
35.9, 29.1, 26.5, 25.8, 19.9, 14.3; IR (film) 332957, 2923, 1719, 1521, 1458, 1268, 1170,
1097, 1072, 892, 818, 776 ¢mHRMS (ESI) calc. for §HaN,OgNa ([M+Na]): 611.2945,

found 611.2997;d]p>° = -44.1 (MeOH, ¢ = 0.56).

71



(1S,55,7S,9R,11R)-7-methoxy-9-methyl-5-pr opyl-15-oxabicyclo[9.3.1] pentadecane-3,13-
dione (1.50)

o To a 10 mL flask containing the alkene ketdh&0 (6.1 mg, 0.019

MeO mmol) was added Crabtree’s catalyst (3.2 mg, 0r@@bl). The flask
was quickly evacuated and backfilled with, Hand this process was
repeated for three times. Then £H (0.2 mL)was charged and the
reaction mixture was well stirred at room tempemafor 30 min. The reaction mixture was then
filtered through Celite, concentrated and purifieth flash chromatography (5% & in
CH,Cl,) to afford 3.3 mg (54%) of the diastereomeric ketdH NMR (300MHz, CDC}) &
5.14-5.22(m, 1H), 3.93-4.02(m, 1H), 3.69(ddd= 2.6, 6.5, 20.6 Hz, 1H), 3.32(s, 3H), 3.23-
3.31(m, 1H), 2.72(dd] = 4.5, 14.4 Hz, 1H), 2.46(dd,= 8.5, 14.4 Hz, 1H), 2.42(dd,= 4.1, 7.0
Hz, 1H), 2.31(d,J = 7.8 Hz, 2H), 1.92(dt) = 2.2, 14.8 Hz, 1H), 1.74-1.83(m, 1H), 1.43-1.73(m,
4H), 1.16-1.39(m, 6H), 0.94(d, = 6.8 Hz, 3H), 0.92(t] = 7.3 Hz, 3H)}*C NMR (75MHz,
CDCl;) 6 206.4, 179.8, 80.4, 75.0, 73.8, 72.6, 56.3, 4862, 41.7, 41.6, 40.1, 39.0, 37.7, 28.6,
20.9, 18.7, 13.9; IR (film) 2956, 2923, 2853, 172859, 1370, 1330, 1252, 1185, 1105, 1081,
844, 799 crit; HRMS (ESI) calc. for GHsgOsNa ([M+Na]): 349.1991, found 349.19743]p>°

= -7.9 (CHC}, ¢ = 0.17).

(1R,55,7S,9R,11R,13S)-13-hydr oxy-7-methoxy-9-methyl-5-pr opyl-15-oxabicycl0[9.3.1] -
pentadecan-3-one

+OH General protocol A was followed, starting from ttiastereomeric
MeO

ketonel.50 (3.3 mg, 0.010 mmoland NaBH (1.1 mg, 0.029 mmol).

Flash column chromatography (35% EtOAc in hexayedyed 3.2
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mg (96%) of the desired produtit NMR (300MHz, CDC}) & 5.11-5.20(m, 1H), 3.80-3.86(m,
1H), 3.69(tdd,J = 1.9, 4.6, 11.0 Hz, 1H), 3.78(tt,= 2.4, 8.7 Hz, 1H), 3.31(s, 3H), 3.27(dtz
2.0, 9.1 Hz, 1H), 2.64(dd] = 4.6, 14.3 Hz, 1H), 2.41(dd,= 9.0, 14.3 Hz, 1H), 1.90-1.99(m,
2H), 1.83-1.88(m, 2H), 1.60-1.80(m, 3H), 1.43-16PEH), 1.13-1.40(m, 4H), 0.89-0.93(m,
6H); :°C NMR (75MHz, CDC}) 8 170.5, 80.5, 74.6, 72.4, 71.5, 68.4, 56.4, 41187 441.5, 40.3,
39.6, 39.4, 37.7, 28.7, 21.1, 18.7, 13.9; IR (filg®63, 3296, 2916, 2852, 1718, 1490, 1457,
1364, 1274, 1256, 1220, 1160, 1108, 1074, 1036,c83% HRMS (ESI) calc. for GH3:0sNa

(IM+Na]"): 351.2147, found 351.2166]p> = -9.6 (CHC}, ¢ = 0.32).

(2)-(1R,5S,7S,9R,11R,13R)- 7-methoxy-9-methyl-3-oxo-5-pr opyl-4,15-dioxabicycl0[9.3.1] -
pentadecan-13-yl 5-(2-((Z2)-3-((methoxycar bonyl)amino)pr op-1-en-1-yl)- oxazol-4-yl)pent-2-
enoate (1.51)

General protocol B was followed, starting from the
MeO diastereomeric alcohol (3.1 mg, 0.0095 mmol), the

oxazolic acid1.6 (10.5 mg, 0.038 mmol), PRH10.7

OMe mg, 0.041 mmol) and DIAD (8.1iL, 0.041 mmol).

Flash column chromatography (30% EtOAc in hexanes)
yielded 3.8 mg (67%) of the diastereomeric analdg\NMR (300MHz, CQOD) & 7.65(s, 1H),
6.36(dt,J = 7.4, 11.6 Hz, 1H), 6.26(df = 2.0, 11.8 Hz, 1H), 6.02(pentet,= 6.1 Hz, 1H),
5.86(dt,J = 1.6, 11.5 Hz, 1H), 5.22(f = 2.8 Hz, 1H), 5.11-5.20(m, 1H), 4.29(dbz= 1.5, 5.8
Hz, 2H), 3.95-4.05(m, 1H), 3.76(,=6.0 Hz, 1H), 3.64(s, 3H), 3.29(s,3H), 2.99(dd; 7.1, 7.1
Hz, 2H), 2.69(tJ = 7.7 Hz, 2H), 2.65(dd] = 4.4, 9.4 Hz, 1H), 2.24(dd,= 9.2, 14.4 Hz, 1H),

1.90(d,J = 8.9 Hz, 1H), 1.75-1.84(m, 3H), 1.39-1.68(m, 4HR3-1.39(m, 6H), 1.22(] = 7.2
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Hz, 2H), 1.09-1.19(m, 1H), 0.91@,= 7.3 Hz, 3H), 0.89(dJ = 6.7 Hz, 3H)*C NMR (75MHz,
CD;OD) 5 172.6, 166.9, 161.9, 159.6, 150.0, 142.2, 13929,3121.7, 115.9, 82.1, 75.8, 70.8,
70.6, 69.4, 68.9, 56.5, 52.6, 42.6, 41.0, 40.%,488.8, 37.0, 35.8, 30.0, 29.0, 26.4, 21.5, 19.8,
14.2; IR (film) 2923, 2854, 1716, 1519, 1458, 137849, 1179, 1103, 817 ¢mMHRMS (ESI)

calc. for GiHeN200Na ([M+Na]): 613.3101, found 613.3075]p* = +0.2 (MeOH, ¢ = 0.20).

(1R,5S,7R,9R,10S,115)-9,10-dihydr oxy-7-methoxy-9-methyl-5-pr opyl-4,15-dioxabicyclo-
[9.3.1]pentadecane-3,13-dione (1.52)

To a one-dram vial charged with osmium tetroxidel (g, 0.024
mmol) and pyridine (6L, 0.76 mmol) was added THF (0.2 mL). The

MeO
reaction mixture was cooled to 0 °C and the alkksi®ne1.30 (5.3

mg, 0.016 mmol) in THF (0.2 mL) was added drop wisier 10 min,
4-Methylmorpholine N-oxide monohydrate (4.3 mg,320nmol) was added and the reaction
was allowed to room temperature over 30 min. Tlaetren was quenched by 1 mL saturated
NaS,03 at 0 °C and extracted with three 2 mL portionsEt®©Ac. The organic layer was
concentrated under vacuum and purified by flashuroal chromatography (5% MeOH in
CH,Cl,) to afford 4.4 mg (75%) of the diolH NMR (300MHz, CDC4) & 5.03-5.14(m, 1H),
4.04(tt,J = 3.4, 11.2 Hz, 1H), 3.66(tf] = 3.0, 11.2 Hz, 1H), 3.59(s, 1H), 3.54-3.58(m, 1H),
3.39(s, 3H), 3.28(1) = 7.4 Hz, 1H), 2.84(d) = 7.2 Hz, 1H), 2.71(dt) = 1.8, 15.0, 1H), 2.65(dd,
J=3.8, 14.5 Hz, 1H), 2.50(dd,= 11.1, 14.3 Hz, 2H), 2.40(dd= 12.2, 15.1 Hz, 1H), 2.27(dd,
J =115, 13.5 Hz, 1H), 2.15(ddd,= 1.3, 3.5, 14.4 Hz, 1H), 1.92(dd,= 2.9, 15.2 Hz, 1H),
1.63(dd,J = 10.5, 14.8 Hz, 2H), 1.42-1.62(m, 2H), 1.15-1.39%i), 0.92(tJ = 7.3 Hz, 3H)**C

NMR (75MHz, CDC}) 6 205.5, 169.5, 77.8, 77.7, 73.3, 73.0, 72.9, 56721, 45.0, 42.7, 41.5,
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38.2, 37.5, 24.8, 18.4, 13.9; IR (film) 3441, 292321, 1555, 1460, 1377, 1267, 1183, 1100,
1069, 964, 934, 817 ¢ HRMS (ESI) calc. for GHsO/Na ([M+NaJ): 381.1889, found

381.1902; {i]p*° = -28.5 (MeOH, ¢ = 0.13).

(1R,5S,7R,9R,10S,11S,13R)-9,10,13-trihydr oxy-7-methoxy-9-methyl-5-pr opyl-4,15-
dioxabicyclo[9.3.1]pentadecan-3-one

General protocol A was followed, starting from thiel 1.52 (3.6 mg,
WOH

0.010 mmol) and NaBH(1.1 mg, 0.029 mmol). Flash column

chromatography (5% MeOH in G8l,) yielded 3.3 mg (92%) of the

desired triol*H NMR (300MHz, CROD) & 5.09-5.18(m, 1H), 3.70-
3.83(m, 2H), 3.49-3.55(m, 1H), 3.46(dddl,= 1.7, 7.1, 11.1, 1H), 3.32(s, 3H), 3.28(s, 1H),
2.76(dd,J = 4.6, 14.1 Hz, 1H), 2.30(dd,= 8.8, 14.1 Hz, 1H), 2.12(df,= 2.2, 12.4 Hz, 1H),
1.97(t,J = 14.8 Hz, 2H), 1.91-1.95(m, 1H), 1.68(db= 10.8, 14.7 Hz, 2H), 1.50-1.65(m, 3H),
1.20(dd,J = 11.1, 23.4 Hz, 2H), 1.28-1.40(m, 7H), 0.9%t&7.2 Hz, 3H);**C NMR (75MHz,
CD;OD) 6 171.2,77.0, 76.6, 76.5, 74.1, 74.0, 72.0, 67/55),545.4, 41.2, 40.6, 39.9, 37.6, 37.4,
25.6, 18.2, 12.8; IR (film) 3397, 2924, 1729, 145373, 1263, 1195, 1099, 1044, 937, 731'tm
HRMS (ESI) calc. for @Hs0;Na ([M+Na]): 383.2046, found 383.20343]p*° = -8.6 (MeOH,

¢ =0.32).
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(2)-(1R,5S,7R,9R,10S,11S,139)-9,10-dihydr oxy-7-methoxy-9-methyl-3-oxo-5-propyl-4,15-
dioxabicyclo[9.3.1] pentadecan-13-yl 5-(2-((2)-3-((methoxycar bonyl)-amino)prop-1-en-1-
yl)oxazol-4-yl)pent-2-enoate (1.53)

To a one-dram vial charged with triol (3.5 mg, 0.01
MeO mmol), oxazole acid.6 (4.1 mg, 0.015 mmol) and Ph

(4.2 mg, 0.016 mmol) was added benzene (0.2 mLg. Th

oMe reaction mixture was cooled to 15 °C and DIAD (3.2

pL, 0.016 mmol) in benzene (0.1 mL) was added drop
wise. One hour later an additional RPh.4 mg, 0.005 mmol) and DIAD (1.0lZ, 0.005 mmol)
in benzene (0.1 mL) was added sequentially. Thetimawas quenched with 1 drop of water
after 20 min, concentrated under vacuum and pdrifigh flash chromatography (5% MeOH in
CH,CL,) to afford the desired product (3.0 mg, 50%)NMR (300MHz, CDC}) & 7.40(s, 1H),
6.26-6.34(m, 2H), 6.09(pentel,= 6.4 Hz, 1H), 5.90(dt) = 1.7, 11.5 Hz, 1H), 5.57(br, 1H),
5.32(t,J = 2.8 Hz, 1H), 5.06-5.14(m, 1H), 4.31{t= 6.1 Hz, 2H), 4.00(tdd] = 1.9, 1.9, 9.3 Hz,
1H), 3.69(s, 3H), 3.59-3.67(m, 2H), 3.40(s, 1HB7Rs, 3H), 3.35(s, 1H), 3.16(dd= 5.7, 8.4
Hz, 1H), 3.04(ddt] = 1.9, 7.4, 7.4 Hz, 2H), 2.90(d,= 6.0 Hz, 1H), 2.72(t) = 7.2 Hz, 2H),
2.54(dd,J = 3.8, 14.4 Hz, 1H), 2.36(dd,= 11.2, 14.4 Hz, 1H), 2.01-2.11(m, 3H), 1.83(¢; 9.6
Hz, 1H), 1.68(dtJ = 3.0, 11.5 Hz, 1H), 1.50-1.65(m, 5H), 1.39(t 7.3 Hz, 2H), 1.27(s, 3H),
0.91(t,J = 7.2 Hz, 3H)}*C NMR (75MHz, CQOD) & 171.5, 165.5, 148.6, 140.8, 137.8, 134.6,
120.3, 114.5, 77.3, 76.8, 74.0, 73.9, 73.6, 69(%,64.9, 45.1, 41.1, 40.1, 37.4, 34.5, 32.5,27.5
25.6, 24.9, 18.2, 12.8; IR (film) 3358, 2957, 292853, 2500, 1715, 1635, 1553, 1460, 1396,
1262, 1169, 1095, 1052, 1019, 816, 795, 780%cMRMS (ESI) calc. for GHasN,O1Na

([M+Na]*): 645.2999, found 645.29963]p>° = -2.1 (MeOH, ¢ = 0.16).
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(1R,5S,7S,9S,10R,11S,13R)-10,13-di hydr oxy-7-methoxy-9-methyl-5-pr opyl-4,15-
dioxabicyclo[9.3.1]pentadecan-3-one (54) and (1R,5S,7S,9R,10S,11S,13R)-10,13-dihydr oxy-
7-methoxy-9-methyl-5-propyl-4,15-dioxabicyclo[9.3.1] pentadecan-3-one (1.55)

OH To a solution of1.48 (11.5 mg, 0.035

mmol) in THF (0.4 mL) at -78 °C, was

MeO MeO

added dropwise 1M B#THF solution (135

Pr O uL, 0.135 mmol), and then the reaction was
154 1.55
allowed to room temperature overnight. A 10% Na®@Hitson (60uL) and a 30% aqueous,6,
solution (150uL) were successively added dropwise at 0 °C. Afteee hours at room
temperature, the resulting mixture was extracteth w,O and the combined extracts were
washed with brine, dried over MgaCriltered and concentrated under reduced presSine.
residue was purified by flash chromatography (5% Ma®@BCM) to afford 4.2 mg (35%) of
154 and 3.9 mg (32%) dE.55.
1.54: '"H NMR (300MHz, CDC}) & 4.80-4.88 (m, 1H), 3.69-3.88(m, 2H), 3.33-3.39(tHl),
3.32(s, 3H), 3.12(apgd = 9.3 Hz, 1H), 2.59(dd] = 4.6, 13.6 Hz, 1H), 2.39(dd,= 9.8, 13.6 Hz,
1H), 2.22-2.27(m, 1H), 1.97-2.06(m, 2H), 1.73-183RH), 1.48-1.62(m, 4H), 1.19-1.37(m,
6H), 0.97(dJ = 7.0 Hz, 3H), 0.92(t) = 7.4 Hz, 3H);"*C NMR (75MHz, CDC}) 5 170.8, 79.2,
75.6, 72.1, 68.1, 62.8, 56.3, 42.2, 40.9, 38.62,387.8, 37.0, 34.7, 29.8, 19.0, 16.2, 13.9; IR
(film) 3358, 2957, 2925, 2872, 1727, 1454, 137462121186, 1148, 1084, 1027, 799 tm

HRMS (ESI) calc. for GHs,0sNa ([M+NaJ): 367.2097, found 367.20843]p?° = +0.7 (CHC},

c = 0.58).
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1.55: '"H NMR (300MHz, CDC}) & 5.19-5.27(m, 1H), 3.85-3.94(m, 2H), 3.35-3.44(rhi),1
3.33(s, 3H), 3.27-3.33(m, 2H), 2.66(dbz 3.8, 15.2 Hz, 1H), 2.50(dd,= 11.2, 15.4 Hz, 1H),
2.18(s, 1H), 2.14(dd] = 3.5, 4.6 Hz, 1H), 2.00(ddd,= 2.4, 2.4, 12.4 Hz, 1H), 1.81-1.93(m,
2H), 1.77(dd,J = 3.4, 10.7 Hz, 1H), 1.45-1.68(m, 5H), 1.15-1.45¢H)), 1.08(d,J = 7.0 Hz,
3H), 0.91(t,J = 7.3 Hz, 3H):"*C NMR (75MHz, CDC}) 5 170.4, 80.0, 78.5, 72.9, 72.8, 67.9,
56.6, 41.9, 40.3, 39.3, 38.8, 37.2, 35.8, 33.8),248.8, 13.9; IR (film) 3400, 2956, 2922, 1727,
1457, 1366, 1263, 1153, 1089 ¢nHRMS (ESI) calc. for GHs0sNa ([M+Na]): 367.2097,

found 367.2089;d]p> = +2.7 (CHC}, ¢ = 0.26)

(2)-(1R,5S,7S5,9S,10R,11S,13S)-10-hydr oxy-7-methoxy-9-methyl-3-oxo-5-pr opyl-4,15-
dioxabicyclo[9.3.1] pentadecan-13-yl 5-(2-((2)-3-((methoxycar bonyl)amino)-prop-1-en-1-
yl)oxazol-4-yl)pent-2-enoate (1.56)

To a one-dram vial charged with54 (5.8 mg, 0.017
Ve mmol), the oxazole acié (7.0 mg, 0.025 mmol) and

PPh (8.8 mg, 0.034 mmol) was added benzene (0.4

ome ML). The reaction mixture was cooled to 15 °C and

o DIAD (6.7 pL, 0.034 mmol) in benzene (0.1 mL) was
added drop wise. Two hours later the reaction weshched with 1 drop of water, concentrated
under vacuum and purified with flash chromatograB% THF in pentane) to afford the
desired product (4.5 mg, 42%) NMR (400MHz, MeOD)3 7.70(s, 1H), 6.39(dt] = 7.7, 12.0
Hz, 1H), 6.31(dJ = 11.9 Hz, 1H), 6.06(dt) = 6.1, 12.2 Hz, 1H), 5.90(d, = 10.6 Hz, 1H),
5.31(aps, 1H), 4.33(d,= 5.6 Hz, 2H), 4.07(dd] = 6.8, 9.4 Hz, 1H), 3.75(apl,= 6.1 Hz, 1H),

3.67(s, 3H), 3.49(apd = 10.1 Hz, 1H), 3.39-3.43(m, 1H), 3.33(s, 3H), 3dtHJ = 2.0, 8.5 Hz,
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1H), 3.04(dt,J = 7.4, 7.4 Hz, 2H), 2.74() = 7.4 Hz, 2H), 2.66(dd) = 4.2, 13.7 Hz, 1H),
2.30(dd,J = 10.1, 13.6 Hz, 1H), 2.05(apd,= 12.7 Hz, 2H), 1.76-1.90(m, 3H), 1.51-1.67(m,
4H), 1.22-1.38(m, 4H), 0.97(d,= 7.2 Hz, 3H), 0.94(t) = 7.3 Hz, 3H);"*C NMR (100MHz,
MeOD) & 173.1, 167.0, 162.0, 150.1, 142.4, 139.3, 13&1,8, 116.1, 78.7, 77.9, 77.6, 71.1,
69.0, 68.9, 56.6, 52.7, 43.3, 41.2, 40.0, 39.73,386.7, 36.0, 33.8, 29.1, 26.5, 20.2, 17.0, 14.3;
IR (film) 3366, 2958, 2924, 2873, 1714, 1520, 146417, 1264, 1182, 1154, 1091, 820 tm
HRMS (ESI) calc. for GHseN-O1oNa ([M+Na]): 629.3050, found 629.3055¢]p>° = +13.3

(CHCl3, ¢ = 0.36).

(2)-(1R,55,7S,9R,10S,11S,13S)-10-hydr oxy-7-methoxy-9-methyl-3-oxo-5-pr opyl-4,15-
dioxabicyclo[9.3.1]pentadecan-13-yl 5-(2-((2)-3-((methoxycar bonyl)amino)-prop-1-en-1-

yl)oxazol-4-yl)pent-2-enoate (1.57)

OH To a one-dram vial charged with55 (2.6 mg, 0.0075
0
\ mmol), the oxazole acid.6 (3.6 mg, 0.013 mmol) and
MeO . 0
o N PPh (4.4 mg, 0.017 mmol) was added benzene (0.2
N
Ppr O o OoMe ML). The reaction mixture was cooled to 15 °C and
\ HN—(
o} DIAD (3.4 pL, 0.017 mmol) in benzene (0.1 mL) was

added drop wise. Two hours later the reaction weshched with 1 drop of water, concentrated
under vacuum and purified with flash chromatograj 8% THF in pentane) to afford the
desired product (2.1 mg, 45%H NMR (400MHz, CDC}) & 7.39(s, 1H), 6.34(dt] = 7.3, 11.5
Hz, 1H), 6.29(dt]) = 1.5, 11.6 Hz, 1H), 6.10(dl,= 6.3, 11.9 Hz, 1H), 4.89(di,= 1.6, 11.4 Hz,
1H), 5.52(brs, 1H), 5.20-5.28(m, 2H), 4.32(t 5.8 Hz, 2H), 4.22(apfl = 14.9 Hz, 1H), 3.69(s,

3H), 3.65(dd,J = 1.7, 12.1 Hz, 1H), 3.79-3.42(m, 1H), 3.32(s, 3BlR1(d,J = 9.7 Hz, 1H),
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3.04(dtd,J = 1.6, 7.5, 7.5 Hz, 2H), 2.72(3,= 7.1 Hz, 2H), 2.61(dd) = 3.8, 15.4 Hz, 1H),
2.42(dd,J = 11.4, 15.4 Hz, 1H), 2.10-2.17(m, 1H), 2.00(dde; 3.0, 12.1, 15.7 Hz, 1H), 1.80-
1.88(m, 2H), 1.60-1.69(m, 2H), 1.41-1.56(m, 4HR51.38(m, 4H), 1.07(d) = 7.1 Hz, 3H),
0.92(t,J = 7.3 Hz, 3H);**C NMR (100MHz, CDCJ) 8 170.4, 165.3, 149.6, 136.4, 133.9, 133.1,
120.5, 116.7, 78.3, 72.9, 70.4, 67.5, 56.6, 5324),439.3, 37.3, 35.7, 34.9, 33.7, 33.2, 31.9,,27.7
25.6, 23.9, 22.7, 18.8, 13.9; IR (film) 3406, 292623, 2853, 1713, 1643, 1533, 1377, 1261,
1151, 1117, 798 ch HRMS (ESI) calc. for GHiN,O1gNa ([M+Na]): 629.3050, found

629.3079; {i]p>> = +6.7 (CHC}4, ¢ = 0.21)

(1S,2S,4R,6R,8S,12R,14R)-14-hydr oxy-6-methoxy-4-methyl-8-pr opyl-3,9,16-trioxatricyclo-
[10.3.1.02,4]hexadecan-10-one (1.58)

To a one-dram vial charged with the alkene alcah48 (5.9 mg,
~OH

MeO 0.018 mmol) and NaHC£X5.8 mg, 0.069 mmol) was added £CHp

(1 mL). The reaction mixture was cooled to 0 °C ssxtystallizedn-

CPBA (4.5 mg, 0.026 mmol) was added in one portidre reaction
was maintained at 0 °C for 4 hours, and then altbwe room temperature overnight. The
reaction was quenched by the addition of 0.7 mlursééd NaS,0O3; solution and 0.7 mL
saturated NaHC®solution at 0 °C, and extracted with three 1 mitipas of ethyl acetate.
Flash chromatography with (50% EtOAc in hexane$prdéd 3.4 mg (55%) of the epoxy
alcohol.'H NMR (300MHz, CDC}) 8 5.32-5.42(m, 1H), 3.8(br, 1H), 3.76(tdbs 1.5, 3.8, 10.9
Hz, 1H), 3.65(ddJ = 5.4, 8.9 Hz, 1H), 3.06(ddd,= 2.0, 8.0, 10.9 Hz, 1H), 2.71(d@~ 7.8 Hz,
1H), 2.58(ddJ = 3.8, 15.1 Hz, 1H), 2.50(dd,= 10.8, 15.2 Hz, 1H), 2.25(dl,= 2.4, 12.4 Hz,

1H), 2.12(dd,J = 11.2, 14.6 Hz, 1H), 1.86-2.00(m, 3H), 1.43-1.626H), 1.34(s, 3H), 1.24-
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1.39(m, 6H), 0.91(t) = 7.2 Hz, 3H)**C NMR (75MHz, CDC}) & 170.2, 73.9, 73.4, 67.4, 64.6,
61.8, 57.2, 44.4, 41.8, 41.6, 39.8, 39.3, 37.33,2%.7, 18.7, 13.9; IR (film) 3435, 2924, 2854,
1732, 1459, 1374, 1262, 1200, 1078, 942, 799ciHRMS (ESI) calc. for GH3OsNa

(IM+Na]"): 365.1940, found 365.19324]p>° = -23.5 (CHC4, ¢ = 0.33).

(2)-(1S,25,4R,6R,8S,12R,14S)-6-methoxy-4-methyl-10-oxo-8-pr opyl-3,9,16-
trioxatricyclo[10.3.1.02,4]hexadecan-14-yl 5-(2-((Z)-3-((methoxycar bonyl)amino)prop-1-en-
1-yl)oxazol-4-yl)pent-2-enoate (1.59)

General protocol B was followed, starting from the
MeO epoxy alcoholl.58 (3.1 mg, 0.009 mmol), the oxazolic

acid 1.6 (11.2 mg, 0.040 mmol), PP(11.4 mg, 0.044

oMe mmol) and DIAD (8.6uL, 0.044 mmol). Flash column

chromatography (30% EtOAc in GEl,) yielded 3.6
mg (66%) of the epoxy analod NMR (300MHz, CROD) & 7.65(s, 1H), 6.36(dt] = 4.1, 7.3
Hz, 1H), 6.27(dtJ = 2.1, 11.9 Hz, 1H), 6.03(pentet= 6.0 Hz, 1H), 5.89(dtJ = 1.6, 11.6 Hz,
1H), 5.27-5.39(m, 1H), 5.28(1,= 3.0 Hz, 1H), 4.30(dd] = 1.8, 6.1 Hz, 2H), 4.08-4.18(m, 1H),
3.72(dd,J = 5.3, 10.0 Hz, 1H), 3.65(s, 3H), 3.34-3.42(m, 1BR7(s, 3H), 3.00(ddd,= 1.7, 7.4,
7.4 Hz, 2H), 2.71(t) = 7.1 Hz, 2H), 2.63-2.70(m, 2H), 2.33(dbk 11.6, 15.2 Hz, 1H), 2.04(dd,
J = 10.4, 14.7 Hz, 2H), 1.74-1.96(m, 4H), 1.47-1.66@H), 1.26-1.40(m, 4H), 1.30(s, 3H),
0.93(t,J = 7.3 Hz, 3H)*C NMR (75MHz, CQOD) & 172.4, 166.7, 161.9, 150.2, 142.2, 139.1,
136.0, 121.6, 116.0, 77.8, 74.9, 72.2, 68.2, 66310, 57.0, 44.8, 42.7, 42.0, 38.4, 35.4, 34.9,

29.0, 26.4, 23.7, 19.7, 14.1; IR (film) 3352, 29@024, 1724, 1644, 1521, 1440, 1380, 1266,
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1253, 1173, 1126, 1077, 1006, 968, 778'cMRMS (ESI) calc. for HagN-OwNa ((M+Na]"):

627.2894, found 627.291(y]p*° = -11.3 (MeOH, ¢ = 0.34).

(1R,5S,7S,9S,11R,13R)-13-azido-7-methoxy-9-methyl-5-pr opyl-4,15-dioxa-bicycl0[9.3.1]-
pentadecan-3-one (1.61)
N; To a mixture of the macrocyclic alcohbb (11.3 mg, 0.031 mmol),

MeO triethylamine (48uL, 0.34 mmol) and dichloromethane (0.5 mL) at O

°C was added MsCI (8.0L, 0.10 mmol). The reaction was kept at 0

Pr O
°C for 30 minutes, allowed to room temperature atided for 4 hours. Then the reaction

mixture was cooled to 0 °C, treated with 1N HCld axtracted with dichloromethane for three
times. The organic extracts were dried with MgSfitered and concentrated under vacuum to
afford 1.60. *H NMR (300MHz, CDC}) & 5.12-5.20(m, 1H), 4.82(ddd, J = 5.0, 11.3, 16.3 Hz
1H), 3.80(dddd, J = 2.2, 4.3, 11.2, 11.2 Hz, 1H)28apt, J = 8.9 Hz, 1H), 3.31(s, 3H), 3.23(apt,
J = 10.0 Hz, 1H), 3.03(s, 3H), 2.65(dd, J = 4.4514z, 1H), 2.44(dd, J = 10.7, 14.5 Hz, 1H),
2.12-2.19(m, 1H), 2.03-2.08(m, 1H), 1.84(dd, J =5103.4 Hz, 1H), 1.61-1.73(m, 2H), 1.45-
1.59(m, 5H), 1.10-1.41(m, 7H), 0.99(d, J = 6.7 BH), 0.91(t, J = 7.2 Hz, 3H). This residual
crude product was re-dissolved in DMF (1 mL) arehted with sodium azide (16.9 mg, 0.26
mmol) at 80 °C overnight. The reaction mixture wégpersed between water and diethyl ether,
and the organic layer was concentrated under vacklash chromatography (30% ethyl acetate
in pentane) afforded the desired azide (4.9mg, 42&6 two stepsfH NMR (300MHz, CDC})

5 5.19 (ddd,J = 4.5, 10.0, 10.0 Hz, 1H), 4.02-4.09(m, 2H), 3.p4(d = 9.5 Hz, 2H), 3.30(s,
3H), 2.61(dd, = 4.3, 14.5 Hz, 1H), 2.35(dd,= 10.8, 14.6 Hz, 1H), 1.84(dd,= 10.9, 14.7 Hz,

1H), 1.63-1.76(m, 2H), 1.46-1.61(m, 6H), 1.31-1M36H), 1.11-1.25(m, 3H), 0.99(d,= 6.4
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Hz, 3H), 0.92(tJ = 7.3 Hz, 3H);**C NMR (75MHz, CDC}) & 170.6, 75.6, 75.3, 73.0, 69.4,
56.2, 44.0, 42.2, 40.1, 37.0, 35.9, 34.8, 31.35,200.0, 13.9; IR (film) 2956, 2922, 2871, 2100,
1731, 1460, 1438, 1382, 1272, 1244, 1197, 11656,10832, 992, 797 ¢ HRMS (ESI) calc.

for C1gHsaNsOsNa ([M+Na]): 376.2212, found 376.2239]p>° = +39.1 (CHCY, ¢ = 0.45)

(1R,5S,7S,9S,11R,13R)-13-amino-7-methoxy-9-methyl-5-pr opyl-4,15-dioxa-bicyclo[9.3.1] -
pentadecan-3-one (1.62)

NH, A mixture of1.61 (4.9 mg, 0.013 mmol) and 10% Pd/C (4.9 mg) in
MeO

ethanol (0.5 mL) was stirred under hydrogen atmesphor 5

hours. The mixture was then filtered through Ceditel purified on a

flash column (10% MeOH in dichloromethane with 1%naonium hydroxide) to give 3.9 mg
(83%) of the desired produ¢d NMR (300MHz, CDC}) & 5.14-5.23(m, 1H), 4.09-4.21(m, 1H),
3.63(m, 2H), 3.44(app s, 1H), 3.31(s, 3H), 2.57(dd 3.8, 14.7 Hz, 1H), 2.35(dd,= 10.8, 14.0
Hz, 1H), 2.17(s, 1H), 1.86(dd, = 10.6, 14.6 Hz, 1H), 1.30-1.40(m, 5H), 1.42-1.75@H),
1.14(t,J = 11.6 Hz, 2H), 0.98(dJ = 6.1 Hz, 3H), 0.91(t) = 7.4 Hz, 3H);"*C NMR (75MHz,
CDCl) 6 171.2, 75.6, 74.7, 72.8, 69.0, 56.2, 44.3, 42263,440.2, 39.5, 38.3, 37.0, 31.4, 25.7,
19.9, 13.9; IR (film) 3372, 2956, 2923, 2869, 172860, 1439, 1382, 1341, 1275, 1196, 1157,
1088, 1029, 795 cih HRMS (ESI) calc. for GH3NOsNa ([M+Na]): 350.2307, found

350.2320; §]p>° = +21.8 (CHC, ¢ = 0.38).
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Methyl  (2)-3-(4-((2)-5-((1R,5S,7S,9S,11R,13R)-7-methoxy-9-methyl-3-oxo-5-pr opyl-4,15-
dioxa-bicyclo[9.3.1] pentadecan-13-ylamino)-5-oxopent-3-enyl)oxazol-2-yl)allylcar bamate
(1.63)

The macrolactone amirfe62 (3.8 mg, 0.012 mmol), the
MeO oxazole acid 1.6 (7.6 mg, 0.027 mmol),

diisopropylethylamine (L, 0.052 mmol) and DCM

(0.8 mL) were mixed and cooled to 0 °C. PyBOP (19.0

mg, 0.036 mmol) was added, and it was allowed ¢onro
temperature overnight. The reaction mixture wa® ttencentrated and purified through a flash
column (60% ethyl acetate in pentane) to afford @ (77%) of the desired amidéd NMR
(300MHz, MeOD)3 7.67(s, 1H), 6.30(dt] = 2.1, 11.9 Hz, 1H), 6.10(dd,= 7.1, 11.5 Hz, 1H),
6.06(d,J = 11.9 Hz, 1H), 5.99(dt] = 1.4, 11.5 Hz, 1H), 5.16-5.25(m, 1H), 4.33(d&; 1.7, 5.8
Hz, 2H), 4.16-4.22(m, 1H), 4.08(ddddi= 1.3, 1.3, 10.9, 10.9 Hz, 1H), 3.71(app t 8.8 Hz,
1H), 3.68(s, 3H), 3.56(appd,= 9.7 Hz, 1H), 3.31(s, 3H), 3.01(dt= 7.4, 7.4 Hz, 2H), 2.71(
= 7.4 Hz, 2H), 2.67-2.74(m, 1H), 2.32(dH= 10.9, 14.8 Hz, 1H), 1.91(dd,= 10.9, 14.8 Hz,
1H), 1.69-1.79(m, 2H), 1.45-1.61(m, 7H), 1.10-1M36H), 1.02(d,J = 6.5 Hz, 3H), 0.96(t) =
7.3 Hz, 3H);**C NMR (75MHz, MeOD)3 173.2, 168.9, 161.9, 145.0, 142.6, 139.2, 136.1,
124.3, 116.0, 77.2, 77.1, 73.9, 56.5, 52.7, 454%0,443.6, 43.5, 41.2, 41.1, 38.1, 173.2, 168.9,
161.9, 145.0, 142.6, 139.2, 136.1, 124.3, 116.0Q,777.1, 73.9, 56.5, 52.7, 45.5, 44.9, 43.6,
43.5,41.2, 41.1, 38.1, 37.4, 36.2, 32.7, 28.7{,2%.1, 20.1, 14.2; IR (film) 3413, 2922, 2851,
1725, 1711, 1660, 1631, 1550, 1533, 1462, 1377),18886, 1018, 798 ch HRMS (ESI) calc.

for C31Ha7N3OsNa ([M+Na]): 612.3261, found 612.32644]p*° = +10.7 (MeOH, ¢ = 0.53).
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Methyl 3-(3-bromophenyl)propanoate (1.69)
0 To a solution of 3-(3-bromophenyl)propanoic acicb(B g, 7.0 mmol) in
OMe  methanol (20 mL) was added dropwise SO@I03 mL, 14.2 mmol) at 0
Br °C. The reaction was allowed to room temperatui stivred overnight.
Concentration at reduced temperature and flashn@dtiagraphy (20% ethyl acetate in hexanes)
afforded 1.727 g (quantitative yield) of the dediester’H NMR (300MHz, CDC}) & 7.35(s,
1H), 7.34(d, J = 7.4 Hz, 1H), 7.12-7.19(m, 2H),8%5 3H), 2.92(t, J = 7.6 Hz, 2H), 2.62 (t, J =

7.9 Hz, 2H).

Methyl 3-(3-(3-(methoxycarbonyl)prop-1-ynyl)phenyl)propanoate (1.71)

0 To a flame-dried 50 mL round bottom flask was cledrgnethyl 3-(3-
OMe bromophenyl)propanoate69 (122 mg, 0.50 mmol), Pd&PPh), (35 mg,
0.050 mmol), PPh(26 mg, 0.10 mmol), Cul (9.5 mg, 0.050 mmol) ,

)OJ\O/ distilled diisopropylamine (0.64 mL, 4.5 mmol) adidtilled THF (2 mL).

i The reaction was degassed with argon for 15 minated then methyl
prop-2-ynylcarbamatd.70 (124 mg, 1.1 mmol) was added drop wise with a gg@inThe
reaction mixture was heated to 55 °C overnight wvaitbon protection. Flash chromatography
with 40% ethyl acetate in hexanes gave 121 mg (88%he desired productH NMR
(300MHz, CDC}) & 7.14-7.26(m, 4H), 5.12(brs, 1H), 4.16@= 4.9 Hz, 2H), 3.71(s, 3H),

3.67(s, 3H), 2.91() = 7.8 Hz, 2H), 2.61(1) = 7.7 Hz, 2H).
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(2)-methyl 3-(3-(3-(methoxycar bonyl)prop-1-enyl)phenyl)propanoate (1.72)
0 To a 25 mL round bottom flask was charged nickeltate tetra hydrate
OMe (21.7 mg, 0.087 mmol) and 95% ethanol (1 mL), ayartigen atmosphere
~ NH was applied. Then 0.11 mL NaBHsolution (1IN, 0.11 mmol) in 95%
OMe ethanol (with 0.1N NaOH) was added to the flaskimitLO seconds. After
three minutes ethylenediamine (11ulZ, 0.175 mmol) was added, followed by another three
minutes of stirring. Methyl 3-(3-(3-(methoxycarbdypyop-1-ynyl)phenyl)propanoat&. 71 (55
mg, 0.20 mmol) was added. After 1.5 hours the reachixture was partitioned between diethyl
ether and water. The organic phase was dried vathum sulfate, filtered and concentrated
under vacuum. Flash chromatography with 50% etbgtade in hexanes gave 44.1 mg (80%) of
the desired productH NMR (300MHz, CDC}) & 7.27(t, J= 7.0 Hz, 1H), 7.04-7.11(m, 3H),
6.54(d,J = 11.6 Hz, 1H), 5.67(dt] = 6.6, 11.5 Hz, 1H), 4.86(brs, 1H), 4.06]t 5.4 Hz, 2H),

3.68(s, 3H), 3.67(s, 3H), 2.95(= 7.8 Hz, 2H), 2.64(t) = 7.5 Hz, 2H).

(2)-methyl 3-(3-(3-oxopropyl)phenyl)allylcar bamate (1.73)
(|3 To a 25 mL round bottom flask was charged)-rhethyl 3-(3-(3-
(methoxycarbonyl)prop-1-enyl)phenyl)propanoater2 (44.1 mg, 0.159
~. "NH mmol) and dichloromethane (3 mL). The reaction w@asled to -78 °C, and
o OMe 1M DIBAL-H (0.21 mL, 0.21 mmol) solution in hexaness added drop
wise under nitrogen. After 1 hour of stirring aB-7C, The reaction was quenched with saturated

ammonium chloride aqueous solution. Flash chromapdgy with 40% ethyl acetate in hexanes

gave 25.2 mg (64%) of the desired proddigt NMR (300MHz, CDC}) & 9.82(s, 1H), 7.26(t)
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= 4.0 Hz, 1H), 7.02-7.11(m, 3H), 6.54(@= 11.6 Hz, 1H), 5.67(dt) = 6.6, 11.6 Hz, 1H),
4.81(brs, 1H), 4.07(t) = 5.3 Hz, 2H), 3.68(s, 3H), 2.96@,= 7.4 Hz, 2H), 2.79(t) = 7.6 Hz,

2H).

(Z2)-methyl 5-(3-((Z2)-3-(methoxycar bonyl)pr op-1-enyl)phenyl)pent-2-enoate
MeO,C To a 25 mL round bottom flask was charged methyl
| bis(trifluoroethyl)phosphonoacetate (2, 0.13 mmol), 18-crown-6 (102
mg, 0.39 mmol) and THF (1 mL). The mixture was edoto -78 °C, and
= O;H\o,v.e KHMDS (19 mg, 0.095 mmol) in 2 mL THF was addedpdmise under
nitrogen. After 30 minutes of stirring th&){methyl 3-(3-(3-oxopropyl)phenyl)allylcarbamate
1.73 (16.7 mg, 0.068 mmol) in 2 mL THF was added dragewfollowed by 4 hours of stirring
at -78 °C. The reaction was quenched with saturdté{C| aqueous solution and extracted with
ethyl acetate. Flash chromatography with 30% edlogtate in hexanes gave 16.8 mg (82%) of
the desired productH NMR (300MHz, CDCY) & 7.27(t,J = 7.6 Hz, 1H), 7.12(dJ = 7.7 Hz,
1H), 7.07(s, 1H), 7.06(d] = 8.1 Hz, 1H), 6.54(d) = 11.6 Hz, 1H), 6.26(dtJ = 7.5, 11.5 Hz,
1H), 5.80(dtJ = 1.6, 11.5 Hz, 1H), 5.67(dj,= 6.7, 11.8 Hz, 1H), 4.84(brs, 1H), 4.08]& 5.2
Hz, 2H), 3.70(s, 3H), 3.68(s, 3H), 2.99(f= 1.3, 7.6 Hz, 2H), 2.76(f = 8.0 Hz, 2H); );*°C
NMR (75MHz, CDC}) 6 166.7, 149.2, 141.2, 136.4, 131.5, 128.9, 1284%.4, 126.5, 120.0,
52.2, 51.1, 39.3, 35.0, 30.4; IR (film) 3399, 171843, 1570, 1453, 1251, 1147, 1071, 1023,

819 cm; HRMS (ESI) calc. for §H»NOsNa ([M+Na]+): 326.1368, found 326.1360.
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(2)-5-(3-((Z2)-3-((methoxycar bonyl)amino)pr op-1-en-1-yl)phenyl)pent-2-enoic acid (1.74)
HO,C The @)-methyl 5-(3-(@)-3-(methoxycarbonyl)prop-1-enyl)- phenyl)-pent-2-
enoate (14.1 mg, 0.046 mmol) was dissolved in THRZ mL) at room
o~ temperature. After 1N LIOH aqueous solution (0.4k, r6.45 mmol) was
OMe added, the reaction mixture was stirred at roonptaature for 4 hours. The
reaction mixture was acidified with 2N HCI drop wiat 0 °C to pH 3, and extracted with three 2
mL portions of ethyl acetate. The organic phase wdaed with NaSQ, filtered and
concentrated under vacuum. Flash chromatography %% methanol in dichloromethane gave
12.7 mg (95%) of the desired produttt NMR (300MHz, CDC}) & 7.26(t,J = 7.8 Hz, 1H),
7.03-7.10(m, 3H), 6.55(d), = 11.6 Hz, 1H), 6.34(dt] = 7.5, 11.3 Hz, 1H), 5.81(d,= 11.5 Hz,
1H), 5.64(dtJ = 6.5, 11.8 Hz, 1H), 4.84(brs, 1H), 4.09(app s,,3469(s, 3H), 3.00(df] = 7.5,
7.5 Hz, 2H), 2.77(tJ = 7.6 Hz, 2H):**C NMR (75MHz, CDC}) & 169.9, 157.2, 150.5, 141.0,
136.4, 131.6, 128.8, 128.3, 128.1, 127.6, 126.6,252.4, 39.6, 34.9, 30.6; IR (film) 3336,
2924, 1700, 1641, 1531, 1435, 1260, 1194, 1152803 HRMS (ESI) calc. for @H1oNOsNa

([M+Na]+): 312.1212, found 312.1215.

(2)-(1R,5S,7S,9S,11R,13R)-7-methoxy-9-methyl-3-oxo-5-propyl-4,15-dioxabicycl0[9.3.1] -
pentadecan-13-yl 5-(3-((2)-3-((methoxycar bonyl)amino)prop-1-en-1-yl)-phenyl)pent-2-
enoate (1.64)

General protocol B was followed, starting from the
MeO macrocyclic alcohol.5 (2.2 mg, 0.0067 mmol), the phenyl
acid 1.74 (7.1 mg, 0.024 mmol), PRh7.0 mg, 0.027

mmol) and DIAD (5.4uL, 0.027 mmol). Flash column
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chromatography (30% THF in hexanes) vielded 3.5(&7§%6) of the desired product NMR
(400MHz, CQXOD) & 7.27(t,J = 7.8 Hz, 1H), 7.13(d) = 5.8 Hz, 1H), 7.13(s, 1H), 7.09(d=

7.8 Hz, 1H), 6.52(d) = 11.6 Hz, 1H), 6.36(dt] = 7.6, 11.6 Hz, 1H), 5.85(dd,= 1.5, 11.6 Hz,
1H), 5.65(dtJ = 6.5, 11.6 Hz, 1H), 5.14-5.20(m, 2H), 4.02-4.07{H), 3.99(apd)) = 5.3, 2H),
3.66(aptJ = 9.7 Hz, 1H), 3.64(s, 3H), 3.54(aptz 9.5 Hz, 1H), 3.27(s, 3H), 3.00(dtz= 7.8, 7.8
Hz, 2H), 2.79(tJ = 7.4 Hz, 2H), 2.67(dd] = 4.3, 14.8 Hz, 1H), 2.28(dd,= 11, 14.8 Hz, 1H),
1.75-1.89(m, 3H), 1.61-1.73(m, 2H), 1.44-1.60(m,)AM.25-1.42(m, 5H), 1.11(ddd, J= 2.0,
11.0, 13.0 Hz, 1H), 0.96(d] = 6.7 Hz, 3H), 0.93(tJ) = 7.3 Hz, 3H);"C NMR (100MHz,
CD;0D) 3 173.1, 166.9, 150.6, 142.6, 138.0, 131.8, 13(®0,4, 128.4, 127.6, 121.4, 77.1, 77.0,
73.9, 71.3, 69.1, 56.4, 52.4, 45.3, 43.5, 43.2],440.4, 38.0, 37.4, 36.2, 36.0, 32.6, 31.9, 26.0,
22.3, 20.0, 14.1; IR (film) 3338, 2956, 2923, 285417, 1643, 1527, 1460, 1375, 1250, 1180,
1156, 1111, 1084, 1033, 800 ¢HRMS (ESI) calc. for gH4NOgNa ([M+Na’): 622.3356,

found 622.3322;d]p>° = +14.2 (MeOH, ¢ = 0.33).

(E)-ethyl 3-(6-bromopyridin-2-yl)acrylate (1.76)
o To a suspension of 60% sodium hydride (135 mg, &18®l) in THF (10
N YT OBt mL) (EtO),P(O)CHCOEt (0.62 mL, 3.1 mmol) was added drop wise at O

N
°C under nitrogen. Thirty minutes later, 6-bromaiitaldehydel.75 (465

Br
mg, 2.5 mmol) in 2 mL THF was added dropwise, dr&lreaction mixture was allowed to room
temperature afterwards. After 1 hour, the reactioxture was partitioned between diethyl ether

and water. The organic phase was dried, filtered eoncentrated under vacuum. Flash

chromatography with 20% diethyl ether in hexanegedl5 mg (96%) of the desired product.
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'H NMR (300MHz, CDC}) & 7.57(t,d = 7.3 Hz, 1H), 7.53(dJ = 15.5 Hz, 1H), 7.44(d]) = 7.7
Hz, 1H), 7.46(dJ = 7.5 Hz, 1H), 6.95(d] = 15.6 Hz, 1H), 4.22(¢] = 7.1 Hz, 2H), 1.33(t) =

7.1 Hz, 3H).

Ethyl 3-(6-bromopyridin-2-yl)propanoate (1.77)
o In a 25 mL round bottom flaskEf-ethyl 3-(6-bromopyridin-2-yl)acrylate
~ OEt 1.76 (595 mg, 2.32 mmol) and CuCl (241 mg, 2.43 mmaiswlissolved in

N
80% methanol (13.5 mL) at 0 °C under nitrogen. NaB®82.0 mg, 2.32

Br
mmol) was added, 1 hour later another NaB®2.0 mg, 2.32 mmol), and an additional hour
later a third NaBH (46.0 mg, 1.16 mmol) was added. After 30 minutes reaction mixture
was partitioned between diethyl ether and wated, the organic phase was dried, filtered and
concentrated under vacuum. Flash chromatography 2G0% diethyl ether in dichloromethane
gave 448 mg (75%) of the desired proddet.NMR (300MHz, CDCJ) & 7.45(t,J = 7.6 Hz,
1H), 7.31(d,J = 7.8 Hz, 1H), 7.16(d) = 7.4 Hz, 1H), 4.13(q) = 7.2 Hz, 2H), 3.08(t) = 7.4

Hz, 2H), 2.78(t) = 7.4 Hz, 2H), 1.24(t) = 7.2 Hz, 3H).

Ethyl 3-(6-(3-(methoxycar bonyl)prop-1-ynyl)pyridin-2-yl)propanoate (1.78)

o To a flame-dried 50 mL round bottom flask was cledrgethyl 3-(6-
| \N OEt  bromopyridin-2-yl)propanoat#.77 (194 mg, 0.75 mmol), PdgPPh), (52
7 mg, 0.074 mmol), PRN39 mg, 0.15 mmol), Cul (14.4 mg, 0.076 mmol) ,
| | j\ P distilled diisopropylamine (0.96 mL, 6.8 mmol) addtilled THF (3 mL).
H ° The reaction was degassed with argon for 15 minwed then methyl

prop-2-ynylcarbamatéd.70 (186 mg, 1.65 mmol) was added drop wise with angg: The
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reaction mixture was heated at 50 °C for 1.5 howunsh argon protection. Flash
chromatography with 40% ethyl acetate in hexange &6 mg (91%) of the desired product.
H NMR (300MHz, CDC}) & 7.56(t,J = 7.8 Hz, 1H), 7.26(dJ = 7.8 Hz, 1H), 7.16(d) = 7.8
Hz, 1H), 5.28(brs, 1H), 4.24(d,= 5.7 Hz, 2H), 4.11(q) = 7.2 Hz, 2H), 3.71(s, 3H), 3.09¢=

7.5 Hz, 2H), 2.78(t) = 7.5 Hz, 2H), 1.23(1) = 7.2 Hz, 3H).

(2)-ethyl 3-(6-(3-(methoxycar bonyl)prop-1-enyl)pyridin-2-yl)propanoate

0 To a 25 mL round bottom flask was charged nickeltate tetra hydrate
\N OFt (30.6 mg, 0.123 mmol) and 95% ethanol (1 mL), aydrdgen atmosphere
~. NH was applied. Then 0.15 mL NaBHsolution (1IN, 0.15 mmol) in 95%

o OMe ethanol (with 0.1N NaOH) was added to the flaskinitLO seconds. After
three minutes ethylenediamine (1qub, 0.25 mmol) was added, followed by another three
minutes of stirring. Ethyl 3-(6-(3-(methoxycarboypriop-1-ynyl)pyridin-2-yl)propanoaté.78
(90 mg, 0.31 mmol) was added. After 1 hour the treacmixture was partitioned between
diethyl ether and water. The organic phase wasddwé&h sodium sulfate, filtered and
concentrated. Flash chromatography with 40% etbgtade in hexanes gave 58.8 mg (65%) of
the desired productH NMR (300MHz, CDCY) & 7.57(t,J = 7.7 Hz, 1H), 7.05(d] = 6.9 Hz,
1H), 7.02(dJ = 6.6 Hz, 1H), 6.46(d) = 11.7 Hz, 1H), 5.97(d{] = 6.9, 11.5 Hz, 1H), 5.97(brs,
1H), 4.30(t,J = 6.1 Hz, 2H), 4.15(q) = 7.1 Hz, 2H), 3.68(s, 3H), 3.13@,= 7.4 Hz, 2H),
2.82(t,J = 7.3 Hz, 2H), 1.22(t) = 7.1 Hz, 3H);**C NMR (75MHz, CDC}) & 173.0, 159.3,

157.1, 154.9, 136.6, 133.0, 129.9, 122.1, 120.98,&1.8, 39.2, 32.9, 32.7, 14.0.
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(Z2)-methyl 3-(6-(3-oxopropyl)pyridin-2-yl)allylcar bamate (1.79)

0 To a 25 mL round bottom flask was charged)-éthyl 3-(6-(3-
I

= (methoxycarbonyl)prop-1-enyl)pyridin-2-yl)propaneat(79.9 mg, 0.273
_N
~_/NH mmol) and dichloromethane (3.5 mL). The reactiors waoled to -78 °C,

oM
® and 1M DIBAL-H (0.33 mL, 0.33 mmol) solution in hexes was added

drop wise under nitrogen. After 2 hour of stirriag-78 °C, The reaction was quenched with
saturated ammonium chloride aqueous solution. Fiasbmatography with 40% ethyl acetate in
hexanes gave 28.4 mg (42%) of the desired prodogether with 14 mg (18%) of recycled
starting material and 25 mg (37%) of over-redudedt®l. '"H NMR (300MHz, CDC}) & 9.88(t,
J=1.2 Hz, 1H), 7.57(t) = 7.7 Hz, 1H), 7.05(d] = 7.5 Hz, 1H), 7.03(d] = 7.7 Hz, 1H), 6.45(d,
J=11.7 Hz, 1H), 5.95(dt) = 6.6, 11.7 Hz, 1H), 5.76(brs, 1H), 4.31(&= 1.6, 6.5 Hz, 2H),

3.68(s, 3H), 3.15(t) = 6.8 Hz, 2H), 2.98(1) = 7.2 Hz, 2H).

(Z2)-methyl 5-(6-((Z)-3-(methoxycar bonyl)pr op-1-enyl)pyridin-2-yl)pent-2-enoate (1.80)
To a 25 mL round bottom flask was charged methyl

bis(trifluoroethyl)phosphonoacetate (44, 0.21 mmol), 18-crown-6 (165

mg, 0.624 mmol) and THF (2 mL). The mixture wasledao -78 °C, and
O;H\o,v,e KHMDS (30 mg, 0.15 mmol) in 3 mL THF was added dmwize under
nitrogen. After 30 minutes of stirring)-methyl 3-(6-(3-oxopropyl)pyridin-2-yl)allylcarbaate
1.79 (27.0 mg, 0.109 mmol) in 3 mL THF was added dropeyiollowed by 4 hours of stirring
at -78 °C. The reaction was quenched with saturdtésC| aqueous solution and extracted with

ethyl acetate. Flash chromatography with 10% THHiamloromethane gave 23.6 mg (71%) of
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the desired productH NMR (300MHz, CDC}) & 7.57(t,J = 7.7 Hz, 1H), 7.04(d) = 7.1 Hz,
1H), 7.02(dJ = 6.7 Hz, 1H), 6.48(d) = 11.7 Hz, 1H), 6.30(dt] = 7.5, 11.5 Hz, 1H), 6.06(brs,
1H), 6.01(dt,d = 6.1, 11.4 Hz, 1H), 5.81(df = 1.6, 11.5 Hz, 1H), 4.29(] = 6.3 Hz, 2H),
3.70(s, 3H), 3.67(s, 3H), 3.12(dtdl= 1.0, 7.4, 7.4 Hz, 2H), 2.95@,= 7.8 Hz, 2H);**C NMR
(100MHz, CDC}) 6 166.7, 160.2, 157.3, 155.0, 149.2, 136.8, 13230,4, 122.1, 120.9, 120.0,
52.0, 51.1, 39.1, 37.4, 28.7; IR (film) 3399, 171843, 1570, 1530, 1453, 1521, 1147, 1023,

819 cm’; HRMS (ESI) calc. for GH.oN-04Na ([M+Na]): 327.1321, found 327.1302.

(2)-5-(6-((Z2)-3-(methoxycar bonyl)prop-1-enyl)pyridin-2-yl)pent-2-enoic acid
(2)-methyl 5-(6-(g)-3-(methoxycarbonyl)prop-1-enyl)pyridin- 2-yl)pept

enoatel.80 (18.2 mg, 0.060 mmol) was dissolved in THF (0.35)nak

room temperature. After 1N LiOH aqueous solutio®@0mL, 0.90 mmol)
O;H\o,v,e was added, the reaction mixture was stirred at reonperature for 5 hours.
The reaction mixture was adjusted to pH 8 at 0&it, extracted with 2 mL of ethyl acetate. The
aqueous layer was continued to be acidified to pwith ethyl acetate extraction at every 2 pH
intervals. The combined organic phase was dried MgSQ,, concentrated, re-dissolved in 10%
methanol in dichloromethane, filtered through antplug of silica gel and concentrated under

vacuum. The salts was obtained in 14.8 mg (85%) wsetl directly in the next Mitsunobu

reaction without further purification.
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(2)-(1R,5S,7S,9S,11R,13R)-7-methoxy-9-methyl-3-oxo-5-propyl-4,15-dioxabicycl0[9.3.1] -
pentadecan-13-yl  5-(6-((Z2)-3-((methoxycar bonyl)amino)pr op-1-en-1-yl)-pyridin-2-yl)pent-
2-enoate (1.65)

General protocol B was followed, starting from the
MeO macrocyclic alcoholl.5 (2.6 mg, 0.008 mmol), the pyridal
acid (9.8 mg, 0.034 mmol), PP{16.8 mg, 0.064 mmol) and
DIAD (125 uL, 0.064 mmol). Flash column

chromatography (first with 30% THF in pentane, then

second column with 50% EtOAc in pentane) yieldetirfig
(67%) of the desired analotd NMR (300MHz, CDC}) & 7.59(t,d = 7.7 Hz, 1H), 7.00-7.09(m,
3H), 6.49(d,J = 11.7 Hz, 1H), 5.94-6.04(m, 1H), 5.94(dt= 1.4, 15.6 Hz, 1H), 5.10-5.21(m,
2H), 5.04(brs, 1H), 4.31(f] = 6.5 Hz, 2H), 4.06(tdd] = 2.2, 4.2, 11.3 Hz, 1H), 3.69(s, 3H),
3.51-3.60(m, 2H), 3.32(s, 3H), 2.991t= 8.0 Hz, 2H), 2.72(dd] = 6.8, 14.9 Hz, 2H), 2.58(dd,

= 4.4, 9.3 Hz, 1H), 2.36(dd, = 7.0, 10.8 Hz, 1H), 1.85-1.96(m, 1H), 1.62-1.798H), 1.45-
1.58(4H), 1.11-1.43(m, 10H), 0.98(d,= 6.4 Hz, 3H), 0.92(tJ = 7.3 Hz, 3H);*C NMR
(100MHz, CDC}) 6 170.9, 165.8, 159.7, 157.2, 155.2, 148.5, 13&33,11, 130.3, 122.3, 121.9,
120.9, 75.6, 75.4, 73.4, 69.8, 67.8, 56.2, 52.00,44R.4, 42.3, 40.0, 36.9, 36.5, 36.2, 35.3, 31.7,
31.0, 25.6, 19.0, 13.9; IR (film) 2955, 2923, 172851, 1570, 1455, 1375, 1264, 1182, 1085,
1031, 966, 820 cih HRMS (ESI) calc. for gHasN.OsNa ([M+NaJ): 623.3308, found

623.3356; {i]p>> = +22.4 (CHC}, c = 0.32).
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(E)-methyl 3-(5-bromofuran-2-yl)acrylate (1.82)

MeO o To a suspension of 60% sodium hydride (63.0 mg3 hibnol) in THF (5 mL)

= (EtO%LP(O)CHCOMe (0.41 mL, 2.53 mmol) was added drop wise at QupGer

: 0 nitrogen. One hour later, 5-bromofuran-2-carbaldietiy81 (204 mg, 1.17 mmol)
Br in 5 mL THF was added drop wise, and the reactioture was allowed to room
temperature over 0.5 hour. The reaction mixture peatitioned between diethyl ether and water.
The organic phase was dried, filtered and conctatrander vacuum. Flash chromatography
with 20% diethyl ether in hexanes gave 261 mg (9%¥}the desired productH NMR
(300MHz, CDC}) & 7.32(d,J = 15.7 Hz, 1H), 6.54(d] = 2.9 Hz, 1H), 6.40(d) = 3.0 Hz, 1H),
6.29(d,J = 15.7 Hz, 1H), 3.78(s, 3H}*C NMR (75MHz, CDCI3)5 166.9, 152.5, 129.7, 125.3,

116.6, 115.7, 114.0, 51.5.

(E)-methyl 3-(5-(3-(methoxycar bonyl)prop-1-ynyl)furan-2-yl)acrylate (1.83)

To a flame-dried 25 mL round bottom flask was ckdr.82 (310 mg, 1.34

MeO

_ © mmol), PdC}(PPh), (93.1 mg, 0.133 mmol), PRK69.8 mg, 0.266 mmol), Cul
% (25.8 mg, 0.136 mmol), distilled triethylamine (@.7nL, 12.2 mmol) and
= \ distilled THF (5 mL). The reaction was degassedwitgon for 15 minutes, and

) Nj)\o/ then methyl prop-2-ynylcarbamaier0 (310 mg, 2.75 mmol) was added drop

H

wise with a syringe. The reaction mixture was heae 50 °C for 1.5 hours
under argon protection. Flash chromatography wito £&thyl acetate in hexanes gave 289 mg
(82%) of the desired produc¢td NMR (300MHz, CDC}) & 7.34(d,J = 15.7 Hz, 1H), 6.59(d] =
3.5 Hz, 1H), 6.57(dJ) = 3.5 Hz, 1H), 6.33(d] = 15.7 Hz, 1H), 5.79(brs, 1H), 4.25(= 5.6 Hz,

2H), 3.78(s, 3H), 3.71(s, 3H).
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(E)-methyl 3-(5-((2)-3-(methoxycar bonyl)prop-1-enyl)furan-2-yl)acrylate (1.84)
To a 25 mL round bottom flask was charged nicketate tetra hydrate (46.6
mg, 0.187 mmol) and 95% ethanol (1 mL), and hydnogemosphere was

applied. Then 0.25 mL NaBt$olution (1N, 0.25 mmol) in 95% ethanol (with

I}io 0.1N NaOH) was added to the flask within 10 secoidter three minutes
ethyler':led(i)amine (2@L, 0.37 mmol) was added, followed by another threeutes of stirring.
To the resulting black colloiddl83 (123 mg, 0.467 mmol) was added via a syringe fatidwy
washing with 95% EtOH. After 1.5 hour the reactioixture was filtered through a pad of silica
gel and concentrated under vacuum. Flash chronggibgrwith 30% THF in hexanes gave 80.3
mg (65%) of the desired produdti NMR (300MHz, CDC}) & 7.40(d,J = 15.7 Hz, 1H), 6.62(d,
J=3.5 Hz, 1H), 6.35(d] = 3.5 Hz, 1H), 6.27(d] = 15.6, 1H), 6.22(cdJ = 10.4 Hz, 1H), 5.68(d!t,

J= 6.4, 11.8 Hz, 1H), 5.11(brs, 1H), 4.29t 5.4 Hz, 2H), 3.79(s, 3H), 3.70(s, 3H).

M ethyl (Z2)-3-(5-((E)-3-oxoprop-1-enyl)furan-2-yl)allylcar bamate (1.85)
_0 A solution of 1.84 (60.0 mg, 0.226 mmol) in dichloromethane (3 mL) was
cooled to -78 °C under nitrogen. Then DIBAL-H (1.84., 1M in hexanes)

was added drop wise, followed by one hour of styriat the same

" Oﬁo temperature. The reaction was quenched with satiratnmonium chloride

e

solution, extracted with ethyl acetate for thremets, and concentrated under vacuum. Flash
chromatography with 70% ethyl acetate in hexane® g#.8 mg (95%) of the alcohol. The

alcohol was dissolved in dichloromethane (3.3 mig acetonitrile (1.2 mL) and cooled to 0 °C.

Pyridine (28uL, 0.35 mmol) was added, followed by Dess-Martiagent (144 mg, 0.34 mmaol).
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After two hours of stirring at 0 °C , the reactimixture was concentrated and purified with 40%
ethyl acetate in hexanes to afford 34.7 mg (71%hefdesired aldehydéd NMR (300MHz,
CDCl) 3 9.63(d,J = 7.9 Hz, 1H), 7.20(d] = 15.6 Hz, 1H), 6.79(d] =3.5 Hz, 1H), 6.55(dd] =
7.9, 15.6 Hz, 1H), 6.43(d, = 3.5 Hz, 1H), 6.26(dJ = 11.8 Hz, 1H), 5.75(dt] = 6.3, 11.8 Hz,

1H), 5.07(brs, 1H), 4.30(8,= 5.8 Hz, 2H), 3.71(s, 3H).

(2Z,4E)-methyl 5-(5-((Z)-3-(methoxycar bonyl)prop-1-enyl)furan-2-yl)penta-2,4- dienoate

oM To a 25 mL round bottom flask was charged methyl
e

bis(trifluoroethyl)phosphonoacetate (86, 0.41 mmol), 18-crown-6 (330

mg, 1.23 mmol) and THF (4 mL). The mixture was edboto -78 °C, and
NH

Me0>:o KHMDS (60.8 mg, 0.29 mmol) in 2 mL THF was addedpwise under
nitrogen. After 30 minutes of stirring methylZ)¢(3-(5-((E)-3-oxoprop-1-enyl)furan-2-
yhallylcarbamate 1.85) (34.6 mg, 0.15 mmol) in 4 mL THF was added dragewfollowed by 3
hours of stirring at -78 °C. The reaction was qureacwith saturated NACI aqueous solution,
extracted with ethyl acetate and concentrated uadenum. Flash chromatography first with
30% ethyl acetate in pentane, and then 20% etlathtec in toluene gave 30 mg (70%) of the
desired producttH NMR (300MHz, CDC}) & 7.93(dd,J = 11.9, 15.5 Hz, 1H), 6.66(dd, =
11.6, 11.6 Hz, 1H), 6.56(d,= 15.5 Hz, 1H), 6.49(d] = 3.5 Hz, 1H), 6.32(d] = 3.5 Hz, 1H),
6.22(d,J = 11.6 Hz, 1H), 5.69(d] = 11.2 Hz, 1H), 5.60-5.70(m, 1H), 5.12(brs, 1HRHAtd,J =
1.5, 6.2 Hz, 2H), 3.75(s, 3H), 3.69(s, 3H}c NMR (100MHz, CDCJ) & 166.9, 157.1, 153.3,
152.3, 143.8, 128.5, 127.1, 123.8, 118.1, 117.3,6.1113.0, 52.1, 51.2, 40.0; IR (film) 3340,
2950, 1708, 1608, 1528, 1438, 1253, 1197, 11690,1@85 cni; HRMS (ESI) calc. for

CisH1:NOsNa ([M+Na]+): 314.1004, found 314.1028.
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(2Z,4E)-5-(5-((2)-3-((methoxycar bonyl)amino)pr op-1-en-1-yl)fur an-2-yl)penta-2,4-dienoic

acid (1.86)

(2Z,4E)-methyl 5-(5-(&)-3-(methoxycarbonyl)prop-1-enyl)furan-2-yl)penta-
2,4-dienoate (23.3 mg, 0.080 mmol) was dissolvetHik (0.45 mL) at room

temperature. After 1IN LIOH aqueous solution (0.9,nfL9 mmol) was

© added, the reaction mixture was stirred at roonpegature for 3 hours. The

MeO

reaction mixture was carefully acidified with 3N H@op wise at 0 °C to pH 3, and extracted
with three 5 mL portions of ethyl acetate. The oiggphase was dried with pB0O,, filtered and
concentrated under vacuum. Flash chromatograpl@A&t DCM : MeOH 1 : 1: 0.2) gave 24.9
mg (90%) of the desired produéd NMR (400MHz, CDC}) & 8.01(dd,J = 12.0, 15.4 Hz, 1H),
6.78(t,J = 11.5 Hz, 1H), 6.60(d] = 15.5 Hz, 1H), 6.50(d] = 3.5 Hz, 1H), 6.33(d] = 3.3 Hz,
1H), 6.23(dJ = 11.9 Hz, 1H), 5.73(d] = 11.2 Hz, 1H), 5.66(d] = 6.4, 11.9 Hz, 1H), 5.12(brs,
1H), 4.32(app s, 1H), 3.70(s, 3HJC NMR (400MHz, CDCJ) & 170.7, 157.3, 153.5, 152.3,
145.1, 128.6, 127.1, 124.2, 117.9, 117.1, 113.2,91152.2, 40.3; IR (film) 3452, 2941, 1701,
1524, 1253, 1189, 1173, 788 ¢rHRMS (ESI) calc. for @H1sNOsNa ([M+Na]+): 300.0848,
found 300.0859.
(1R,5S,7S,9S,11R,13S)-7-methoxy-9-methyl-3-oxo-5-pr opyl-4,15-dioxa-bicycl0[9.3.1] -
pentadecan-13-yl methanesulfonate (1.66)

General protocol B was followed, starting from the
MeO macrocyclic alcoholl.5 (2.2 mg, 0.0067 mmol)1.86

(5.6 mg, 0.013 mmol), PRH{3.9 mg, 0.015 mmol) and

N_{’Me DIAD (3.0 ulL, 0.015 mmol). Flash column

chromatography (50% EtOAc pentane) afforded 2.0 mg
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(50%) of the desired analdgd NMR (400MHz, CDC}) & 8.01(dd,J = 12.0, 16.0 Hz, 1H),
6.74(t,J = 11.7 Hz, 1H), 6.60(d] = 15.6 Hz, 1H), 6.51(d] = 3.4 Hz, 1H), 6.33(d] = 3.5 Hz,
1H), 6.24-6.28(m, 1H), 5.76(d} = 11.1 Hz, 1H), 5.60-5.69(m, 1H), 5.23-5.26(m, 1H)12-
5.19(m, 1H), 5.07(brs, 1H), 4.28@,= 6.6 Hz, 2H), 4.10(apt] = 11.4 Hz, 1H), 3.70(s, 3H),
3.57-3.62(m, 2H), 3.32(s, 3H), 2.60(db= 4.4, 14.5 Hz, 1H), 2.36(dd,= 10.8, 14.1 Hz, 1H),
1.82-1.94(m, 2H), 1.70-1.75(m, 2H), 1.45-1.62(m,)4H23-1.39(m, 6H), 1.12-1.19(m, 1H),
0.98(d,J = 6.5 Hz, 3H), 0.92(t) = 7.3 Hz, 3H);**C NMR (100MHz, MeOD)3 173.1, 167.1,
154 .8, 145.2, 130.1, 128.7, 125.1, 118.7, 114.¢,31177.1, 77.0, 73.9, 71.3, 69.1, 56.4, 52.5,
45.2, 43.5, 41.1, 40.4, 37.9, 37.4, 36.0, 32.6),280.0, 14.1; IR (film) 2947, 2854, 1713, 1528,

1376, 1249, 1190, 1064, 994 ¢nHRMS (pending); ¢]o>> = +5.1 (MeOH, ¢ = 0.20).

(E)-methyl 3-(2-methyloxazol-4-yl)acrylate (1.88)

MeO. _o TO a suspension of 60% sodium hydride (63 mg, 1.8680l) in THF (5 mL)

(EtO)LP(O)CHCOMe (0.41 mL, 2.53 mmol) was added drop wise at Oubder
nitrogen. Thirty minutes later, 2-methyloxazole&Hraldehydel.87 (107 mg, 0.96
mmol) in 2 mL THF was added dropwise, and the reaanixture was kept at 0 °C
for 1.5 hour. The reaction mixture was partitiotetween diethyl ether and water. The organic
phase was dried, filtered and concentrated und=rura. Flash chromatography with 5% diethyl
ether in hexanes gave 151 mg (93%) of the desiredupt.'H NMR (300MHz, CDC}) &

7.69(s, 1H), 7.47(d] = 15.6, 1H), 6.58(dt) = 2.6, 15.8 Hz, 1H), 3.78(s, 3H), 2.49(s, 1H).
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methyl 3-(2-methyloxazol-4-yl)propanoate

MeOo. o A mixture of E)-methyl 3-(2-methyloxazol-4-yl)acrylate88 (71 mg, 0.42 mmol)
and 10% Pd/C (71 mg) in methanol (10 mL) was stiteder hydrogen atmosphere

//N for 2 hours. The mixture was then filtered throu@élite and purified on a flash
column with 40% ethyl acetate in hexanes to givent® (82%) of the desired

product.'H NMR (300MHz, CDC}) & 7.30(t,J = 1.1 Hz, 1H), 3.68(s, 3H), 2.81@,= 7.5 Hz,

2H), 2.65(tdJ = 1.1, 7.1 Hz, 2H), 2.42(s, 3H).

3-(2-methyloxazol-4-yl)propanal (1.89)
_0 To a 25 mL round bottom flask was charged methy2-8aethyloxazol-4-
yl)propanoate (48 mg, 0.28 mmol) and dichloromeghé® mL). The reaction was

cooled to -78 °C, and 1M DIBAL-H (0.42 mL, 0.42 minsolution in hexanes was

added drop wise under nitrogen. After 1.5 hourtiofisg at -78 °C, The reaction was
guenched with saturated ammonium chloride aquenlusian. Flash chromatography with 40%
ethyl acetate in hexanes gave 27 mg (69%) of teeateproductH NMR (300MHz, CDC}) &

9.82(s, 1H), 7.29() = 5.2 Hz, 1H), 2.81(app s, 4H), 2.42(s, 1H).

(Z2)-methyl 5-(2-methyloxazol-4-yl)pent-2-enoate (1.90)

a 25 mL round Dbottom flask was charged methyl

Z ~CO,Me
bis(trifluoroethyl)phosphonoacetate (1i#, 0.54 mmol), 18-crown-6 (430
mg, 1.63 mmol) and THF (5 mL). The mixture was edoto -78 °C and

_

nitrogen. After 30 minutes of stirring 3-(2-methyézol-4-yl)propanall.89 (26.2 mg, 0.19

KHMDS (80 mg, 0.40 mmol) in 5 mL THF was added dmfse under
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mmol) in 5 mL THF was added drop wise, followedlyours of stirring at -78 °C. The reaction
was quenched with saturated MH aqueous solution and extracted with ethyl aeetBtash
chromatography with 30% ethyl acetate in pentane @8.2 mg (71%) of the desired product.
'H NMR (300MHz, CDC}) & 7.29(s, 1H), 6.26(dt] = 7.3, 11.5 Hz, 1H), 5.82(d,= 1.7, 11.5
Hz, 1H), 3.71(s, 3H), 2.98(dtd,= 1.6, 7.2, 7.2 Hz, 2H), 2.64(dd= 6.9, 7.6 Hz, 2H), 2.42(s,
3H); *C NMR (300MHz, CDCJ) & 166.7, 161.3, 149.1, 139.7, 133.9, 120.1, 51.15,275.6,
13.9; IR (film) 2921, 1722, 1646, 1581, 1439, 120177, 1096, 820 ch HRMS (ESI) calc. for

C10H13NOsNa ([M+NaJ): 218.0793, found 218.0786:;.

(2)-5-(2-methyloxazol-4-yl)pent-2-enoic acid (1.91)

A con (2)-methyl 5-(2-methyloxazol-4-yl)pent-2-enoate90 was dissolved in THF
(0.6 mL) at room temperature. After 1N LiOH aquesotution (1.1 mL, 1.1
mmol) was added, the reaction mixture was stirteb@m temperature for 3

O\Q

3, and extracted with three 5 mL portions of ethgétate. The organic phase was dried with

hours. The reaction mixture was acidified with 38IHirop wise at 0 °C to pH

NaSQy, filtered and concentrated under vacuum. Flasbrohtography with 10% methanol in
dichloromethane gave 13.7 mg (80%) of the desimediyct. 'H NMR (300MHz, CDC}) &
7.31(s, 1H), 6.25(dt) = 7.3, 11.1 Hz, 1H), 5.85(d),= 11.0 Hz, 1H), 2.97(dt) = 7.1, 7.1 Hz,
2H), 2.68(t,d = 7.0 Hz, 2H), 2.45(s, 3H}*C NMR (75MHz, CDC}) & 170.0, 161.8, 148.6,
139.1, 134.1, 121.2, 27.5, 24.9, 13.7; IR (filmB812922, 2537, 1700, 1643, 1577, 1437, 1203,
1096, 1017, 935, 822 ¢m HRMS (El) calc. for GHy;:NO; (M+): 181.073893, found

181.073688.
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(2)-(1R,5S,7S5,9S,11R,13R)-7-methoxy-9-methyl-3-oxo-5-propyl-4,15-
dioxabicyclo[9.3.1]pentadecan-13-yl 5-(2-methyloxazol-4-yl)pent-2-enoate (1.67)
General protocol B was followed, starting from thacrocyclic

MeO O alcohol5 (2.2 mg, 0.0067 mmol)1.91 (4.9 mg, 0.027 mmol),

N
o

switched to 40% EtOAc in hexanes) yielded 2.5 m@%Y of the desired analgtd NMR

PPh (9.4 mg, 0.036 mmol) and DIAD (74L, 0.036 mmol).

Flash column chromatography (20% EtOAc in DCM, then

(400MHz, MeOD)d 7.54(t,J = 1 Hz, 1H), 6.34(dt) = 7.4, 11.5 Hz, 1H), 5.88(dd,= 1.7, 11.5
Hz, 1H), 5.14-5.20(m, 2H), 4.07(ddd#i= 2.2, 2.2, 11.5, 11.5 Hz, 1H), 3.67(app £ 9.7, 1H),
3.57(app tJ = 10.8 Hz, 1H), 3.28(s, 3H), 2.97(dtli= 1.6, 7.1, 7.1 Hz, 2H), 2.70(dd = 4.3,
14.8 Hz, 1H), 2.64(t) = 7.3, 2H), 2.30(ddJ = 11.0, 14.8 Hz, 1H), 1.87(dd,= 10.9, 14.0 Hz,
1H), 1.80-1.86(m, 1H), 1.66-1.76(m, 2H), 1.46-1rB2@H), 1.26-1.44(m, 6H), 1.29(s, 3H),
1.12(ddd,J = 1.8, 11.0, 12.8 Hz, 1H), 0.97(&= 5.8 Hz, 3H), 0.94(t) = 7.3 Hz, 3H)*C NMR
(100MHz, MeOD)6 173.0, 167.7, 164.4, 150.8, 141.6, 136.9, 1289),777.9, 74.8, 72.2, 70.0,
57.3, 46.1, 44.3, 44.1, 41.9, 38.8, 38.3, 37.14,329.8, 27.1, 26.8, 20.9, 15.0, 14.4; IR (film)
2956, 2922, 2836, 1718, 1642, 1580, 1458, 13824,18361, 1175, 1087, 1030, 797 tm
HRMS (ESI) calc. for gHsNO;Na ([M+Na]): 514.2781, found 514.2766¢]p>°> = +27.8

(MeOH, ¢ =0.21).
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APPENDIX B

SYNTHESIS OF SULFUR-CONTAINING HETEROCYCLES THROUGH

OXIDATIVELY GENERATED THIOCARBENIUM IONS

General protocols

Proton tH NMR) and carbon{C NMR) nuclear magnetic resonance spectra werededaat
300/400/500/600 MHz and 75/100/125/150 MHz, respelst The chemical shifts are given in
parts per million (ppm) on the deltd) (scale. Tetramethylsilane (TMS) or the solventkpeas
used as a reference value, ot NMR: TMS (in CDCk) = 0.00 ppm, CBOD =3.31, for*C
NMR: TMS (in CDCE) = 0.00, CROD = 49.00. Data are reported as follows: (s =lsingl =
doublet; t = triplet; g = quartet; dd = doubletduwfublets; dt = doublet of triplets; br = broad).
Samples for IR were prepared as a thin film on &INaate by dissolving the compound in
CH,CI, and then evaporating the @El,. Analytical TLC was performed on pre-coated (25)mm
silica gel 60F-254 plates. Visualization was donedar UV (254 nm). Flash column
chromatographyvas done using 32-63 60 A silica gel. Methyleneodtle was distilled under
N, from CaH. Reagent grade ethyl acetate, diethyl ether, pentand hexanes (commercial
mixture) were used as purchased for chromatograBbgizene was dried with 4A molecular

sieves. THF was distilled from sodium. Other reagevere obtained from commercial sources
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without further purification. All reactions were i@med in oven or flame-dried glasswangh

magnetic stirring under nitrogen unless otherwisad.

General protocol for allyl or benzyl sulfide synthesis (general protocol C)

The corresponding thiol or thioacetate was addempwiise into the solution of potassium
hydroxide (2.5 equiv) in methanol (~0.25 M) at 0, “&hd the reaction mixture was stirred
vigorously for 20 minutes. The corresponding atlylbenzyl bromide (~1.2 equiv) was added
dropwise, and the reaction was heated at 50 °Q fbours. White precipitates were formed
during the process. The reaction mixture was cqoaledcentrated under vacuum and dissolved
in diethyl ether. The ether solution was washedhviitine, dried over MgSg filtered and
concentrated under reduced pressure. Flash colinmometographywith 3% ethyl acetate in

hexanes afforded the desired allyl sulfide.

General protocol for enol acetate synthesis (general protocol D)
The corresponding alkyne, [(p-cymene)Rg&E(4 mol%), (2-furylyP (8 mol%), NaCOs (15
mol%), acetic acid (2 equiv) and toluene were mieed stirred at 80 °C overnight. Flash

column chromatographyith 10% ethyl acetate in hexanes afforded therdésnol acetate.

General protocol E1 for thioacetate synthesis (the Mitsunobu reaction) (general protocol E1)

To a solution of PP(2.3 equiv) in THF (~0.1 M solution) at 0 °C, DIAR.3 equiv) was added
drop wise over 10 minutes, and the resulting wiitispension was stirred for 20 minutes.
Thioacetic acid (2.5 equiv) and the correspondileglel was added successively. The white

precipitates disappeared after 0.5 hours, and t¢haien was stirred overnight at RT. The
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reaction mixture was concentrated and purified laghf column chromatography with 10%

diethyl ether in hexanes to afford the desiredabatate.

General protocol E2 for thioacetate synthesis (general protocol E2)

To a mixture of the corresponding mesylate or baednd C£O; (2.4 equiv) in DMF (~0.25
M) at O °C, Thioacetic acid (2.7 equiv) was addeopdise. The reaction mixture was stirred
either at RT overnight (for primary mesylates) bd@ °C overnight (for secondary mesylates).
The reaction was then diluted with diethyl ethemsted with brine for three times and
concentrated. Flash column chromatograptith appropriate solvents afforded the desired

thioacetate.

General protocol F1 for vinyl sulfide synthesis (general protocol F1)

In a round bottom flask the corresponding thioaeetd OH (2.5 equiv), Cul (0.1 equiv) and

vinyl iodide (1.5 equiv) were mixed in dioxane (40M). The reaction mixture was heated
overnight at 100 °C, resulting a dark brown hetermgpus mixture. Then it was cooled to room
temperature, concentrated under vacuum and sudjéct&lash column chromatograpkgth

appropriate solvents to afford the desired vinyfide.

General protocol F2 for vinyl sulfide synthesis (general protocol F2)

To a flame-dried round bottom flask were add¢d)-1-iodohex-1-ene (1.2 equiv),
Pd(dppf)CHCH,CI, complex (0.05 equiv), distilled g4 (2.7 equiv) and THF (~0.2 M). The
mixture was stirred for 15 minutes at RT and thBnriinutes at 45°C. The corresponding thiol

was added drop wise into the mixture, and the m@actvas stirred overnight at 45°C.
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Concentration and Flash column chromatograptily appropriate solvents afforded the desired

vinyl sulfide.

General protocol for the cyclization of allyl or benzyl sulfide substrates (general protocol G1)

The enol acetate, 2,6-dichloropyridine (4 equiviCID4 or Mg(CIQy), (0.2 equiv) and 4 A
molecular sieves (3 mass equiv) were dissolvechhydrous DCM or DCE to give a ~0.09 M
solution. The mixture was stirred for 15 minutdsert DDQ (2.0 equiv) was added in one
portion. The reaction was monitored by TLC at raemperature unless specified, and quenched
by E&N when the starting material was gone. After cotredion under vacuum, the residue was

purified with Flash column chromatograptoygive the desired product.

General protocol for the cyclization of vinyl sulfide and allylsilanes (general protocol G2)

The enol acetate, 2,6-dichloropyridine (2 equiv)l @A molecular sieves (3 mass equiv) were
dissolved in anhydrous MeN®@r DCM to give a ~0.09 M solution. The mixture wasred at 0
°C for 15 minutes, then DDQ (1.05 equiv) was addedne portion. The starting material
disappeared in 5 minutes as monitored by TLC. Adtarcentration under vacuum, the residue
was purified by Flash column chromatographigh appropriate solvents to give the desired

product.

General protocol for the synthesis of vinyl iodide (general protocol H)
To a suspension of Zr@pl, (1.1 equiv) in distilled THF (~0.35 M) protectedtivargon, 1M
DIBAL-H solution (1.1 equiv) was added drop wisddtC. White precipitates were formed in a

few minutes, and the mixture was stirred for 30utes. Then the alkyne was added drop wise,
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followed by THF rinsing. The reaction mixture wdkaed to RT and stirred for 1 hr, during
which the reaction mixture became clear and gréee. reaction was cooled to -78 °G(1.1
equiv) in THF was added dropwise, and it was thkowad to -10 °C. The reaction was
guenched with 1:1 saturated aqueous solution of@®@Hand NaS,0s, extracted with diethyl
ether twice and concentrated under vacuum. Flaslmeo chromatographyvith appropriate

solvents afforded the corresponding vinyl iodide.

General protocol for Kumada coupling (general protocol 1)

To a suspension of Pd(P#h(0.1 equiv) in distilled THF (~3 M solution) prated with argon,
1M trimethylsilyl methylmagnesium chloride (1.5 @guwas added drop wise at RT. Fifteen
minutes later, the corresponding vinyl iodide walslead drop wise, followed by another 15
minutes of stirring. The reaction mixture was tlgerenched with saturated NWEl solution at O
°C, extracted twice with ether and concentratedeuvéicuum. Flash column chromatography

with appropriate solvents afforded the correspondilty silane.

(E)-but-3-yn-1-yl(hex-2-en-1-yl)sulfane

y General protocol C for allyl sulfide synthesis wakowed, starting frons-
C\/\/\ but-3-yn-1-yl ethanethioat®.q) (486 mg, 3.6 mmol), potassium hydroxide

(430 mg, 7.7 mmol) and Ej-1-bromohex-2-ene (550 mg, 3.1 mmol). Flash column
chromatographwith 3% ethyl acetate in hexanes afforded 542 nd§dPof the desired product.
'H NMR (300 MHz, CDCJ) 8 5.54 (dt J =15.2, 6.5 Hz, 1H), 5.40 (dtf,= 15.2, 7.1, 1.0), 3.14
(dd, J = 7.0 Hz, 2H), 2.64 (td) = 7.4, 0.9 Hz, 2H), 2.45 (tdd,= 7.4, 2.6, 0.7 Hz, 2H), 2.06-

1.99 (m, 3H), 1.46-1.34 (m, 2H), 0.90 Jt= 7.4 Hz, 3H);*C NMR (75 MHz, CDC}) & 133.7,
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125.6, 82.5, 69.1, 34.1, 33.7, 29.0, 22.3, 19.55;1R (film) 3309, 2958, 2930, 2872, 1461,

1427, 1379, 1230, 967 éMHRMS (El)m/z calcd. for GoH1S [M] 168.0973, found 168.0978.

(E)-4-(hex-2-en-1-ylthio)but-1-en-2-yl| acetate (2.2)
OAC General protocol D for enol acetate synthesis w#ewed, starting from

the above alkyne (169 mg, 1.0 mmol), [(p-cymene)RuG24.5 mg, 0.04
s mmol), (2-furylyP (18.5 mg, 0.08 mmol), M@O; (15.1 mg, 0.15 mmol)
and acetic acid (0.11 mL, 2.0 mmol). Flash colurhromatographyith 10% ethyl acetate in
hexanes afforded 129 mg (57%) of the desired erethte?.2.
(E)-4-(hex-2-en-1-ylthio)but-1-en-2-yl acetat2.q): '"H NMR (300 MHz, CDC}) & 5.58-5.46
(dt,J = 15.1, 6.4 Hz, 1H), 5.39 (dtf,= 15.1, 6.9, 1.2 Hz, 1H), 4.88-4.65 (m, 2H), 3.11, (#ic
6.9, 0.8 Hz, 2H), 2.58 (ddd,= 8.3, 6.7, 1.8 Hz, 2H), 2.48 (m, 2H), 2.15 (s)3R02 (dt,J =
6.6, 6.6 Hz, 2H), 1.48-1.32 (m, 2H), 0.90Jt= 7.3 Hz, 3H);"*C NMR (100 MHz, CDG)) &
168.8, 154.3, 133.6, 125.7, 102.3, 34.2, 33.7,,38/4L, 22.4, 20.9, 13.5; IR (film) 2959, 2927,
2872, 1759, 1666, 1434, 1370, 1197, 1020, 966, 818, cn; HRMS (ESI)nvz calcd. for

CioH200,SNa [M+Naf 251.1082, found 251.1077.

(E)-2-(pent-1-en-1-yl)dihydr o-2H-thiopyran-4(3H)-one (2.3) AND (E)-6-(pent-1-en-1-yl)-
2H-thiopyran-4(3H)-one (2.4)

General protocol G1 for the cyclization of allyllfsde substrates was followed, starting from
compound 1 (80 mg, 0.35 mmol), DDQ (200 mg, 0.88atyR,6-dichloropyridine (261 mg,
1.76 mmol), LiClQ (7.5 mg, 0.07 mmol), 4A M.S. (240 mg) and 1,2-thebethane (5 mL).

The reaction was quenched with triethylamine 10@utes after the addition of DDQ. Flash
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column chromatographwith 10% ethyl acetate in hexanes afforded 32.3 (6@$6) of the
desired cyclization produ@&3 and 2.6 mg (4%) of the over-oxidized prodRet

0 (E)-2-(pent-1-en-1-yl)dihydro43-thiopyran-4(#)-one @.3): 'H NMR

d/\/\ (400 MHz, CDC}) § 5.70-5.57 (dtdJ = 15.4, 6.7, 1.1 Hz, 1H), 5.46 (ddk,
= 1:'35.4, 6.8, 1.3 Hz, 1H), 3.84-3.68 (m, 1H), 3.0262(m, 2H), 2.77 (ddd] = 14.1, 3.9, 0.8 Hz,
1H), 2.72-2.59 (m, 3H), 2.01 (di,= 7.0, 7.0 Hz, 2H), 1.48-1.33 (m, 2H), 0.89)t 7.4 Hz,
3H); °C NMR (100 MHz, CDGCJ) 5 208.1, 133.2, 128.5, 49.3, 45.1, 43.1, 34.2, 226, 13.4;
IR (film) 2957, 2927, 2871, 1713, 1421, 1317, 12620 cni; HRMS (EI) m/z calcd. for
CioH160S [M] 184.0922, found 184.0937.

0 (E)-6-(pent-1-en-1-yl)-B-thiopyran-4(34)-one @.4): *H NMR (300 MHz,
ﬁ\/ﬁ CDCl) & 6.45 (dt,Jd = 15.5, 7.0 Hz, 1H), 6.19 (d,= 15.7 Hz, 1H), 6.08 (s,
1HS), 3.18 (t,r\]J-F;rG.B Hz, 2H), 2.71 () = 6.4 Hz, 2H), 2.19 (dtd] = 7.2, 7.2, 1.3 Hz, 2H), 1.55-
1.41 (m, 2H), 0.88 (tJ = 6.8 Hz, 3H):**C NMR (100 MHz, CDG)) § 195.2, 156.9, 136.9,
130.2, 113.8, 37.6, 34.04, 26.5, 21.8, 13.6; IRn{fi3122, 2947, 1689, 1441, 1282, 1212, 1147,

931 cni'; HRMS (El) m/z calcd. for GH140S [M] 182.0765, found 182.0782.

S-Hept-1-yn-4-yl ethanethioate

= Hept-1-yn-4-yl methanesulfonate (855 mg, 4.5 mnwads reacted with HSAc
n_PrjiAc (0.87 mL, 9.75 mmol) and @30s (3.52 g, 8.86 mmol) according to the general
protocol E2. Flash column chromatograpiwth 3% diethyl ether in hexanes afforded the
desired thioacetate (453 mg, 60% vyieft§.NMR (300 MHz, CDCY)  3.64 (ddd,) = 11.3, 8.4,

6.0 Hz, 1H), 2.65-2.44 (m, 2H), 2.34 (s, 3H), 2(02 = 2.7 Hz, 1H), 1.82-1.55 (m, 2H), 1.51-
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1.31 (m, 2H), 0.93 () = 7.3 Hz, 3H):**C NMR (100 MHz, CDGJ) 5 195.5, 79.3, 70.3, 42.3,

36.1, 34.9, 30.7, 24.8, 13.7.

(E)-hept-1-yn-4-yl(hex-2-en-1-yl)sulfane
= Shept-1-yn-4-yl ethanethioate (372 mg, 2.18 mmadsweacted with
n_Pr)g\/\n_Pr (E)-1-bromohex-2-ene (469 mg, 2.61 mmol), KOH (245 mMg36
mmol) in methanol (10 mL) according to the generatocol C to afford the desired allyl sulfide
(444 mg, 97% yield}H NMR (300 MHz, CDC}) 5 5.54 (dt,J = 15.2, 6.5 Hz, 1H), 5.43 (df,=
14.1, 6.8 Hz, 1H), 3.16 (dd, = 6.7, 2.5 Hz, 2H), 2.75 (ddd,= 12.6, 7.1, 5.5 Hz, 1H), 2.55
(ddd,J = 16.9, 5.2, 2.6 Hz, 1H), 2.43 (ddii= 17.0, 7.1, 2.6 Hz, 1H), 2.11-1.89 (m, 3H), 1.80-
1.63 (m, 1H), 1.62-1.34 (m, 6H), 0.91Jt= 7.2 Hz, 3H), 0.90 (t] = 7.2 Hz, 3H)*C NMR (75
MHz, CDCk) 6 133.4, 126.2, 81.7, 69.8, 69.7, 42.3, 35.8, 33323, 25.2, 19.8, 13.8, 13.6; IR
(film) 3309, 2958, 2930, 2872, 1461, 1427, 137BA267 crit; HRMS (EI) m/z calcd. for

Ci3H2S [M] 210.1442, found 210.1431.

(E)-4-(hex-2-en-1-ylthio)hept-1-en-2-yl acetate (2.6)

General protocol D for enol acetate synthesis vedisvied, starting
OAc

/EK from (E)-hept-1-yn-4-yl(hex-2-en-1-yl)sulfane (252.5 mg2 Inmol),

n-Pr’ s Snpy [(p-cymene)RuCl, (30.8 mg, 0.05 mmol), (2-furdy (22.0 mg, 0.10
mmol), NaCGO; (18.1 mg, 0.18 mmol) and acetic acid (0.13 mL, @whol). Flash column
chromatographyvith 10% ethyl acetate in hexanes afforded 86 mMi§4dRof the desired enol
acetate2.6. *H NMR (300 MHz, CDC}) § 5.52 (dt,J = 14.9, 6.2 Hz, 1H), 5.47-5.35 (m, 1H),

4.86-4.76 (m, 2H), 3.11 (d,= 6.7 Hz, 2H), 2.75-2.67 (m, 1H), 2.53 (dds 15.3, 6.9 Hz, 1H),

110



2.45 (dd,J = 15.3, 6.9 Hz, 1H), 2.14 (s, 3H), 2.01 (@t 6.6, 6.6 Hz, 2H), 1.52-1.32 (m, 6H),

0.90 (t,J = 7.3 Hz, 6H);**C NMR (75 MHz, CDC}) & 169.0, 153.7, 133.3, 126.4, 103.7, 40.8,
39.5, 36.2, 34.3, 33.1, 22.5, 21.1, 19.7, 13.97;1R (film) 2958, 2930, 2872, 1758, 1665, 1461,
1432, 1369, 1199, 1020, 966, 874 tnHRMS (ESI)nvz calcd. for GsHps0,SNa [M+Naf

293.1551, found 293.1522.

(2S,69)-2-((E)-pent-1-en-1-yl)-6-pr opyldihydr o-2H-thiopyran-4(3H)-one (2.7) and (E)-6-
(pent-1-en-1-yl)-2-propyl-2H-thiopyran-4(3H)-one (2.8)
General protocol G1 for the cyclization of allylifsde substrates was

o)
rﬁw followed, starting from the substra®s (77.3 mg, 0.29 mmol), DDQ
_
n-Pr S -P

27 T (230 mg, 0.57 mmol), 2,6-dichloropyridine (213 mb46 mmol),

Q LiCIO4 (6.1 mg, 0.06 mmol), 4A M.S. (200 mg) and DCE (#)nThe
) Prfj\%n_Pr reaction was quenched with triethylamine 100 misutdter the

2.8 addition of DDQ. Flash column chromatographjth 10% ethyl
acetate in hexanes afforded 32.0 mg (50%) of teeeatecyclization produ@.7 with acis:itrans
ratio of 11:1.2.7: *H NMR (400 MHz, CDC}) § 5.69 (dtd,J = 15.2, 6.8, 0.8 Hz, 1H), 5.40 (ddt,
J=15.2,7.6, 1.4 Hz, 1H), 3.65 (ddbs 12.4, 7.6, 4.2 Hz, 1H), 3.10 (dtdl= 12.2, 6.7, 2.9 Hz,
1H), 2.75-2.63 (m, 2H), 2.52 (dd,= 19.7, 6.4 Hz, 1H), 2.37 (dd,= 19.3, 6.9 Hz, 1H), 2.01
(dtd,J = 7.9, 7.9, 1.1 Hz, 2H), 1.64-1.53 (m, 2H), 1.5241(m, 2H), 1.44-1.36 (m, 2H), 0.92 (t
J =7.6 Hz, 2H), 0.89 (tJ = 7.2 Hz, 3H);**C NMR (100 MHz, CDCJ) 5 208.8, 133.5, 128.1,

50.0, 49.8, 45.3, 43.6, 37.9, 34.2, 22.1, 19.83,183.5; IR (film) 2958, 2930, 2872, 1712, 1461,

1249, 967 cil; HRMS (El)m/z calcd. for GsH2,SO [M]226.1391, found 226.1388.
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2.8: *H NMR (300 MHz, CDCJ) § 6.44 (dt,J = 15.4, 7.1 Hz, 1H), 6.15 (d, = 15.4 Hz, 1H),
6.07 (s, 1H), 3.16 (dtd = 12.2, 6.6, 2.9 Hz, 1H), 2.76-2.65 (m, 28)19 (dtd,J = 7.6, 7.6, 1.1
Hz, 2H), 1.68-1.44 (m, 4H), 1.44-1.36 (m, 2H), 0@1 =7.5 Hz, 3H), 0.88 (1 = 7.4 Hz, 3H);
3C NMR (75 MHz, CDCJ) § 195.4, 156.9, 136.7, 130.1, 113.8, 49.8, 43.66,333.8, 21.8,
19.8, 13.6; IR (film) 2957, 2849, 1686, 1431, 128431, 1082, 867 cilh HRMS (EI) m/z calcd.

for C13H200S [M] 224.1235, found 224.1247.

Benzyl(hept-1-yn-4-yl)sulfane

J\/// Hept-1-yne-4-thiol (413 mg, 2.41 mmol, preparedUAH reduction of the

N

0P s > ph corresponding thioacetate) was reacted with bebaymide (0.37 mL, 3.14

mmol), KOH (336 mg, 2.5 mmol) in methanol (10 mickarding the general protocol C, except
the reaction was carried out at RT overnight. Flashumn chromatographwith 10%
dichloromethane in hexanes afforded the desiredybeulfide (453 mg, 95% yieldfH NMR
(400 MHz, CDC}) & 7.33-7.18 (m, 5H), 3.75 (s, 2H), 2.64 (tt 7.6, 5.4 Hz, 1H), 2.45 (dddd,
=17.0,9.7, 6.2, 2.6 Hz, 2H), 2.01 JtF 2.6 Hz, 1H), 1.66 (ddg = 13.7, 9.7, 5.8 Hz, 1H), 1.58-
1.20 (m, 3H), 0.83 (1) = 7.3 Hz, 3H);**C NMR (100 MHz, CDGJ) & 138.2, 128.7, 128.3,
126.8, 81.6, 69.9, 42.9, 35.6, 35.4, 25.1, 19.76;1R (film) 3299, 3028, 2958, 2929, 2871,

1494, 1454, 1238, 915 MHRMS (El)mvz calcd. for G4H1sS [M] 218.1129, found 218.1128.

4-(Benzylthio)hept-1-en-2-yl acetate(2.10)
OAc General protocol D for enol acetate synthesis wéewed, starting from the

f above benzyl sulfide (391 mg, 1.79 mmol), [(p-cymduCh], (43.8 mg,
P

- S h
n-er PN 0.07 mmol), (2-furylP (32.4 mg, 0.14 mmol), NGOs (27.2 mg, 0.26 mmol)
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and acetic acid (0.20 mL, 3.6 mmol). Flash colurhromatography with 5% diethyl ether in
hexanes afforded 164 mg (33%) of the desired erethge2.10. *H NMR (400 MHz, CDCJ) &
7.37-7.18 (m, 5H), 4.85-4.67 (m, 2H), 3.72 Jc¢k 4.3 Hz, 2H), 2.65-2.55 (m, 1H), 2.53 (dds
6.3, 0.6 Hz, 1H), 2.43 (dd,= 14.1, 7.4 Hz, 1H), 2.06 (s, 3H), 1.61-1.50 (m, 1HR0-1.38 (m,
2H), 1.38-1.27 (m, 1H), 0.88-0.68 (m, 3HJC NMR (100 MHz, CDGJ) & 168.9, 153.4, 138.4,
128.9, 128.3, 126.9, 103.7, 41.1, 39.4, 35.9, 3&11), 19.6, 13.7; IR (film) 2958, 2930, 2871,
1757, 1665, 1454, 1370, 1200, 1021, 876 cHRMS (ESI) mz calcd. for GeH.:0.SNa

[M+Na]* 301.1238, found 301.1248.

(2S,6S)-2-phenyl-6-propyldihydro-2H-thiopyran-4(3H)-one (2.11)
0 General protocol G1 was followed, starting from gound2.10 (59.1 mg,

ri 0.21 mmol), DDQ (119 mg, 0.53 mmol), 2,6-dichloradine (156 mg, 1.06

-P S
n mmol), MgCIQ; (8.8 mg, 0.04 mmol), 4A M.S. (180 mg) and dichlogihane

(4 mL). The reaction mixture was stirred overnighRT. The reaction afforded 30.4 mg (61%
yield) of the desired cyclization produtll with acisitrans ratio of 25:1'H NMR (400 MHz,
CDCl) & 7.39-7.25 (m, 5H), 4.16 (dd,= 11.9, 3.6 Hz, 1H), 3.26-3.15 (m, 1H), 2.95-2(8%
2H), 2.76 (ddJ = 13.5, 2.0 Hz, 1H), 2.49 (apt,= 12.4, 1H), 1.62 (dd] = 15.1, 7.3 Hz, 2H),
1.54-1.41 (m, 2H), 0.93 (8, = 7.3 Hz, 3H)*C NMR (100 MHz, CDG) & 208.5, 139.7, 128.8,
127.9, 127.1, 77.3, 77.0, 76.6, 50.8, 50.1, 47464,437.8, 19.8, 13.8.; IR (film) 2958, 2930,
2872, 1710, 1454, 1247 ¢mHRMS (El) m/z calcd. for G4H1sSO [M] 234.1078, found

234.1076.
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(E)-but-3-yn-1-yl(hex-1-en-1-yl)sulfane

P General protocol F2 was followed, starting from8ym-1-thiol 2.12 (534
(/ mg, 2.40 mmol), (E)-l-iodohex-1-ene (420 mg, 1.91 mmol),

S/\/\n-Pr

Pd(dppf)C}:DCM complex (82mg, 0.095 mmol) and distilleds&t(0.72

mL, 5.1 mmol). Flash column chromatographigh 3% diethyl ether in hexanes afforded 238
mg (74%) of the desired vinyl sulfiddd NMR (400 MHz, CDC}) § 5.90 (dt,J = 15.0, 1.2 Hz,
1H), 5.77-5.64 (dtJ = 15.0, 7.8 Hz, 1H), 2.77 (§,= 7.6 Hz, 2H), 2.50 (td] = 7.5, 2.6 Hz, 2H),
2.08 (M, 2H), 2.04 (t) = 2.6 Hz, 1H), 1.40-1.21 (m, 4H), 0.89 Jt= 7.1 Hz, 3H);**C NMR
(100 MHz, CDC}) 6 133.3, 121.3, 82.4, 69.4, 32.8, 31.7, 31.3, 216, 13.9; IR (film) 3305,
2958, 2927, 2871, 2858, 1459, 1436, 946'CRIRMS (El)mvz calcd. for GoH1eS [M] 168.0973,

found 168.0967.

(E)-4-(hex-1-en-1-ylthio)but-1-en-2-yl| acetate (2.13)

OAC General protocol D for enol acetate synthesis wilevied, starting from

[‘% the above vinyl sulfide (232 mg, 1.38 mmol), [(pswne)RuCl], (32.7 mg,
AN

ST P 06 mmol), (2-furyP (24.7 mg, 0.12 mmol), M&0O; (20.2 mg, 0.20
mmol) and acetic acid (0.15 mL, 2.7 mmol). Flastuem chromatographwith 5% diethyl
ether in hexanes afforded 135 mg (43%) of the ddsinol acetat.13. '"H NMR (400 MHz,
CDCl;) 6 5.88 (dt,J = 15.0, 1.3 Hz, 1H), 5.67 (di,= 14.9, 7.0 Hz, 1H), 4.86-4.68 (m, 2H), 2.75
(t, J= 7.2 Hz, 2H), 2.52 (t) = 7.6 Hz, 2H), 2.14 (s, 3H), 2.12-2.03 (m, 2H%2t1.23 (m, 4H),
0.89 (t,J = 7.1 Hz, 3H)*C NMR (100 MHz, CDGJ) 5 168.7, 154.0, 132.2, 121.5, 102.4, 33.5,

32.6, 31.2, 29.4, 21.9, 20.8, 13.7; IR (film) 292827, 2857, 1759, 1666, 1434, 1370, 1197,
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1020, 947, 876 cth HRMS (ESI)m/z calcd. For GH»00,SNa [M+Na] 251.1082, found

251.1079.

(E)-2-(pent-1-en-1-yl)dihydro-2H-thiopyran-4(3H)-one (2.3)
o General protocol G2 was followed, starting from #rel acetat®.13 (45.4
f‘j\/\ mg, 0.20 mmol), DDQ (47.7 mg, 0.21 mmol), 2,6-daxbpyridine (59.2 mg,
S 7~ n-pr 0.40 mmol) and 4A M.S. (140 mg) in DCM (2 mL). Fasolumn
chromatographywith 10% diethyl ether in hexanes afforded 21.4 (6§%) of the desired

cyclization produc®.3.

(E)-hept-1-yn-4-yl(hex-1-en-1-yl)sulfane
= General protocol F2 was followed, starting fromtakjyne-4-thiol2.14
n-PrJi/\/\n-Pr (406 mg, 2.37 mmol)(E)-1-iodohex-1-ene (430 mg, 1.95 mmol),
Pd(dppf)CHCH.Cl, complex (82mg, 0.10 mmol) and distilleds®t(0.74 mmol, 5.3 mmol).
Flash column chromatograplyith 1% diethyl ether in hexanes afforded 212.2(62§6) of the
desired vinyl sulfide'H NMR (300 MHz, CDC}) & 5.93 (dt,J = 15.0, 0.9 Hz, 1H), 5.80 (di,=
14.9, 6.7 Hz, 1H), 2.88 (tf,= 7.7, 5.3 Hz, 1H), 2.58 (ddd,= 17.0, 5.2, 2.7 Hz, 1H), 2.43 (ddd,
J=17.0, 7.5, 2.6 Hz, 1H), 2.08 (dt= 6.8, 6.8 Hz, 2H), 2.03 (§ = 2.6 Hz, 1H), 1.84-1.67 (m,
1H), 1.64-1.38 (m, 4H), 1.38-1.25 (m, 4H), 0.91)(t 7.2 Hz, 3H), 0.90 () = 7.2 Hz, 3H)*C
NMR (100 MHz, CDC}) 8 135.5, 120.4, 81.6, 69.9, 45.2, 35.4, 32.8, 34521, 22.0, 19.9, 13.8,

13.7.
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(E)-4-(hex-1-en-1-ylthio)hept-1-en-2-yl acetate (2.15)
OAC General protocol D for enol acetate synthesis vedlewed, starting

/EK from the above vinyl sulfide (204.2 mg, 0.97 mmol)p-
n-Pr S/\/\n-Pr

cymene)RuGl, (24.5 mg, 0.04 mmol), (2-fury@y (18.5 mg, 0.08
mmol), NaCO; (15.1 mg, 0.15 mmol) and acetic acid (0.11 mL, @&ol). Flash column
chromatographyvith 3% diethyl ether in hexanes afforded 89.1 13¢%) of the desired enol
acetate2.15. 'H NMR (400 MHz, CDC}) 5 5.89 (dt,J = 14.9, 1.0 Hz, 1H), 5.78 (di,= 14.9, 6.8
Hz, 1H), 4.88-4.74 (m, 2H), 2.87-2.80 (m, 1H), 2(88d,J = 15.0, 6.6, 0.7 Hz, 1H), 2.45 (ddd,
J=15.0, 6.6, 0.7 Hz, 1H), 2.14 (s, 3H), 2.08 (it 6.6, 6.6 Hz, 2H), 1.68-1.58 (m, 1H), 1.58-
1.45 (m, 3H), 1.43-1.23 (m, 5H), 0.91 Jt= 7.2 Hz, 3H), 0.89 (tJ = 7.2 Hz, 3H):**C NMR
(100 MHz, CDC}) 6 168.9, 153.4, 135.3, 120.2, 103.8, 43.7, 39.4),382.8, 31.2, 22.0, 21.0,
20.0, 13.8, 13.7; IR (film) 2958, 2928, 2872, 175666, 1461, 1436, 1370, 1200, 1020, 952 cm

L HRMS (ESI)m/z calcd. for GsH2¢0,SNa [M+Na] 293.1551, found 293.1561.

(2S,69)-2-((E)-pent-1-en-1-yl)-6-pr opyldihydr o-2H-thiopyran-4(3H)-one (2.7)

o General protocol G2 was followed, starting from #ieve enol acetate

ri/\ 215 (36.2 mg, 0.13 mmol), DDQ (29.5 mg, 0.13 mmol)6-2,
_Z
n-Pr S n-Pr

dichloropyridine (38.4 mg, 0.26 mmol) and 4A M.$40 mg) in DCM
(1.5 mL). The reaction afforded 21.4 mg (71% yiatifhe desired cyclization produ2i7 with

acis: trans ratio of 25:1.
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S-(3-(methoxy(methyl)amino)-3-oxopropyl) ethanethioate (2.17)
\N’OMe To a vigorously stirred solution of Me(OMe)NH HQ.77 g, 28.4 mmol) and 3-
ﬁo bromopropanoyl chlorid2.16 (4.43 g, 25.8 mmol) in dichloromethane (50 mLpat
SAc °C, EgN (7.89 mL, 56.7 mmol) was added over three hoams| then the reaction
mixture was stirred at RT for 24 hours. The reactixture was concentrated under vacuum,
dissolved in 150 mL diethyl ether, and washed twwith 200 mL brine. The organic phase was
dried with NaSQO, filtered and concentrated under vacuum. Flastineolchromatographwith
15% acetone in hexanes afforded 2.63 g (52%) tisrede product.H NMR (400 MHz,
(CD3),C0) 8 3.71 (s, 3H), 3.64 (1 = 6.8 Hz, 2H), 3.21 (s, 3H), 3.05 (t= 6.8, 2H).
The above bromide (2.05 g, 10.4 mmol) was reactgd WSAc (2.05 mL, 28.7 mmol) and
CsCO0s(8.31 g, 25.5 mmol) according to the general molt&2. Flash column chromatography
with 15% acetone in hexanes afforded the desiredtbtate2.17 (0.95 g, 48% yield)'H NMR
(500 MHz, CDC}) & 3.67 (s, 3H), 3.19 (s, 3H), 3.14 Jt= 7.0 Hz, 2H), 2.77 (t) = 6.5 Hz, 2H),

2.33 (s, 3H)13C NMR (75 MHz, CDCY) 5 194.2, 171.0, 60.3, 31.1, 29.4, 23.0.

(E)-N-methoxy-N-methyl-3-(pent-1-en-1-ylthio)propanamide (2.18)

\N’OMe The above thioacetag17 (191 mg, 1 mmol) was treated with®O; (204 mg,
[go 1.5 mmol) in methanol (3 mL) at RT for 40 minut@$e reaction mixture was
""" Giluted with 15 mL diethyl ether, washed succedgiveith 14 mL of 1N HCI
and 15 mL brine and concentrated under vacuumashFtolumn chromatographwith 15%
acetone in pentane afforded 117 mg (78%) of theetkshiol. 'H NMR (400 MHz, CDCJ) &
3.71 (s, 3H), 3.20 (s, 3H), 2.85-2.78 (m, 4H), 1(F1 = 8.0 Hz, 1H);**C NMR (100 MHz,

CDCl;) 6171.5, 60.7, 35.4, 31.4, 18.9.
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General protocol F2 was followed, starting from #i®ve thiol (625 mg, 4.19 mmol)E)-1-
iodohex-1-ene (1.32 g, 6.29 mmol), Pd(dppfHCH.Cl, complex (342mg, 0.42 mmol) and
distilled EgN (1.46 mL, 10.5 mmol). Flash column chromatographith 15% acetone in
hexanes afforded 403 mg (42%) of the desired \snifide 2.18. *H NMR (300 MHz, CDC}) &
5.91 (dt,J = 15.0, 1.2 Hz, 1H), 5.69 (di,= 15.0, 7.0 Hz, 1H), 3.70 (s, 3H), 3.19 (s, 3H), 2195
J=7.5Hz, 2H), 2.75 (t} = 7.5 Hz, 2H), 2.08 (dt) = 7.2, 7.2 Hz, 2H), 1.39-1.27 (m, 4H), 0.91
(t, = 7.3 Hz, 3H):**C NMR (100 MHz, CDGJ) & 172.3, 131.2, 121.8, 61.1, 32.7, 32.1, 31.3,

27.3,21.9, 13.7.

Triethyl((1-((E)-hex-1-en-1-ylthio)non-3-en-3-yl)oxy)silane (2.19)

OSiEts To a stirred solution of the Weinreb ami2ié8 (112 mg, 0.48 mmol) in THF

Ny (3 mL) at -78 °C, 1M vinyl magnesium bromide sabuti(1.45 mL, 1.45

SN Npy : . . .
mmol) in THF was added drop wise. The reaction urxtwas allowed to RT

over 1 hr, quenched with 0.2 mL saturateds;NHsolution and concentrated under vacuum.
Flash column chromatograptwith 10% acetone in hexanes afforded 56.2 mg (56#4he
desired producttH NMR (400 MHz, CDCY) & 6.36 (dd,J = 18.0, 10.4 Hz, 1H), 6.24 (d,=
17.6 Hz, 1H), 5.91-5.86 (m, 2H), 5.68 (dt=14.8, 7.2 Hz, 1H), 2.92-2.78 (m, 4H), 2.08 (Hit
7.2, 7.2 Hz, 2H), 1.77-1.69 (m, 1H), 1.65-1.48 (th), 1.54-1.48 (m, 1H), 1.33-1.28 (m, 1H),
0.88 (t,J = 7.5 Hz, 3H):*°C NMR (100 MHz, CDCJ) & 198.7, 136.3, 132.6, 128.6, 121.7, 39.4,
34.1, 32.8, 26.6, 22.1, 14.0.

To a suspension of CuBr M@ (206 mg, 1.0 mmol) in THF (1 mL) was added 1.6Myb

lithium solution (1.25 mL, 2.0 mmol) in hexanes4 °C. The mixture was stirred for 0.5 h and

then cooled to -78 °C. To this solution were ad@&®-Cl (190 mg, 1.26 mmol), HMPA (0.22
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mL, 1.26 mmol), and the enone (25 mg, 0.126 mmmI)HF (1 mL) in this order. The mixture
was stirred at this temperature for 40 minutes #eth quenched with 1 mL saturated JXH
solution. The mixture was extracted with ethyl atet The extracts were washed with water,
dried over NaSQO,, and concentrated under vacuum. Flash column dciagraphywith 10%
acetone in hexanes afforded 37.7 mg (81%) of tlseatk product mixtur@.19 with aZ:E ratio

of 1.21:1 *H NMR (400 MHz, CDC}) 5 5.95-5.84 (m, 1H), 5.66 (dtd,= 15.0, 7.0, 0.8 Hz, 1H),
4.65 (t,J = 7.6 Hz, 0.5 H), 4.47 (] = 7.0 Hz, 0.4 H), 3.61 (] = 6.7 Hz, 1H), 3.48 (q] = 7.0
Hz, 1H), 2.81-2.69 (m, 2H), 2.37 (ddi= 8.9, 6.6 Hz, 1H), 2.29 (dd,= 13.6, 5.8 Hz, 1H), 2.08
(qdd,J = 8.4, 2.8, 1.3 Hz, 2H), 2.03-1.96 (m, 1H), 1.982L(m, 2H), 1.79-1.67 (m, 1H), 1.64-
1.56 (m, 2H), 1.54-1.47 (m, 2H), 1.02-0.91 (m, 106191-0.84 (m, 13H}*C NMR (100 MHz,
CDCl;) 6 149.2, 148.2, 131.6, 131.1, 122.3, 122.3, 10908.11 65.8, 62.6, 37.3, 35.0, 34.6,
34.5, 32.9, 31.94, 31.7, 31.6, 31.5, 31.4, 30.63,370.4, 29.3, 26.8, 25.2, 22.6, 22.5, 22.3, 22.1,
20.6, 19.0, 15.2, 14.1, 14.0, 13.9, 6.7, 6.4, 390,4.4; IR (film) 2956, 2925, 2875, 1668, 1460,
1377, 1238, 1179, 1122, 1005, 942 GnHRMS (ESI) mVz calcd. for GiH430SSi [M+H]'

371.2804, found 371.2817.

(E)-2-(pent-1-en-1-yl)-3-pentyldihydr o-2H-thiopyran-4(3H)-one (2.20)

o General protocol G2 was followed, starting from #iwve enol silyl ether

fﬁi\/n\_Bu 2.19 (41.2 mg, 0.11 mmol), DDQ (25.0 mg, 0.11 mmolg-&ichloropyridine
=
S n-Pr (32.6 mg, 0.22 mmol) and 4A M.S. (130 mg) in MeN®lash column

chromatographyvith 10% diethyl ether in hexanes afforded 21.7 (T800) of the inseparable
cyclization product mixtur@.20 with atrans.cis ratio 1:0.63."H NMR (400 MHz, CDCJ) §

5.65-5.54 (m, 1H), 5.47-5.39 (m, 0.4H), 5.37-5.89 0.6H), 3.75 (ddJ =8.2, 4.7 Hz, 0.6H),
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3.49 (1,J =7.2 Hz, 0.4H), 3.12 (ddd} =13.8, 8.3, 5.5 Hz, 0.6 H), 3.00-2.82 (m, 2H), 22766

(m, 2H), 2.65-2.58 (m, 1H), 2.11-1.90 (m, 2H), 2888 (m, 2H), 1.45-1.33 (m, 2H), 0.99-0.94
(m, 3H); °%C NMR (125 MHz, CDGJ) § 210.7, 210.4, 134.0, 133.8, 128.7, 125.7, 56.74,50
49.2, 43.4, 42.5, 34.3, 31.8, 29.1, 26.4, 22.42,2P4.0, 13.5; IR (film) 2956, 2926, 1710, 1627,

1464, 1281, 1128 ¢ HRMS (El) m/z calcd. for GHo6OS [M] 254.1704, found 254.1748.

OH 5-((tert-butyldimethylsilyl)oxy)pent-1-en-3-ol (R = H): To a stirred solution of
the aldehyde2.21 (2.8 g, 14.9 mmol) in THF (20 mL) at -78 °C, 1Mnyi

ROTeS magnesium bromide solution (22.3 mL, 22.3 mmolY kF was added drop wise.
The reaction mixture was allowed to RT over 1 hrgd avas quenched with 1 mL saturated
NH4CI solution. Flash column chromatographigh 10% ethyl acetate in hexanes afforded 56.2
mg (59%) of the desired produ¢H NMR (400 MHz, CDC})) § 5.85 (dddJ = 17.2, 10.5, 5.4
Hz, 1H), 5.24 (dtJ = 17.2, 1.6 Hz, 1H), 5.07 (df = 10.5, 1.5 Hz, 1H), 4.32 (brs, 1H), 3.86
(ddd,J = 10.5, 6.0, 4.6 Hz, 1H), 3.78 (ddbi= 10.2, 7.5, 4.4 Hz, 1H), 3.39 (brs, 1H), 1.8001.6
(m, 2H), 0.88 (s, 9H), 0.05 (s, 6HC NMR (100 MHz, CDGCJ) & 140.5, 114.0, 72.2, 61.7, 38.2,
25.7,-5.6.
5-((tert-butyldimethylsilyl)oxy)hex-1-en-3-ol (R = methyl): Prepared similarly as the above
intermediate, starting from 3tt-butyldimethylsilyl)oxy)butanal. The yield was 549 NMR
(400 MHz, CDC¥) § 5.98-5.74 (m, 1H), 5.26 (d,= 17.2 Hz, 1H), 5.08 (d] = 10.5 Hz, 1H),
4.44 (brs, 0.4 H), 4.33-4.23 (m, 0.6 H), 4.21-4(7 1H), 4.13-4.05 (m, 1H), 3.44 (s, 1H), 3.31
(s, 1H), 1.71-1.55 (m, 2H), 1.23 @@= 6.3 Hz, 1.2H), 1.19 (d,= 6.1 Hz, 1.8 H), 0.90 (d,= 3.1

Hz, 9H), 0.11 (d,J = 4.9 Hz, 3.6H), 0.09 (dl = 2.4 Hz, 2.4H)**C NMR (100 MHz, CDGJ) &
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141.1, 140.6, 113.9, 113.7, 72.1, 69.5, 69.4, 64518, 44.3, 25.7, 24.5, 23.0, 17.9, 17.8, -3.8, -

4.4,-4.8, -5.0.

OCONEt, 5-((tert-butyldimethylsilyl)oxy)pent-1-en-3-yl diethylcarbamate (2.22) (R =

=
H): To a stirred solution of the above alcohol & 2.54 mmol) and N,N-

RoTES diethylcarbamoyl chloride (0.80 mL, 6.4 mmol) in FKb mL) was added 60%
NaH (256 mg, 6.4 mmol) carefully at 0 °C. The reactwas stirred overnight at room
temperature, treated with ,8 (10 mL) and diethyl ether (2 X 10 mL), separaimad
concentrated under vacuum. Flash column chromagtbgnaith 10% ether in hexanes afforded
670 mg (84%) of the desired prod@&22. *H NMR (500 MHz, CDCY) § 5.81 (ddd,J = 16.7,
10.5, 6.0 Hz, 1H), 5.31-5.15 (m, 2H), 5.11 Jcs 10.6 Hz, 1H), 3.66 (1] = 6.6 Hz, 2H), 3.25
(brs, 4H), 1.90-1.79 (m, 2H), 1.10 {t= 7.1 Hz, 6H), 0.85 (s, 9H), 0.02 (s, 6 NMR (100
MHz, CDCk) 6 155.0, 137.4, 115.3, 72.2, 59.2, 37.5, 25.8, 1&B5; IR (film) 3090, 2861,
1703, 1474, 1423, 1380, 1272, 1172, 1098, 986, 838, cni; HRMS (ESI)m/z calcd. for
C16H34NOsSi [M+H] " 316.2308, found 316.2312.

5-((tert-Butyldimethylsilyl)oxy)hex-1-en-3-yl diethylcarbamate (R = Methyl): Prepared
similarly as above, and the yield was 76%.NMR (400 MHz, CDC}) & 5.80 (dddJ = 17.2,
10.4, 6.0 Hz, 1H), 5.18 (d,= 17.5 Hz, 1H), 5.08 (d] = 10.6 Hz, 1H), 3.99-3.78 (m, 1H), 3.23
(brs, 4H), 1.70-1.65 (m, 2H), 1.10 {t= 6.9 Hz, 6H), 0.86 (s, 9H), 0.01 (s, 6K NMR (100

MHz, CDCk) 6 155.0, 138.0, 115.0, 72.4, 64.9, 44.8, 25.8, 25163, 17.9, -3.6, -4.4, -5.0.
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OCONE, (2)-5-((tert-butyldimethylsilyl)oxy)pent-2-en-3-yl diethylcarbamate (2.23)

X (R = H): To a stirred solution of freshly prepared LDA (2msnol) in THF (6

R™ OTBS mL) was added successively HMPA (0.69 mL, 4.0 mnaoljl the substrate
2.22 (687 mg, 2.18 mmol) in THF (3 mL) at -78 °C. Theaction was stirred for 15 minutes,
after which Mel (0.21 mL, 3.4 mmol) was added. Téaction was allowed to -30 °C and treated
with water (20 mL) and diethyl ether (20 mL). Theganic layer was separated, dried and
concentrated under vacuum. Flash column chromagtbgnaith 10% ether in hexanes afforded
434 mg (63%) of the desired prod23. '"H NMR (400 MHz, CDC}) & 5.06 (q,J = 6.8 Hz,
1H), 3.69 (t,J = 6.9 Hz, 2H), 3.31 (q] = 7.1 Hz, 4H), 2.41 (] = 6.9 Hz, 2H), 1.50 (d] = 6.8
Hz, 3H), 1.16-1.12 (m, 6H), 0.86 (s, 9H), 0.0248l); °C NMR (100 MHz, CDG)) § 153.4,
146.3, 112.3, 60.7, 37.6, 31.5, 25.8, 22.6, 18420,110.5, -5.4; IR (film) 3070, 2862, 1703,
1648, 1474, 1423, 1380, 1273, 1172, 1098, 986, 833, 777 crit; HRMS (ESI)m/z calcd. for
C1eH3aNO;Si [M+H] " 316.2308, found 316.2310.
(2)-5-((tert-butyldimethylsilyl)oxy)hex-2-en-3-yl diethylcarbamate (R = Methyl): Prepared
similarly as above with a yield of 58%4 NMR (500 MHz, CDCJ) § 5.07 (q,J = 6.8 Hz, 1H),
3.96-3.89 (m, 1H), 3.33 (¢, = 6.7 Hz, 4H), 2.35 (dd] = 14.3, 7.1 Hz, 1H), 2.27 (dd,= 14.2,
5.7 Hz, 1H), 1.51 (d] = 6.7 Hz, 3H), 1.16 () = 6.5 Hz, 6H), 0.87 (s, 9H), 0.04 (s, 3H), 0.03 (s
3H); **C NMR (100 MHz, CDGJ) $ 146.7, 113.0, 77.3, 77.2, 77.0, 76.7, 66.1, 42578, 23.7,

18.1, 10.6, -4.7, -4.9.

OCONEt, (£)-5-hydroxypent-2-en-3-yl diethylcarbamate (R = H): The above product

N
(410 mg, 1.30 mmol) was treated with a mixture bf IBAF (3.9 mL, 3.9

R” “OH
mmol) and HOAc (0.15 mL, 2.6 mmol) at RT for twouns. Flash column
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chromatographywith 50% ethyl acetate in hexanes afforded 184 @@f4) of the desired
alcohol.'H NMR (500 MHz, CDC}) & 5.25 (q,J = 7.0 Hz, 1H), 3.61 (aps, 2H), 3.39-3.32 (m,
4H), 2.38 (tJ = 5.1 Hz, 2H), 1.53 (dJ = 7.0 Hz, 3H), 1.20 (t} = 7.2 Hz, 3H), 1.17 (t} = 7.2
Hz, 3H); *C NMR (125 MHz, CDGJ) & 155.1, 137.5, 115.4, 72.3, 59.3, 37.6, 25.9, -B5;
(film) 3454, 2873, 1697, 1475, 1424, 1379, 127619,21167, 1098, 1054, 973 ¢mHRMS
(ESI)mvz calcd. for GoH1gNOsNa [M+Na]™ 224.1263, found 224.1271.
(2)-5-hydroxyhex-2-en-3-yl diethylcarbamate (R = Methyl): Prepared similarly as above with
a yield of 70%H NMR (300 MHz, CDC}) 3 5.14 (qdJ = 6.8, 1.2 Hz, 1H), 3.82-3.71 (m, 1H),
3.28 (q,J = 6.9 Hz, 4H), 2.32-2.19 (m, 1H), 2.08 (db= 14.2, 10.0 Hz, 1H), 1.45 (dd= 6.8,
1.6 Hz, 3H), 1.15-1.07 (m, 6H}°C NMR (75 MHz, CDCJ) 3 154.4, 146.0, 114.7, 63.5, 44.9,

42.0,41.6, 22.0, 14.0, 13.1, 10.5.

OCONE, (2)-5-((E)-hex-1-en-1-ylthio)pent-2-en-3-yl diethylcarbamate (2.24) (R

N
= H):: General protocol E1 was followed, startimgni the above alcohol

RSN py

(184 mg, 0.91 mmol), thioacetic acid (0.16 mL, 2r@ihol), PPh (544
mg, 2.07 mmol) and DIAD (0.42 mL, 2.12 mmol). Flasblumn chromatographwith 20%
diethyl ether in hexanes afforded 174 mg (73%hefdesired thioacetate. Then general protocol
F1 was followed, starting from the thioacetate (21 0.82 mmol)(E)-iodo-1-hexene (260 mg,
1.24 mmol), Cul (31 mg, 0.16 mmol) and KOH (115 n®p6 mmol). Flash column
chromatographywith 5% ethyl acetate in hexanes afforded 128.6 (BR2f6) of the desired
product2.24. *H NMR (400 MHz, CDC}) § 5.89 (dt,J = 15.0, 1.2 Hz, 1H), 5.55 (di,= 15.0,
7.0 Hz, 1H), 5.11 (¢J = 6.8 Hz, 1H), 3.34 (q] = 7.0 Hz, 4H), 2.74 (dd] = 8.3, 6.8 Hz, 2H),

2.53 (t,J = 7.3 Hz, 2H), 206 (di) = 6.9, 6.9 Hz, 2H), 1.54 (dd, = 6.8, 0.9 Hz, 4H), 1.38-1.23
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(m, 4H), 1.12-1.14 (m6H), 0.89 (t,J = 7.1 Hz, 3H)*C NMR (75 MHz, CDC}) § 153.3, 147.3,
131.6, 122.0, 112.0, 34.2, 32.7, 31.3, 30.0, 22109, 13.8, 10.5; IR (film) 2960, 1714, 1473,
1423, 1379, 1265, 1160, 1055, 1002, 946 CHRMS (EI) mVz calcd. for GeHzNO,S [M]
299.1919, found 299.1891.

(2)-5-((E)-hex-1-en-1-ylthio)hex-2-en-3-yl diethylcarbamate (2.26) (R = methyl): Prepared
similarly as above with a yield of 37% over twopstelH NMR (300 MHz, CDC}) § 5.93 (dt,J
=15.0, 1.2 Hz, 1H), 5.75 (di,= 15.0, 6.8 Hz, 1H), 5.10 (4,= 6.8 Hz, 1H), 3.34 (q] = 7.1 Hz,
4H), 3.08-2.91 (m, 1H), 2.60 (ddi,= 14.7, 5.9, 1.0 Hz, 1H), 2.33 (dd,= 14.7, 8.4 Hz, 1H),
2.13-2.00 (dtJ = 7.0, 7.0 Hz, 2H), 1.54 (dff = 6.7, 0.9 Hz, 3H), 1.42-1.25 (m, 7H), 1.20 (m,
6H), 0.89 (t,J = 7.0 Hz, 3H);**C NMR (100 MHz, CDG)) 5 153.3, 146.6, 134.4, 134.4, 120.8,
113.1, 41.9, 41.6, 38.8, 32.8, 31.3, 22.0, 20.61,183.8, 10.6, 10.6; IR (film) 2961, 2927, 2871,
1714, 1457, 1378, 1267, 1159, 991 GHIRMS (EI) m/z calcd. for G/H3:NO,S [M] 313.2076,

found 313.2108.

(2R,3S)-3-methyl-2-((E)-pent-1-en-1-yl)dihydr o-2H-thiopyran-4(3H)-one (2.25) (R = H):
0 General protocol G2 was followed, starting frone {&)-vinyl carbamate

2.24 (52.4 mg, 0.17 mmol), DDQ (41.8 mg, 0.18 mmol§-8ichloropyridine

=
S P’ (50.3 mg, 0.34 mmol) and 4A M.S. (150 mig) MeNO, (1.5 mL). The

reaction afforded 27.8 mg (80%) of the cyclizatiznduct2.25 with atrans:cis ratio of 25:1.'H

NMR (400 MHz, CDC}) 6 5.65 (dt,J = 15.6, 6.8 Hz, 1H), 5.36 (ddl,= 15.2, 8.7, 1.4 Hz, 1H),
3.37 (ddJ = 9.2, 9.2 Hz, 1H), 2.98 (ddd= 15.4, 9.3, 5.4 Hz, 1H), 2.90 (dddi= 13.6, 5.2, 5.2
Hz, 1H), ), 2.71 (ddJ = 9.4, 4.6 Hz, 2H), 2.67 (dd,= 9.4, 6.5 Hz, 1H), 2.02 (di,= 7.2, 7.2 Hz,

2H), 1.48-1.30 (m, 2H), 1.09 (d,= 6.7 Hz, 3H), 0.90 () = 7.4 Hz, 4H)*C NMR (100 MHz,
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CDCl) § 210.3, 134.6, 128.0, 52.9, 51.9, 43.2, 34.2, 228], 13.5, 13.1; IR (film) 3583, 2871,
1712, 1651, 1453, 1328, 1277, 1225, 1156, 968, ¢#iRMS (ESI)m/z calcd. for G;H1;0S [M-

H]* 197.1000 , found 197.1003.

(2R,3S,69)-3,6-dimethyl-2-((E)-pent-1-en-1-yl)dihydr o-2H-thiopyr an-4(3H)-one (2.27)

0 General protocol G2 was followed, starting from {Agvinyl carbamate
/@n-Pr 226 (40.8 mg, 0.13 mmol), DDQ (31.0 mg, 0.14 mmol),6-2,
dichloropyridine (38.6 mg, 0.26 mmol) and 4A M.80(mg)in MeNO,(1.2 mL).. The reaction
afforded 22.6 mg (82%) of the cyclization prod@@&7 with aortho-trans:cis ratio of 25:1 and a
metaeis:trans ratio of 25:1.*H NMR (400 MHz, CDC}) 5 5.68 (dt,J = 15.6, 6.8 Hz, 1H), 5.29
(dd,J = 15.5, 9.2 Hz, 1H), 3.33 (dd,= 10.2, 10.2 Hz, 1H), 3.22 (dqd,= 13.3, 6.7, 2.9 Hz,
1H), 2.69 (ddJ = 12.5, 2.8 Hz, 1H), 2.56 (dd,= 10.9, 6.6 Hz, 1H), 2.48 (dd,= 12.4, 12.4
Hz, 1H), 2.02 (dt,) = 6.8, 6.8 Hz, 2H), 1.47-1.36 (m, 2H), 1.30-1.26 @H)), 1.03 (dJ = 6.6
Hz, 3H), 0.90 (tJ = 6.9 Hz, 3H);**C NMR (100 MHz, CDCJ) 6 210.1, 135.1, 127.6, 52.6, 52.4,
51.3, 39.3, 34.2, 31.5, 22.6, 22.1, 21.2, 14.15,112.2; IR (film) 2959, 2870, 1711, 1646, 1451,
1376, 1331, 1274, 1219, 1106, 965 tnHRMS (ESI) mVz calcd. for G,Hi0S [M-H]'

211.1157, found 211.1153.

Ethynyl diethylcar bamate (2.28)

= OCONEY, Diisopropylamine (4.33 mL, 30.7 mmol) was dissolvediry THF (20 mL) and
the solution was cooled to =78 °C. N-BuLi (19.2 m3D,7 mmol; 1.6 M solution in hexane) was
added dropwise and stirred for 30 min. 2,2,2-tmboethyl N,N-diethylcarbamate (2.55 g, 6.67

mmol) in THF (8 mL) was added dropwise over fivenaies, and the mixture was stirred for 4
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hrs. After addition of MeOH (0.81 mL), the reactiamxture was stirred for 2 hrs and then
allowed to warm to 0 °C. The reaction mixture wassated with water and diethyl ether. The
organic layer was dried (MgSp filtered, and concentrated under vacuum to dfftve crude
product. Flash column chromatography on silica (§ék1 pentane/ether) furnished of the 1-
alkynyl carbamat®.28 (537 mg, 57%)*H NMR (300 MHz, CDC}) 6 3.41-3.16 (m, 4H), 2.10
(s, 1H), 1.19 (tdJ = 7.2, 2.7 Hz, 6H), 0.88 (8 = 6.7 Hz, 3H);**C NMR (75 MHz, CDC}) &
151.3, 80.8, 44.1, 36.7, 22.8; IR (film) 3390, 298859, 1456, 1273, 1141, 1081 tMHRMS

(El) m/z calcd. for GH1:NO, [M] 141.0790, found 141.0831.

(2)-1-iodohex-1-en-1-yl diethylcar bamate (2.29)

n-Bu To a stirred suspension of Cul (838 mg, 4.4 mmokiny EtO(5 mL), 4.4

J\OCONHZ mL of freshly prepared solution afBuMgBr in ether (1M, 4.4 mmol) was

added drop wise at -78 °C. The reaction mixture wasmed to -25 °C and stirred for 30
minutes. The reaction mixture was cooled to -78&@] the alkynyl carbama28 (282 mg,
2.0 mmol) in dry BO (1 mL) was added drop wise. After 90 minutgg,1127 g, 5.0 mmol) in
dry E&O (5 ml) was added at -78 °C. The reaction mixiwes warmed to room temperature,
stirred for 15 minutes and quenched with 1:1 s&dreaqueous solution of NaHG@nd
Na&S,03. The mixture was separated, extracted with die¢tlyer, combined and concentrated
under vacuum. Flash column chromatograpiityh 5% EO in hexanes afforded 340 mg (52%)
of the desired produ@29. *H NMR (400 MHz, CDC}) & 5.49 (t,J = 7.2 Hz, 1H), 3.34-3.26
(m, 4H), 2.07 (dtJ = 7.6, 7.6 Hz, 2H), 1.72-1.35 (m, 4H), 1.18J& 7.2 Hz, 6H), 0.89 (t) =

7.2 Hz, 3H);"*C NMR (75 MHz, CDCJ) & 152.6, 128.9, 101.9, 34.6, 31.6, 25.2, 22.6, 1R1;
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(film) 2872, 1731, 1459, 1420, 1269, 1151, 1096121@ni"; HRMS (El) m/z calcd. for

C11H20NO,l [M] 325.0539 , found 325.0561.

(E)-octa-1,3-dien-3-yl diethylcarbamate
LBU To a 25 mL flame-dried round bottom flask was adé&elPPh), (202 mg,

g\ 0.175 mmol) , followed by argon exchange and ptaiacDistilled THF(0.6

| OCONEt, | | |

mL) and 1M vinyl magnesium bromide (3.0 mL, 3.0 ninwas charged, and

the resulting suspension was stirred for 15 minate8C. The substrat2.29 (570 mg, 1.75
mmol) in THF (1 mL) was then added drop wise, amel teaction mixture was stirred for 30
minutes. The reaction was cooled to 0 °C, queneiddsaturated aqueous NEI solution (0.1
mL), and concentrated under vacuum. Flash columoncatographywith 10% E$O in hexanes
afforded 300 mg (71 %) of the desired diéfeNMR (300 MHz, CDCJ) 5 6.57 (dd,J = 17.1,
11.0 Hz, 1H), 5.31 (dd] = 8.4, 7.7 Hz, 1H), 5.23 (d,= 17.0 Hz, 1H), 5.13 (df = 11.0, 1.4 Hz,
1H), 3.37 (qJ = 6.7 Hz, 4H), 2.21 (df] = 14.8, 7.4 Hz, 2H), 1.46-1.12 (m, 12H), 0.91)(t 6.6

Hz, 3H);**C NMR (75 MHz, CDC}) 6 154.3, 145.2, 127.4, 122.3, 113.6, 31.6, 25.9,,213.8.

(E)-1-hydroxyoct-3-en-3-yl diethylcarbamate (2.30)

n-Bu To a solution of 1M BHin THF (1.29 mL, 1.29 mmol) at O °C, cyclohexene
| OCONE, (0.28 mL, 2.58 mmol) was added dropwise. White ipre&tes were formed
OH in several minutes. Thirty minutes later, the diéb@4 mg, 0.86 mmol) was

added drop wise. The reaction mixture became ahed$ minutes and was stirred for 1.5 hours
at 0 °C. A 10% solution of sodium hydroxide (2.8nalnd 33% hydrogen peroxide (1.1 mL were

added carefully and successively, and the reaatnixture was stirred for 1 hr at room
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temperature. Following the addition of,8t the organic layer was separated, re-extracted,
combined and concentrated under vacuum. Flash eolthmomatographyvith 40% EtOAc in
hexanes afforded 130 mg (62%) of the desired alcaB6. *H NMR (500 MHz, CDC}) & 5.28

(t, J = 7.8 Hz, 1H), 3.73-3.54 (m, 4H), 3.32 (biss 3.5 Hz, 4H), 2.47 (t) = 5.7 Hz, 2H), 2.10
(dt,J = 7.4, 7.4 Hz, 2H), 1.99-1.80 (m, 4H), 1.78-1.70 &H), 1.63-1.53 (m, 2H), 1.43-1.32 (m,
4H), 1.33-1.24 (m, 6H), 1.18 (d,= 19.9 Hz, 8H), 0.90 (t] = 7.1 Hz, 3H).°C NMR (125 MHz,
CDCl) 6 156.0, 145.3, 122.0, 70.2, 58.8, 35.5, 33.4, 3683, 25.4, 24.1, 22.2, 13.8; IR (film)
3456, 2960, 2931, 2873, 1697, 1475, 1424, 12767,11653 cril; HRMS (ES)m/z calcd. for

Ci13H25NO3 [M] 243.1834, found 243.1861.

(E)-S-(3-((diethylcar bamoyl)oxy)oct-3-en-1-yl) ethanethioate

n-Bu General protocol E1 was followed, starting from #t@ve alcohol (120 mg,

OCONEt,
SAc and DIAD (0.45 mL, 2.3 mmol). Flash column chronmaaphy with 5%

0.49 mmol), thioacetic acid (0.17 mL, 2.5 mmol) hPF603 mg, 2.3 mmol)

ethyl acetate in hexanes afforded 110 mg (74%hefdesired thioacetattd NMR (300 MHz,
CDCl) § 5.21 (t,J = 7.8 Hz, 1H), 3.31 (q] = 7.1 Hz, 4H), 2.98 (t) = 7.6, 2H), 2.57 (t) = 7.4
Hz, 2H), 2.32 (s, 3H), 2.06 (dl= 7.2, 7.2 Hz, 2H), 1.90-1.49 (m, 4H), 1.16Jt 6.5 Hz, 6H),
0.88 (t,J = 7.2 Hz, 3H);**C NMR (125 MHz, CDGJ) § 195.6, 154.4, 146.4, 119.4, 41.8, 31.8,

30.5, 29.4, 26.6, 26.2, 22.2, 14.0.
(E)-1-((E)-hex-1-en-1-ylthio)oct-3-en-3-yl diethylcarbamate (2.31)

OCONEt, mg, 0.35 mmol), Cul (13.3 mg, 0.07 mmol) and KOF34mg, 0.88

n-Bu General protocol F1 was followed, starting from dive thioacetate (105
(ll
S/\/\n_pr
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mmol). Flash column chromatograpiwth 5% ethyl acetate in hexanes afforded 70.5 59§4)

of the desired produ@31. *H NMR (300 MHz, CDC}) & 5.90 (dt,J = 15.0, 1.3 Hz, 1H), 5.66
(dt,J = 15.0, 6.9 Hz, 1H), 5.20 (3,= 7.8 Hz, 1H), 3.30 (q] = 7.0 Hz, 4H), 2.81-2.69 (m, 2H),
2.60 (dd,J = 11.0, 4.4 Hz, 2H), 2.18-1.99 (m, 4H), 1.42-1(8% 8H), 1.15 (tJ = 7.1 Hz, 6H),
0.91-0.83 (m, 6H)**C NMR (75 MHz, CDC}) § 154.3, 146.7, 131.7, 122.0, 119.0, 32.8, 31.8,
31.4, 30.0, 29.6, 26.2, 22.2, 22.0, 13.8; IR (filR958, 2928, 2872, 1712, 1468, 1421, 1379,

1270, 1159, 1104 ¢ HRMS (El)mvz calcd. for GeHasNO,S [M] 341.2389, found 341.2413.

(2R,3R)-3-butyl-2-((E)-pent-1-en-1-yl)dihydro-2H-thiopyran-4(3H)-one (2.32)

o) General protocol G2 was followed, starting from {E-vinyl carbamate 19
. rfu . (49.3 mg, 0.14 mmol), DDQ (33.4 mg, 0.14 mmol).-@iéhloropyridine (41.4
mg, 0.28 mmol) and 4A M.S. (150 mg) in MeNQ@.5 mL). The reaction afforded 30.6 mg

(88%) of the cyclization produ@32 as a single diastereoméH NMR (400 MHz, CDCJ) &
5.58 (dt,J = 15.2, 6.6 Hz, 1H), 5.32 (ddi,= 15.2, 8.6, 0.8 Hz, 1H), 3.76 (dd= 8.6, 4.3 Hz,
1H), 3.12 (dddJ = 13.8, 8.1, 5.8 Hz, 1H), 2.96-2.82 (m, 2H), 2Z84 (m, 2H), 2.10-1.93 (m,
2H), 1.89-1.78 (m, 1H), 1.45-1.33 (m, 2H), 1.3341(¢h, 4H), 1.24-1.16 (m, 2H), 0.88 Jt= 7.3
Hz, 6H).2°C NMR (100 MHz, CDGJ) § 210.4, 133.9, 125.6, 56.5, 49.1, 43.4, 34.3, AT,
26.8, 22.6, 22.2, 14.0, 13.8, 13.4; IR (film) 282809, 1565, 1432, 1161, 1136, 966, 791'tm

HRMS (ESI)mVz calcd. for G4H25s0S [M+H]" 241.1626, found 241.1607.

(E)-hex-1-en-1-yl(pent-4-yn-1-yl)sulfane (2.34)
I General protocol F2 was followed, starting fromehtyn-1-thiol2.33 (5.72
g, 25.7 mmol)(E)-1-iodohex-1-ene (4.49 g, 21.4 mmol), Pd(dppfCH.CI,

N
s n-Pr complex (874mg, 1.07 mmol) andsBt(7.7 mL, 55.3 mmol, pre-soaked with
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molecular sieves). Flash column chromatographly 2% diethyl ether in hexanes afforded 2.36
g (61%) of the desired vinyl sulfide prod84. *H NMR (400 MHz, CDC}) & 5.89 (dt,J =
15.0, 1.3 Hz, 1H), 5.67 (df,= 15.0, 6.9 Hz, 1H), 2.75 (8,= 7.3 Hz, 2H), 2.33 (td) = 6.9, 2.6
Hz, 2H), 2.08 (dtd) = 7.1, 7.1, 1.2 Hz, 2H), 1.97 @&,= 2.7 Hz, 1H), 1.87-1.80 (m, 2H), 1.39-
1.21 (m, 4H), 0.89 () = 7.1 Hz, 3H):*C NMR (100 MHz, CDG)) 4 131.2, 122.0, 83.0, 68.8,
32.6, 31.2, 28.0, 21.8, 17.0, 13.6; IR (film) 330856, 2926, 2857, 1454, 1433, 1254, 944'cm

HRMS (El)m/z calcd. for GiH1sS [M] 182.1129, found 182.1139.

(E)-hex-1-en-1-yl((E)-5-iodopent-4-en-1-yl)sulfane

o~ General protocol H for the synthesis of vinyl ioelas followed, starting
(S\/\A/\n_Pr from the substrat.34 (638 mg, 3.5 mmol), ZrGgl,(1.13 g, 3.85 mmol)
and 1M DIBAL-H (3.85 mL, 3.85 mmol). Flash columhromatographyvith 2%
dichloromethane in hexanes afforded 967 mg (78%hetlesired productH NMR (400 MHz,
CDCl) 8 6.49 (dtJ = 14.4, 7.2 Hz, 1H), 6.06 (di,= 14.4, 1.4 Hz, 1H), 5.87 (di,= 15.0, 1.3
Hz, 1H), 5.65 (dtJ = 15.0, 7.0 Hz, 1H), 2.62 (8,= 7.3 Hz, 2H), 2.17 (dtd] = 7.5, 7.5, 1.3 Hz,
2H), 2.06 (dtdJ = 7.0, 7.0, 1.1 Hz, 2H), 1.75- 1.68 (m, 2H), 1.4061(&, 4H), 0.89 (t]J= 7.1
Hz, 3H);**C NMR (100 MHz, CDGJ) 5 144.9, 131.1, 122.0, 75.5, 34.5, 32.6, 31.5, 317,

12.8, 13.7; IR (film) 2954, 2925, 2854, 1606, 145835, 1256, 1213, 942 ¢

((E)-6-((E)-hex-1-en-1-ylthio)hex-2-en-1-yl)trimethylsilane (2.35)
_~__SiMe; General protocol | for Kumada coupling reaction walowed, starting
[s\/;\//\n_pr from the above vinyl iodide (468 mg, 1.5 mmol), PER), (173 mg, 0.15

mmol) and 1M trimethylsilyl methylmagnesium chla@igd2.25 mL, 2.25 mmol). Flash column
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chromatographywith 2% Dichloromethane in hexanes afforded 373 (816) of the desired
product2.35. 'H NMR (400 MHz, CDCJ) 3 5.89 (dt,J = 15.0, 1.3 Hz, 1H), 5.62 (df,= 15.0,
7.0 Hz, 1H), 5.41 (dt9) = 15.0, 8.0, 1.2 Hz, 1H), 5.21 (dt= 15.1, 6.8 Hz, 1H), 2.62 (8,= 7.5

Hz, 2H), 2.11-2.04 (m, 4H), 1.69-1.62 (m, 2H), 1426 (m, 4H), 0.89 (t) = 7.6 Hz, 3H), -
0.02 (s, 9H)®C NMR (100 MHz, CDG)) & 130.7, 127.4, 127.2, 122.6, 32.8, 32.0, 31.7,,31.5
29.6, 22.6, 22.0, 13.8, -2.0; IR (film) 2954, 292@54, 1437, 1247, 1155, 964, 940, 852'cm

HRMS (ESI)mVz calcd. for GsHzeSSiNa [M+Naf 293.1735, found 293.1729.

((2)-6-((E)-hex-1-en-1-ylthio)hex-2-en-1-yl)trimethylsilane (2.36)
SiMe To a solution of the substrag34 (365 mg, 2.0 mmol) in THF (12 mL)
= cooled at -78 °C was added drop wise 1.6 M BuLusoh (1.38 mL, 2.2
SN Npy mmol). The reaction mixture was allowed to -20 8@Gyred for 15 minutes,
and cooled back to -78 °C. lodine (609 mg, 2.4 mnmTHF (5 mL) was added dropwise, and
the reaction mixture was slowly allowed to 0 °CeTreaction was quenched with 1:1 saturated
aqueous solution of NaHG@nd NaS;0s, extracted with diethyl ether twice and conceetlat
under vacuum. Flash column chromatographth 10% dichloromethane in hexanes afforded
529 mg (86%) of the desired produttd NMR (300 MHz, CDCY) 5 5.90 (d J =15.0 Hz, 1H),
5.67 (dt,J = 15.0, 7.0 Hz, 1H), 2.72 (§ = 7.0 Hz, 2H), 2.50 (tJ = 7.0 Hz, 2H), 2.80 (dt] =
7.0, 7.0 Hz, 2H), 1.86-1.79 (m, 2H), 1.40-1.26 @hl), 0.90 (t,J = 7.0 Hz, 3H). To a 25 mL
round bottom flask was charged the above ethynjid®s (374 mg, 1.21 mmol), K(CO,),
(704 mg, 3.63 mmol), pyridine (0.6 mL, 7.4 mmoldamethanol (1.4 mL). Acetic acid (0.44

mL, 7.7 mmol) diluted with methanol (1.7 mL) wasdad via a syringe pump over 8 hours at

RT. The reaction mixture was carefully quenchechwitter, extracted twice with diethyl ether
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and concentrated under vacuum. Flash column chograthywith 10% dichloromethane in
hexanes afforded 124 mg (33%) of the des{@®evinyl iodide.'H NMR (300 MHz, CDC}J) &
6.26 (dt,J = 7.4, 0.8 Hz, 1H), 6.18 (di,= 7.0, 6.9 Hz, 1H), 5.90 (di,= 15.0, 1.3 Hz, 1H), 5.66
(dt, J = 15.0, 6.9 Hz, 1H), 2.66 (8 = 7.6 Hz, 2H), 2.26 (dt) = 7.5, 7.5 Hz, 2H), 2.08 (df, =
6.9, 6.9 Hz, 2H), 1.84-1.67 (m, 2H), 1.42-1.27 @h]), 0.89 (t,J = 7.1 Hz, 3H). General
protocol | for Kumada coupling reaction was follalyestarting from abovéZ)-vinyl iodide
(168.5 mg, 0.543 mmol), (PRh (63.3 mg, 0.055 mmol) and 1M trimethylsilyl
methylmagnesium chloride (0.82 mL, 0.82 mmol). Rlanlumn chromatographwith 2%
Dichloromethane in hexanes afforded 137 mg (93%hefdesired2)-allylsilane2.36. *H NMR
(400 MHz, CDC$) 6 5.90 (dtJ = 15.0, 1.3 Hz, 1H), 5.64 (di,= 15.0, 7.0 Hz, 1H), 5.44 (dtt,=
10.2, 8.6, 1.6 Hz, 1H), 5.30-5.18 (m, 1H), 2.641(, 7.2 Hz, 2H), 2.13-2.05 (m, 4H), 1.77-1.61
(m, 2H), 1.48 (dJ = 12.6 Hz, 2H), 1.40-1.23 (m, 4H), 0.89 Jt= 7.2 Hz, 3H), 0.01 (s, 9HJ*C
NMR (100 MHz, CDC}) 6 130.9, 126.4, 126.1, 122.5, 32.8, 32.3, 31.4,,22640, 22.0, 18.4,
13.9, -1.8; IR (film) 3006, 2928, 2856, 1645, 145819, 1392, 1248, 1150, 856 ¢nHRMS

(ESI)mvz calcd. for GsH3:SSi [M+H]' 271.1916, found 271.1929.

((2E)-6-(hexa-1,3-dien-1-ylthio)hex-2-en-1-yl)trimethylsilane (2.38)

_ SiMe; General protocol G1 was followed, starting from titams- allylsilane2.35
Esj/\:;/a (55.9 mg, 0.21 mmol), DDQ (49.3 mg, 0.22 mmol),-@iéhloropyridine
(0.43 mg, 0.75 mmol) and 4A M.S. (150 mg) in DCM5(2nL). The reaction afforded 30.1 mg
(54% yield) of the diene mixtur238 with atrans: cis ratio of about 1:1*H NMR (400 MHz,
CDCl) 6 6.41 (ddd,J = 14.9, 11.0, 1.1 Hz, 0.5H), 6.22-6.05 (m, 1.5 6{5-5.97 (m, 0.5H),

5.92 (dd,J = 16.9, 6.2 Hz, 0.5H), 5.59 (dt,= 14.5, 6.6 Hz, 0.5H), 5.46-5.36 (M, 1H), 5.3355.2
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(m, 0.5H), 5.25-5.15 (m, 1H), 2.75-2.60 (m, 2HR®@2.11 (m, 1H), 2.13-2.04 (m, 3H), 1.77-
1.61 (m, 2H), 1.41 (dJ = 8.0 Hz, 2H), 1.00 (td] = 7.5, 1.8 Hz, 3H), -0.01 (s, 9HYC NMR
(100 MHz, CDC}) § 133.7, 131.0, 128.5, 128.4, 127.8, 127.5, 12724,3, 127.2, 126.9, 125.1,
123.5, 32.0, 31.9, 31.7, 29.6, 29.5, 25.6, 22.7,214.2, 13.6, -2.0R (film) 3378, 2952, 2360,
1713, 1411, 1247, 1134, 1009, 844 GnHRMS (ESI)mVz calcd. for GsHpoSSi [M+H]'

269.1759, found 269.1775.

(2R,3R)-2-((E)-pent-1-en-1-yl)-3-vinyltetrahydr o-2H-thiopyran (2.39)
\ General protocol G2 was followed, starting from thans- allylsilane
.\\‘\\
Pz 235 (97.1 mg, 0.36 mmol), DDQ (85.5 mg, 0.38 mmol)6-2,

S n-Pr
dichloropyridine (111.6 mg, 0.75 mmol) and 4A M.@90 mg) in MeNQ. The reaction
afforded 46.8 mg (68% vyield) of the desired cydlma product2.39 with atrans: cis ratio of
7.7:1.
(2R, 3R)-2-((E)-pent-1-en-1-yl)-3-vinyltetrahydrok2-thiopyran (2.39) (trans-product):*H NMR
(400 MHz, CDC}) § 5.65 (ddd,J = 13.7, 8.7, 6.2 Hz, 1H), 5.58 (dil= 12.8, 5.8 Hz, 1H)., 5.26
(ddt,J = 15.3, 8.8, 1.4 Hz, 1H), 5.01-4.92 (m, 2H), 3(d8,J = 9.4, 9.4 Hz, 1H), 2.71 (ddd=
12.4, 12.4, 2.8 Hz, 1H), 2.54 (dddb= 13.4, 3.6, 3.6, 1.3 Hz, 1H), 2.17 (dddds 10.2, 10.2,
10.2, 3.2 Hz, 1H), 2.08-1.94 (m, 3H), 1.91-1.81 (H), 1.72-1.63 (m, 1H), 1.38 (di,= 14.6,
4.1 Hz, 2H), 1.30-1.24 (m, 1H), 0.87 {=7.2 Hz, 3H);**C NMR (100 MHz, CDGJ) 3 141.8,
133.6, 129.7, 114.3, 48.2, 47.8, 34.3, 32.4, 2976), 22.2, 13.5; IR (film) 2957, 2926, 2847,
1639, 1451, 1287, 1145, 990, 963 tiRMS (ESI)mz calcd. for GoH2:.S [M+H]* 197.1364,

found 197.1368.
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(2R,39)-2-((E)-pent-1-en-1-yl)-3-vinyltetrahydrok2-thiopyran €is-product): *H NMR (400
MHz, CDC)  6.01 (dddJ = 17.2, 10.5, 7.8 Hz, 1H), 5.61 (dt= 15.2, 6.8 Hz, 1H), 5.52 (dd
J=15.2, 8.0 Hz, 1H), 5.08-4.97 (m, 2H), 3.39 (d& 7.8, 3.3 Hz, 1H), 2.72 (ddd= 13.4, 8.1,
3.4 Hz, 1H), 2.64-2.53 (m, 2H), 2.06-1.90 (m, 3H)9-1.70 (m, 1H), 1.70-1.62 (m, 2H), 1.48-
1.33 (m, 2H), 0.89 (tJ = 7.4 Hz, 3H);"*C NMR (100 MHz, CDGJ) § 140.1, 132.9, 127.5,
114.8, 46.1, 44.8, 34.4, 29.4, 26.7, 24.6, 22.46;1R (film) 3008, 2853, 1726, 1659, 1451,
1377, 1134, 1017, 891 émMHRMS (ESI) m/z calcd. for GHxS [M+H]" 197.1364, found

197.1374.

(2R,3R)-2-((E)-pent-1-en-1-yl)-3-vinyltetrahydr o-2H-thiopyran (2.39)
o General protocol G2 was followed, starting from theallylsilane 2.36
,:\\\

s NN by (78.3 mg, 0.29 mmol) DDQ (68.9 mg, 0.30 mmol), @i@aloropyridine
(89.6 mg, 0.61 mmol) and 4A M.S. (240 mg) in MeN®he reaction afforded 42.6 mg (75%

yield) of the desired cyclization produ@s9 with atrans: cis ratio of 1.9:1.

(E)-tert-butyl((1-iodonon-1-en-5-yl)oxy)dimethylsilane and (E)-tert-butyl((7-iodo-2-
methylhept-6-en-3-yl)oxy)dimethylsilane

J\/\/Al General protocol H for the synthesis of vinyl icglidas followed, starting from
R” OTBS the corresponding alkyn240 or 2.41. Flash column chromatograplth 5%
Dichloromethane in hexanes afforded the correspgnyl iodide.
(E)-tert-butyl((1-iodonon-1-en-5-yl)oxy)dimethylsilan®: n-Bu: 73% vyield.'"H NMR (300
MHz, CDCk) & 6.52 (dt,J = 14.2, 7.1 Hz, 1H), 5.98 (di,= 14.3, 1.4 Hz, 1H), 3.81-3.53 (m,

1H), 2.41-1.83 (m, 2H), 1.69-1.38 (m, 4H), 1.3890(8n, 4H), 0.99-0.84 (m, 12H), 0.04 (s, 3H),
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0.03 (s, 3H)*C NMR (100 MHz, CDCJ) 5 146.7, 74.3, 71.4, 36.7, 35.5, 31.9, 27.4, 25282
18.1, 14.1, -4.4, -4.5.

(E)-tert-butyl((7-iodo-2-methylhept-6-en-3-yl)oxy)dimethijme R:i-pro: 76% yield'H NMR
(300 MHz, CDC}) 6 6.52 (dt,J = 14.4, 7.2 Hz, 1H), 5.99 (di,= 14.4, 1.5 Hz, 1H), 3.42 (dd,

= 11.1, 5.1 Hz, 1H), 1.91-2.20 (m, 2H), 1.65-1.75 (), 1.43-1.51 (m, 2H), 0.89 (s, 9H), 0.85
(d,J = 6.6 Hz, 3H), 0.84 (dJ = 6.6 Hz, 3H), 0.03 (s, 6H}’C NMR (75 MHz, CDC}) 5 146.7,

76.1, 74.3, 32.8, 32.2, 31.3, 25.9, 18.1, 18.05,1-4.3, -4.4.

(E)-tert-butyldimethyl((10-(trimethylsilyl)dec-8-en-5-yl)oxy)silane (2.42) and (E)-tert-
butyldimethyl((2-methyl-8-(trimethylsilyl)oct-6-en-3-yl)oxy)silane (2.43)

General protocol | for Kumada coupling reaction @towed, starting

= SiMes
I\/\/ from the above vinyl iodide. Flash column chromaspiy with 5%

R” "OTBS
Dichloromethane in hexanes afforded the correspandlilylsilane.

(E)-tert-butyldimethyl((10-(trimethylsilyl)dec-8-en-5-yl)g)silane 2.42) R: n-Bu: 88% yield.
H NMR (400 MHz, CDC}) § 5.36 (dtt,d = 15.2, 7.6, 1.0 Hz, 1H), 5.23 (dt,= 15.2, 6.8 Hz,
1H), 3.64 (app tJ = 5.8 Hz, 1H), 2.09-1.92 (m, 2H), 1.50-1.36 (m, 6HR8 (tt,J = 10.1, 3.8
Hz, 4H), 0.92-0.80 (m, 12H), 0.04 (s, 3H), 0.043#sl), -0.02 (m, 9H); 13C NMR (100 MHz,
CDCl;) $128.3, 125.9, 71.9, 37.5, 36.7, 28.7, 27.5, 229, 22.6, 18.2, 14.1, -2.0, -4.4.
(E)-tert-butyldimethyl((2-methyl-8-(trimethylsilyl)oct-6-e8-yl)oxy)silane 2.43) R: i-pro: 80%
yield. 'H NMR (400 MHz, CDCJ) 8 5.38 (dt,d = 15.2, 8.0 Hz, 1H), 5.23 (dd,= 15.2, 6.8 Hz,
1H), 3.45 (apgy) = 5.2 Hz, 1H), 1.91-2.05 (m, 2H), 1.67-1.75 (m, 1H}2-1.46 (m, 1H), 1.39

(d,J = 8.0 Hz, 2H), 0.89 (s, 9H), 0.86 (@= 6.8 Hz, 3H), 0.83 (dJ = 6.8 Hz, 3H), 0.04 (s, 3H),
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0.03 (s, 3H), -0.01 (s, 9H}*C NMR (100 MHz, CDG)) 5 128.9, 125.9, 76.3, 33.5, 32.5, 28.7,

25.9, 22.6, 18.2, 18.1, 17.5, -2.0, -4.2, -4.5.

(E)-10-(trimethylsilyl)dec-8-en-5-0l and (E)-2-methyl-8-(trimethylsilyl)oct-6-en-3-ol

_~_ _SiMe; The above allylsilane was stirred with 9-CSA (Oduig) in methanol
RI;/\/ (~0.4 M) at RT overnight. Flash column chromatogsapith 20% ethyl
acetate in hexanes afforded the corresponding allcoh
(E)-10-(trimethylsilyl)dec-8-en-5-0R: n-Bu: 82% yield."H NMR (400 MHz, CDC}) & 5.40 (dt,
J=15.0, 7.5 Hz, 1H), 5.24 (di,= 15.0, 7.0 Hz, 1H), 3.58 (br, 1H), 1.99-2.14 (m, 2HP5 (t,J
= 12.0, 1H), 1.26-1.48 (m, 6H), 0.88 &= 6.8 Hz, 3H), -0.04 (s, 9H)}:*C NMR (100 MHz,
CDCl;) $128.3, 126.6, 71.4, 37.5, 37.1, 29.1, 27.8, 227, 14.0, -2.1.
(E)-2-methyl-8-(trimethylsilyl)oct-6-en-3-aR: i-pro: 95% yield.'*H NMR (500 MHz, CDCY) &
5.42 (dtt,d = 15.5, 7.5, 1.3 Hz, 1H), 5.26 (di,= 15.0, 7.0 Hz, 1H), 3.36-3.39 (m, 1H), 2.11-
2.15 (m, 1H), 2.01-2.08 (m, 1H), 1.61-1.67 (m, 1H%7-1.53 (m, 1H), 1.38 (d,= 8.5 Hz, 2H),
0.90 (d,J = 7.0 Hz, 3H), 0.89 (d] = 7.0 Hz, 3H), -0.03 (s, 9H}*C NMR (125 MHz, CDGJ) &

128.4, 126.8, 76.2, 34.2, 33.4, 29.4, 22.6, 18/81,1+2.0.

(E)-S-(10-(trimethylsilyl)dec-8-en-5-yl) ethanethioate (2.44) and (E)-S-(2-methyl-8-
(trimethylsilyl)oct-6-en-3-yl) ethanethioate (2.45)

The above alcohol was reacted with mesyl chlorlequiv) and EN (3

Z SiMes
R/(S::/\/ equiv) in dichloromethane (~0.5 M solution) fron®-AC to RT over two

hours. The reaction mixture was acidified with 1ytltochloric acid, washed twice with water,

dried with MgSQ and concentrated under vacuum. The resulting cpudduct (100% yield)
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was reacted with HSAc (2.7 equiv) andC8; (2.4 equiv) according to the general protocol E2.
Flash column chromatograpkmth 5% ethyl acetate in hexanes afforded the ddgimioacetate.
(E)-S-(10-(trimethylsilyl)dec-8-en-5-yl) ethanethiea®.44) R: n-Bu: 66% yield.*H NMR (500
MHz, CDCk) & 5.37 (dt,J = 15.0, 8.0 Hz, 1H), 5.19 (df,= 15.0, 7.0 Hz, 1H), 3.47-3.53 (m,
1H), 2.29 (s, 3H), 1.95-2.09 (m, 2H), 1.47-1.64 @H), 1.38 (dJ = 8.0 Hz, 2H), 1.23-1.33 (m,
4H), 0.86 (t,J = 7.0 Hz, 3H), -0.04 (s, 9H}’C NMR (125 MHz, CDG)) & 195.8, 127.6, 126.9,
44.1, 35.1, 34.5, 30.8, 30.1, 28.8, 22.6, 22.9,1-:2.1.
(E)-S-(2-methyl-8-(trimethylsilyl)oct-6-en-3-yl) ethathioate 2.45) R: i-pro: 47% yield.'H
NMR (400 MHz, CDC}) 3 5.39 (dt,J = 14.8, 8.0 Hz, 1H), 5.21 (df,= 14.8, 6.8 Hz, 1H), 3.51
(dt,J = 9.6, 4.4 Hz, 1H), 2.33 (s, 3H), 2.04-2.14 (m, 1HP5-2.03 (M, 1H), 1.87-1.95 (m, 1H),
1.47-1.65 (m, 2H), 1.39 (d,= 8.0 Hz, 2H), 0.91 (dJ = 6.8 Hz, 3H), 0.89 (dJ = 6.8 Hz, 3H), -
0.02 (s, 9H);®*C NMR (75 MHz, CDC}) 5 195.4, 127.6, 126.9, 50.4, 32.8, 31.9, 30.7, 30.3,

22.6,19.9, 18.5, -2.1.

(E)-10-(trimethylsilyl)dec-8-ene-5-thiol and (E)-2-methyl-8-(trimethylsilyl)oct-6-ene-3-thiol

The above thioacetate was reacted with lithium aum hydride (2

= SiMe3
/E\/\/ equiv) in diethyl ether (~0.15 M solution) from @ o RT for 30

R” "SH
minutes. The resulting slurry was treated succelsivith water (1 mL per mol of LAH), 10%

NaOH solution (1 mL per mol of LAH) and saturatee8IOs solution (3 mL per mol of LAH),
and extracted with ether to concentrated underwacudrlash column chromatograptwth 5%
diethyl ether in hexanes afforded the desired thiol

(E)-10-(trimethylsilyl)dec-8-ene-5-thidR: n-Bu: 92% yield.'H NMR (500 MHz, CDC}) & 5.42

(dt,J = 15.0, 7.5 Hz, 1H), 5.19 (di,= 15.0, 6.5 Hz, 1H), 2.74-2.81 (m, 1H), 2.13-2.20 {iH),
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2.05-2.13(m, 1H), 1.61-1.72 (m, 2H), 1.42-1.52 @), 1.40 (d,J = 8.0 Hz, 2H), 1.26-1.33 (m,
2H), 0.90 (t,J = 7.0 Hz, 3H), -0.02 (s, 9H}*C NMR (125 MHz, CDG) & 127.5, 127.0, 40.4,
39.2, 38.6, 30.3, 29.2, 22.6, 22.5, 14.0, -2.0.
(E)-2-methyl-8-(trimethylsilyl)oct-6-ene-3-thioR: i-pro: 89% yield.'"H NMR (500 MHz,
CDCl) 8 5.43 (dtJ = 15.0, 8.0 Hz, 1H), 5.19 (di,= 15.0, 7.0 Hz, 1H), 2.71-2.77(m, 1H), 2.18-
2.25 (m, 1H), 2.04-2.12 (m, 1H), 1.81-1.87 (m, 1HR9-1.67 (m, 1H), 1.45-1.54 (m, 1H), 1.40
(d, J = 8.0 Hz, 2H), 0.00 (s, 9H}?C NMR (125 MHz, CDGJ) & 127.6, 127.1, 47.1, 36.5, 33.4,

30.7, 22.6, 20.4, 17.2, -2.0.

((E)-6-((E)-hex-1-en-1-ylthio)dec-2-en-1-yl)trimethylsilane (2.46) and ((E)-6-((E)-hex-1-en-
1-ylthio)-7-methyloct-2-en-1-y)trimethylsilane (2.47)
General protocol F2 was followed, starting from #ive thiols(E)-1-

_~_-SiMe;
RsL\;:/\n-Pr iodohex-1-ene (1.5 equiv), Pd(dppf@H.Cl, complex (0.1 equiv) and
distilled EgN (2.5 equiv). Flash column chromatograpiith 1% diethyl ether in hexanes
afforded the desired vinyl sulfides.
((E)-6-((E)-hex-1-en-1-ylthio)dec-2-en-1-yl)trimethylsilan€.46) (R = n-Bu): 63% yield.'H
NMR (500 MHz, CDC}) 8 5.89 (d,J = 15.0 Hz, 1H), 5.74 (dt] = 15.0, 7.0 Hz, 1H), 5.41 (d,

= 15.0, 7.5 Hz, 1H), 5.21 (di,= 15.0, 7.0 Hz, 1H), 2.66-2.71 (m, 1H), 2.12 (@t 7.5, 7.5 Hz,
2H), 2.07 (dtJ = 7.0, 7.0 Hz, 2H), 1.52-1.60 (m, 4H), 1.41 {d= 8.5 Hz, 2H), 1.28-1.37 (m,
6H), 0.90 (t,J = 7.2 Hz, 3H), 0.89 (tJ = 7.0 Hz, 3H), -0.02 (s, 9H):*C NMR (125 MHz,
CDCl;) 6 133.8, 127.9, 126.8, 121.2, 46.6, 35.1, 34.5,,3219%4, 30.0, 29.0, 22.6, 22.1, 14.0,
13.9, -2.0; IR (film) 3583, 3063, 1455, 1247, 11964, 848 cnit; HRMS (ESI)mvz calcd. for

CioH30SSi [M+H]" 327.2542, found 327.2522.
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((E)-6-((E)-hex-1-en-1-ylthio)-7-methyloct-2-en-1-yltrimetlsyjfane @.47) (R = i-pro): 77%
yield. '"H NMR (300 MHz, CDC}) & 5.88 (d,J = 15.0 Hz, 1H), 5.70 (dt] = 15.0, 7.0 Hz, 1H),
5.41 (dt,J = 15.5, 8.0 Hz, 1H), 5.20 (df, = 15.0, 7.0 Hz, 1H), 2.61 (d§,= 9.5, 4.5 Hz, 1H),
2.16-2.23 (m, 1H), 2.08-2.13 (m, 1H), 2.05 (@t 7.0, 7.0 Hz, 2H), 1.89-1.96(m, 1H), 1.56-
1.63 (m, 1H), 1.46-1.53 (m, 1H), 1.41 (M= 8.0 Hz, 2H), 1.27- 1.36 (m, 4H), 0.97 = 7.0
Hz, 3H), 0.93 (dJ = 7.0 Hz, 3H), 0.88 (tJ = 7.0 Hz, 3H), -0.02 (s, 9H}’C NMR (75 MHz,
CDCl) 6 132.3, 128.0, 127.0, 123.2, 54.3, 32.9, 32.3,,32114, 30.6, 22.7, 22.1, 19.7, 18.9,
13.0, -2.0; IR (film) 3336, 2872, 1715, 1464, 138368, 1247, 1156, 1013,841 ¢nHRMS

(EI) m/z calcd. for GgH36SSi [M] 312.2307 , found 312.2349.

tert-Butyldimethyl ((10-(trimethylsilyl)dec-8-yn-5-yl)oxy)silane and tert-butyldimethyl((2-
methyl-8-(trimethylsilyl)oct-6-yn-3-yl)oxy)silane
To a solution of the corresponding alkyne in THB.6-M solution)

R” DOTBS cooled at -40 °C was added drop wise 1.6nNBuLi solution (1.3
equiv). The reaction mixture was allowed to 0 °@Grred for 15 minutes, and trimethyilsilyl
methyl iodide (1.5 equiv) was added dropwise. Téaction was heated at 50 °C for 6 hours to
complete the conversion. After cooling to 0 °C, teaction was quenched saturated,8H
solution, extracted twice with diethyl ether andncentrated under vacuum. Flash column
chromatographywith 10% dichloromethane in hexanes afforded theesponding propargyl
silane.
tert-Butyldimethyl((10-(trimethylsilyl)dec-8-yn-5-yl)oRsilane R: n-Bu intermediate: 68%
yield. 'H NMR (300 MHz, CDC}) & 3.77-3.72 (m, 1H), 2.24-2.16 (m, 2H), 1.57 (% 6.9, 6.9

Hz, 2H), 1.42-1.41 (m, 4H), 0.91-0.87 (m, 12H),0(8, 6H), 0.00 (s, 9H).
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tert-Butyldimethyl((2-methyl-8-(trimethylsilyl)oct-6-y3-yl)oxy)silane R:i-pro intermediate:
68% yield."H NMR (300 MHz, CDC}) & 3.58 (dd,J = 11.1, 5.7 Hz, 1H), 2.13-2.21 (m, 2H),
1.67-1.78 (m, 1H), 1.50-1.57 (m, 2H), 1.42)t 2.6 Hz, 2H), 0.89 (s, 9H), 0.86 (@= 7.2 Hz,

3H), 0.83 (d,) = 7.2 Hz, 3H), 0.09 (s, 9H), 0.06 (s, 3H), 0.04 (4).3

(2)-tert-butyldimethyl((10-(trimethylsilyl)dec-8-en-5-yl)oxy)silane (2.50) and (Z2)-tert-
butyldimethyl((2-methyl-8-(trimethylsilyl)oct-6-en-3-yl)oxy)silane (2.51)
SiMe; 10 @ 25 mL round bottom flask was charged nickeltate tetra hydrate

% (0.4 equiv) and 95% ethanol, and hydrogen atmosplas applied. Then a
R™ "OTBS freshly prepared 1M NaBtolution (0.5 equiv) in 95% ethanol (with 0.1M
NaOH) was added to the flask with vigorous stirrimghin 10 seconds. After three minutes
ethylenediamine (0.8 equiv) was added, followedbgther three minutes of stirring. The above
propargyl silane was added, and the reaction nextmas stirred for 1 hours at RT. After
completion of the reaction, the mixture was pamiéd between diethyl ether and water. The
organic phase was dried with sodium sulfate, fiieand concentrated under vacuum. Flash
column chromatographwith 10% dichloromethane in hexanes afforded thsirdd cis-ally
silane.
(2)-tert-butyldimethyl((10-(trimethylsilyl)dec-8-en-5-yl)gjsilane 2.50) R: n-Bu: 92% yield.
H NMR (500 MHz, CDCJ) & 5.38 (dt,J = 10.5, 8.7 Hz, 1H), 5.26 (dd =10.5, 7.1 Hz, 1H),
3.68-3.62 (m, 1H), 2.10-2.04 (m, 1H), 1.98-1.90 (), 1.48-1.42 (m, 6H), 1.32-1.28 (m, 2H),
0.90-0.87 (m, 12H), 0.05 (s, 6H), 0.00 (s, 9H).
(2)-tert-butyldimethyl((2-methyl-8-(trimethylsilyl)oct-6-eB-yl)oxy)silane 2.51) R: i-pro: 91%

yield. '"H NMR (500 MHz, CDCJ) & 5.38 (dtt,J = 10.5, 8.5, 1.5 Hz, 1H), 5.26 (d&= 10.5, 7.0,
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1.5 Hz, 1H), 3.45 (apg} = 5.5 Hz, 1H), 2.08 (dddd} = 15.0, 7.5, 7.5, 7.5 Hz, 1H), 1.89 (dddd,
J=15.0, 7.5, 7.5, 7.5 Hz, 1H), 1.68-1.77 (m, 1H)61(d,J = 8.0 Hz, 2H), 1.39-1.43 (m, 2H),
0.90 (s, 9H), 0.86 (d] = 7.0 Hz, 3H), 0.84 (dJ = 7.0 Hz, 3H), 0.04 (s, 3H), 0.03 (s, 3H), 0.00

(s, 9H).

(2)-10-(trimethylsilyl)dec-8-en-5-ol and (Z)-2-methyl-8-(trimethylsilyl)oct-6-en-3-ol
SiMe; The above allylsilane was stirred with 9-CSA (Oglig) in methanol (~0.4

7 M) at RT overnight. Flash column chromatograp¥ith 20% ethyl acetate

R~ OH in hexanes afforded the corresponding alcohol.
(2)-10-(trimethylsilyl)dec-8-en-5-0l Rn-Bu intermediate: 98% yield!H NMR (300 MHz,
CDCl) & 5.44 (dt,d = 10.7, 8.4 Hz, 1H), 5.27 (df = 10.7, 7.0 Hz, 1H), 3.58-3.62 (m, 1H),
2.02-2.18 (m, 2H), 1.55-1.28(m, 10H), 0.88](& 7.2 Hz, 3H), 0.02 (s, 9H).
(2)-2-methyl-8-(trimethylsilyl)oct-6-en-3-ol Ri-pro intermediate: 94% yieldH NMR (500
MHz, CDCk) 6 5.42 (dtt,J = 10.5, 8.5, 1.5 Hz, 1H), 5.28 (d&~= 10.5, 7.0, 1.3 Hz, 1H), 3.36-
3.40 (m, 1H), 2.13-2.20 (m, 1H), 2.06 (dddds 14.5, 7.0, 7.0, 7.0 Hz, 1H), 1.68-1.78 (m, 1H),
1.39-1.55 (m, 5H), 0.91 (d,= 7.0 Hz, 3H), 0.90 (dJ = 7.0 Hz, 3H), 0.00 (s, 9H}*C NMR (75

MHz, CDCk) 6 127.5, 125.4, 77.7, 33.0, 32.8, 25.6, 23.3, 1B8&, 17.9, 17.7, -1.8, -4.3, -4.4.

(2)-S(10-(trimethylsilyl)dec-8-en-5-yl)  ethanethioate (2.52) and (Z)-S-(2-methyl-8-
(trimethylsilyl)oct-6-en-3-yl) ethanethioate (2.53)
SiMe; The above alcohol was reacted with mesyl chlorieduiv) and BN (3
Z equiv) in dichloromethane (~0.5 M solution) fronD-4C to RT over two

R™ "SAc hours. The reaction mixture was acidified with 1Mdiochloric acid,
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washed twice with water, dried with Mg$@nd concentrated under vacuum. The resulting
crude product (100% vyield) was reacted with HSAC7 (Bquiv) and GE£0O; (2.4 equiv)
according to the general protocol E2. Flash colwhromatographyvith 5% ethyl acetate in
hexanes afforded the desired thioacetate.

(2)-S-(10-(trimethylsilyl)dec-8-en-5-yl) ethanethioa®52) R: n-Bu intermediate: 76% yieldH
NMR (300 MHz, CDC}) 8 5.41 (dt,J = 10.7, 8.4 Hz, 1H), 5.22 (df,= 10.7, 7.0 Hz, 1H), 3.55-
3.49 (m, 1H), 2.31 (s, 3H), 2.02-2.18 (m, 2H), 11588(m, 10H), 0.89 (tJ = 6.7 Hz, 3H), 0.00
(s, 9H).

(2)-S(2-methyl-8-(trimethylsilyl)oct-6-en-3-yl) etharebate 2.53) R: i-pro intermediate: 47%
yield. *H NMR (500 MHz, CDCJ) & 5.40 (dtt,J = 10.5, 9.0, 1.5 Hz, 1H), 5.23 (dft= 10.5, 7.0,
1.3 Hz, 1H), 3.36-3.40 (dfl = 9.5, 4.5 Hz, 1H), 2.33(s, 3H), 1.98-2.09 (m, 2HB91.97 (m,
1H), 1.58-1.65 (m, 1H), 1.45-1.55 (m, 1H), 1.45J& 7.5 Hz, 2H), 0.92 (dJ = 7.0 Hz, 3H),
0.90 (d,J = 7.0 Hz, 3H), 0.00 (s, 9H)*C NMR (75 MHz, CDC}) & 196.0, 126.3, 126.2, 50.9,

32.4, 32.0, 30.8, 24.8, 19.9, 18.9, 18.5, -1.8.

(2)-10-(trimethylsilyl)dec-8-ene-5-thiol and (2)-2-methyl-8-(trimethylsilyl)oct-6-ene-3-thiol
SiMe; The above thioacetate was reacted with lithium aum hydride (2 equiv)
Z in diethyl ether (~0.15 M solution) from 0 °C to Rdr 30 minutes. The
R SH resulting slurry was treated successively with wgte mL per mol of
LAH), 10% NaOH solution (1 mL per mol of LAH) anatsrated NgSO, solution (3 mL per
mol of LAH), and extracted with ether to concerdgthtunder vacuum. Flash column

chromatographwith 5% diethyl ether in hexanes afforded the dekthiol.
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(2)-10-(trimethylsilyl)dec-8-ene-5-thiol Ri-Bu thiol: 79% yield.*H NMR (300 MHz, CDC}) 5
5.41 (dt,J = 11.0, 7.0 Hz, 1H), 5.22 (df,= 11.0, 6.8 Hz, 1H), 2.85-2.76 (m, 1H), 2.20-2(6%
2H), 1.75-1.60 (m, 2H), 1.55-1.25 (m, 6H), 0.91J( 7.6 Hz, 3H), 0.01 (s, 9H); IR (film) 3005,
2858, 1721, 1463, 1379, 1247, 1137, 1017, 855.cm
(2)-2-methyl-8-(trimethylsilyl)oct-6-ene-3-thiol R:pro thiol: 100% yield'H NMR (400 MHz,
CDCl;) 6 5.42 (apgJ = 9.2 Hz, 1H), 5.22 (dt) = 10.8, 7.2 Hz, 1H), 2.73 (ddd,= 13.2, 8.0,
4.0), 2.16-2.26(m, 1H), 2.09 (dddd,= 13.6, 6.8, 6.8, 6.8 Hz, 1H), 1.79-1.91 (m, 1H),11.6
1.70(m, 1H), 1.43-1.55(m, 3H), 1.13 @= 6.8 Hz, 1H), 0.97 (dJ = 6.8 Hz, 3H), 0.91 (d] =
6.8 Hz, 3H), 0.00 (s, 9H)C NMR (100 MHz, CDG) 5 126.4, 126.3, 47.6, 36.4, 33.6, 25.1,

20.3, 18.5,17.3, -1.8.

((2)-6-((E)-hex-1-en-1-ylthio)dec-2-en-1-yl)trimethylsilane (2.54) and ((2)-6-((E)-hex-1-en-
1-ylthio)-7-methyloct-2-en-1-ytrimethylsilane (2.55)
sive, General protocol F2 was followed, starting from tweresponding thiol,

% (E)-1-iodohex-1-ene (1.5 equiv), Pd(dppR@H,Cl, complex (0.1 equiv)
R8Ny and distilled EN (2.5 equiv). Flash column chromatograpivith 1%
diethyl ether in hexanes afforded the desired vsojfide.
((2)-6-((E)-hex-1-en-1-ylthio)dec-2-en-1-yl)trimethylsilan@.34): R: n-butyl substrate: 52%
yield. *H NMR (300 MHz, CDC}) 8§ 5.90 (dt,J = 15.0, 1.2 Hz, 1H), 5.75 (di,= 14.9, 6.9 Hz,
1H), 5.46-5.37 (m, 1H), 5.27-5.20 (m, 1H), 2.738(f, 1H), 2.17-2.02 (m, 4H), 1.61-1.54 (m,
4H), 1.51-1.28 (m, 9H), 0.89 @,= 7.1 Hz, 3H), 0.88 (J = 7.1 Hz, 3H), 0.00 (s, 9H}*C NMR

(125 MHz, CDC}) 6 133.7, 126.6, 126.0, 121.2, 46.9, 34.8, 34.5,,3219%4, 29.0, 24.3, 22.6,
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22.0, 18.4, 14.0, 13.8, -1.8.; IR (film) 3399, 294721, 1463, 1247, 1137, 1017, 855tm
HRMS (ESI)mVz calcd. for GgH3oSSi [M+H]" 327.2542, found 327.2515.
((2)-6-((E)-hex-1-en-1-ylthio)-7-methyloct-2-en-1-yl)trimetsilane  @.55): R: i-propyl
substrate: 46% yieldH NMR (400 MHz, CDCY) 8 5.89 (d,J = 14.8 Hz, 1H), 5.71 (df = 14.8,
6.8 Hz, 1H), 5.42 (dt) = 10.4, 8.8 Hz, 1H), 5.23 (di,= 10.8, 7.2 Hz, 1H), 2.60 (di =9.2, 4.4
Hz, 1H), 2.09-2.05 (m, 2H), 2.05(dk= 6.8, 6.8 Hz, 2H), 1.89-1.97 (m, 1H), 1.57-1.66 {iH),
1.42-1.56 (m, 3H), 1.26-1.37 (m, 4H), 0.98 Jd; 6.8 Hz, 3H), 0.95(dJ = 6.8 Hz, 3H), 0.88(t)

= 7.2 Hz, 3H), 0.00 (s, 9H};’C NMR (100 MHz, CDCJ) & 132.3, 126.7, 126.2, 123.3, 54.7,
32.9, 32.2, 32.1, 31.4, 25.0, 22.1, 19.6, 19.05,183.9, -1.8; IR (film) 3582, 2927, 1713, 1464,
1384, 1247, 1150, 1104, 856 ¢nHRMS (ESI)n/z calcd. for GaH3eSSiNa [M+Na] 335.2205,

found 335.2194.

The cyclization of n-butyl substituted trans-allylsilane

m General protocol G2 was followed, starting from tHeutyl substituted
n-Bu” 57 N Ny trans-allylsilane 2.46 (123 mg, 0.38 mmol) in MeN£O The reaction
afforded 64.2 mg (68% vyield) of the cyclization guats with ao-trans-m-cis: o-trans-m-trans :
o-Cis-m-cis: o-cis-m-trans 1: 0.18:0.09:0.05.
(2R,3R,69-6-butyl-2-(E)-pent-1-en-1-yl)-3-vinyltetrahydrok-thiopyran @.56): n-butyl o-
trans-m-cis : 'H NMR (600 MHz, CDCJ) & 5.1 (ddd,J = 17.5, 10.5, 8.0 Hz, 1H), 5.59 (dt=
15.5, 7.0 Hz, 1H), 5.24 (ddd,= 15.2, 8.9, 1.4 Hz, 1H), 4.98 (dddi~= 17.0, 1.5, 1.0 Hz, 1H),
4.96 (dddJ = 10.5, 2.0, 0.6 Hz, 1H), 3.17 (dd= 9.6 Hz, 1H), 2.78 (dddd] = 13.5, 7.2, 6.0,
2.5, 1H), 2.10 (dtdJ = 11.0, 8.0, 3.0 Hz, 1H), 2.06-2.00 (m, 1H), 1.9%,(d& 7.5, 7.5, 1.7 ,

2H), 1.89 (ddd, = 13.7, 6.9, 3.2 Hz, 1H), 1.53-1.18 (m, 13H), 0(89 = 7.5 Hz, 3H, 0.88 (t)
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= 7.3 Hz, 3H):"*C NMR (150 MHz, CDGJ) 5 141.7, 133.6, 129.5, 114.5, 48.9, 48.0, 43.6,,35.7
34.5, 34.4, 33.0, 29.0, 22.7, 22.2, 14.0, 13.6(filR) 3077, 2859, 1638, 1461, 1263, 1153, 963,
912 cm'; HRMS (ESI)m/z calcd. for GeHasS [M+H]* 253.1990, found 253.2009.
(2R,3R,6R)-6-butyl-2-(([E)-pent-1-en-1-yl)-3-vinyltetrahydrok2-thiopyran: n-butyl o4rans-m-
trans : *H NMR (500 MHz, CDCY}) § 5.81 (dddJ = 17.8, 10.5, 7.7 Hz, 1H), 5.60 (dt, 15.0, 7.0
Hz, 1H), 5.33 (ddt) = 15.0, 8.5, 1.0 Hz, 1H), 5.03-4.98 (m, 2H), 3.23, (#d 8.5, 8.5 Hz, 1H),
2.73-2.64 (m, 1H), 2.22 (dddd,= 9.7, 8.7, 8.7, 3.5 Hz, 1H), 2.03-1.95 (m, 2HR4%1.80 (m,
2H), 1.75-1.65 (m, 2H), 1.64-1.27 (m, 4H), 0.89 (dt 14.8, 7.2 Hz, 6H**C NMR (150 MHz,
CDCl;) 6 141.8, 133.0, 129.9, 114.3, 46.6, 44.2, 39.9,,33440, 30.6, 30.1, 26.6, 22.5, 22.3,
14.1, 13.6; IR (film) 3076, 2954, 1638, 1460, 11881, 963, 912 cilh HRMS (ESI)m/z calcd.
for CyeH20S [M+H]™ 253.1990, found 253.1991
(2S3R,6R)-6-butyl-2-(E)-pent-1-en-1-yl)-3-vinyltetrahydrok2-thiopyran: n-butyl o-cissm-cis :

'H NMR (500 MHz, CDC}) § 6.34 (ddd,J = 17.3, 10.4, 8.3 Hz, 1H), 5.62 (dtb= 15.3, 6.8, 0.8
Hz, 1H), 5.32 (ddt) = 15.3, 8.0, 1.2 Hz, 1H), 5.18-5.02 (m, 2H), 3.61, @d 8.1, 2.8 Hz, 1H),
2.82 (ddddJ = 13.5, 7.2, 6.0, 3.6 Hz, 1H), 2.45-2.55 (m, 1H),61(8td,J = 7.2, 7.2, 1.2 Hz,
2H), 1.91-1.84 (m, 1H), 1.73-1.62 (m, 3H), 1.5751(, 6H), 1.39-1.26 (m, 2H), 0.88 {t= 7.2
Hz, 3H), 0.87 (tJ = 7.0 Hz, 3H);**C NMR (100 MHz, CDGJ) 5 137.7, 132.7, 129.4, 116.0,
48.7, 44.2, 42.9, 37.4, 35.9, 34.4, 33.4, 28.9%,282.7, 22.3, 14.0, 13.6; IR (film) 3023, 2854,
1614, 1434, 1342,1149, 984 ¢HRMS (ESI)m/z caled. for GeHaeS [M+H]" 253.1990, found
253.1998.

(2R,3S,6R)-6-butyl-2-(E)-pent-1-en-1-yl)-3-vinyltetrahydrok2-thiopyran: n-butyl o-cism-
trans: *H NMR (500 MHz, CDC}) 6 5.72 (ddd,J = 17.2, 10.4, 6.0 Hz, 1H), 5.66 (ddi= 15.1,

7.9 Hz, 1H), 5.58 (dt) = 15.1, 6.6 Hz, 1H), 5.01-4.96 (m, 2H), 3.28 (dds 8.2, 3.8 Hz, 1H),

145



2.87 (dddd, = 10.0, 7.0, 7.0, 2.7 Hz, 1H), 2.60 (dddds 11.2, 7.4, 3.7, 3.7 Hz, 1H), 2.11-1.97
(m, 3H), 1.70-1.66 (m, 1H), 1.52-1.24 (m, 6H), 0®B3 (M, 6H):*C NMR (150 MHz, CDGJ)
5142.0, 132.9, 126.6, 114.0, 46.1, 45.6, 37.7,, 3%, 29.1 ,26.9, 22.6, 22.5, 14.1, 14.0, 13.7;
IR (film) 2941, 2859, 1643, 1431, 1382, 1198, 9M3'cHRMS (ESI)mz calcd. for GeHoeS

[M+H] " 253.1990, found 253.1981

The cyclization of 6-iso-propyl substituted trans-allylsilane

m General protocol G2 was followed, starting from thse-propyl
P ST 0y substitutedrans-allylsilane2.47 (75.6 mg, 0.24 mmol), DDQ (57.2 mg,
0.25 mmol), 2,6-dichloropyridine (74.0 mg, 0.50 mjrand 4A M.S. (230 mg) in MeNQ The
reaction afforded 45.7 mg (79% vyield) of the cyatian products with a trans-m-cis : otrans-
m-trans : 0-Cism-Cis: ocism-transratio of 1.00 : 0.14 : 0.09 : 0.04.
(2R,3R,6R)-6-isopropyl-2-(E)-pent-1-en-1-yl)-3-vinyltetrahydrok-thiopyran  @.57): 6-iso-
propyl otrans-m-cis: *H NMR (500 MHz, CDC}) & 5.63 (ddtJ = 17.5, 10.5, 8.0 Hz, 1H), 5.60
(dt, J = 15.5, 7.0 Hz, 1H), 5.25 (dd,= 15.3, 9.0 Hz, 1H), 4.99-4.95 (m, 2H), 3.16 (d¢& 9.7,
9.7 Hz, 1H), 2.70 (ddd] = 11.7, 5.5, 2.3 Hz, 1H), 2.14-2.04 (m, 1H), 21088 (m, 4H), 1.79-
1.68 (M, 1H), 1.52-1.44 (m, 1H), 1.43-1.31 (m, 2HR5 (qd,J = 13.5, 2.9 Hz, 1H), 0.99 (dd,
= 6.8, 1.6 Hz, 6H), 0.87 (§,= 7.4 Hz, 3H)*C NMR (150 MHz, CDGJ) 3 141.7, 133.6, 129.7,
114.5, 50.7, 49.0, 48.0, 34.4, 33.3, 32.8, 31.(R,210.9, 19.7, 13.6; IR (film) 3061, 2923, 2868,
1532, 1422, 1261, 931 émHRMS (ESI) miz calcd. for GsHp7S[M+H]" 239.1833, found
239.1845.
(2R,3R,69-6-isopropyl-2-(E)-pent-1-en-1-yl)-3-vinyltetrahydrok2-thiopyran : 6kso-propyl o-

trans-m-trans: "H NMR (500 MHz, CDC}) 5 5.88 (dddJ = 17.8, 10.5, 7.7 Hz, 1H), 5.61 (dtH,
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= 15.2, 6.8, 0.8 Hz, 1H), 5.39 (ddt= 15.2, 8.1, 1.4 Hz, 1H), 5.04-4.97 (m, 2H), 3.22 &, 8.0
Hz, 1H), 2.44-2.36 (m, 1H), 2.23-2.29 (m, 1H), 2094 (m, 2H), 1.87-1.93(m, 1H), 1.88-1.80
(m, 1H), 1.77-1.59 (m, 2H), 1.55-1.45 (m, 1H), 21428 (m, 2H), 1.00 (d] = 6.8 Hz, 3H), 0.96
(d, J = 6.7 Hz, 3H), 0.88 (] = 7.4 Hz, 3H)*C NMR (100 MHz, CDGJ) § 141.8, 133.6, 129.7,
114.5, 48.2, 47.7, 34.3, 32.4, 29.6, 27.0, 22.9,18.7, 13.5; IR (film) 3051, 2943, 2859, 1621,
1482, 1431, 1153, 1091, 923 ¢mHRMS (ESI)m/z calcd. for GsHp7S[M+H]* 239.1833, found
239.1839.

(2R,3S,6R)-6-isopropyl-2-(E)-pent-1-en-1-yl)-3-vinyltetrahydrot2-thiopyran: 6kso-propyl o-
cism-cis: 'H NMR (500 MHz, CDCJ) & 6.35 (dddJ = 17.3, 10.4, 8.4 Hz, 1H), 5.61 (dii=
15.2, 6.8, 0.8 Hz, 1H), 5.32 (ddt= 15.3, 8.3, 1.4 Hz, 1H), 5.18-5.05 (m, 2H), 3.61, (#id 8.2,
2.8 Hz, 1H), 2.73 (ddd] = 11.3, 5.5, 2.6 Hz, 1H), 2.46-2.51 (m, 1H), 21084 (m, 2H), 1.77-
1.59 (m, 2H), 1.55-1.45 (m, 3H), 1.41-1.28 (m, 2HR9 (d,J = 6.6 Hz, 6H), 0.88 (] = 7.4 Hz,
3H); °C NMR (100 MHz, CDGJ)) & 141.7, 133.6, 129.4, 116.0, 49.7, 46.2, 44.0, ,333%1,
31.0, 22.2, 20.0, 19.7, 13.6; IR (film) 3076, 281638, 1462, 1384, 1286, 992, 962, 914'cm
HRMS (ESI)m/z calcd. for GsHo7S[M+H]" 239.1833, found 239.1848.
(2R,3S,69)-6-isopropyl-2-(E)-pent-1-en-1-yl)-3-vinyltetrahydrok2-thiopyran: 6kso-propyl o-
cism-trans: *H NMR (400 MHz, CDC}) § 5.75-5.63 (m, 2H), 5.58 (df, = 15.1, 6.5 Hz, 1H),
5.05-4.91 (m, 2H), 3.30 (dd,= 8.1, 3.9 Hz, 1H), 2.78 (ddd,= 11.2, 5.6, 2.4 Hz, 1H), 2.59
(dddd,J = 11.6, 7.2, 3.7, 3.7 Hz, 1H), 2.17-1.95 (m, 3HY2 (m, 2H), 1.61-1.49 (m, 2H), 1.45-
1.35 (m, 2H), 0.98 (dd] = 6.8, 4.3 Hz, 6H), 0.90 (] = 7.4 Hz, 3H);*3C NMR (100 MHz,
CDCl) ¢ 142.1, 132.8, 126.5, 113.9, 77.3, 77.0, 76.6, 44625, 44.4, 34.5, 32.4, 31.0, 27.0,
22.4,20.0, 19.7, 13.6; IR (film) 2971, 2863, 162402, 1333, 1187, 961, 913¢nHRMS (ESI)

m/z calcd. for GsHo7S[M+H]" 239.1833, found 239.1844.
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The cyclization of n-butyl substituted cis-allylsilane

General protocol G2 was followed, starting from tHeutyl substitutedis-allylsilane2.54 (50.0
mg, 0.15 mmol), DDQ (35.7 mg, 0.15 mmol), 2,6-daxbbyridine (44.4 mg, 0.30 mmol) and
4A M.S. (150 mg) in MeN@ The reaction afforded 33.5 mg (87% vyield) of thelization
products with ao-trans-m-cis : o-trans-m-trans : o-cism-cis : o-cism-trans ratio of 1: 0.17 :

0.17 : 0.80.

The cyclization of 6-iso-propyl substituted cis-allylsilane

General protocol G2 was followed, starting from te®propyl substitutectis-allylsilane 2.55
(82.8 mg, 0.26 mmol), DDQ (62.0 mg, 0.27 mmol),-@iéhloropyridine (77.0 mg, 0.52 mmol)
and 4A M.S. (240 mg) in MeN©OThe reaction afforded 45.5 mg (72% yield) of tyelization

product with ao-trans-m-cis: o-trans-m-trans: o-cis-m-cis: o-cissmtrans1:0.14 : 0.12 : 1.0.

Cyclization of trisubstituted allylsilane
((E)-6-((E)-hex-1-en-1-ylthio)-2-methylhex-2-en-1-yl)trimethylsilane (2.63)

General protocol H for the synthesis of vinyl ioglidias followed, starting

5 SiMej; )
E\)\/ from the corresponding alkyn262 (224 mg, 1.0 mmol), ZrGgl,(323
S/\/\n-Pr

mg, 1.1 mmol) and 1M DIBAL-H (1.1 mL, 1.1 mmol). ah column
chromatographyvith 5% dichloromethane in hexanes afforded theesmonding vinyl iodide.
This intermediate was reacted with(E)-1l-iodohex-1-ene (315 mg, 1.5 mmol),

Pd(dppf)CHCH.CI, complex (40.8 mg, 0.05 mmol) and distilledsNEt (0.42 mL, 3.0
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mmol).according to general protocol | to afford 128 (45% in two steps) of the desired
allylsilane substrat2.63. *H NMR (400 MHz, CDC}) & 5.90 (dt,J = 15.0, 1.3 Hz, 1H), 5.62 (dt,
J=15.0, 7.0 Hz, 1H), 4.91 @,= 7.2 Hz, 1H), 2.62 () = 7.5 Hz, 2H), 2.07 (m, 4H), 1.76-1.55
(m, 9H), 1.47 (s, 2H), 0.89 (§ = 7.1 Hz, 3H), 0.00 (s, 9H}*C NMR (100 MHz, CDGCJ) 5
145.5, 131.0, 122.5, 110.0, 39.0, 37.3, 32.9, 32950, 26.6, 22.3, 22.1, 13.9, -1.1; IR (film)
3068, 2927, 1715, 1650, 1454, 1376, 1247, 1025, @42, HRMS (ESI) m/z calcd. for

Ci16H33SSi [M+H]" 285.2072, found 285.2070.

(25,39)-2-((E)-pent-1-en-1-yl)-3-(prop-1-en-2-yl)tetrahydro-2H-thiopyran  (2.64) (trans
product)

\\ General protocol G2 was followed, starting frore tibovetrans-allylsilane
@n_Pr 2.63 (72.1 mg, 0.25 mmol), DDQ (59.0 mg, 0.26 mmoli-aichloropyridine
(74.0 mg, 0.50 mmol) and 4A M.S. (220 mg) in MeNDhe reaction afforded 38.3 mg (72%) of
the desired cyclization produc®64 with a trans: cis ratio of 1:0.53."H NMR (400 MHz,
CDCl) § 5.62-5.53 (dtJ = 15.2, 7.2 Hz, 1H), 5.22 (ddf, = 15.2, 8.9, 1.4 Hz, 1H), 4.69 (m,
2H), 3.30 (ddJ = 9.8, 9.8 Hz, 1H), 2.78 (ddd,= 13.2, 13.2, 2.8 Hz, 1H), 2.53 (dtll= 13.4,
3.4, 1.5 Hz, 1H), 2.22 (ddd,= 12.1, 10.5, 2.9 Hz, 1H), 2.09-2.00 (m, 2H), 11989 (m, 2H),
1.83-1.64 (m, 3H), 1.61 (s, 3H), 1.38 (dt= 14.6, 4.1 Hz, 2H), 0.87 (f =7.2 Hz, 3H)"*C
NMR (100 MHz, CDC}) 6 148.2, 133.1, 129.2, 111.4, 53.4, 52.6, 47.0,,33233, 29.9, 27.7,
22.3, 19.4, 13.4IR (film) 3072, 2958, 1643, 1438, 1451, 1374, 12862, 889 cril; HRMS
(ESI)mvz calcd. for GaH23S [M+H]" 211.1520, found 211.1523.
(2R,39)-2-((E)-pent-1-en-1-yl)-3-(prop-1-en-2-yl)tetrahydréi2zhiopyran €is-product of2.64):

'H NMR (400 MHz, CDCJ) 8 5.67-5.1 (m, 2H), 4.83-4.74 (m, 1H), 4.65-4.59 (thi), 3.45-
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3.38 (m, 1H), 2.87-2.79 (m, 1H), 2.59-2.50 (m, 1RB8 (dt,J = 13.6, 3.6 Hz, 1H), 2.16-2.09
(m, 1H), 2.04-1.98 (m, 2H), 1.85-1.75 (m, 1H), 1(@d,J = 3.3, 2.7 Hz, 3H), 1.69-1.61 (m, 1H),
1.49-1.42 (m, 2H), 1.04 (8 = 6.9 Hz, 3H)*C NMR (100 MHz, CDGJ) § 148.1, 133.4, 129.0,
111.3, 52.4, 52.1, 47.0, 34.4, 32.0, 29.5, 28.16,219.6, 13.9, 13.2; IR (film) 3008, 2858, 1726,
1642, 1451, 1376, 1133, 891 ¢nHRMS (ESI)mvz caled. for GaH2sS [M+H]" 211.1520, found

211.1527.

Synthesis of tetrahydrothiophenes

(2)-5-(trimethylsilyl)pent-3-en-1-ol (2.66)

SiMe; To a solution of the alkyn2.65 in THF (~0.5 M solution) cooled at -40 °C was adide
| drop wise 1.6 M BuLi solution (10.0 mL, 16.0 mmolljhe reaction mixture was
on allowed to 0 °C, stirred for 15 minutes, and trilydsilyl methyl iodide (3.93 g, 18.3

mmol) was added dropwise. The reaction was heatdsD £C for 6 hours to complete the
conversion. After cooling to 0 °C, the reaction waenched saturated YEl solution, extracted
twice with diethyl ether and concentrated underuuac. Flash column chromatograptwth
10% dichloromethane in hexanes afforded 2.0 g (62R#)e corresponding propargy! silafid.
NMR (400 MHz, CDC}) 5 3.68 (t,J = 7.4 Hz, 2H), 2.36 (ttJ = 7.3, 2.7 Hz, 2H), 0.89 (s, 9H),
0.08 (s, 9H), 0.06 (s, 6H*C NMR (100 MHz, CDGJ) & 78.7, 75.4, 62.7, 25.9, 23.3, 18.3, 6.9, -
2.1,-5.2.

To a 25 mL round bottom flask was charged nicketae tetrahydrate (386 mg, 1.55 mmol) and
95% ethanol (3 mL), and hydrogen atmosphere wakeapd hen a freshly prepared 1M NaBH

solution (1.94 mL) in 95% ethanol (with 0.1M NaOWps added to the flask with vigorous

stirring within 10 seconds. After three minutesy&hediamine (0.21 mL, 3.10 mmol) was
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added, followed by another three minutes of stiriihe above propargyl silane (1.05 g, 3.88
mmol) was added, and the reaction mixture wasestifor 1 hours at RT. After completion of
the reaction, the mixture was partitioned betweethgl ether and water. The organic phase was
dried with sodium sulfate, filtered and concentlatemder vacuum, and then the crude product
was treated with 2-CSA (85.8 mg, 0.4 mmol) in matig9 mL) at RT overnight. Flash column
chromatographwvith 20% ethyl acetate in hexanes afforded 519 &4 for two steps) of the
desired alcoho®.66. *H NMR (400 MHz, CDCJ) § 5.58 (dtt,J = 10.3, 8.7, 1.5 Hz, 1H), 5.26
(dtt, J = 10.3, 7.3, 1.5 Hz, 1H), 3.63 {t= 6.4 Hz, 2H), 2.27 (dt] = 6.7, 6.7 Hz, 2H), 1.57-1.40

(m, 3H), 0.00 (s, 9H)*C NMR (100 MHz, CDGJ) § 129.0, 122.5, 62.4, 30.5, 18.6, -1.8.

((2)-5-((E)-hex-1-en-1-ylthio)pent-2-en-1-yl)trimethylsilane (2.67)
SiMes The above alcohd®.66 (498 mg, 3.1 mmol) and & (1.31 mL, 9.3 mmol)
| were mixed in dichloromethane (9 mL) and cooled-% °C. Mesyl

S chloride (0.72 g, 6.3 mmol) was added drop wiseitavprecipitates were

ST "npr
formed in a few minutes, and the resulting suspensgias slowly allowed to 0 °C over 1 hour.

The reaction mixture was acidified with 1N hydrawind acid, washed twice with water, dried
with MgSQ, and concentrated under vacuum. The resulting gouaiguct (803 mg, 100% vyield)
was reacted with HSAc (0.27 mL, 3.78 mmol) andCT3 (1.23 g, 3.78 mmol) according to the
general protocol E2. Flash column chromatograpitit 3% diethyl ether in hexanes afforded
the desired thioacetate (607 mg, 89% vyielt) NMR (300 MHz, CDC}) § 5.48 (dtt,J = 10.1,
8.7, 1.4 Hz, 1H), 5.22 (dtf,= 10.1, 7.1, 1.4 Hz, 1H), 2.87 (= 7.4 Hz, 2H), 2.32 (s, 3H), 2.26
(dt,J= 7.1, 7.1 Hz, 2H), 1.47 (d,= 8.7 Hz, 2H), 0.00 (dJ = 3.0 Hz, 9H);*C NMR (100 MHz,

CDCls) 6 196.0, 127.9, 124.4, 30.6, 29.1, 27.0, 18.6, -1.8.
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The above thioacetate (585 mg, 2.71 mmol) was edawgith lithium aluminum hydride (205
mg, 5.42 mmol) in diethyl ether (10 mL) from O °@€ RT for 30 minutes. The resulting slurry
was treated successively with water (5.0 mL), 10%0ON solution (5.0 mL) and saturated
Na&SO, solution (15.0 mL), and extracted with ether tona@entrated under vacuum. Flash
column chromatographyith 5% diethyl ether in pentane afforded 407 m@%3 of the desired
thiol. *H NMR (300 MHz, CDC}) & 5.54 (dtt,J = 10.6, 8.7, 1.6 1H), 5.25 (dtl,= 10.6, 7.1, 1.4
1H), 2.54 (dtJ = 7.5, 7.5 Hz, 2H), 2.31 (d§,= 7.0, 7.0 Hz, 2H), 1.49 (d,= 8.6 Hz, 2H), 1.43
(t, J = 7.7 Hz, 1H), 0.02 (s, 9H}*C NMR (100 MHz, CDGJ) & 129.0, 122.5, 62.4, 30.5, 18.6, -
1.8.

General protocol F2 was followed, starting from #i®ve thiol (391 mg, 2.25 mmolE)-1-
iodohex-1-ene (790 mg, 3.75 mmol), Pd(dppfICH.Cl, complex (102mg, 0.125 mmol) and
distilled EgN (1.05 mL, 7.5 mmol). Flash column chromatograplith 10% DCM in hexanes
afforded 308 mg (53%) of the desired vinyl sulfi67.'"H NMR (400 MHz, CDC})  5.91 (dt,
J=15.0, 1.3 Hz, 1H), 5.65 (15.0, 11.0 Hz, 1H),45541 (m, 1H), 5.37-5.19 (m, 1H), 2.64t,
= 7.4 Hz, 2H), 2.30 (dtJ = 8.1, 8.1 Hz, 2H), 2.08 (dtd,= 7.1, 7.1, 1.3 Hz, 2H), 1.51-1.46 (m,
3H), 1.41-1.17 (m, 4H), 0.89 @,= 7.1 Hz, 3H), 0.01 (d] = 3.0 Hz, 9H)**C NMR (100 MHz,
CDCl;) 6 131.2, 127.3, 124.8, 122.4, 38.6, 32.8, 31.4,, 22D, 18.6, 13.8, -1.8; IR (film) 3009,
2955, 1643, 1419, 1248, 1150, 851 tnHRMS (ESI) m/z calcd. For GuH2eSiS [M+H]'

257.1759, found 257.1743.

(2R,39)-2-((E)-pent-1-en-1-yl)-3-vinyltetrahydr othiophene (2.68)
General protocol G2 was followed, starting from dt@ve ally silane 34 (100

(Q\n-Pr mg, 0.39 mmol), DDQ (93.3 mg, 0.41 mmol), 2,6-dacbpyridine (121.5

S
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mg, 0.82 mmol) and 4A M.S. (300 mg) in Mep@ mL). The reaction afforded 54.8 mg (77%
yield) of the desired tetrahydrothiopheh88 with acis: trans ratio of 20:1.*H NMR (400 MHz,
CDCl) & 5.81 (ddd,J = 17.3, 10.3, 8.1 Hz, 1H), 5.47 (dt= 14.9, 6.4 Hz, 1H), 5.38 (dd,=
15.0, 9.2 Hz, 1H), 5.14-4.96 (m, 2H), 3.90 (dd; 9.1, 6.3 Hz, 1H), 2.99 (ddd= 10.3, 7.2, 4.9
Hz, 1H), 2.93-2.85 (m, 1H), 2.85-2.74 (m, 1H), 2(#tit,J = 11.9, 6.8, 5.0 Hz, 1H), 2.01-1.89
(m, 3H), 1.45-1.32 (m, 2H), 0.88 @,= 7.4 Hz, 3H);**C NMR (100 MHz, CDG)) § 137.2,
131.8, 129.3, 115.8, 53.2, 52.0, 34.9, 34.2, 30263, 13.5; IR (film) 2963, 2931, 1754, 1718,
1648, 1554, 1370, 1196, 1019, 798 CrHRMS (ESI)m/z calcd. For GiH1eS [M+H]" 183.1207,

found 183.1248.

(2R,3R)-3-ethyl-2-pentyltetrahydrothiophene (2.69)

A mixture 0f2.68 (30 mg, 0.16 mmol) and 10% Pd/C (30 mg) in methého
(;Qn-m mL) was stirred under a hydrogen atmosphere overnithe mixture was
purified by flash column chromatograpf®0% DCM in pentane) to give 22.1 mg (74%) of the
product2.69. *H NMR (400 MHz, CDCY) 5 3.26 (dt,J = 9.6, 4.7 Hz, 1H), 2.85-2.76 (m, 2H),
2.09-1.92 (m, 2H), 1.84-1.69 (m, 1H), 1.69-1.57 @H), 1.52-1.43 (m, 2H), 1.38-1.21 (m, 6H),
0.94 (t,J = 7.4 Hz, 3H), 0.88 (1] = 7.4 Hz, 3H)*C NMR (100 MHz, CDGJ) 6 51.5, 49.0, 33.2,
31.8, 29.6, 28.3, 22.6, 21.3, 14.1, 12.9; IR (fila957, 2928, 2859, 1460, 1378, 1261tm

HRMS (El)m/z calcd. for GiH2,S [M] 186.1442, found 186.1418.
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APPENDIX C

ASYMMETRIC BIMOLECULAR COUPLING REACTIONS THROUGH

OXIDATIVELY GENERATED AROMATIC CATIONS: SCOPE AND LIMIT

Experimental

General Experimental
Proton tH NMR) and carbon{C NMR) nuclear magnetic resonance spectra werededaat

300/400 MHz and 75/100MHz, respectively. The chamghifts are given in parts per million
(ppm) on the deltad] scale. Solvent peaks were used as a referenge,fat'H NMR: CDCk

= 7.26, CDCl, = 5.32, for'*C NMR: CDCE = 77.0, CDCl, = 54.0. Data are reported as
follows: (s = singlet; d = doublet; t = triplet;gquartet; dd = doublet of doublets; dt = doubfet o
triplets; br = broad). Samples for IR were prepaasd thin film on a NaCl plate by dissolving
the compound in C¥Cl, and then evaporating the @El,. Analytical TLC was performed on
pre-coated (25 mm) silica gel 60F-254 plates. Fadhmn chromatography was done using 32-
63 60 A silica gel. Chiral HPLC analysis was pearied on a Shimadzu LC-20AD instrument
with a Lux Cellulose 3 column.

Methylene chloride was distilled under ffom Cah. Toluene was dried with 4A molecular
sieves. Anhydrous,a,a-trifluorotoluene was purchased from Sigma-Aldri2hl-chromene and

related derivatives were prepared following the@kis protocof’ Chiral phosphate derivatives
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were prepared following Yamamoto, Akiyama and Targmotocol, respectiveRf The 4A
molecular sieves powder is activated at 110 °Gastlfor 24 hours before use. Other reagents
were obtained from commercial sources without fntipurification. All reactions were
performed in oven or flame-dried glassware with n®ig stirring under nitrogen unless

otherwise noted.

Representative procedure

To a solution of B-chromene (1.0 equiv) in a corresponding solverit @ concentration) at 0
°C were added 4A molecular sieves powder (60 mg/amd) the corresponding catalyst (0.05 to
1 equiv). DDQ (1.4 equiv) was added to the reactwmture, and it was stirred until TLC
analysis showed complete consumption of the substifter cooling to the corresponding
specified temperature, the nucleophile (2~3 equwia$ added, and the reaction was stirred until
TLC analysis showed complete consumption of theliegd intermediate. The reaction was
guenched with 10% aqueous NaH{$0lution, extracted three times with diethyl et{ig) mL),
and carefully concentrated under reduced presdtlash column chromatography with 3%
Et,O/pentane afforded the desired product. An aliquad taken and analyzed by chiral HPLC

for enantiomeric excess.

Allyl phenyl dimethylsilane

To a round bottom flask was charged magnesiumrigen{(1.94 g, 81 mmol, 3.75 equiv) and
diethyl ether (5 mL). Allyl bromide (2.8 mL, 32.3mol, 1.5 equiv) in diethyl ether (30 mL) was
added dropwise over 50 min with external water lasattoom temperature. After an additional 30

min stirring at room temperature, the reaction om@t was cooled to 0 °C, and
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phenyldimethylsilyl chloride (3.68 g, 21.5 mmolQlequiv) was added dropwise. The reaction
was stirred overnight at room temperature, quencehiéid saturated NECI solution, extracted
two times with diethyl ether (20 mL), dried and centrated under reduced pressure. Flash
column chromatography with 3% Jt/pentane afforded at least 3.02 g (80%) of thereks
product.H NMR (300 MHz, CDC}) 57.41-7.44 (m, 2H), 7.25-7.29 (m, 3H), 5.68 (ddt 16.5,
10.2, 8.1 Hz, 1H), 4.75-4.81 (m, 2H), 1.66 (di,= 8.1, 1.0 Hz, 2H), 0.19 (s, 6HYC NMR (75

MHz, CDCk) 6 138.6, 134.5, 133.6, 129.0, 127.7, 113.4, 23.5, -3

Reaction Optimization: Solvent screening

To investigate the background reaction rate inabgence of LiCIQ three common solvents,
dichloromethane, acetonitrile and toluene were us®dperform the reaction. Thus, the
representative procedure was followed in each sparding solvent on a 50 mg scale 6f-2
chromene but without using LiCk®r chiral catalyst, and TLC observation was penied. The
oxidized intermediate disappeared at 1.5 hoursétoaitrile and 2 hours in DCM. At two hours
in toluene there was a significant amount of oxadimtermediate present, and after 12 hours the
oxidized intermediate completely disappeared. Naacseparation of the addition product was

performed.

Reaction Optimization: Catalyst Screening

Stoichiometic reaction with triisopropyl-substituted (TRIP) phosphoric acid (3.9): The
reaction was performed at 0 °C for 45 min, usikigchromene3.3 (5.3 mg, 4Qumol, 1.0 equiv),
TRIP phosphoric acid3(9) (30 mg, 40umol, 1.0 equiv)4Amolecular sieves (30 mg), DDQ

(12.7 mg, 56mol, 1.4 equiv), allyltrimethylsilane (14 mg, 1afol, 3.0 equiv) and toluene (0.4
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mL). The enantiomeric excess was determined to6be Ry chiral HPLC (1% i-PrOH:hexanes,
1.0 mL/min). Characterization data were in agregmath previously reported values.
Stoichiometic reaction with ditrifluoromethylphenyl-substituted phosphoric acid (3.10):
The reaction was performed at 0 °C for 45 min, gighl-chromene.3 (11.9 mg, 9Qumol, 1.0
equiv), ditrifluoromethylphenyl-substituted phosplacid @.10) (70 mg, 90umol, 1.0 equiv),
4A molecular sieves (30 mg), DDQ (28.7 mg, 1@®I, 1.4 equiv), allyltrimethylsilane (31 mg,
270 umol, 3.0 equiv) and toluene (0.4 mL). The enantiocnexcess was determined to be 4%
by chiral HPLC (1% i-PrOH:hexanes, 1.0 mL/min). @iwerization data were in agreement
with previously reported values.

Stoichiometic reaction with TRIP phosphoramide (3.11): The reaction was performed at 0 °C
for 45 min, using 2H-chromer@3 (7.1 mg, 54umol, 1.0 equiv), TRIP phosphoramid&1(1)
(48.5 mg, 54umol, 1.0 equiv), 4A molecular sieves (30 mg), DDX3.2 mg, 7@mol, 1.4 equiv),
allyltrimethylsilane (19 mg, 160mol, 3.0 equiv) and toluene (0.4 mL). Thick pretapes were
observed during the oxidation step, and additis@lent (0.3 mL) was used to facilitate
stirring. The precipitates disappeared soon after addition of the nucleophile. The
enantiomeric excess was determined to be 62% bwlchiPLC (1% i-PrOH:hexanes, 1.0
mL/min). Characterization data were in agreemett yweviously reported values.
Stoichiometic  reaction  with  4-(anthracen-9-yl)-2,6-diisopropylpheny  substituted
phosphoramide (3.12): The reaction was performed at 0 °C for 45 minng<H-chromen&.3
(5.3 mg, 40 pmol, 1.0 equiv), 4-(anthracen-9-yl)-2,6-diisoprgqayenyl-substituted
phosphoramide 3{12) (46 mg, 40 umol, 1.0 equiv), 4A molecular sieves (30 mg),

allyltrimethylsilane (14 mg, 12Qmol, 3.0 equiv) and toluene (0.4 mL).. The enan&dm
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excess was determined to be 31% by chiral HPLC ({@RP6OH:hexanes, 1.0 mL/min).
Characterization data were in agreement with preshoreported values.

Stoichiometic reaction with TRIP thiophosphoric acid (3.13): The reaction was performed at
0 °C for 45 min, using 2H-chromeRe (6.8 mg, 52umol, 1.0 equiv), TRIP thiophosphoric acid
(3.13) (40 mg, 52umol, 1.0 equiv), 4A molecular sieves (30 mg), DDIB.6 mg, 78mol, 1.4
equiv), allyltrimethylsilane (18 mg, 16@mol, 3.0 equiv) and toluene (0.4 mL). The
enantiomeric excess was determined to be 4% byalcKHPLC (1% i-PrOH:hexanes, 1.0
mL/min). Characterization data were in agreemett wieviously reported values.
Stoichiometic reaction with TRIP thiophosphoramide (3.14): The reaction was at 0 °C for 45
min, using 2H-chromen&.3 (5.3 mg, 40umol, 1.0 equiv), TRIP thiophosphoramid®14) (36
mg, 40 umol, 1.0 equiv), 4A molecular sieves (30 mg), DDIR.¢ mg, 5mol, 1.4 equiv),
allyltrimethylsilane (14 mg, 12(mol, 3.0 equiv) and toluene (0.4 mL). The enantiocnexcess
was determined to be 13% by chiral HPLC (1% i-Pr@®tanes, 1.0 mL/min). Characterization

data were in agreement with previously reportedesl

Reaction Optimization: Solvent Refinement

Stoichiometic TRIP phosphoramide (3.11) reaction in DCM: The reaction was performed in
dichloromethane (0.3 mL) at 0 °C for 45 min, ustg-chromenes.3 (4.4 mg, 33umol), 100%
loading of TRIP phosphoramid8.{1) (29.5 mg, 33umol) and allyltrimethylsilane (12 mg, 100
umol). Thick precipitates were observed during tlelation step, and additional solvent (0.3
mL) was used to facilitate stirring. The precipatdisappeared soon after the addition of the
nucleophile. The enantiomeric excess was determinetbe 34% by chiral HPLC (1% i-

PrOH:hexanes, 1.0 mL/min).
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Stoichiometic TRIP phosphoramide (3.11) reaction in a,a,0-trifluorotoluene: The reaction
was performed im,a,0-trifluorotoluene (0.3 mL) at 0 °C for 45 min, ugi@H-chromen®&.3 (4.7
mg, 36 umol), 100% loading of TRIP phosphoramid&.11) (32.4 mg, 36umol) and
allyltrimethylsilane (13 mg, 11@mol). Thick precipitates were observed during tkedation
step, and additional solvent (0.3 mL) was usedtilifate stirring. The precipitates disappeared
soon after the addition of the nucleophile. Thengioaneric excess was determined to be 77% by

chiral HPLC (1% i-PrOH:hexanes, 1.0 mL/min).

Reaction Optimization: Influence of nucleophile

Stoichiometic TRIP-phosphoramide reaction with allylphenyldimethylsilane: The reaction
was performed at 0 °C for 45 min, using 2H-chrom&8g4.4 mg, 33umol), 100% loading of
TRIP phosphoramide 3(11) (29.5 mg, 33 umol), DDQ (10.5 mg, 46 umol),
allylphenyldimethylsilane (18 mg, 10@mol) and a,a,o-trifluorotoluene (0.3 mL).The
enantiomeric excess was determined to be 92% bwalchiPLC (1% i-PrOH:hexanes, 1.0
mL/min). Characterization data were in agreemetit wieviously reported values.
Stoichiometic TRIP-phosphoramide reaction with allyltributyltin: The reaction was
performed at O °C for 45 min, using 2H-chrom&(4.4 mg, 33umol), 100% loading of TRIP
phosphoramide3(11) (29.5 mg, 33umol), DDQ (10.5 mg, 4@mol), allyltributyltin (33 mg, 100
umol) anda,a,a-trifluorotoluene (0.3 mL). The enantiomeric excesss determined to be 48%
by chiral HPLC (1% i-PrOH:hexanes, 1.0 mL/min). @iwerization data were in agreement
with previously reported values.

Stoichiometic TRIP-phosphoramide reaction with allyltriphenyltin: The reaction was

performed at 0 °C for 45 min, using 2H-chrome3@ (5.0 mg, 38umol, 1.0 equiv), 100%
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loading of TRIP phosphoramid8.11) (34.5 mg, 3&umol), DDQ (12 mg, 58mol, 1.4 equiv),
allyltriphenyltin (27 mg, 69umol, 1.8 equiv) anda,o,a-trifluorotoluene (0.3 mL). The
enantiomeric excess was determined to be 89% bwalchiPLC (1% i-PrOH:hexanes, 1.0

mL/min). Characterization data were in agreemett yweviously reported values.

2-allyl-2H-chromene racemate
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] :r\.u)' g
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ID# Name Ret. Time Area Height
1 RT5.470 5.470 307283 35532
2 RT5.989 5.989 314168 31748

Figure S3.1 HPLC of Racemic mixture
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PhMe2Si 100% cat 0 deg
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1 Det.ACh1/ Detector A
ID# Name Ret. Time Area Height
1 RT5.344 5.344 18526 2846
2 RT5.890 5.890 488087 50510

Figure S3.2 HPLC from allyphenyldimethylsilane at 0 °C
Stoichiometric TRIP-phosphoramide reaction with allylphenyldimethylsilane at low
temperature: The reaction was performed at -25 °C for 3 houss#g 2H-chromen&.3 (37.2
mg, 0.28 mmol), TRIP phosphoramid&1{l) (249 mg, 0.028 mmol, 1.0 equiv), 4A molecular
sieves powder (200 mg), DDQ (89 mg, 0.39 mmol, €qdiv), allylphenyldimethylsilane (148
mg, 0.84 mmol, 3 equiv) and anhydrays,a-trifluorotoluene (3 mL). Normal workup and flash
column chromatography with 3% Jt/pentane afforded 28.9 mg (60%) of the desirediyzb
3.15. The enantiomeric excess was determined to bel89&hiral HPLC (1% i-PrOH:hexanes,
1.0 mL/min).*H NMR (300 MHz, CDC}) 57.06-7.12 (m, 1H), 6.98 (ddJ = 7.5, 1.5 Hz, 1H),
6.84 (ddd, J= 7.5, 7.5, 0.9 Hz, 1H), 6.74 (d] = 8.1 Hz, 1H), 6.42 (dJ = 9.9 Hz, 1H), 5.84-
5.96 (M, 1H), 5.71 (ddJ = 9.9, 3.3 Hz, 1H), 5.10-5.19 (m, 2H), 4.87-4.93 (tH), 2.44-2.56
(m, 2H); **C NMR (100 MHz, CDCl,) 5154.0, 134.1, 129.7,127.0, 125.9, 124.6, 122.6,6121

118.1, 116.4, 75.2, 40.3; IR (film) 2926, 1640, 360486, 1457, 1230, 1204, 1111, 1038, 917,
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769, 753crit; HRMS (ESImvz calcd. for GoHu0 [M — H]* 171.0810, found 171.08134]F% =
-174.2 (c = 1.24, CKTl,).

PhMe2Si 100% cat -25
mV

150 Det.A Chi
100
|
|
50- J' ‘
] 5\
N\ l‘\\
o o — / \\.,,JI,,J -
4.0 4.5 5.0 5.5 6.0 6.5 7.0
min
1 Det.A Ch1/
Detector A
ID# Name Ret. Time Area Height
1 RT5.907 5.907 104114 14560
2 RT6.218 6.218 1688670 107665

Figure S3.3 HPLC from allyphenyldimethylsilane 100% cat at °25

Reaction Optimization: substoichiometric amount of catalyst

Allyltriphenyltin with 20% of 3.11 at zero degree: The reaction was performed at 0 °C for 45
min, using 2H-chromen8.3 (6.6 mg, 0.05 mmol), 20 mol% loading of TRIP phospinade
(3.11) (8.8 mg, 0.01 mmol), DDQ (15.9 mg, 0.07 mmol)ylgiphenyltin (39.1 mg, 0.1 mmol, 2
equiv) and anhydrous,a,a-trifluorotoluene (0.4 mL). The enantiomeric excess determined
to be 62% by chiral HPLC (1% i-PrOH:hexanes, 1.0/mih). Characterization data were in
agreement with previously reported values.

Allyltriphenyltin with 20% of 3.11 at low temperature: The reaction was performed at -25 °C for
3 hours, using 2H-chromer83 (46.7 mg, 0.35 mmol, 1.0 equiv), TRIP phosphoranigi#l)

(62.5 mg, 0.07 mmol, 20% equiv), 4A molecular seepewder (200 mg), DDQ (112 mg, 0.50
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mmol, 1.4 equiv), allyltriphenyltin (547 mg, 1.4 min 4 equiv) and anhydrous,a,a-
trifluorotoluene (3 mL). The workup procedure iscamling to Curran’s pap&F. Upon
consumption of the oxidized intermediate the reacthixture was filtered through silica gel and
eluted with 10% EO/pentane to give a light yellow filtrate. The fdte was cooled to 0 °C, and
DBU (234 mg, 1.54 mmol) was added. Then a solubioia in diethyl ether was added dropwise
until the color of } persisted, during which precipitates were fornigte mixture was filtered
through silica gel again using 10%,8fpentane as the eluent and carefully concentrateer
reduced pressure. Flash column chromatography3#tiELO/pentane afforded 39.6 mg (66%)
of the desired product. The enantiomeric excessdetermined to be 81% by chiral HPLC (1%

i-PrOH:hexanes, 1.0 mL/min). Characterization de¢ae in agreement with previously reported

values.
AllylPh3tin 20% cat -25
mV
200 Det.A Ch1
150
100~ ~
N f \\
50 | - I\
0 1 T :{; = / \ - / N
: — — —— - s | —
4.0 4.5 5.0 55 6.0 6.5 7.0
min
1 Det.A Ch1/Detector A
ID# Name Ret. Time Area Height
1 RT5.501 5.501 157665 22594
2 RT5.896 5.896 1370791 102575

Figure S3.4 HPLC from allyltriphenyltin 20% cat at -25 °C
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Allyltriphenyltin with 10% of 3.11 at low temperature: The reaction was performed at -25 °C
for 3 hours, using 2H-chromerg3 (45.1 mg, 0.34 mmol), TRIP phosphorami®&ly) (31.7
mg, 0.034 mmol, 10% equiv), 4A molecular sieves gemw(200 mg), DDQ (108.7 mg, 0.48
mmol, 1.4 equiv), allyltriphenyltin (334 mg, 0.86mml, 2.5 equiv) and anhydrousa,o-
trifluorotoluene (3 mL). DBUA workup and flash column chromatography with 3%
Et,O/pentane afforded 35 mg (66%) of the desired mbdlihe enantiomeric excess was
determined to be 68% by chiral HPLC (1% i-PrOH:hreesa 1.0 mL/min). Characterization data
were in agreement with previously reported values.

Allyltriphenyltin with 5% of 3.11 at low temperature: The reaction was performed at -25 °C
for 3 hours, using 2H-chromerg3 (47.5 mg, 0.36 mmol), TRIP phosphorami@sl() (16.0
mg, 0.018 mmol, 5% equiv), 4A molecular sieves pew@00 mg), DDQ (115 mg, 0.51 mmol,
1.4 equiv), allyltriphenyltin (352 mg, 0.90 mmol,.52 equiv) and anhydrousy,a,a-
trifluorotoluene (3 mL). DBUA workup and flash column chromatography with 3%
Et,O/pentane afforded 35 mg (57%) of the desired mbdlihe enantiomeric excess was
determined to be 31% by chiral HPLC (1% i-PrOH:heesa 1.0 mL/min). Characterization data
were in agreement with previously reported values.

Allylphenyldimethylsilane with 20% of 3.11 at zero degree: The reaction was performed at O
°C for 45 min, using 2H-chromen&3 (6.6 mg, 0.05 mmol), 20 mol% loading of TRIP
phosphoramide 3(11) (8.8 mg, 0.01 mmol), DDQ (159 mg, 0.07 mmol),
allylphenyldimethylsilane (26 mg, 0.15 mmol, 3 equand anhydrous.,a,a-trifluorotoluene
(0.4 mL). The enantiomeric excess was determinecbd062% by chiral HPLC (1% i-
PrOH:hexanes, 1.0 mL/min). Characterization dateevie agreement with previously reported

values.
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Allylphenyldimethylsilane with 20% of 3.11 at low temperature: The reaction was performed
at -25 °C for 3 hours, using 2H-chromeB&8 (41.5 mg, 0.32 mmol, 1.0 equiv), TRIP
phosphoramide3(11) (55.7 mg, 0.063 mmol, 20% equiv), 4A moleculaevss powder (200
mg), DDQ (100 mg, 0.44 mmol, 1.4 equiv), allylphetmethylsilane(169 mg, 0.96 mmol, 3
equiv) and anhydrousy,a,a-trifluorotoluene (3 mL). Normal workup and flasholemn

chromatography with 3% ED/pentane afforded 30.4 mg (56%) of the desirediymbd The

enantiomeric excess was determined to be 86% bwalchiPLC (1% i-PrOH:hexanes, 1.0

mL/min). Characterization data were in agreemett yweviously reported values.

mV

3007 DetA Chi

20% TRIP phosphoramide -25 deg
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100-| |
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of— ) — L S |
4.0 4.‘5 5.‘0 5.‘5 6!0 6.‘5 7.0
min
1 Det.A ChDetector A
ID# Name Ret. Time Area Height
1 RT5.467 5.467 277303 36576
2 RT5.806 5.806 3696651 222827

Figure S3.5 HPLC from allyphenyldimethylsilane 20% at -25 °C

Allylphenyldimethylsilane with 10% of 3.11 at low temperature: The reaction was performed
at -25 °C for 3 hours, using 2H-chromeBe (46.5 mg, 0.35 mmol, 1.0 equiv), TRIP
phosphoramide3(11) (31.2 mg, 0.035 mmol, 10% equiv), 4A moleculasvss powder (200
mg), DDQ (109.5 mg, 0.48 mmol, 1.4 equiv), allylpkilelimethylsilane(185 mg, 1.05 mmol, 3

equiv) and anhydrousy,a,a-trifluorotoluene (3 mL). Normal workup and flasholemn
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chromatography with 3% ED/pentane afforded 31.6 mg (52%) of the desirediygb The
enantiomeric excess was determined to be 79% bwalchiPLC (1% i-PrOH:hexanes, 1.0

mL/min). Characterization data were in agreemett yweviously reported values.

Allylphenyldimethylsilane with 5% of 3.11 at low temperature: The reaction was performed
at -25 °C for 4 hours, using 2H-chrome®8 (48.4 mg, 0.37mmol, 1.0 equiv), TRIP
phosphoramide3(11) (16.2 mg, 0.018mmol, 5% equiv), 4A molecular s@powder (200 mg),
DDQ (117 mg, 0.51 mmol, 1.4 equiv), allylphenyldiimgsilane(194 mg, 1.1mmol, 3 equiv) and
anhydrousy,a,o-trifluorotoluene (3 mL). Normal workup and flasblemn chromatography with
3% EtO/pentane afforded 35.4 mg (56%) of the desiredlypsb The enantiomeric excess was
determined to be 17% by chiral HPLC (1% i-PrOH:heesa 1.0 mL/min). Characterization data

were in agreement with previously reported values.

Deter mination of absolute configuration

A mixture of the chiral 2-allyl-BI-chromene3.15 (30 mg, 0.22 mmol, 73% ee by HPLC,
prepared by the representative procedure in this paper) and 10% Pd/C (10 mg) in
dichloromethane (3 mL) was stirred under a hydrogenosphere for 4 hours. Flash column
chromatography with 3% ED/pentane afforded 19.6 mg (64%) of the hydrogeheleral ether
3.19. 'H NMR (300 MHz, CDC}) & 7.03-7.10 (m, 2H), 6.78-6.84 (m, 2H), 3.94-4.04 (iH),
2.72-2.90 (m, 2H), 1.95-2.03 (m, 1H), 1.72-2.02 Pi), 1.45-1.62 (m, 3H), 0.98 (f] = 7.1 Hz,
3H); *C NMR (100 MHz, CDGJ) & 155.1, 129.5, 127.1, 122.1, 119.8, 116.7, 75.65,334.1,

27.4, 24.8, 22.3, 18.6, 14.1, 14.0; IR (film) 292872, 1582, 1488, 1457, 1302, 1232, 1119,

166



984, 885, 752 M HRMS (El) m/z calcd for §H160 [M]+ 176.1201, found 176.1219%]f =

+73.0 (C = 1.96, ChCl,).

Independent Synthesis With Known Absolute Configuration
3-(2-Bromophenyl)propanal (3.17)

CHO To a solution ob-bromohydrocinnamic acid3(16) (2.29 g, 10.0 mmol) in
(I;/ methanol (20 mL) stirred at 0 °C, thionyl chloride47 mL, 20.0 mmol) was
added dropwise, and then the reaction was stiredoan temperature overnight. The reaction
was carefully quenched with saturated agueous NaH&ition (10 mL), neutralized with
powder NaHCGQ, and extracted three times with 20 mL of diethiylee. The organic layer was
dried over NgSQO, filtered and concentrated under reduced press&tash column
chromatography with 10% ethyl acetate in hexantesdsd 2.19 g (90%) of the desired ester.
NMR (400 MHz, CDC}) 8 7.51 (d, J = 8.0 Hz, 1H), 7.20-7.26 (m, 2H), 7.06 (dd= 7.2 Hz,
1H), 3.67 (s, 3H), 3.07 (tJ = 7.8 Hz, 2H), 2.65 (t,J = 7.8 Hz, 2H);**C NMR (100 MHz,
CDCl3) 6172.7, 139.5, 132.7, 130.2, 127.9, 124.1, 51.4,3..2.

To the solution of methyl 3-(2-bromophenyl)propaeoél.22 g, 5.0 mmol) in dichloromethane
(20 mL) at -78 °C, 1M DIBAL-H solution in hexane8 fnL, 6.0 mmol) was added dropwise.
The reaction was stirred at -78 °C for 1 hour, ghexd with methanol (2 mL), and concentrated
under reduced pressure. Flash column chromatograptiy 10% ethyl acetate in hexanes
afforded 0.81 g (76%) of the desired aldehgd&. 1H NMR (300 MHz, CDGJ) 6 9.85 (d, J =

0.9 Hz, 1H), 7.55 (d,J = 8.1 Hz, 1H), 7.24-7.28 (m, 2H), 7.07-7.13 (m, 1BI9 (t, J= 7.5
Hz, 2H), 2.82 (t, J = 7.5 Hz, 2H);**C NMR (75 MHz, CDC}) & 200.9, 139.6, 132.9, 130.4,

128.0, 127.6, 124.2, 43.6, 28.6.
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(S)-1-(2-Bromophenyl)hex-5-en-3-ol (3.18)
OH To a solution of (+)-IPC-CI (1.80 g, 5.6 mmol, 1.8duiv) in diethyl

©\/\/\/\ ether (3 mL) stirred at 0 °C, freshly prepared 0.53M/magnesium

o bromide solution in diethyl ether (10.5 mmol, 5.&2®nol, 1.75 equiv)
was added dropwise over 20 min. The reaction waedtat 0 °C for an additional 30 min,
decanted, extracted two times with diethyl ethernf{k), and concentrated under reduced
pressure. The residual oil was dissolved in drytgesn (10 mL), filtered through Millex syringe
filter, and added dropwise into a solution of 3B@mophenyl)propanaB.17 (640 mg, 3.0
mmol, 1.0 equiv) in diethyl ether (5 mL) at -100 8@er 45 min. The addition was in such a
pattern that the allylmagnesium bromide solutioncteed the inner wall of the reaction flask
before entering the solution. After one additiohalr at -100 °C, the reaction was quenched
with methanol (2 mL) and concentrated under redywedsure. The residual oil was dissolved
in THF (3 mL), cooled to 0 °C, and treated withusated aqueous NaHG®olution (7.0 mL)
and 30% HO, (5.6 mL). After 3 hours at room temperature, thaction mixture was extracted
three time with diethyl ether (10 mL), dried ovesNO, and concentrated under reduced
pressure. Flash column chromatography with 15%l edhgtate in hexanes afforded 510 mg
(67%) of the chiral alcohoB(18). *H NMR (400 MHz, CDC}) & 7.54 (d, J = 8.1 Hz, 1H), 7.11-
7.17 (m, 2H), 6.93-6.99 (m, 1H), 5.58-5.82 (m, 1517 (d,J = 15.6 Hz, 1H), 5.06 (d] = 11.7
Hz, 1H), 3.58-3.66 (m, 1H), 2.80-2.90 (m, 1H), 25677 (m, 1H), 2.22-2.30 (m, 1H), 2.07-2.17
(m, 1H); **C NMR (75 MHz, CDC}) & 141.3, 134.5, 132.8, 130.4, 127.6, 127.4, 12418,3,
70.0, 41.9, 36.8, 32.4; IR (film) 3371, 3072, 292840, 1567, 1471, 1439, 1045, 1022, 994,
916, 749crit; HRMS (ESI) calc. for HisBrONa ([M+NaJ'): 277.0204, found 277.019%]f%

=-9.7 (c = 2.56, CbCl)).
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(R)-3,4-dihydro-2-propyl-2H-1-benzopyran (3.19)
©fj\/\ An round bottom flask was charged with Pd(OA&)L.2 mg, 0.05 mmol, 5

O mol%), (2-biphenyl)ditert-butylphosphine (18.6 mg, 0.063 mmol, 6.3
mol%), and CgCO; (652 mg, 2.0 mmol, 2.0 equiv). The flask was ewded and back-filled
with argon, and (S)-1-(2-Bromophenyl)hex-5-en-33d8 (255 mg, 1.0 mmol, 1.0 equiv) in
toluene (2 mL) was added via syringe. The flask thas placed into an oil bath pre-heated at 65
°C and stirred overnight. The reaction mixture w@en cooled to room temperature, quenched
with water (10 mL), and extracted two times witlettliyl ether (10 mL). The combined organic
layers were dried over NaQ,, filtered, and concentrated under reduced pres§ilash column
chromatography with 3% Eb/pentane afforded 100 mg (75%) of the chiral atyler.'H NMR
(300 MHz, CDC}) & 7.07 (d, J = 7.4 Hz, 1H), 7.04 (d,J = 7.4 Hz, 1H), 6.80-6.86 (m, 2H),
5.86-6.00 (m, 1H), 5.10-5.20 (m, 2H), 4.02-4.09 (), 2.71-2.85 (m, 2H), 2.54-2.61 (m, 1H),
2.37-2.45 (m, 1H), 1.98-2.06 (m, 1H), 1.70-1.79 {id).
A mixture of (S)-3,4-dihydro-2-allyl-2H-1-benzopyrd83 mg, 0.62 mmol) and 10% Pd/C (20
mgq) in dichloromethane (3 mL) was stirred underydrbgen atmosphere for 4 hours. . Flash
column chromatography with 3% J&Y/pentane afforded 67.4 mg (81%) of the hydrogehate

chiral ether3.19. [0]*p = +99.1 (c = 1.96, C4Cl,).

169



hydrogenation racemate
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ID# Name Ret. Time Area Height
1 RT21.100 21.100 466475 12416
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Figure S3.6 HPLC from hydrogenated racemic mixture
(1.0 mL/min, 80% Methanol in water)
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Figure S3.7 Hydrogenation product from independent route (Brawaaction)
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hydrogenation from representative procedure
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Figure S3.8 HPLC from hydrogenated product from the preserthounlogy

34  Attempts To Expand The Scope

(R)-2-(2-methylallyl)-2H-benzopyran (3.20)

The reaction was performed at -25 °C for 3 hous#gi2H-chromen&.3
% (38 mg, 0.29 mmol, 1.0 equiv), TRIP phosphoramiddl) (50.9 mg,
0.058mmol, 20% equiv), 4A molecular sieves pow@d0(mg), DDQ (92 mg, 0.41 mmol, 1.4
equiv), methylallylphenyldimethylsilane (162 mg8®.mmol, 3 equiv) and anhydrouso,o-
trifluorotoluene (3 mL). Normal workup and flash lwmn chromatography with 3%
Et,O/pentane afforded 36.4 mg (68%) of the desiredyxct3.20. The enantiomeric excess was

determined to be 33% by chiral HPLC (1% i-PrOH:hreesg 1.0 mL/min). Characterization data
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were in agreement with previously reported valdesNMR (300 MHz, CBCl,) & 7.12 (ddd, J
=7.8,7.8,1.8Hz 1H), 6.98 (dd,= 7.5, 1.5 Hz, 1H), 6.85 (ddd] = 7.5, 7.5, 1.5 Hz, 1H), 6.75
(d, J= 7.8 Hz, 1H), 6.43 (d,J = 9.9 Hz, 1H), 5.74 (dd,J = 9.9, 3.6 Hz, 1H), 4.96-5.03 (m,
1H), 4.89 (aps, 1H), 4.79 (d) = 0.9 Hz, 1H), 2.56 (ddJ = 13.8, 7.8 Hz, 1H), 2.35 (ddJ =
13.8, 6.0 Hz, 1H), 1.82 (s, 3HC NMR (75 MHz, CDCl,) & 153.8, 142.2, 129.7, 127.0, 126.3,
124.4, 122.7, 121.6, 116.7, 113.6, 74.2, 43.8,;2R1(film) 3075, 2936, 1640, 1606, 1486,
1457, 1229, 1208, 1113, 1055, 1034, 891, 767, 753HRMS (ESI)m/z calcd. for GsH130 [M

- H]* 185.0966, found 185.097k]f% = +55.7 (c = 2.51, C4Tly).
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methylallyl rac
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Figure S3.9 HPLC from Racemic mixture .20
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Figure S3.10 HPLC from enantiomerically enriche&x20
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(S)-2-allyl-6-methoxychroman (3.22)
MeO The reaction was performed at -25 °C for 3 houss g 6-methoxy-
\Cfoj\/\ 2H-chromene 3.21 (48 mg, 0.30 mmol, 1.0 equiv), TRIP
phosphoramide3(11) (53 mg, 0.06 mmol, 20% equiv), 4A molecular sepewder (200 mg),
DDQ (95.3 mg, 0.42 mmol, 1.4 equiv), allylphenyldithylsilane(158 mg, 0.9 mmol, 3 equiv)
and anhydrous,a,a-trifluorotoluene (3 mL). Normal workup and flasblemn chromatography
with 5% EtO/pentane afforded 32.4 mg (53%) of the desirediysd3.22. The enantiomeric
excess was determined to be 9% by chiral HPLC (2P§QOH:hexanes, 1.0 mL/min).
Characterization data were in agreement with preshoreported values.
H NMR (400 MHz, CDCY) 86.72 (d, J = 8.4 Hz, 1H), 6.66 (dd,) = 8.8, 2.1 Hz, 1H), 6.54 (d,
J= 2.8 Hz, 1H), 6.38 (dJ = 9.6 Hz, 1H), 5.88 (ddtJ = 18.0, 10.4, 7.2 Hz, 1H), 5.74 (dd,=
9.6, 3.2 Hz, 1H), 5.15 (dJ = 8.8 Hz, 1H), 5.12 (s, 1H), 4.84 (brs, 1H), 3.753(d), 2.53-2.60

(m, 1H), 2.40-2.47 (m, 1H); **C NMR (CDCk, 100 MHz)$ 153.9, 147.1, 133.4, 126.1, 124.3,

122.5,117.8, 116.5, 114.2, 111.6, 74.3, 55.6,.36)% = -8.7(c = 0.33, CHCly).
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Methoxy rac
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Figure S3.11 HPLC from racemi@.22
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ID# Name Ret. Time Area Height
1 RT10.086 10.086 430820 19136
2 RT10.923 10.923 520719 18168

Figure S3.12 HPLC from enantiomerically enrich€®2
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Background reaction with methallylphenyldimethylsilane: The reaction was performed at -25
°C for 1 hour, using 2H-chromerg3 (48.8 mg, 0.37 mmol, 1.0 equiv), 4A molecular sieves
powder (200 mg), DDQ (120 mg, 0.53 mmol, 1.4 equimgthallylphenyldimethylsilane (206
mg, 1.1 mmol, 3 equiv) and anhydrows,a-trifluorotoluene (3 mL), but without using LiCKO
or chiral catalysts. Normal workup and flash colustimomatography with 3% ED/pentane
afforded 42 mg (61%) of the desired racemic product

Background reaction of 6-Methoxy--2H-chromene 3.21: The reaction was performed at -25
°C for 2 hours, using 6-methoxyH2chromene3.21 (101 mg, 0.62 mmol, 1.0 equiv), 4A
molecular sieves powder (200 mg), DDQ (198 mg, 0.87mol, 1.4 equiv),
allylphenyldimethylsilane(334 mg, 1.9 mmol, 3 equand anhydrous.,a,a-trifluorotoluene (3
mL), but without using LiCIQ or chiral catalysts. Normal workup and flash calum

chromatography with 5% ED/pentane afforded 53.1 mg (42%) of the desiredmac product.
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