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ABSTRACT

During our investigation to study the transition metal mediated C-glycosylation, a
gold(l)-catalyzed tandem 1,3-acyloxy migration/Ferrier rearrangement has been
serendipitously discovered and we have went on to establish a new concise way to
furnish vinyl-C-glycoside product and 8-oxabicyclo[3.2.1]octane derivatives in good
yields and exclusive diastereoselectivity.

The intermolecular gold(I)-catalyzed tandem 1,3-acyloxy migration/Ferrier
rearrangement with glycals and propargylic esters allowed access to the ¢, (E)-selective
C-vinyl glycoside products in the presence of PPhsAuOTf. Both D-glucal and D-glactal
could be applied into the C-vinyl glycosylation through this methodology.

The intramolecular gold(I)-catalyzed tandem 1,3-acyloxy migration/Ferrier
rearrangement with glycal-linked propargyl esters allowed access to the optically pure
8-oxabicyclo[3.2.1]octane derivatives in the presence of PPhsAuSbFe. The reaction
mechanism was further investigated with a series of experiments.

In addition, the 8-oxabicyclo[3.2.1]octane products was evaluated for their cytostatic
activities against selected human cancer cells lines and most compounds have shown
promising inhibitory effects with the ICso.value as low as 2.31 uM, which suggested
that these oxabicyclo[3.2.1]octane derivatives could be potential anti-tumor reagents.

Furthermore, it was found that the 8-oxabicyclo[3.2.1]octanes with divinyl ketone
motif could undergo asymmetric interrupted Nazarov cyclization to generate the
optically pure 11-oxatricyclo[5.3.1.0Jundecanes catalyzed by BF3*OEty, suggesting the

possibility of applying the methodology in total synthesis of complex natural product.

vil






Chapter 1: Introduction: Gold-Catalyzed Reactions of

Propargylic Carboxylate

The last two decades have witnessed the dramatic development of the area on
homogeneous gold-catalyzed reactions with propargylic carboxylates.!'"'* Many useful
synthetic methods on gold-catalyzed migration have been developed and successfully
used in natural products syntheses.!3-2¢]

Propargylic carboxylate is a versatile molecular motif and often used for studies on
transition-metal catalyzed reactions.!*”> 28 As shown in Scheme 1.1, propargylic ester
can undergo two distinct gold-catalyzed transformations, namely 1,2-acyloxy migration
and 1,3-acyloxy migration. During 1,2-acyloxy migration, a 5-exo-dig cyclization of the
carbonyl oxygen to the gold-activated alkyne leads to formation of gold vinyl carbenoid
species 2'. In the latter case of 1,3-acyloxy migration, a 6-endo-dig cyclization occurs
to generate a gold-containing 6-membered intermediate, followed by a rearrangement
to form carboxyallene 3'.*”) However, there is still no clear evidence for the two
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Scheme 1.1 Two pathways for gold-catalyzed reactions of propargylic carboxylates.
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sequential 1,2-acyloxy migrations to obtain the [3,3]-rearrangement product.*®! The
intermediates 2’ and 3’ can interconvert and the equilibrium depends on the properties
of substituents and reaction conditions. The O-ester group could undergo an
intramolecular 1,2- or 1,3- shift to provide the corresponding gold carbenoid
intermediate 2' or allene intermediate 3' which can cause further tandem transformation.
These reactions are extensively studied by Toste, Hashimi, Zhang, Nolan, Furstner, Liu,

Gagosz and many other groups.

1.1 Reactions initiated by 1,2-migration

1.1.1 The cyclopropanation initiated by carbenoid intermediate
In 2003, Miki et al. reported the first example of gold-catalyzed acyloxy migration

311 In the presence of the AuCls, the propargyl ester 1.1

with propargylic carboxylate.
could react with styrene to afford the cyclopropanation product 1.2 in 63% via a tandem

1,2-acyloxy migration\cyclopropanation process. (Scheme 1.2A). One year later,

Furstner et al. reported the intramolecular version of this tandem 1,2-acyloxy

A
OAc OAc
AuCl, —
+ P >~ Ph
4\ 7" "Ph “luene >_<vfr
63%
1.1 1.2
B
Ph3PAUCI
OAc 3
AgSbF, 1O K,CO5 ©
X “chon >
= CH,Cl, Ph” MeOH o -
Ph
1.3 1.4

74% over two steps

Scheme 1.2 Gold-catalyzed tandem 1,2-acyloxy migration/cyclopropanation.
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migration\cyclopropanation reaction. The 1,5-enyne propargylic ester 1.3 was

transformed into cyclopropane product 1.4 in the presence of PPh3AuCl and AgSbFs
(Scheme 1.2B)

In 2005, the first evidence for the mechanism of gold carbenoid was reported by Toste
et al.™¥ They found that when this cyclopropanation reaction was carried out with
optically pure propargylic ester 1.5 and styrene, the cyclopropane products 1.6 could be
obtained in 65% yield with excellent cyclopropane and olefin diastereoselectivity but
total loss of enantiomeric excess (Scheme 1.3A). On the contrary, when this reaction
was carried out with cis- and trans-f-methylstyrene 1.8 and 1.9 respectively, the

stereochemistry of the methyl substituted styrenes could be inherited by the

cyclopropane products 1.10 and 1.11 in good yields (Scheme 1.3B)
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Ph" "y MeNO, =
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1.5 (91% ee) 1.6
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B
Me
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(\Ph AngFe ,/
A * Me " MeNO, ;
PlvO P'VO
1.7 1.8 1.10a
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5 81 1.10b
PhsPAUCI
4\
1.7
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1.11a 4.3 1.11b
Scheme 1.3 Gold-catalyzed stereoselective olefin cyclopropanation
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In 2009, the groups of Nolan, Fensterbank and Cavallo collaborated and reported
another important work on the gold-catalyzed acyloxy migration as an extension of their
previous work.’* 31 They found that the allenyl ester 1.12 could also react with styrene
to afford the cyclopropane products 1.13 with 62% yield in the presence of gold catalysts.
Furthermore, the comparison studies were carried out with either allenyl ester 1.14 or
propargylic ester 1.15, the same products with similar yields and ratio were obtained
under the same condition. Based on these results, the authors inferred that the alleny
ester 1.12 could undergo a 1,3-acyloxy migration to afford the corresponding
propargylic esters, followed by a 1,2-acyloxy migration to generate the proposed gold-
carbenoid intermediate, which finally reacted with styrene to form the cyclopropane

products 1.13. In addition, the same products with similar ratio indicates that the
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Scheme 1.4 Equilibration between allenyl ester and propargylic ester.



equilibration between allenyl ester and propargylic ester is faster than the

cylopropanation of the carbenoid intermediate (Scheme 1.4).

1.1.2 Nucleophiles trapping of the carbenoid intermediate
Oxygen nucleophile

In 2007, Toste et al. provided another evidence for gold carbenoid intermediate in the
gold-catalyzed cyclopropanation reaction. After the addition of diphenyl sulfoxide to
the reaction mixture of propargylic ester 1.18 in the presence of IPrAuCl and AgSbFe,
the unsaturated aldehydes 1.19 was afforded in good yield.[*®) The mechanism was
proposed as such: the gold(I)-carbenoid intermediate was generated from the
propargylic ester 1.18 via 1,2-acyloxy migration, and then oxidatively trapped by the
diphenyl sulfoxide to afford the aldehydes 1.19 (Scheme 1.5).

In 2009, Toste et al. reported an intramolecular reaction with the oxygen nucleophile
trapping of the carbenoid intermediate®”! (Scheme 1.6). In the presence of chiral gold
catalysts, the propargylic ester 1.20 could be transformed into the carbenoid

intermediate via 1,2-acyloxy migration, which was subsequently trapped by the ether

OPiv 0 H
N i IPrAuCI/AgSbFg
P ph” S ph CH,Cl,, rt. 0~ 7 "Ph
73% OPiv
1.18 1.19 Z/E = 99/1
1,2-acyloxy oxidative
migration Bu trapping
>:o H Ph,SO,
+ +
Oﬁ)ﬁ | [Au] Z “Ph
Ph AuL OPiv

Scheme 1.5 Oxidative trapping of the carbenoid intermediate.
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oxygen to generate the oxonium intermediate. Then the allyl cation and ally gold(I)
intermediate were formed according to the mechanistic observations, which was
subsequently transformed into the benzopyran 1.21 in high yield and excellent

enantioselectivity with the help of chiral ligand.

Nitrogen nucleophile

OPiv (R)-MeO-BIPHEP(AuCI), Ph
A SbF Me \\_/_
A 9=27s < _OPiv
o MeCN, rt. m
v\ 74% yield, 97% ee 0
Ph
1.20 1.21
Me Me Me

\\OPiv d\IOPiV mow
. ® .
o Aul 0~ AUl

07 [Au]
ph %Ph ] e,

Scheme 1.6 Intramolecular trapping of carbenoid intermediate with oxygen
nucleophile.

In 2008, the trapping of the carbenoid intermediate by the nitrogen nucleophile was
also reported by Toste ef al. (Scheme 1.7). In the presence of gold catalysts, carbenoid
intermediate was generated from the propargylic benzoate 1.22, which was subsequently
trapped by the o,3-unsaturated imines 1.23 to form the allyl gold intermediate, then the

azepine product 1.24 could be afforded via a nucleophilic addition-annulation process.[8!



Ph

5 BzO._/~N
B _Ph .
S SR - Sy
+ —_—
NN CH20|2, r.t.
A Ph Ph
1.22 1.23 1.24
l 1,2-migration T annulation

OBz Ph \%\([AU]
C 5 Ph
Ve
Ph

Scheme 1.7 Intermolecular trapping of carbenoid intermediate with nitrogen
nucleophile.

7 &

Carbon nucleophile

In 2007, Echavarren et al. reported the carbon trapping of the carbenoid intermediate
(Scheme 1.8). Similar to other examples of trapping nuclephiles, the carbenoid
intermediate was generated from the 1,2-acyloxy migration of propargylic ester and

trapped with 1,3-diketone 1.25 in the presence of gold catalysts to afford the enol acetate

1.26.77
OAc o 0 PhOC  OAc
[Au]
+ _—
Ph)\% Ph)J\/U\Ph CH,Cly, rt. PhOC)\/\/ Ph
88%
1.25 1.26
1,2-acyloxy carbon
migration trapping

H
o — | 7 [Au] .
= [Au” 7 “Ph By
pp AuL OAc Busp AuNCMe _

SbF

Scheme 1.8 Intermolecular trapping of carbenoid intermediate with carbon
nucleophile.
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1.1.3 Rautenstrauch rearrangement initiated by the carbenoid intermediate
Besides cyclopropanation and nucleophile trapping, other reactions also could be
initiated by the 1,2-acyloxy migration of propargylic ester. In 2005, gold-catalyzed
Rautenstrauch rearrangement was reported by Toste et al. In the presence of
Ph3PAuSbFs, the 1,4-enyne propargylic ester 1.27 would transformed to gold carbenoid
intermediate, and this intermediate was first trapped intramolecularly by olefin, then

after sequential elimination and hydrolysis, the desired cyclopentenone product 1.28

was obtained in 100% yield“’! (Scheme 1.9).

y PhsPAUOTf O Me
e —_——
/\[ CH4CN, rit.
100% Me
Me
1.27 1.28

‘ elimination

J1 ,2-acyloxy migration hydrolysis

t'BUw/v/—ow) Me Me @
-

=2 0 Me
00 A N\ Me | _, Pivo\'(\ N\ Me FBU~¢ =
\‘3 /( _> o)
o <l i e

Scheme 1.9 Gold-catalyzed Rautenstrauch rearrangement.



1.2 Reactions initiated by 1,3-migration

1.2.1 Nucleophilic character of allene ester

In 2005, Zhang et al. reported the gold-catalyzed 1,3-acyloxy migration/[2+2]
cycloaddition of propargylic ester and nucleophilic indole and led for access to 2,3-
indoline-fused cyclobutanes.[*!! The proposed mechanism is shown in Scheme 1.10: The
allene ester intermediate 1.30 was formed via 1,3-acyloxy migration from the indole-4-
acetate 1.29, which was immediately transformed into vinyl-gold oxonium intermediate
with phenyl group trans to gold complex as the favor conformation. Subsequently, the
neighboring indole ring underwent nucleophilic attack of the oxonium motif to form the
lactone, and the resultant iminium motif was trapped by the vinyl-gold(l) to furnish the
2,3-indoline-fused cyclobutene 1.31 in 69% yield. In addition, the allene ester 1.30 was
also obtained when AuClz was used, strongly supporting this 1,3-acyloxy
migration/[2+2] cycloaddition mechanism.

In 2006, another example of the vinyl-gold intermediate as nucleophile was reported
by Zhang’s group (Scheme 1.11). They found that in the presence of AuCls, the
propargylic acetate 1.32 could be transformed into the allene ester intermediate via 1,3-
acyloxy migration and forming the vinyl-gold intermediate. Then the acyl carbonyl
group was nucleophilic attacked by the vinyl-gold to form the tetrahedral intermediate,
which would undergo the collapse of the tetrahedral cation to furnish the diketone
product 1.33.14] Interestingly, using PicAuCl, as the catalyst could result in better
regioselectivity of the olefin as compared to using AuCls, but the mechanism is still not

clear.



Ph3PAUSbF4

CH2C|2, r.t.
69%
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o, F
N Ph
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52%
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Scheme 1.10 Gold-catalyzed 1,3-acyloxy migration/[2+2] cycloaddition of

propargylic ester.

In the same year, the nucleophilic character of the the allene intermediate was also

reported by Toste et al. *3) During this gold(I)-catalyzed Myers-Satio cyclization, the

allene intermediate was formed via 1,3-acyloxy migration from propargylic ester 1.34
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in the presence of rBusAuSbFs, but different with the mechanism about nucleophilic

vinyl-gold intermediate proposed by Zhang, they presumed that allene ester would

undergo an intramolecular 6-endo-dig addition into the triple bond to form cation

intermediate, which would undergo the demetallation to afford the aromatic ketone 1.35

O
/(o)
[Au]
r

Me

T 9
~

OAc

[Au]

Me)\

1.32
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l 1,3-migration

n-Bu
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O O

Me)KfJ\n—Bu

Me
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0 Me
Me % n-Bu
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[
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Scheme 1.11 Gold-catalyzed synthesis of diketone 1.33.
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Scheme 1.12 Gold-catalyzed Myers-Saito cyclization.
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in 71% yield (Scheme 1.12).

In 2007, the intermolecular version of this reaction was first reported by Zhang et al.
In the presence of PhsPAuNTTf,, the propargylic acetate transformed into allene ester
intermediate first, then the N-iodosuccinimide 1.36 was attacked by the allene ester
intermediate to afford the thermodynamically favored a-iodoenones 1.37 with Z
stereochemistry®¥ (Scheme 1.13A). Three years later, Shi et al. reported the formation
of the unusual kinetically favored (E)-a-indoenones 1.38 just changing the catalyst to

triazole-Au cataysts*! (Scheme 1.13B).

o (A
Ph3PAUNTf, wa\Rz
acetone, 0 °C I
o)
OAc
1.37
o J\ N N—| — 75-99% yields
X =2 ® o Z/E > 99:1
% 'N-AuPPh; OTf
" N-N R" 0O ®)
1.36 e
MeNO,, 0 °C MW
|
1.38
- 84-98% yields
1,3-migration Z/E < 1:20
| T

O r 0 q
ks - s
( n-Bu O /Mm)\n_e’u
| Me _ NJI | Me 1
(o)

Scheme 1.13 Gold-catalyzed Myers-Satio cyclization.
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Scheme 1.14 Gold-catalyzed 1,3-acyloxy migration/[2+2] cycloaddition of
propargylic benzoate.

In 2011, another example on gold-catalyzed 1,3-acyloxy migration/[2+2]
cycloaddition was reported by Philip W.’s group. In the presence of the gold catalysts,
the allene ester was formed from the propargylic benzoate 1.39, then the allene ester
underwent an intramolecular 6-exo-trig nucleophilic addition to the olefin motif which
was already activated by the gold catalysts to form the first bond of the [2+2]
cycloaddition. Subsequentially, the resultant Au-C(sp’) bond underwent another
nucleophilic addition to the carbonyl cation to construct second bond of [2+2]
cycloaddition and furnish the azabicyclo[4.2.0]oct-5-ene 1.40 with good yield and
diastereoselectivity*®! (Scheme 1.14). The author presumed the stereoselectivity was
ascribed to the molecular orbit theory about the maximum overlapping of the LUMO of
carbonyl cation and HUMO of Au-C(sp?) bond.

In 2012, Cran et al. reported the gold(I)-catalyzed tandem 1,3-acyloxy migration/
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Michael addition to perform regioselective synthesis of unsaturated carbocycles!*”!
(Scheme 1.15). In the presence of AuCl and AgClO4, the 1,7-enyne containing
propargylic ester 1.41 was transformed into the allene ester via the 1,3-acyloxy
migration. As there is no direct evidence from 'H NMR spectroscopy or TLC to
determine the intermediate, it is not sure whether the vinyl gold or allene ester is the
intermediate to undergo the 1,4-nucleophilic attack to the unsaturated ketone, which
generated the unsaturated carbocycles and this is followed by the hydrolysis and keto-

enol tautomerization to afford the cyclic enone 1.42 in good yield.

O
OPiv AuCl
__AgCIO, Q Me
MeNO,,r.t. Ph
1.41 1.42
t-Bu (@) Me
OPiv
/\/M O/go 7
/'\
[Au] [A/u]
® /E’U Me [Au]/H®
O (0] | O t-Bu 9] Me
I —
Ph |[A“] /(L 0 =
PR S
©
o t-Bu O[AuJH
O Me e) |O® = Me
-
Ph Ph
1.42

Scheme 1.15 Gold-catalyzed tandem 1,3-acyloxy migration/ Michael addition.
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In 2013, Hashimi et al. reported the first formation of C(sp*)-C(sp?) bond via an
intermolecular fashion initiated by the gold catalyzed 1,3-acyloxy migration.[*! After
activation by the catalyst, the propargylic pivalate 1.43 would induce a 1,3-acyloxy
migration to generate the allene intermediate and this nucleophilic allene would then
undergo a nucleophilic attack to the oxocarbenium intermediate, which was generated
from the isochromane acetal 1.44, to construct the new C(sp?)-C(sp?) bond. Finally,
elimination of the pivalate ester afforded the desired product 1.45 in good yield and

regioselectivity (Scheme 1.16).

OP|v SPhosAuClI
_ AGNTf,
R1 "DCE.80°C

1.43 1.44 1.45 yield upto 99%
Z/E upto 22:1
l 1,3 migration l OMe T -PivOMe

0 OMe
N\ —_— + (
1
R, ~ /(?*J\ﬂ/ tBu
¢ N

R2

Scheme 1.16 Gold-catalyzed intermolecular nucleophilic attack reaction.

1.2.2 Electrophile character of allene ester

In 2006, Gagosz et al. published the first result on the electrophilic character of the
allene ester after transformation from the propargylic ester (Scheme 1.17A). In the
presence of PhsPAUNTT, the propargylic benzoate 1.46 would form the allene ester first,
following which the oxygen of hydroxy group could take an intramolecular nucleophilic

attack to allene motif to deliver the 2,5-dihydrofurans 1.47 in 99% yield. In addition, the
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chirality could be transferred from the starting material to product.l*® Two years later,
another example of the oxygen trapping of the allene intermediate was reported by
Brabander et al. After activation by AuCl, the o-hydroxy proparylic esters 1.48 could
generate the allene ester intermediate via the 1,3-acyloxy migration, which was
sequentially trapped by the hydroxy group to afford the 2,6-cis-tetrahydropyrans 1.49

in excellent yield and stereoselectivity™ (Scheme 1.17B).
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n-Lghq AN a0~ .
OH CH20|2, r.t. n-C5H11 o “HiPr
i-Pr ;
1.46 1.47 99% yleld
> 98 ee
l T dr=93:7
[Au]. OBz [Au] OBz
N \i-Pr —
H//,l/ - @),
H n-C5H11 'i-Pr
n-C5H1:\/ o a
B
OAc OH
AuCl n-CgH (0] Et
P Et _ AUl 813~ =~
= THF, r.t.
n-C6H13 OAc
1.48 1.49 93% yield
ZIE = 2.4:1
'TI tans/cis > 40:1
n'CeH13/,_.:(o\jEt
AcO : H
[Au]

Scheme 1.17 Gold-catalyzed reaction of propargylic ester and alcohol.

In 2014, Hashimi et al. reported the example of gold-activated allene moiety acting
as electrophile to react with olefin motif in an intramolecular fashion (Scheme 1.18).51

In the presence of IPrAuCl and AgSbFe, the formation of allene intermediate first

- 16 -



involved the 1,3-acyloxy migration from the propargylic ester 1.50, following which the
olefin would take an intramolecular nucleophilic attack to the allene motif activated by
the gold catalyst, generating the vinyl-gold(l) intermediate which has a trans
relationship between the vinyl(l1)-gold motif and the benzyl cation substituent on the
lactam ring. The authors proposed two pathways for the subsequent 1,5-acyloxy
migration: six-membered ring or eight-membered ring. Due to the trans position of the

two side chains, the bigger size ring was proposed to be more geometrically favored and

N J%n-Bu 0 N
N [IPrAuCI)/AgSbFg
O 5 N
— DCE, 80 °C o -BU
70% yield
04\

1.50 1.51

1,3-migration

unfavored

Scheme 1.18 Gold-catalyzed 1,6-acyloxy migration to disubstituted lactam.
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the DFT studies also supported this result. Finally, the elimination of ester group and the
gold catalyst afforded the disubstituted lactam product 1.51 via an overall 1,6-acyloxy

migration.

1.2.3 Reaction initiated by vinyl-gold cation intermediate

In 2006, Zhang et al. reported the gold-catalyzed 1,3-acyloxy migration/Nazarov
cyclization for synthesis of the cyclopentenones.? In the presence of PhsPAuCI and
AgSbFs in wet CHyCly, the 1,3-enyne containing propargylic acetate 1.52 would

generate the allene intermediate via the 1,3-acyloxy migration, then this allene

O
OAc Me
Ph;PAuUCI, AgSbF
% Vo 3 g 6
CH,CIy/H,0, r.t., 95%
1.52 1.53
j 1,3-migration
B + OAc ] B OAc ]

l 1,2-hydride shift
i OAc | 0 OAc |
AL we - WA Me
| /\’( Nazarov cyclization [Au]

Scheme 1.9 Gold-catalyzed 1,3-acyloxy migration/Nazarov cyclization.
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intermediate was transformed into vinyl-gold cation intermediate containing the
pentadienyl cation motif. Subsequently, the Nazarov cyclization afforded the gold-
carbenoid intermediate, which would undergo a 1,2-hydride shift to generate the gold
cation intermediate. Finally, the collapse of the cation intermediate and subsequent
tautomerization and hydrolysis furnished the cyclopentenone products 1.53 in 95% yield
(Scheme 1.19).

In 2009, Fensterbank et al. reported an analogous reaction on the vinyl-gold
intermediate initiated reaction. 5 %4 In the presence of gold catalyst in anhydrous

CHClI>, the more complex optically pure 1,3-enyne containing propargylic acetate 1.54

\ OAc
[Au] R
= CH,Cl,, -30 °C )
OAc 100%, 92% ee H H
1.54 Al + 1.55
Bu ]
. tBu*p AuUNCMe -
1,3-migration SbFg

AU
ACO/’— ( ‘I‘.

OAc

i [Au] Nazarov cyclization

Scheme 1.20 Gold-catalyzed cyclization/cycopropanation.
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could generate the gold-carbenoid intermediate via the tandem 1,3-acyloxy
migration/Nazarorov cyclization process like Zhang’s case, following which this
carbenoid intermediate could react with the olefin motif intramolecularly via a
cyclopropanation to afford the polycyclic product 1.55 in 100% yield and 92% ee
(Scheme 1.20). The chirality transfer was ascribed to the twisted conformation of the
gold coordinated allene intermediate which was favored than the planar one especially
when the allene motif was trisubstituted.

In 2008, another example of this gold-catalyzed 1,3-acyloxy migration/Nazarov

cyclization was reported by Liu ef al. In the presence of PhsPAuCI and AgSbFes, the

OAc H\
T PhsPAUCI, AgSbFg ‘
0 neat, 50 °C .
AN 65% Me
O ol
1.56 1.57
l 1,3-migration }
_ — OAc
b [Au) <
[Au] H
X3 OAc
W\f .
OMe
O\
i N L OMe _
j ] 1,5-hydride shift
3 []
X" 0AC Nazarov cyclization O ", OAc
ClAy] A
MeO OMe MeO OMe

Scheme 1.21 Gold-catalyzed reaction initiated by vinyl-gold intermediate.
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gold-carbenoid intermediate would be prepared from the propargylic acetate 1.56 via
the similar pathway in a neat condition. Subsequently, this carbenoid intermediate
would transform into an oxocarbenium intermediate after an intramolecular 1,5-hydride
shift. Finally, the nucleophilic addition from the gold-allyl motif to the oxocarbenium
motif and followed by the hydrolysis and protodeauration would afford the cyclized
ketone 1.57 in 65% yield (Scheme 1.21).5%]

In 2009, a detailed mechanistic study on the gold(l)-catalyzed 1,3-acyloxy migration
using optically pure cyclopropyl propargylic ester 1.58 as starting material was reported
by Toste et al.’® In the presence of PhsPAuSbFe, it was observed that the relative
stereochemistry at the propargylic positon was lost after 2 min and the cis-to-trans

isomerization of the cyclopropyl position took place over 1h (Scheme 1.22A). The first

A
OPiv OPiv
‘y OPiv
R Ph3PAUSbF ¢ AN . Q:{
Ph o CHaNO,, rit. , . "Ph Ph
Ph -~ Ph . Ph
1.58 trans/cis 1.58" dr 1.59
t=2min 40:60 59% 1:1 41%
t=10min 75:25 33% 1:1 54%
t=1h  >97:3 12% 1:1 61%
t=28n - 0% - 75%
B
tBu

180

180 tBu‘{

H 0
“ PhsPAUSbFg _ 0
N Ph CH3NO2, r.t. Ph
Ph 76% Ph
180-1.58 180-1.59

Scheme 1.22. Mechanistic study experiments with cyclopropyl propargylic ester.
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experimental result provided the direct evidence for the equilibration between the allene
ester and propargylic ester which was also reported by Nolan et al. in the previous
work.?* 331 The second experimental result implied that the vinyl-gold cation

intermediate was generated in this reaction. The isotope labeling experiment was also

0O R

RJ( 5

(@) H, O
e 7N

Ph
Ph
1.59 [Ad] Ph

Ph

®
® ® R
[Aul o \\<R H [Au]OY R H:_\[Au]OY
. . O —— INGC)
0,8 YN
Ph Ph
Ph Ph Ph
c A’ A
A
®
H /o 0 H [AU]OYR
th VA‘YO
P;/[Au] Ph Ph
B 1 A
. -
H o/\KO H 0/\%
S O ph
® A
L [Au] Bh [Au]
c B'

Scheme 1.23. Proposed mechanism of the gold-catalyzed 1,3-acyloxy migration of
cyclopropyl propargylic ester.
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carried out with the '8O-enriched cyclopropyl propargylic ester '30-1.58 and the
cyclopentene '30-1.59 was isolated in 76% yield as the only product (Scheme 1.22B).
This observation proved that this reaction proceeded via a 1,3-acyloxy migration and
the double 1,2-acyloxy migration pathway could be excluded. Based on the mechanistic
observation and the DFT studies results, a plausible mechanism was proposed as follow:
the optically pure cyclopropyl propargylic ester 1.58 was transformed into allene
intermediate A via 1,3-acyloxy migration, then the scrambling of the propargylic
position took place by a reversible rearrangement of the ester group. Both A and A’
could be transformed into vinyl-gold cation intermediate B, which could undergo the
ring opening process to generate the benzyl cation intermediate C. The equilibration
between this two cation intermediates resulted in the cis-to-trans isomerization and the
intermediate A” was generated in a similar manner that accounted for the scrambling of
the stereochemistry of optically pure cyclopropyl propargylic ester 1.58 at both the
propargylic and cyclopropyl positions. Subsequently, the intramolecular nucleophilic
attack from the C-Au bond to the benzyl cation generated the cyclopentene complex C
and followed by the release of cationic gold species to afford the cyclopentene 1.59

(Scheme 1.23).

1.3 Conclusion

Over the past two decades, there is continuous appreciation and interest for
developing novel methodologies in the field of gold-catalyzed rearrangements of

propargylic carboxylate. These functionalized carbenoid or allene intermedates, which
_23 -



were difficult to afford using other approaches, could further initiat other tranformations
such as cyclopropanation, nucleophilic reaction or act as electrophiles by the same gold
catalyst and lead to many new synthetic methods. More methodolgies based on these
transformations of propargylic carboxylates could be developed to extend the synthetic

chemist’s toolbox.
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Chapter 2: Intermolecular Gold(I)-Catalyzed Tandem 1,3-

Acloxy Migration/Ferrier Rearrangement
2.1 Introduction to gold-catalyzed Ferrier rearrangement.

In 2006, Hotha et al. reported the first example of the gold-catalyzed Ferrier
rearrangement.l!! In the presence of AuCls, the 4,6-di-O-benzyl-3-O-propargyl glucal
2.1 reacted with a variety of alcohols to generate the 2,3-unsaturated O-glycosides 2.2
during their studies on the alkynophilicity of AuCl; (Scheme 2.1A). One year later, the
same group reported another example of gold catalyzed Ferrier rearrangement with
propargyl group as the leaving group. In the presence of AuCls, the enyne 2.3 could

react with alcohols to furnish the 2-C-methylene glycosides 2.4 in moderate yield and

A
OBn
O0._.OR
BnO" =
2.2
60% -67% vyield
B

OBn

OBn

23 24
61% -75% yield

R= EMe NWK© U ;\QOMG
oxo

Scheme 2.1 Gold-catalyzed Ferrier rearrangement to generate O-glycoside.
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good a selectivity (Scheme 2.1B).1)

In 2009, Balamurugan et al. reported the gold catalyzed Ferrier rearrangement from
tri-O-acetyl-glucal 2.5.*! In this case, the propargyl group is not necessary in this Ferrier
reaction. In addition, on top of the O-glycosides, the S-, C-glycosides could be obtained
in good to excellent yield under the reaction condition. Interestingly, the PhsPAuCl was
found to be inactive in this reaction (Scheme 2.2). This method could also be applied to
other glycals, such as D-galactal and L-rhamnal.

In 2014, Vankar’s group published the report on Ferrier rearrangement of glycals and
2-acetoxymethyl-glycals catalyzed by a new catalyst system comprising AuCls and

phenylacetylene with different nucleophiles and they managed to achieve good to

OAc
+ ROH AuCly O. OR
CH20|2_ r.t.
AcO” NF
2.6
72-98% yield
OAc
+ RSH —»AUCI?’ o SR
CH2C|2_ r.t.
AcO" NF
2.7
R =Bn, 82%, o/p = 3:1
R = Ph, 97%, o/p = 4:1
0 0 AuCl, OAc 5 COOEt
+ —_—
M, Chonr
At O
AcO' =
2.8

80%, o/ = 4.4:1

Scheme 2.2 Gold-catalyzed Ferrier rearrangement.
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excellent yields and high anomeric selectivities (Scheme 2.3).1) They found that the
addition of phenylacetylene along with AuCl; significantly increased the catalytic

efficiency of the Ferrier rearrangement.

AuClz, PhCCH O ~Nu
CH20|2_ r.t. R1

2.9 2.11
yield 72%-96%
/B 2:1-19:1

OBn

AuClz, PhCCH O»OR

CHQClz_ r.t. - R1 ~
R
OBn
212

yield 60%-97%
o/p > 19:1

+ ROH

— ROH —

Scheme 2.3 Ferrier rearrangement catalyzed by new catalytic system.
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2.2 Results and discussion

Inspired by the previous reports, we propose that there will be two possible pathways
for the reaction between propargylic ester and glycal in the presence of gold catalysts.
Firstly, it can undergo a 1,2-acyloxy migration/cyclopropanation process to generate the
cyclopropane product from the carbenoid intermediate.’>'® Secondly, the glycal can
generate the allylic carbocation!!”! intermediate via Ferrier rearrangement, then it can
react with allene intermediate generated from propargylic ester via 1,3-acyloxy

migration to furnish the vinyl-C-glycoside product.
R4 R3 o]

OY Rs R4 R']

e ey R4o
/)/; @ " carbene RO
R3 . ‘,‘;‘\\0(\ R [Au] pathway
o 0 A

(
R’I )®\> 7\
/ R2 >3,
[Au] %, 0. R3
i ’e,«,b/) Y

allene

1
R1/§- (0] pathway
/Y
[Au] R2 OR*

3 R4O S
P O
Ferrier
R*0 e} rearrangement T
R*O

Scheme 2.4 Two pathways for reaction between glycal and propargylic ester.

To investigate the reaction pathway, we subjected propargylic ester 2.13¢ and tri-O-
acetyl-D-glucal 2.5 to the reported conditions' To our delight, the reaction proceeded
smoothly and the vinyl-C-glycoside product 2.14¢ was furnished in 24% yield with

exclusive a selectivity in anomeric position and Z selectivity in the olefin position
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Table 2.1 Screening of reaction condition.

o oA iPr
ACOU + catalyst ) ‘\\\E'r Ph
AcO" /\( “solvent ACO/\EJ
OAc Ph a0 ©
25 213 214
Entry* Catalyst Solvent T/t(h) Yielde
1 AuCls CHXL  rt)2 24%
2 AuCl CH2Cl r.t./4 35%
3 Fe(OTf) CH2CL r.t./24 trace
4 Sc(OTh)3 CH:Cl, r.t./4 21%
5 Cu(OTf), CHxCl, r.t./24 trace
6 AgOTf CHxCl, r.t./24 trace
7 AgClO4 CHxCl, r.t./24 trace
8 AgSbFs CH2CL, r.t./4 16%
9 PdCl, CH:Cl r.t./24 trace
10 Ru(PPh3);Cl> CH2CL, r.t./24 trace
11 Ph3;PAuCl CH2Cl r.t./24 trace
tBu)z(o- CH.Cl
12 biphen(y(fl)P))z:(u cl e r.t./24 trace
13 XPhos AuCl CH2Clz r.t./24 trace
14 Ph3;PAuCl/AgOTf CHxCl, r.t./4 58%
15 PhsPAuCl/AgOTf Toluene r.t./4 43%
16 PhsPAuCl/AgOTf THF r.t./4 trace
17 Ph;PAuCl/AgOTf CHCI3 r.t./4 37%
18 PhsPAuCl/AgOTf EA r.t./4 trace
19 PhsPAuCl/AgOTf CH3CN r.t./4 trace
20 Ph;PAuCl/AgOTf DMF r.t./4 trace

“ Reactions conditions: tri-O-acetyl-D-glucal 2.5 (0.15 M in CH:Cl,), propargylic ester 2.13
(0.15 M in CH,Cl,). * Catalyst (10 mol%.). ¢ Isolated yield.
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Table 2.2. Substrate Scope with different glycosyl acceptors using glucal substrate.

R1
AcO © OAc | 2
|, - PhsPAUCI, AGQOTE O SR
AcO X, CH,Cly, rit. L 4
OAc R AcO"
2.5 213 214
Entry® Propargylic ester’ Product Yield®
Et
OAc E{(
O W Ph
1 Et)\Ph ACO/\L) 55%
A O
2.13a AcO"
) 2.14a
OA nPr
¢ |
O W Ph
2 nPr\Ph ACO/\() Eff 56%
- 0]
AcO' Z
2.13b 2.14b
OA iPr
© |
. O ‘\\\ Ph
3 /Pr)\Ph ACO/\L) i{f 58%
- 0]
AcO' Z
2.13c¢ 2.14c¢
Ph
OAc Q/
O W Ph
4 PhA)\Ph ACO/\L) 53%
o O
2.13d AcO™
’ 2.14d
OAc Et O
Et7 R |
\ O ‘\\\
o (0]
o~ AcO' =
213 2.14e¢
.10€
Ph
OAc
0]
Ph NN ~
6 h O | 65%
Aco/\i)»\ o
~
0] o (0]
AcO' Z
2.13f
2.14f
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Table 2.2. Substrate Scope with different glycosyl acceptors using glucal
substrate.

Entry” Propargylic ester Product Yield®
OAc F
i iPr
iPr AN F i
7 AcO/\CJ“\\ Fo68%
N 0]
F AcO' =
2.14
2.13g &
QAC iPr Br
iPr NV |
\ O o
- (0]
Br AcO' =
2.14h
2.13h
OAc iPr
iPr NV (@) \E[p\
N F
9 ACO/\L) Fo 61%
- O
AcO” NF
2.14i
2.13i
iPr
OAc |
. O
lod IPF\ BZO/\EJ‘ 20%
Ph N 0]
BzO" N
2.13j 2.14j

@ Reactions conditions: tri-O-acetyl-D-glucal 2.5 (0.15 M in CH,ClL), propargylic ester 2.13
(0.15 M in CHxCl»). © 5 mol% PPh3AuCl, 10 mol% AgOTf. ¢Isolated yield. ¢ Carried on with
tri-O-benzoyl-D-glucal 2.15.

(Table 2.1, entry 1). Various of commercially available gold and Lewis acid catalysts
were screened and we found that the reaction catalyzed by PPh3 AuOTf generated in situ
from PPh3AuCl/AgOTTf afforded the best yield for this reaction (Table 2.1, entry 14).
Subsequently, the solvent was screened and dichloromethane was found to be most
suitable for this reaction (Table 2.1, entries 14 -20). Notably, the product generated from

carbenoid intermediate was not observed.
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We proceeded to apply this protocol to a variety of propargylic ester and found that
the desired vinyl-C-glycoside products 2.14 were obtained in 53-68% yields (Table 2.2,
entries 1-10). Interestingly, the propargylic ester with both electron-donating and
electron-withdrawing substituent groups on the R! gave higher yields than unsubstituted
phenyl group. Notably, all the products were obtained in a selectivity for the anomeric
position and Z selectivity for the olefin position. Furthermore, tri-O-benzoyl-D-glucal

2.15 was also investigated but found to be less reactive with lower yield (Table 2.2, entry

Table 2.3. Substrates scope of gold-catalyzed tandem 1,3-acyloxy migration/Ferrier
rearrangement with galactal substrates.

R1
AcO © | OAc o E‘/RZ
Phs;PAuUCI, AgOTf o
AcO + SN 3 9 AcO
X CH,Cly, r.t. S
OAc R? AcO” F
2.16 213 217
Entry* Propargylic ester’ Product Yield®
Et
OAc |
O o Ph
1 Et7 O Aco/j/\) 7%
Ph = (0]
2.13a AcO
2.17a
nPr
OAc |
O R\ Ph
2 nPr % Aco/j/\)‘ 72%,
Ph (0]
AcO =
2.13b 2.17b
iPr
OAc |
. O \\\\ Ph
3 Pro " Aco/j/\) 799,
Ph (0]
AcO =
2.13¢ 2.17¢

“ Reactions conditions: tri-O-acetyl-D-glactal 2.16 (0.15 M in CHCl,), propargylic ester 2.13
(0.15 M in CH,Cly).  PPh3AuCl, 10 mol% AgOTf. ¢Isolated yield.
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Table 2.3. Substrates scope of gold-catalyzed tandem 1,3-acyloxy migration/Ferrier
rearrangement with glucal substrates.

Entry* Propargylic ester’ Product Yield®
Ph
OAc Q
O R\ Ph
4 PhA)\Ph ACO/I) 82%
= O
2.13d AcO
2.17d
OAc Et O
Bt O |
A o
(0]
o~ AcO =
2.17e
2.13e
OAc F
i iPr
iPr % F |
6 < -
O
F AcO Z
2.17
2.13¢ &
QAC iPr Br
iPr NV |
\ O ‘\\\[[(Q/
(0]
Br AcO =
2.17h
2.13h
OAc iPr
Pr7 O ) @
N F
O
AcO =

2.14i
2.13i

“ Reactions conditions: tri-O-acetyl-D-glactal 2.5 (0.15 M in CH2Cl,), propargylic ester 2.13
(0.15 M in CH,CL). ® PPh3AuCl, 10 mol% AgOTT. ¢Isolated yield.

9). Then the 3.,4,6-tri-O-acetyl-D-galactal 2.16 was subjected to the optimized
conditions. To our surprise, the galactal substrate was more reactive than the glucal

substrate and the corresponding vinyl-C-glycoside products 2.17 obtained
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Figure 2.1 X-ray structure of 2.17g.

good yields (72-85%), which is not consistent with the result reported by Balamurugan.
The stereochemistry of vinyl-C-glycoside products 2.17 was further confirmed by X-
ray analysis of compound 2.17g (Figure 2.1). Unlike the O-glycoside which could afford

1921 the stereoselectivity of C-glycoside

the o selectivity resulted from anomeric effect,!
was controlled by the conformation of oxocarbenium intermediate. Due to the lower
energy transition state, the conformation I is favored than the conformation II. In
addition, this oxocarbenium intermediate could be nucleophilic attacked by the allene
intermediate from either bottom face (pathway a) or top face (pathway b). The bottom
face attack would afford the favored half chair transition state due to the lower energy
while the top face attack would afford the unfavored boat transition state. Due to the
repulsion between the allene motif (Nu) and glycal motif, the energy gap between the
transition state A and B is high enough, resulting out the oo anomer was the produced as

the exclusive product (Scheme 2.5).

The Z/E selectivity of olefin in the gold-catalyzed reaction of propargylic ester was
- 38 -
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Scheme 2.5 Stereoselectivity of C-glycoside

reported by Zhang and Shi’s previous work!?® 27, The allene intermediate was generated

from propargylic ester through a 1,3-acyloxy migration first, then the allene intermediate

took a nucleophilic attack to the oxocarbenium intermediate. Due to the repulsion

between R! and the glycal motif, the oxocarbenium intermediate would prefer to attack

at the m face of the enol ether motif of the allene which is anti to R! group. As a

consequence, the a, (Z)-selective vinyl C-glycoside was produced as the only product

of this tandem reaction (Scheme 2.6).

OAc
Ph3;PAuUCI, AgOTf
Aﬁgo / 0 Ferrier
rearrangement

PhsPAuUCI, AgOTf
1,3 migration

OAc

AcO g
.
6

R1 N‘%.

Me

()

240

R1
nucleophilic o E[( R?
attack ACOIJ 5
Pz
AcO

o,(Z)-selective
vinyl C-glycoside

Scheme 2.6 Proposed mechanism for intermolecular 1,3 migration/Ferrier

rearrangment.



2.3 Conclusion

In conclusion, a mild gold(I)-catalyzed intermolecular C-glycosylation starting from
glycal and propargylic ester was developed. The versatility and flexibility of this
methodology was displayed through an extensive array of substrate scope. Remarkably,
moderate to good vyields and exclusive diastereoselectivity were obtained,
demonstrating the tolerance of this reaction.

The mechanism was proposed to be as such: the propargylic ester was transformed
into carboxyallene intermediate via 1,3-acyloxy migration, and underwent a subsequent
nucleophilic attack to the allylic carbocation which was generated from the glycal
through Ferrier rearrangement. The follow-up work on the detail mechanistic study and

application to natural product synthesis are currently ongoing.
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2.4 Experimental section

General considerations

All the reactions were performed under nitrogen atmosphere. All reagents and
solvents were purchased commercially (Alfa Asear, Strem, Merck and Sigma-Aldrich)
and used as received. Evaporation of organic solvent was achieved by rotary evaporation
with a water bath temperature below 40 °C. Thin layer chromatography (TLC) with
Merck TLC silica gel 60 F254 plate was used to check reaction progress. UV light at
254 nm and basic solution of potassium permanganate were used to visualize
compounds on TLC plates. Flash column chromatography with silica gel 60 (0.010-
0.063 mm) was used for product purification. 'H and '3C NMR spectra were obtained
using 300 MHz Bruker ACF 300, 400 MHz, Bruker AVIII 400 and 400 MHz Bruker
DPX 400 spectrometer. Tetramethylsilane (TMS) was used as the internal standard for
the measurement of chemical shifts (d) in ppm. The following abbreviations classify the
multiplicity: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet or unsolved), br
s (broad singlet), dd (doublet of doublets), dt (doublet of triplet). The coupling constants
were reported as J values in units of Hz. HRMS (ESI) spectra were obtained using a
Waters Q-Tof premier™ mass spectrometer. X-ray crystallographic data was collected
by using a Bruker X8 Apex diffractometer with Mo K/a radiation. Characterization data
for known compounds were checked in comparison with literature for consistency and

not presented in this report.
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General procedure A for preparation of vinyl-C-glycoside:

R1
AcO © OAc | 2
o J R1J\ PhsPAUCI, AGOTf O_~~_R
C
AN R2 CH2C|2, r.t. _ o)

OAc AcO

To solution of Ph3PAuCl (2.5 mg, 5 mol %) and AgOTf (2.6 mg, 10 mol %) in distilled
CHCl, (1 mL), the solution of propargylic acetate 2.13 (0.1 mmol, 1 equiv) and glycal
(0.1 mmol, 1 equiv) in distilled CH>Cl, (1 mL) was added. The reaction was stirred at
room temperature until the starting material was completely consumed. The mixture was
filtered through a plug of silica and concentrated in vacuo. Purification of the residue by

flash chromatography on silica gel (n-Hexane/EtOAc) afforded the product.

Characterization Data for the Isolated Products

oo S
Se

O )
N

N
(2Z)-1-Pheny-2-{[(2S,5S,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-dihydropyran]-2-
yl}-pent-2-en-1-one (2.14a)

[a]p?> =+ 87 (c 1.0, CHCI3); '"H NMR (CDCls, 400 MHz): § 7.76 (dd, J = 7.8, 1.4 Hz,
2H), 7.54 (t,J=7.4 Hz, 1H), 7.44 (d, J=7.8 Hz, 2H), 6.31 (t, /= 7.6 Hz, 1H), 6.07 (dq,
J=104, 1.2 Hz, 1H), 5.92 (ddd, J=10.4, 2.6, 1.1 Hz, 1H), 4.22 (q, /= 1.4 Hz, 1H),
5.10 (s, 1H), 4.25-4.32 (m, 1H), 4.13-4.21 (m, 2H), 2.49-2.57 (m, 2H), 2.07 (s, 3H), 2.03

(s, 3H), 1.06 (t, J = 7.6 Hz, 1H); 3C NMR (CDCls, 100 MHz): & 197.3, 170.7, 170.4,
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150.0, 137.9, 137.5, 132.4, 132.2, 129.7, 128.2, 122.1, 71.7, 68.0, 64.5, 62.3, 21.8, 21.0,
20.7, 13.4; (ESI) m/z = 395.06 [M+Na]*; HRMS caled for Ca1HasOs [M+H]": 373.1651,

found: 373.1658.

(2Z)-1-Pheny-2-{[(2S,5S,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-dihydropyran]-2-
yl}-hex-2-en-1-one (2.14b)

[a]p?> =+ 74 (c 1.0, CHCI3); '"H NMR (CDCls, 400 MHz): § 7.77 (dd, J = 7.4, 1.4 Hz,
2H), 7.54 (t,J=7.4 Hz, 1H), 7.43 (t, J=7.6 Hz, 2H), 6.33 (t, /= 7.6 Hz, 1H), 6.07 (dq,
J=10.4, 1.1 Hz, 1H), 5.92 (ddd, J =104, 3.6, 2.5 Hz, 1H), 542 (q, J = 2.3 Hz, 1H),
5.10-5.12 (m, 1H), 4.25-4.33 (m, 1H), 4.14-4.22 (m, 2H), 2.50 (q, /= 7.4 Hz, 1H), 2.08
(s, 3H), 2.04 (s, 3H), 1.42-1.51 (m, 2H), 0.95 (t, /= 7.4 Hz, 3H); '*C NMR (CDCl3, 100
MHz): 6 197.2, 170.6, 170.4, 148.7, 137.9, 137.8, 132.5, 132.2, 129.7, 128.1, 121.9,
71.7,67.8,64.4,62.2,30.3,22.2,20.9, 20.7, 13.9; (ESI) m/z = 409.06 [M+Na]"; HRMS

calcd for C22H2706 [M+H]": 387.1808, found: 387.1803.
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(2Z)-1-Pheny-2-{[(2S,5S,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-dihydropyran]-2-
yl}-4-methyl-pent-2-en-1-one (2.14¢)

[a]p?® = + 94 (¢ 1.0, CHCI3); '"H NMR (CDCls, 400 MHz): § 7.91-7.94 (m, 2H), 7.56-
7.62 (m, 1H), 7.46-7.51 (m, 2H), 5.99 (dq, J=10.4, 1.6 Hz, 1H), 5.92 (dt, /=104, 1.9
Hz, 1H), 5.72 (dd, /= 10.6, 1.2 Hz, 1H), 5.24 (dq, J = 8.5, 2.0 Hz, 1H), 5.10-5.18 (m,
1H),4.17 (dd, J=12.0, 6.1 Hz, 1H), 4.02 (dd, J= 12.0, 2.6 Hz, 1H), 3.91-3.96 (m, 1H),
2.21-2.28 (m, 1H), 2.09 (s, 3H), 1.94 (s, 3H), 0.95 (d, /= 6.5 Hz, 3H), 0.90 (d, J = 6.6
Hz, 3H); *C NMR (CDCl3, 100 MHz): § 198.0, 170.7, 170.2, 142.7, 137.3, 135.5, 133.4,
129.6, 129.2, 128.6, 126.5, 73.3, 68.4, 65.2, 63.1, 29.0, 22.6, 22.3, 21.0, 20.6; (ESI) m/z

= 409.04 [M+Na]"; HRMS calcd for C2H2706 [M+H]": 387.1808, found: 387.1806.

o0~ O
O o NN

=

o"

N

(2Z)-1,5-Diphenyl-2-{[(2S,5S,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-
dihydropyran]-2-yl}-pent-2-en-1-one (2.14d)

[a]p?® = + 54 (¢ 1.0, CHCI3); '"H NMR (CDCls, 400 MHz): § 7.77-7.80 (m, 2H), 7.54-
7.59 (m, 1H), 7.40-7.45 (m, 2H), 7.15-7.25 (m, 3H), 7.00-7.03 (m, 2H), 5.90-6.00 (m,
3H), 5.24 (dq, /= 8.6, 2.0 Hz, 1H), 5.16 (brs, 1H), 4.15 (dd, J=12.0, 5.9 Hz, 1H), 3.97
(dd, J =12.0, 2.6 Hz, 1H), 3.88-3.94 (m, 1H), 2.66 (t, J = 7.3 Hz, 2H), 2.20-2.32 (m,
2H), 2.10 (s, 3H), 1.92 (s, 3H); 3C NMR (CDCls, 100 MHz): § 197.9, 170.7, 170.2,

140.5, 138.5, 137.0, 135.5, 133.4, 129.5, 129.1, 128.6, 128.4, 128.3, 126.6, 126.0, 73.3,
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68.2, 65.1, 63.0, 35.2, 31.4, 21.0, 20.6; (ESI) m/z = 471.12 [M+Na]"; HRMS calcd for

Ca7H2906 [M+H]": 449.1964, found: 449.1957.

(2Z)-1-(3,5-Difluoropheny)-2-{[(2S,5S,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-
dihydropyran]|-2-yl}-4-methyl-pent-2-en-1-one (2.14g)

[a]p?> =+ 87 (¢ 1.0, CHCI3); '"H NMR (CDCl3, 400 MHz): § 7.41-7.46 (m, 2H), 7.02-
7.08 (m, 1H), 5.93-6.01 (m, 2H), 5.77 (dd, J = 10.7, 1.0 Hz, 1H), 5.20 (d, J = 8.2 Hz,
1H), 5.12 (s, 1H), 4.16 (dd, J=12.0, 6.4 Hz, 1H), 4.06 (dd, J=12.0, 2.6 Hz, 1H), 3.88-
3.93 (m, 1H), 2.15-2.26 (m, 1H), 2.10 (s, 3H), 1.99 (s, 3H), 0.97 (d, J = 6.5 Hz, 3H),
0.92 (d, J= 6.5 Hz, 3H); '*C NMR (CDCl3, 100 MHz): § 195.5, 170.7, 170.2, 164.2 (d,
J=11.4Hz), 161.7 (d, J=11.7 Hz), 144.1, 140.4 (t, /= 7.4 Hz), 134.8, 134.1 (d, J =
13.6 Hz), 131.9, 129.3, 129.1, 126.7, 111.8 (d, J = 25.9 Hz), 111.9 (d, J = 11.4 Hz),
108.7 (t, J = 25.4 Hz), 72.9, 68.6, 65.0, 63.1, 29.2, 22.5, 22.2, 20.9, 20.5; (ESI) m/z =
439.81 [M+H,O+H]"; HRMS calcd for CxnH2sO¢F2 [M+H]": 423.1619, found:

423.1614.
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(2Z)-1-(4-Bromopheny)-2-{[(2S,5S,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-
dihydropyran]-2-yl}-4-methyl-pent-2-en-1-one (2.14h)

[a]p?®> =+ 64 (c 1.0, CHCl3); 'H NMR (CDCl3, 400 MHz): § 7.79 (dt, J = 8.5, 1.8 Hz,
2H), 7.63 (dt, J = 8.6, 1.9 Hz, 2H), 5.90-6.00 (m, 2H), 5.73 (dd, J = 10.6, 1.2 Hz, 1H),
5.22 (dq,J=8.3, 2.0 Hz, 1H), 5.12 (s, 1H), 4.16 (dd, J=12.0, 6.1 Hz, 1H), 4.02 (dd, J
=12.0, 2.7 Hz, 1H), 3.87-3.92 (m, 1H), 2.16-2.26 (m, 1H), 2.09 (s, 3H), 1.95 (s, 3H),
0.96 (d, J= 6.5 Hz, 3H), 0.90 (d, J= 6.6 Hz, 3H); *C NMR (CDCls, 100 MHz): 5 197.0,
170.7, 170.2, 142.9, 136.0, 135.2, 132.0, 130.7, 129.6, 129.5, 128.8, 126.6, 73.2, 68.5,
65.2, 63.2,29.0,22.6, 22.3, 21.0, 20.6; (ESI) m/z = 489.10 [M+Na]"; HRMS calcd for

C2H2606Br [M+H]": 465.0913, found: 465.0910.

(2Z)-1-(3-Fluoropheny)-2-{[(2S,5S,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-
dihydropyran]|-2-yl}-4-methyl-pent-2-en-1-one (2.14i)
[a]p®®> =+ 72 (c 1.0, CHCI3); '"H NMR (CDCls, 400 MHz): § 7.79 (dd, J = 7.6, 0.8 Hz,

1H), 0.61 (dd, J=9.2, 1.5 Hz, 1H), 7.44-7.51 (m, 1H), 7.27-7.33 (m, 1H), 5.92-6.02 (m,
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2H), 5.75 (d, J = 10.6 Hz, 1H), 5.21-5.25 (m, 1H), 5.15 (s, 1H), 4.16 (dd, J = 12.0, 6.2
Hz, 1H), 4.04 (dd, J=12.0, 2.5 Hz, 1H), 3.90-3.95 (m, 1H), 2.19-2.26 (m, 1H), 2.09 (s,
3H), 1.97 (s, 3H), 0.96 (d, J = 6.5 Hz, 3H), 0.91 (d, J = 6.5 Hz, 3H); '3C NMR (CDCls,
100 MHz): 6 196.8,170.7, 170.2, 164.0, 161.5, 143.4, 139.5, 139.4, 135.2, 130.3, 130.2,
129.4,126.6, 125.0, 124.9, 120.5, 120.3, 115.8, 115.6, 73.1, 68.4, 65.1, 63.1, 29.0, 22.5,
22.2,20.9, 20.5; (ESI) m/z = 427.13 [M+Na]"; HRMS calcd for C22H2606F [M+H]":

405.1713, found: 405.1706.

(2Z)-1-Pheny-2-{[(2S,5R,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-dihydropyran]-2-
yl}-pent-2-en-1-one (2.17a)

[a]p?® = - 14 (¢ 1.0, CHCl5); '"H NMR (CDCls, 400 MHz): § 7.91-7.93 (m, 2H), 7.56-
7.61 (m, 1H), 7.46-7.51 (m, 2H), 6.16-6.18 (m, 2H), 5.86 (td, /= 7.8, 1.2 Hz, 1H), 5.31
(s, 1H), 5.08-5.10 (m, 1H), 4.19-4.24 (m, 1H), 4.09-4.12 (m, 2H), 2.07 (s, 3H), 1.97-
1.92 (m, 2H), 1.90 (s, 3H), 0.93 (t, J = 7.4 Hz, 3H); *C NMR (CDCl3, 100 MHz): &
198.0, 170.7, 170.5, 138.1, 137.4, 136.6, 133.4, 132.4, 129.2, 128.7, 123.9, 73.3, 68.0,
63.6, 62.8, 23.3, 20.8, 20.6, 13.6; (ESI) m/z = 395.05 [M+Na]"; HRMS calcd for

C21H2506 [M+H]": 373.1651, found: 373.1656.
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(2Z)-1-Pheny-2-{[(2S,5R,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-dihydropyran]-2-

yl}-hex-2-en-1-one (2.17b)

[a]p® = - 16 (c 1.0, CHCI3); 'H NMR (CDCl3, 400 MHz): § 7.91 (dd, J = 7.6, 1.3 Hz,
2H), 7.58 (t, J = 7.3Hz, 1H), 7.48 (dd, J = 7.7, 1.3 Hz, 2H), 6.13-6.20 (m, 2H), 5.85-
5.90 (m, 1H), 5.30 (s, 1H), 5.08 (t, J = 2.4 Hz, 1H), 4.18-4.23 (m, 1H), 4.08-4.13 (m,
2H), 2.07 (s, 3H), 1.91 (s, 3H), 1.82-1.90 (m, 2H), 1.32-1.40 (m, 2H), 0.79 (t, /= 7.4
Hz, 1H); *C NMR (CDCl3, 100 MHz): § 198.1, 170.7, 170.5, 137.4, 137.3, 136.6, 133.4,
132.4,129.2,128.7,123.9, 73.3, 68.0, 63.6, 62.8, 31.7,22.3, 20.8, 20.6, 13.6; (ESI) m/z

= 409.19 [M+Na]"; HRMS calcd for C2H2706 [M+H]": 387.1808, found: 387.1805.

(2Z)-1-Pheny-2-{[(2S,5R,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-dihydropyran]-2-
yl}-4-methyl-pent-2-en-1-one (2.17¢)

[a]p>>=-17 (¢ 1.0, CHCl3); "H NMR (CDCl3, 400 MHz): 7.91 (dd, J= 8.0, 1.4 Hz, 2H),
7.56-7.61 (m, 1H), 7.48 (t, J = 7.6 Hz, 2H), 6.16-6.17 (m, 1H), 5.66 (dd, J = 10.6, 1.4
Hz, 1H), 5.26 (brs, 1H), 5.08-5.11 (m, 1H), 4.17-4.22 (m, 1H), 4.06-4.16 (m, 2H), 2.21-
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2.28 (m, 1H), 2.07 (s, 3H), 1.94 (s, 3H), 0.93 (d, J = 6.6 Hz, 3H), 0.89 (d, J = 6.6 Hz,
3H); *C NMR (CDCl3, 100 MHz): § 198.0, 170.7, 170.5, 142.9, 137.3, 134.9, 134.3,
134.1, 133.4, 132.4, 129.2, 128.6, 123.9, 73.3, 67.9, 63.6, 62.8, 29.0, 22.7, 22.3, 20.8,
20.6; (ESI) m/z = 409.06 [M+Na]"; HRMS calcd for C22H2706 [M+H]": 387.1808,

found: 387.1804.

OJ\O O © O
O iy

be

N
(2Z)-1,5-Diphenyl-2-{[(2S,5R,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-
dihydropyran]-2-yl}-pent-2-en-1-one (2.17d)
[a]p?® = - 20 (c 1.0, CHCl5); '"H NMR (CDCls, 400 MHz): & 7.78-7.81 (m, 2H), 7.54-
7.59 (m, 1H), 7.42-7.47 (m, 2H), 7.16-7.25 (m, 3H), 6.98-7.01 (m, 2H), 6.10-6.18 (m,
2H), 5.88 (td, J=17.6, 1.2 Hz, 1H), 5.26 (s, 1H), 5.02-5.09 (m, 1H), 4.04-4.16 (m, 3H),
2.64 (t,J= 6.7 Hz, 2H), 2.21-2.29 (m, 2H), 2.06 (s, 3H), 1.93 (s, 3H); '*C NMR (CDCl3,
100 MHz): 6 197.9, 170.6, 170.5, 140.5, 137.2, 135.5, 133.4, 132.2, 129.1, 128.7, 128.4,
128.3, 126.1, 124.0, 73.3, 68.0, 63.5, 62.7, 35.2, 31.5, 20.8, 20.6; (ESI) m/z = 471.06

[M+Na]"; HRMS calcd for C27H2006 [M+H]": 449.1964, found: 449.1961.
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(2Z)-1-(3,5-Difluoropheny)-2-{[(2S,5R,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-
dihydropyran]-2-yl}-4-methyl-pent-2-en-1-one (2.17g)

[a]p® = - 16 (¢ 1.0, CHCl3); '"H NMR (CDCl3, 400 MHz): § 7.40-7.44 (m, 2H), 7.02-
7.08 (m, 1H), 6.11-6.19 (m, 2H), 5.70 (dd, J = 14.2, 1.3 Hz, 1H), 5.22 (d, J = 1.7 Hz,
1H), 5.09 (dd, J=6.2, 2.4 Hz, 1H), 4.07-4.19 (m, 3H), 2.13-2.30 (m, 1H), 2.07 (s, 3H),
1.98 (s, 3H), 0.96 (d, J = 8.6 Hz, 3H), 0.91 (d, J = 8.7 Hz, 3H); *C NMR (CDCl3, 100
MHz): 6 195.4,170.6, 170.4, 164.6 (d,J=15.3 Hz), 161.3 (d,J=15.3 Hz), 144.4, 140.4
(t, J=10.1 Hz), 134.3, 131.8, 129.2, 124.3, 111.9 (d, J = 11.9 Hz), 111.8 (d, J = 34.2
Hz), 108.6 (t,J=10.1 Hz), 73.0, 68.1, 63.5, 63.0, 29.2, 22.6, 22.2, 20.8, 20.5; (ESI) m/z
= 439.82 [M+H2O+H]"; HRMS calcd for C2HasO¢F2 [M+H]": 423.1619, found:

423.1622.

(27)-1-(4-Bromopheny)-2-{[(2S,5R,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-
dihydropyran]-2-yl}-4-methyl-pent-2-en-1-one (2.17h)

[o]p? = - 68 (c 1.0, CHCLs); 'H NMR (CDCls, 400 MHz): & 7.79 (dt, J = 8.6, 1.9 Hz,
50 -



1H), 7.64 (dt, J = 8.5, 1.9 Hz, 1H), 6.11-6.20 (m, 2H), 5.66 (dd, J = 10.6, 1.3 Hz, 1H),
5.22 (t,J=1.2 Hz, 1H), 5.07-5.10 (m, 1H), 2.17-2.27 (m, 1H), 2.07 (s, 3H), 1.95 (s, 3H),
0.94 (d, J= 6.4 Hz, 3H), 0.89 (d, J = 6.6 Hz, 3H); '3C NMR (CDCls, 100 MHz): 5 197.0,
170.6, 170.4, 143.1, 136.1, 134.6, 132.1, 132.0, 130.6, 128.8, 124.1, 73.2, 67.9, 63.4,
62.8, 29.0, 22.6, 22.3, 20.8, 20.6; (ESI) m/z = 486.98 [M+Na]*; HRMS calcd for

C22H2606Br [M+H]": 465.0913, found: 465.0916.

(2Z)-1-(3-Fluoropheny)-2-{[(2S,5R,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-
dihydropyran|-2-yl}-4-methyl-pent-2-en-1-one (2.17i)

[a]p?® = - 22 (¢ 1.0, CHCl3); '"H NMR (CDCls, 400 MHz): § 7.69 (dd, J= 7.7, 0.9 Hz,
1H), 7.60 (dq, J = 9.2, 1.2 Hz, 1H), 7.48 (dt, J = 8.0, 5.4 Hz, 1H), 7.27-7.33 (m, 1H),
6.13-6.18 (m, 2H), 5.68 (dd, J=10.6, 1.2 Hz, 1H), 5.25 (s, 1H), 5.09 (dd, J=4.2,2.3
Hz, 1H), 4.06-4.20 (m, 3H), 2.18-2.29 (m, 1H), 2.07 (s, 3H), 1.96 (s, 3H), 0.95 (d, J =
6.5 Hz, 3H), 0.90 (d, J = 6.5 Hz, 3H); *C NMR (CDCls, 100 MHz): § 196.7, 170.6,
170.4,164.0, 161.5, 143.6, 139.5, 139.4, 134.6, 132.1, 130.4, 130.3, 125.0, 124.9, 124.0,
120.5, 120.3, 115.7, 115.4, 73.1, 67.9, 63.5, 62.9, 29.0, 22.6, 22.2, 20.7, 20.5; (ESI) m/z

= 427.07 [M+Na]"; HRMS calcd for C2oH26O6F [M+H]": 405.1713, found: 405.1706.
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(2Z)-1-(3-Fluoropheny)-2-{[(2S,5R,6R)-5-(acetoxy)-6-(acetoxymethyl)-5,6-
dihydropyran]|-2-yl}-5-phenylpent-2-en-1-one (2.17k)

[a]p® = - 31 (¢ 1.0, CHCl3); 'H NMR (CDCl3, 400 MHz): & 7.79 (dt, J = 7.8, 1.2 Hz,
1H), 7.48 (dq, J = 9.1, 1.5 Hz, 1H), 7.42 (dt, J = 8.0, 5.4 Hz, 1H), 7.15-7.30 (m, 4H),
6.99-7.03 (m, 2H), 6.09-6.19 (m, 2H), 5.89 (td, /=7.8, 1.2 Hz, 1H), 5.23 (d, /= 1.1 Hz,
1H), 5.06 (dd, J=4.8,1.7 Hz, 1H), 4.05-4.14 (m, 3H), 2.63-2.69 (m, 2H), 2.22-2.31 (m,
2H), 2.06 (s, 3H), 1.95 (s, 3H); '*C NMR (CDCls, 100 MHz): § 196.6, 170.6, 170.4,
164.0,161.5, 140.3,139.3,139.2, 137.7, 136.4, 131.9, 130.5, 130.4, 128.4, 128.3, 126.2,
124.9, 124.8, 124.2, 120.5, 120.3, 115.6, 115.4, 73.1, 67.9, 63.4, 62.8, 35.1, 31.4, 20.8,
20.5; (ESI) m/z = 489.24 [M+Na]"; HRMS calcd for C27H2306F [M+H]": 467.1870,

found: 467.1878.
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Table 2.4: Crystal data and structure refinement for 2.17g.

Empirical formula C22H24F206

Formula weight 422 .41

Temperature/K 153.(2)

Crystal system orthorhombic

Space group  P21212

a/? 8.80770(10)

b/? 28.9664(4)

c/? 8.19310(10)

o/° 90

B/° 90
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v/° 90

Volume/3  2090.28(5)

Z 4

pcaleg/em® 1.342

pwmml 0.921

F(000) 888.0
Crystal size/mm?®  0.200 x 0.140 x 0.100
Radiation CuKa (A= 1.54178)

20 range for data collection/°  10.5 to 133.24

Index ranges -10 < h < 10,-33 = k < 34,-7<1=<9

Reflections collected3655

Independent reflections 3655 [Rint = 0.0300, Rsigma = 0.0293]
Data/restraints/parameters 3655/0/275

Goodness-of-fiton F2  1.077

Final R indexes [[>=2c (I)] R1=0.0329, wR2 =0.0853

Final R indexes [all data]R1 = 0.0340, wR2 = 0.0862

Largest diff. peak/hole / e -3 0.17/-0.20

Flack parameter  0.06(8)
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Chapter 3: Intramolecular Tandem 1,3-Migration/Ferrier
Rearrangement to Enantiomerically Pure 8-

Oxabicyclo[3.2.1]octanes
3.1 Introduction to 8-oxabicyclo[3.2.1]octanes.

8-Oxabicyclo[3.2.1]octane is a common structural motif feature in a wide variety of
intriguing natural products, many of them have been reported to possess interesting
biological activities.['"*! At the same time, the 8-oxabicyclo[3.2.1]octane structures are

also very useful architectural precursors in the total synthesis of the complicated natural

[7-18]

products.

Furanether B

HO.,,
MeO

OH
MeO @ HO

OMe OMe

Intricarene Urechitol A Descurainin

Figure 3.1 Selected examples of natural products containing the
8-oxabicyclo[3.2.1]octane.
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3.2 Previous asymmetrical synthetic studies of 8-oxabicyclo-

[3.2.1]octanes

Over the course of the last several decades, a number of strategies have evolved for
the asymmetric synthesis of 8-oxabicyclo[3.2.1]octanes. They differ depending on the
synthetic strategies and can be roughly divided the following 4 types: asymmetric (4+3)

cycloaddition,'3!1  asymmetric  (5+2) cycloaddition,?-8]

asymmetric  (3+2)
cycloaddition®**] and diastereoselective cascade cyclizations.[***”] The following is

selected examples for the recently developed cyclization methods.

Asymmetric (4+3) cycloaddition
In 1996, Lautens et al. reported the diastereoselevtive (4+3) cycloadditions between
chiral furyl alcohols 3.1 and 2,4-dibromopentan-3-one 3.2 and the desired cylcoadducts

[48

3.3 were afforded with good yields and diastereoselectivity.l*8] The stereoselectivity

resulted from chelation of the oxyallyl cation 3.4 to the zinc as shown in Scheme 3.1.

o H
HO//,
OH
ZnEt
0 CoY R @
\ / “tBu Br Br THF, 0°C Me Me
(0]
3.1 3.2 3.3 70-80% vyield
96:4 ratio
Zn
—
| ™ |
5 R /A
u b2
3.4

Scheme 3.1 Asymmetric (4+3) cycloaddition from chiral furan.
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In 1997, Harmata et al. reported the reaction of Lewis acid mediated
diastereoselective (4+3) cycloaddition between the chiral allylic acetal 3.5 and furan to
afford cycloaddition products 3.6 with up to 73% vyield and the a 9:1 ratio.[*”) The
selectivity was reasoned to result from the orientation of the TMS group in the way to
minimize the interaction with the Lewis acid-acetal complex, while the dienes attacked
from the opposite face from the TMS group (Scheme 3.2).

In 1998, Hoffmann et al. reported another asymmetric (4+3) cycloaddition between

chiral acetals 3.7 and furan.”¥ The cycloaddition products 3.8 were delivered with 7.5:1

CH,TMS
Me, O\A
" o TiCly HO o,
5 + Q) Y
CH,Cl,, -78 °C Me Me
Me
3.5 3.6 45% vyield

9:1 ratio

Scheme 3.2 Asymmetric (4+3) cycloaddition from chiral allylic acetal.

OTESO N 0 TMSOT e Me Ph e
+ +
%\/ e @ CH,Cly, -91°C "’o/k Me)\o\“

H Ph
OMe o) 0

3.7 3.8a 3.8b

67% yield, a:b = 7.5:1

B OQ‘ H 7 - H =—° .
\ll “l H H I'I I/I
P\ /
® O‘/_ A\ /O ®
O—_Sl¥ ,SI"'-O
Ph—7", §H \—Ph
H ol
L H H ] L H _
favored 3.9a unfavored 3.9b

Scheme 3.3 Asymmetric (4+3) cycloaddition from chiral allylic acetal.
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ratio and 67% yield. The observed results could be explained by the intramolecular

interaction between the silicon group and the chiral auxiliary as 3.9a and 3.9b (Scheme

3.3).

In 2003, Harmata et al. reported the first catalytic asymmetric (4+3) cycloaddition
(Scheme 3.4). Reacting pentadienals 3.10 with various 2,5-disubstituted furans in the
presence of catalytic chiral amine catalyst and TFA afforded the desired cycloadducts

(221 The mechanism was proposed

3.11 in good yields and up to 89% enantiomeric excess.
to proceed via an iminium intermediate 3.12 whose benzyl group blocked the top face

of this intermediate which leading the endo addition of furan from bottom face.

o)
CHO
ji“i ., R O_R tBu \
e als - R R
CHO TFA, CH,Cl,, -65 °C
3.10 3.11: 33-64% yield
81-89% ee

| [t ]
/I\NN@(N‘MG

tBu

3.12

Scheme 3.4 Asymmetric (4+3) cycloaddition by chiral amine catalyst.

In 2005, Hsung et al. reported another catalytic asymmetric (4+3) cycloaddition
utilizing chiral Lewis acid catalysts!*’). Reaction of allenamide 3.13 with
dimethyldioxirane (DMDO) and substituted furans in the presence of catalytic chiral
bisoxazoline ligand and CuOTTf afforded the cycloadducts 3.14 in both good yields and

enantiomeric excess (Scheme 3.5). The mechanism was proposed that the reaction
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o

(0] H Pﬁ o
(0]
)]\ CuOTf,, DMDO
o N/g'k + g\ ;ZR > 3.14a:syn
\J MS 4A, CH,Cl,, -78 °C R
3.13 7
"/NJ<O
B y — o
\S/ ;O
Ouh . — 3.14b:anti
. o favored 58-91% yield
=N o= ) 71-99% ee
0= 1
Ph PhZZH ——0
H
L unfavored —
3.15

Scheme 3.5 Asymmetric (4+3) cycloaddition from allenamides.

OTES TESOTT, furan a + e
M CH,Cl,, -91 °C ", ~OH HO
o) o)

75% yield
3.16 3.17a 3.17b

92% ee 97% ee

Scheme 3.6 Asymmetric (4+3) cycloaddition from chiral epoxy enolsilanes.

EtO,C co,Et 0 CO,Et
TBSO TBSO @. CO,Et 0 CO,Et
— 110 °C Raney Ni
0 0 —_— H YT TBSO . CO,Et
— toluene THF, 60 °C
TR \‘\‘S\O H
N
p-Tol o p-Tol
3.18 3.19 3.20
B 7 99% yield 85% vyield

97:3 ratio

Scheme 3.7 Asymmetric (5+2) cycloaddition directed by sulfinyl directed.
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proceeds through the nitrogen stabilized oxyallyl intermediate 3.15 which was chelated
with the copper catalyst. Due to steric interactions of the phenyl group on the ligand, the
top endo cycloaddition was favored.

In 2012, Chiu et al. reported the asymmetric (4+3) cycloadditions of enantiomerical
epoxy enosilanes.*”) This cycloaddition of optically pure epoxy enolsilanes 3.16 with
furans afforded cycloadducts 3.17 with good yield and up to 99% ee in the presence of
TESOTT (Scheme 3.6). The reaction presumably proceeds through the enantiomerical

oxyallyl cation which was generated from optically pure epoxy group.

Asymmetric (5+2) cycloaddition

In 2000, Mascarefias et al. reported the sulfinyl directed diastereoselective (5+2)
intramolecular cycloadditions to obtain cycloaddition products 3.19 with excellent
diastereoselectivity and yield.?3! The stereoselectivity was explained by the interaction
of the oxidopyrylium and bulky aromatic group on the sulfinyl group. This product 3.19

could be desulfinylated to afford the 8-oxabicyclic[3.2.1]octane 3.20 (Scheme 3.7).

0 o)
_— ., + oy
CH5CN ._ '‘OBn __ OBn

reflux, 65% H

OAc
3.22 3.23a ) 3.23b

ng

Scheme 3.8 Asymmetric (5+2) cycloaddition from chiral starting material.
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In 2004, Trivedi et al. reported the asymmetric oxidopyrylium-alkene (5+2)
cycloaddition from chiral starting materials.* The acetoxypyranones 3.22 were treated
with Ets3N and CH3CN under reflux condition affording the cycloaddition product 3.23
with 65% yield and 93:7 ratio. The diastereoselectivity was transferred from the
stereogenic center of the tether near the pyrylium moiety (Scheme 3.8).

In 2011, Jacobsen et al. reported the intramolecular asymmetric (5+2) cycloaddition!

A
o 3.29
3.30
p-MeSBzO™ 4 AcOH
R! 3 toluene, 40 °C
N R
R2
3.24 3.25 58-77% yield
86-95% ee
PhS
s
Ar\ J]\ ,Ar Ph H ”
N N NH
. -
i i 4 @ |
0.0 R* O
R! A 3
Ar N R
L R2 ]
B 3.29
(0] 3.30
)OJ\ /(\//E + Z0oR? AR
Ar” "0 RGO R® OR toluene, r.t.
3.26 3.27 3.28 22-5% yield
67-96% ee
CF CF
Ph 3 3
L j\
N~ N
F,C N N CF
pho " \h, 3 H H °
3.29 3.30

Scheme 3.9 Asymmetric (5+2) cycloaddition with oxidopyrylium ylides.
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between oxidopyrylium ylides 3.24 and olefin to provide the 8-oxabicyclo[3.2.1]octane
3.25 in the presence of chiral primary amine 3.29 and the achiral thiourea 3.30 (Scheme
3.9A). In 2014, they reported the intermolecular asymmetric (5+2) cycloaddition*?!
between the pyrylium ylides 3.26 and vinyl ether 3.27 with the same two organocatalysts
to afford the desired cycloadducts 3.28 with good yields and ees (Scheme 3.9B).

In 2015, Vicario et al. reported another intermolecular asymmetric (5+2)
cycloaddition between oxidopyrylium ylides 3.31 and enals 3.32 in the presence of the
bifunctional secondary amine catalyst 3.33.%¥] This reaction proceeded by dienamine
activation and afforded the 8-oxabicyclo[3.2.1]octane framework 3.34 with excellent

stereoselectivity (Scheme 3.10).

0
e o 3.33 R?
R S DBACO, H,0
+ H o o
© R3 THF, 10 °C ; »4
AcO” R rt R°H
3.31 3.32 3.34  56-98% yield
91-99% ee
Q\ 2
H HN
0
HN\/@/CFa
FsC
3.33

Scheme 3.10 Asymmetric (5+2) cycloaddition with oxidopyrylium ylides.

Asymmetric (3+2) cycloaddition
In 1999, Hashimoto et al. reported the intermolecular asymmetric (3+2) cycloaddition

between carbonyl ylides and alkyne in the presence of chiral dirhodium(II) catalysts.[**]
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The unusual dirhodium(II) catalyst could effectively initiate the enantioselective tandem
carbonyl ylide formation-cycloaddition reactions of a-diazo ketones 3.35 with alkynes,
providing the desired cycloadducts 3.36 in good yields and excellent ees (Scheme 3.11).

In 2003, Hodgson et al. reported the intramolecular asymmetric (3+2) cycloaddition

between carbonyl ylides and alkene/alkyne in the presence of chiral dirhodium(II)

. o M602C COzMe
R 0) _N, MeO,C————CO,Me _ R
2
R Rhy(S-BPTV), R2
R2 @) (@]
CF3CgH5, 0 °C R2
3.35 3.36 53-77% yield
82-92% ee
Y At
" N MeO,C—=—=—CO,Me
Hi o [ O}
PN Ph_i/_ O \,@B
%, -~ Yo
Rh—Rh
4 o

Rhy(S-BPTV),

Scheme 3.11 Asymmetric (3+2) cycloaddition with carbonyl ylides and alkynes.

N H
Rh(ll) cat. tBuO,C .
O hexane, -15°C
N, 0 o
CO,Bu
3.37 3.38 66% yield
90% ee
O _ _
O\P,O"Rh
0" “O+Rh
99 "y
tBuO,C Rh,L
| C12H2s d, i C R

Rh(Il) catalyst

Scheme 3.12 Asymmetric (3+2) cycloaddition with carbonyl ylides and alkene.
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catalysts.[*!l Cycloaddition products 3.38 were obtained in moderate to good yield with
different ees by the electronically different 2-diazo-3,6-diketoesters 3.37 (Scheme 3.12).

In 2010, Iwasawa et al. reported the platinum catalyzed intermolecular asymmetric
(3+2) cycloaddition between carbonyl ylides and vinyl esters. By treatment of v,0-
ynones 3.39 and vinyl esters with platinum catalysts, the desired 8-
oxabicyclo[3.2.1]octane 3.40 derivatives™! could be obtained with good yields and

stereoselectivity (Scheme 3.13).

3
PtCl,, AgSbFy OR

R‘l
) Chiral Bisphosphine 1 2
+ /\ORS phosp R R
\ CHzclz, MS4A, r.t.
AN

R2
3.40 51-89% vyield
3.39 89-97% ee
PPh, R’ .
PAr2 /’@ —\/\_ORS
o .-
Fe : L
T Ar=35-xylyl R2
Chiral Bisphosphine [Pt]

Scheme 3.13 Asymmetric (3+2) cycloaddition by platinum catalysts.

Diastereoselective cascade cyclizations

In 2010, Loh et al. reported the titanium tetrachloride catalyzed diastereoselective
cationic cascade cyclization reaction by using (2R,3R)-2,3-butane-diol-derived chiral
acetals 3.41 as the substrates (Scheme 3.14). The enantioselective 8-oxabicyclo-
[3.2.1]octane products 3.42 were obtained in good yields and ees. The mechanism was
proposed to rationalize the impact of the cyclic acetal groups on the stereoselective

outcome of the cyclizations.[**]
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In 2013, Mascarefias et al. reported the gold(I) catalyzed cascade cycloaddition
between allenamides 3.43 and carbonyl tethered alkenes 3.44 by the chiral gold
complexes 3.46, the desired oxa-bridged medium sized carbocycles 3.45 were afforded
with good yields and selectivity!*! (Scheme 3.15).

In 2015, Yang et al. reported the gold(I)-catalyzed cascade cyclization/semi-pinacol

rearrangements of chiral cyclohexane-trans-1,4-diol with alkyne side chain 3.47.[4"]

O/>_ OTIPS TiCl, --\R
+ __ _—
X 0 )=
RW CH2C|2Y 78°C TIPS
3.41

3.42 74-91% vyield
l 94-97% ee

|
RVJ\(/%}‘ - %\w

"0~
3 TIPS
= OR

TIPSO

Scheme 3.14 Asymmetric cascade cyclization from chiral acetals.

O

R Au(l) Cat. 2 0
/-)\N o + PhM . on —
-/ o CH,Cl,, -15°C  Ph R

3.43 3.44 3.45

63-83% vyield
up to 82:18 e.e.

Ph 0~ "N~ “Ph
Phosphoramidite Gold complex O

3.46 O Me Ph

Scheme 3.15 Asymmetric cascade cyclization by chiral gold catalysts.

- 67 -



This method developed an efficient diastereoselective synthesis of oxabicyclo-
[3.2.1]octane products 3.48 in good yields (Scheme 3.16). The mechanism was proposed
as follows: the diol substrate 3.47 underwent the intramolecular 6-exo-dig nucleophilic
addition of the hydroxy group to the gold-activated triple bond, then the enol ether B
was transformed to oxonium ion C, followed by the semi-pinacol type migration to
generate the oxabicyclo[3.2.1]octane intermediate D, finally the deaurated the products

3.48 were obtained.

HO ';' n Q |:| n
; Ph3PAUNTf; y
Z
R B CH2C|2, r.t. R
OH
3.47 3.48 58-81% yield

l f

A ®
([JAL\J] HQ H " oH
R// K/ o
OH Ill
D
\ /
Au Au
OH H
R/S\, R/S/ 3
®0 - @O/
H ] |
H H

B C

Scheme 3.16 Asymmetric cascade cyclization from chiral diol substrates.

In conclusion, despite there were already a series methods reported about the
asymmetric synthesis of the 8-oxabicyclo[3.2.1]octane architectures with moderate to
good stereoselectivities, they suffered from many drawbacks respectively such as

requiring expensive chiral transition metal catalysts, requiring structure complicated
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chiral ligand, harsh temperature or tedious synthesis of chiral substrate. It is still a big
challenge to synthesize the 8-oxabicyclo[3.2.1]octane derivatives with good yields and

stereoselectivities from affordable and economical starting material.

3.3 Results and discussion

Inspired by the previous results about the gold(I)-catalyzed intermolecular tandem
1,3-migration/Ferrier rearrangement between the propargyl esters and glycals, we
envisioned that the intramolecular tandem 1,3-migration/Ferrier rearrangement of the
C-6 glycal-linked propargyl esters 3.49 would be helpful in the asymmetric synthesis of

chiral 8-oxabicyclo[3.2.1]octane derivatives (Scheme 3.17).

\fo R' O;\O R
=

0 [Au] ,)\R1 [Au] ©
20 _ = —_ >
R% O 1,3-acyloxy R20 g Ferrier . @
— migration S 4 reaction R?0O

3.49 3.50

Scheme 3.17 Intramolecular tandem 1,3-migration/Ferrier rearrangement.

To validate our hypothesis, the glycal-linked propargyl ester 3.49 was synthesized in
a simple routine as the Scheme 3.18. Using tri-OH-D-glucal 3.51 as the starting materials,
the 3,4-di-O-benzyl-D-glucal 3.52 was prepared via regioselective O-silylation at C6,

following O-benzylation at C3 and C4 and subsequent cleavage of the silyl ether with
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OH 1) TIPSCI, imidazole, DMF OH
OH 2) BnBr, NaH, THF, 0 °C, rt. BnO
3) TBAF, THF, r.t. —

3.51 3.52
72% vyield, 3 steps

Ph

_
1) DMP, CH,Cly, r.t. AcO_“Z"

2) n-BuLi, Phenylacetylene, THF, -78°C BnO
) ylacety B o

3) AcCl, pyridine, CH,Cl,, r.t. —
3.49a
61% yield, 3 steps

Scheme 3.18 Synthesis of glcal-linked propargyl ester 3.49.

72% yield in 3 steps.[>*>% Then the 6-OH-glucal 3.52 was transformed to propargyl ester
3.49 via Dess-Martin oxidation, addition with lithium reagent and acetylation in 61%
yield in 3 steps.

With the glycal-linked propargyl esters 3.49a in hand, we began to commence the
investigation of this intramolecular C-glycosylation-type reaction. To our delight, The
optically pure 8-oxabicyclo[3.2.1]octane product 3.50a was obtained in 69% yield with
exclusive diastereoselectivity in the presence of AuCl; within 5 min. Various of
commercially available gold catalysts were screened and found to be also useful in this
reaction, further proving the feasibility of our hypothesis (Table 3.1). It was found that
the reaction catalyzed by PPh3AuSbFs generated in sifu from PPh;AuCl/AgSbFe gave
the best yield for this reaction (Table 3.1, entry 7). Subsequently, the counter-ion effect
was investigated through examining different salts (Table 3.1, entries 6 to 9), SbFs was
found to be superior to NTf,, OTf , ClO4 in terms of yields and reaction time, this is

due to the strongest acidic property of HSbF¢. However, when the Bronsted acid
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Table 3.1 Optimization studies.

AcO 2
catalyst
BnO Ph
BnO solvent rt. /
‘OBn

t Bu\P/t Ei\uu—Cl : Bu\Fg;iuu—NCMe_| Sbre
oo O
A B

Entry“ Catalyst Solvent Time Yield®
1 AuCl; CH:Cl, 5 min 69%
2 AuCl CH:Ch 5 min 42%
3 A/AgSbe CHxCl, 2h 65%

4 A CH:CL - n.r.
5 B CHxCl, 2h trace
6 PhsPAuUNT®, CH:Cl, 5 min 72%
7 Ph3;PAuCl/AgSbFs CHxCl, 5 min 81%
8 Ph3PAuCl/AgClO4 CH2Cl, 5 min 62%
9 Ph3;PAuCl/AgOTf CH2Cl, 5 min 68%
10 p-TsOH CH>Cl, - trace

11 PhsPAuCl CHxCl, - n.r.

12 AngF6 CH2Cl - n.r.
13 Ph3;PAuCl/AgSbFe DCE 5 min 76%
14 Ph3;PAuCl/AgSbFe Toluene 2h 52%
15 Ph3;PAuCl/AgSbFe CH3NO2 5 min 66%
16 Ph3;PAuCl/AgSbFs THF 2h 26%
17 Ph3;PAuCl/AgSbFe CH3CN lh 48%
18¢ Ph3;PAuCl/AgSbFs CH2Cl, 5 min 79%
194 Ph3PAuCIl/AgSbF CH:Cl, 5 min 72%

“Unless otherwise specified, all reactions were carried out using propargylic acetate 3.49 (100
umol), solvent (1 mL), [Au] 5 mol%, [Ag] 10 mol%. ® Yield of isolated product. ¢ Pivaloyl ester.
9Benzoyl ester. DCE = CICH,CH,Cl, n.r. = no reaction.
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catalyst such as p-TsOH was investigated, the reaction was sluggish and most starting
material decomposed (Table 3.1, entry 10). Notably, the reaction did not proceed when
the PPh3AuCl or AgSbF¢ was employed individually (Table 3.1, entry 10 and 11).
Further solvent screening revealed that dichloromethane was found to be superior than
the 1,2-dichloroethane, toluene, nitromethane, tetrahydrofuran and acetonitrile in terms
of yields (Table 3.1, entries 13 to 17). Interestingly, when the propargylic benzoate or
propargylic pivalate were subjected to the optimized reaction conditions instead of
propargylic acetate, no significant changes was observed (Table 3.1, entries 18 and 19).

The inspiring result motivated us to look into the study of this intramolecular tandem
1,3-acyloxy migration/Ferrier rearrangement. The substituted alkyne variants were
modified to investigate and broaden the scope of rearrangement. In general, both
aromatic and aliphatic substituted alkynes were found to undergo the tandem 1,3-

acyloxy migration/Ferrier rearrangement under the optimized conditions,

Figure 3.2 X-ray structure of 3.50b.
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Table 3.2 Substrates scope of alkyne substituents.

PhsPAUCH
AcO _ AgSbFg _
BnO CHZCIZ r.t.

Entry? Starting Material Product Yield®
R
(0]
AcO Z
BnBOn ° (¢} R “0Bn
1 R=H 3.49a 3.50a 81%
2 R =methoxyl 3.49b 3.50b 86%
3 R = methyl 3.49c¢ 3.50¢ 82%
4 R = trifluoromethyl 3.49d 3.50d 63%
5 R = fluorol 3.49¢ 3.50e 67%
0]
AcO R
BnO
BnO “
OBn
R =cyclohexyl  3.49f 3.50f 78%
R = n-butyl 3.49¢g 3.50g 72%
8 R = methyl 3.49h 3.50h 69%

%g}

| 3

%
(@)

/ 65%
“OBn
3.49i 3.50i
(0]
AcO &
10 B0 / 71%
Bno —° “OBn
3.49i 3.50)

“Unless otherwise specified, all reactions were carried out using propargylic acetate 3.49 (100
umol), solvent (1 mL), PPh3;AuCl, 5 mol%, AgSbFs 10 mol%. * Yield of isolated product.
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Table 3.3 Substrates scope of substited groups on glycals moiety.

R1
— Ph;PAuUCI O
AcO_Z" AgSbFg 1
RZO — = = R
RZO @) CH2C|2, r.t. .

OR?
3.49 3.50
Entry“ Starting Material Solvent Yield”
R 0
MeO
MeO- ~—,° “OMe
1 R' = phenyl 3.49k 3.50k 78%
R! = 4-methoxyl-phenyl
2 T o 3.501 80%
3 R!=n-butyl 3.49m 3.50m 73%
R!=methyl 3.49n 3.50n 67%
_ Ph 0}
AcO_“*= oh
’ Méﬂﬁéﬂé “MOMO e
3.490 3.500

“Unless otherwise specified, all reactions were carried out using propargylic acetate 3.49 (100
umol), solvent (1 mL), PPh3;AuCl, 5 mol%, AgSbFs 10 mol%. * Yield of isolated product.

providing good to excellent yields and exclusive diastereoselectivity (Table 3.2). The
stereochemistry of 8-oxabicyclo[3.2.1]octanes 3.50 was further confirmed by X-ray
analysis of compound 3.50b (Figure 3.2). From this result, it is noteworthy that
comparing the para-substituents of aromatic substrates, the electron donating aryl
substituents (Table 3.2, entries 2 and 3) provided higher yields than those with electron
withdrawing ones (Table 3.2, entries 4 and 5). The aliphatic substituents such as
cyclohexyl, n-butyl and methyl substituent also provided good yields under the
optimized conditions (Table 3.2, entries 6-8). Interestingly, employing the optimized

conditions to the alkenyl substituents, this tandem reaction also proceeded well without
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Table 3.4 Substrates scope of enantiomers and epimer.

R Ph
0]
% AcO AcO é Ph3PAUC|
OBN BnO AngF6 R
o) oBn °" BnO @) CH,Cly, rit.
— — OBn
ent-3.49 epi-3.49a ent-3.50
or epi-3.50a
Entry ¢ Starting Material Solvent Yield?
Ph o]
AcO F /U\‘
BnO Ph @
BnO O
1 _ oBn 53%
epi-3.49a epi-3.50a
R 0]
X _AcO <
OB
0 Ogn
— OBn
2 R = phenyl ent-3.49a ent-3.50a 80%
R = 4-methoxyl-phenyl
3 t-3.50b 839
ent-3.49b “ &
4 R = n-butyl ent-3.49g ent-3.50g 72%

“Unless otherwise specified, all reactions were carried out using propargylic acetate 3.49 (100
umol), solvent (1 mL), PPh3;AuCl, 5 mol%, AgSbFs 10 mol%. ® Yield of isolated product.

initiating other side reaction (Table 3.2, entries 9 and 10).

Subsequently, the protecting groups on the glycal moiety such as methyl and MOM
groups, did not show any negative effect on the rearrangement and similar yields were
afforded (Table 3.3). To the best of our knowledge, there is no preceding example in
which methoxy group was used as leaving group for Ferrier rearrangement. This
reactivity mode would considerably expand the potential of Lewis acid catalyzed Ferrier
rearrangement.

In view of the promising results, the attention was the directed to D-galactal and L-
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glucal derived substrates. Employing the optimized conditions to the L-glucal derived
substrates, all the respective enantiomer products were obtained in similar yields (Table
3.4, entries 2-4). As expected, the D-galactal derived 3.49 substrate led to respective
epimer product epi-3.50a in a lower yield due to the steric interaction of the benzyl
group and propargylic ester (Table 3.4, entry 1).
3.4 Mechanism study

After having demonstrated a broad scope of the reaction from the glycal-linked
propargylic esters 3.49, we turned our attentions to explore the mechanism of this
intramolecular C-glycosidation-type reaction. Initially, we attempted to isolate the
nucleophilic allene intermediate 3.53 with the novel and efficient catalyst triazole-Au
(TA-Au), which was reported by Shi et al.’6->® Unfortunately, it was found that the
allene intermediate 3.53 was quite unstable in the optimal conditions and would undergo

the intramolecular Ferrier reaction immediately (Scheme 3.19).

_|®
Me\N'NsN—Au’PPh?:
PN I T
AcO_“~= _+“""Ph
TA-Au 5% mmol BnoZ + Ph
BnB(S]O O > BnO O ,
— CH,Cl,, r.t. — ‘OBn
3.49a 3.53 0% 3.50a 61%

Scheme 3.19 TA-Au catalyzed reaction of glycal-linked substrate.

In our previous study, it was already known that the intermolecular gold(I)-catalyzed
1,3-acyloxy migration/Ferrier rearrangement could be proceeded between tri-O-benzyl-
D-glucal 2.1 and propargylic ester 2.2 to afford the vinyl C-glycoside product 2.3 in 13%

yield. To demonstrate the possibility of the allenic intermediate in this tandem reaction
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in an indirect way, we carried a comparison study on intermolecular C-glycosylation
reaction between tri-O-benzyl-D-glucal 2.1 and allene 2.4. To our delight, identical
products 2.3 and 2.5 were obtained in similar yields (Scheme 3.20). This result indicated
that our proposal mechanism was reasonable.

Another evidence for the allene intermediate was obtained from the competition

kinetic studies (Scheme 3.21). The intermolecular version of this transformation has

23 N//(
/ nBu
BnO PhsPAUCI 2.3,13% + 2.5, 54% Ph
BnO AgSbF 2.3
B0 rewrs
CH2C|2, r.t. +

01 2.3, 16% + 2.5. 52% BnO
BnO o
OAc N
Ph nBu OBn
2.4 2.5

Scheme 3.20 Mechanistic comparison experiments.

\’&O Ph P:nISA\HCI OAc OBn (6]
= 3PAuU
= N O. .OBn
° AgSbFg Ph)\)\(/\r T @
BnO _—

O \\ / .,
BnO __ CH,Cly, rt. BnO ‘OBn

3.49a 3.50a

3.54
O)\O
Au
[Au] /_)\Ph BnOH
Br?g?éo 1 eq., 3.54, 0% + 3.50a, 77%
— 10 eq., 3.54, 7% + 3.50a, 43%

3.53

Scheme 3.21 Competition kinetic studies.
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revealed that the 1,3-benzyloxy migration has occurred and the O-glycosylation product
2.5 was the major product. In contrast, the 1,3-benzyloxy migration product was absent
from the intramolecular transformation, which indicated that the order of this tandem
reaction should be generation of allene intermediate 3.53 first and subsequently the
nucleophilic allene intermediate 3.53 initiated the Ferrier-type rearrangement in the
presence of gold and silver catalysts. Kinetics study reaction was conducted as following:
Benzyl alcohol was added as the external nucleophile to trap the intermediate 3.53.
Unexpectedly, only the 8-oxabicyclo[3.2.1]octanes 3.50a was obtained in 77% yield
under the optimal condition with addition of 1 equivalent of benzyl alcohol. Upon
increasing the amount of external nucleophile to 10 equivalents, the desired trapping
product 3.54 was detected in 7% yield with the 8-oxabicyclo[3.2.1]octanes 3.50a as the
major product in 43% yield. From the above results, we can conclude that this gold(I)-
catalyzed tandem 1,3-acyloxy migration/Ferrier rearrangement proceeded through an
intramolecular pathway, whereby the allene intermediate was generated first and this
intermediate instantaneously initiated the intramolecular Ferrier rearrangement.

To further investigate the mechanism, the isotopic labeling experiments were also
conducted. The propargylic acetate 3.49a-130 with 80-enriched carbonyl oxygen atom
was syntheized from propargylic alcohol 3.52 and '®O-enriched acetyl choride (Scheme
3.22) with the ratio of '30-lableled to non-labeled product being almost 1:2 (Figure 3.3,
m/z 493.1504 is detected as the molecular weight). Then the propargylic acetate 3.49a-

180 was subjected to the optimized reaction conditions, it was found that the '30-labeled
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Ph

OH_Z
B8 =0

Q PCly 9 3.52
H,0™18  + )J\ —_ = )J\ — -
Cl CH,Cl, Cl pyridine, CH,ClI,
-20°C to r.t. 66 %
1BOY P oh 180
o. F PhsPAUCI Ph . )OJ\
BnO AgSDbFg 5 OBn
BnO __° CH,Cly, rt. ‘0Bn
3.49a-180 78% 3.50a-'80
80-labeled, 38% 80-labeled, 39%

Scheme 3.22 Isotopic labeling experiment on carboxyl oxygen.

30H2805

18
2 Ph

BnO
BnO

Figure 3.3 Mass Spectrum analysis of 3.49-%0.

oxabicyclo[3.2.1]octane 3.50a-130 was formed in 78% yield with similar *O-lableled

ratio (Figure 3.4, m/z 343.0901 is detected as the molecular weight) and the
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C21H1802
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Figure 3.4 Mass Spectrum analysis of 3.50-'%0.
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fragmentation demonstrates the location of '®O-label in the carbonyl group clearly
(PhC'8O* with m/z 107.0393 is detected as the only location of '*0).

The propargylic benzoate 3.49p-'80 with '*O-enriched ester atom was syntheized
through Scheme 3.23. After 5 days heating at 130 °C, the doubly 80 labeled benzoic
acid was obtained and directly subjected to the Mitsunobu reaction with propargylic
alcohol 3.52 to afford the doubly *80-labeled propargylic benzoate 3.49p'-180 with 43%
180-lableled ratio. Sequentially, the desired *O-label propargylic benzoate 3.49p-180
was prepared via deprotection and installation of the normal benzyloxy group.
Conversely, it is found that after 3.49p-20 was subjected to the optimized condition,
80-labeled oxabicyclo[3.2.1]octane 3.50a-'80 was absent and the *O-labeled benzyl

benzoate 3.55 was isolated in 80% vyield and 42% 8O-lableled ratio. (Figure 3.5)

Ph
OH
Oy _OH 80 180H BROZ
s 130°C_ 3.52
H,'80 >
2 * “Sdays DEAD, PPh;
THF, rt. 48 %
o Ph
180 4 '%oH // BzCl
TBAF BnO pyridine
BnO -
BnO THF r.t. BnO CH2C|2, r.t.
96% 94%
3.49p'-1 3.52-180
o)
PhsPAUCI 80
8 Ph + )J\
500 _ AgSbFe : Ph”” “OBn
n ‘y
CH2C|2 r.t. OBn
3.49p-18 80% 3.50a 3.55
180—Iabeled, 43% 180-labeled, 42%

Scheme 3.23 isotopic labeling experiment on ester oxygen.
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Figure 3.5 Mass Spectrum analysis of 3.49p-130 and 3.55.
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From the above results of all the isotopic labeling experiments, the following
conclusions can be drawn: Firstly, the propargylic ester 3.49 should be transformed to
allene intermediate exclusively via 1,3-acyloxy migration, the pathways for double 1,2-
acyloxy migrations or generation of the propargylic cation intermediate could be
excluded. Secondly, the gold(I)-catalyzed 1,3-acyloxy migration was first activated to
generate the allene intermediate and this intermediate immediately initiated the Ferrier

rearrangement, then the benzyl oxoanion, byproduct of Ferrier rearrangement,

Ph PhyPAUCI + AgSbFy Yo

L = { -
Ph” 0 + BnO
BnO o

BnO""

3.50a 3.49a

) PhsPAUSbF ©
BnO % 3 6 &Sbﬁs
Ao

\fo:> Ph

0~ o o

(N @
[Au]
BnO
BnO o O
A
O)\O' - ®
A % YO| Ph
[Au]

Scheme 3.24 Plausible mechanism.
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underwent nucleophilic attacted of the ester group on allene ester to generate the benzyl
ester as the byproduct. The two sequential reactions were mutually affected by initiating
and quenching each other, which can account for the high efficiency and rapid rate for
this rearrangement.

Based on the drawn conclusions, the proposed mechanism was shown in Scheme 3.24
with compound 3.49a. The gold catalyst should serve two purposes in this
transformation: Firstly, treatment of the propargylic ester 3.49a with the gold catalyst
would generate the nucleophilic allene intermediate C in situ via the gold-catalyzed 1,3-
acyloxy migration; Secondly, the gold catalyst served as Lewis acid to facilitate the
intramolecular Ferrier rearrangement by promoting the departure of benzyloxy group
and leading to the formation of allylic oxocarbenium ion D.[%%%4 Subsequently, the
nucleophilic allene motif of intermediate D reacted with the allylic oxocarbenium ion
intramolecularly to generate the 7-membered oxocarbenium intermediate E, which was
immediately trapped by the benzyloxy anion. The observed exclusive
diastereoselectivity could be simply explained by the cis face attack of allenic ester at

the C-5 position of the glycal-linked propargylic ester.

3.5 Conclusion

In conclusion, a mild gold(l)-catalyzed intramolecular C-glycosylation from glycal-
linked propargylic esters was developed. The versatility and flexibility of this
methodology were displayed through an extensive array of substrate scope. Remarkably,
high yields and exclusive diastereoselectivity were obtained, demonstrating the

tolerance of this reaction.
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The reaction mechanism was further studied by a series of experiments including
comparison intermolecular C-glycosylation, kinetics studies and 80 isotopic labeling
experiments. It was found that the reaction proceeded through a tandem 1,3-acyloxy
migration/Ferrier rearrangement and the chirality was transferred from the optimal pure
glycal starting materials. In addition, this method provided an opportunity to study the
synthesis of complex compound containing oxa-7-membered ring and its biological

activity.
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3.6 Experimental section

General considerations

All the reactions were performed under nitrogen atmosphere. All reagents and
solvents were purchased commercially (Alfa Asear, Strem, Merck and Sigma-Aldrich)
and used as received. Evaporation of organic solvent was achieved by rotary evaporation
with a water bath temperature below 40 °C. Thin layer chromatography (TLC) with
Merck TLC silica gel 60 F254 plate was used to check reaction progress. UV light at
254 nm and basic solution of potassium permanganate were used to visualize
compounds on TLC plates. Flash column chromatography with silica gel 60 (0.010-
0.063 mm) was used for product purification. 'H and 3C NMR spectra were obtained
using 300 MHz Bruker ACF 300, 400 MHz, Bruker AVIII 400 and 400 MHz Bruker
DPX 400 spectrometer. Tetramethylsilane (TMS) was used as the internal standard for
the measurement of chemical shifts (d) in ppm. The following abbreviations classify the
multiplicity: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet or unsolved), br
s (broad singlet), dd (doublet of doublets), dt (doublet of triplet). The coupling constants
were reported as J values in units of Hz. HRMS (ESI) spectra were obtained using a
Waters Q-Tof premier™ mass spectrometer. X-ray crystallographic data was collected
by using a Bruker X8 Apex diffractometer with Mo K/a radiation. Characterization data
for known compounds were checked in comparison with literature for consistency and

not presented in this report.
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General procedure for substrate scope synthesis

General procedure A for preparation of 3,4-protected glycals:

OH 1) TIPSCI, imidazole, DMF oH o
© | _2RaX, NaH, THF, 0 °C -RT |
HO 3) TBAF, THF R4O
OH OR,
3.51 3.52

To a solution of glycal 3.51 (20 mmol, 1 equiv) and imidazole (40 mmol, 2 equiv) in
anhydrous DMF (100 mL), TIPSCI (21 mmol, 1.05 equiv) was slowly added dropwise
under a N> atmosphere and stirred overnight at room temperature. The reaction was
poured in to H>O (150 mL) and extracted with ether (3 x 80 mL), the combined organic
phases were washed with brine (80 mL), dried over anhydrous Na>SOs, filtered and
concentrated in vacuo to afford the crude silylated derivative.

The crude silylated compound was dissolved in THF (50 mL) under N> NaH (60% in
mineral oil, 50 mmol, 2.5 equiv) was added slowly at 0 °C and the solution was stirred
at the same temperature for 30 min. R4X (48 mmol, 2.4 equiv) was added dropwise at 0
°C and the solution was the stirred at room temperature overnight. Methanol (3 mL) was
added and the mixture was concentrated in vacuo. The residue was dissolved in diethyl
ether (200 mL), washed with brine (3 x 80 mL) and concentrated in vacuo. The residue
was used in next step without other purification.

The fully protected glycal derivative was dissolved in a 1M THF solution of TBAF
(45 mmol, 2.25 equiv) and stirred overnight. The mixture was concentrated in vacuo

and the product 3.52 was purified by flash chromatography on silica gel (n-
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Hexane/EtOAc).

General procedure B for preparation of propargylic esters:

OH 1) DMP, CH,Cl, ORs
o |2 mBuli, THE, alkyne, N 78 °C > o |
R,O 3) R4Cl, pyridine, DMAP, CH,Cl, Rz R,O
OR, OR,
3.52 3.49

A solution of 3.52 (1.22 mmol, 1 equiv) in anhydrous CH>Cl, (10 mL) at 0 °C was
treated with Dess-Martin periodinate (1.72 mmol, 1.4 equiv). The suspension was stirred
for 4 h at room temperature under nitrogen. Saturated aqueous NaS»03 (10 mL) and
NaHCO;3 (10 mL) were added to the mixture and it was stirred until the cloudiness
disappeared. The resulting solution was separated and the organic layer was washed
with saturated NaHCOs solution and brine, dried over Na;SOa, filtered and concentrated
in vacuo to afford crude aldehyde as colorless oil.

A solution of alkyne (3.45 mmol, 2.8 equiv) in 5 mL THF was treated at -80 °C with a
3.45 mL of a 1 M solution of n-BuLi in cyclohexane, stirred for 30 min at -78 °C, then
treated with a solution of the crude aldehyde in 3 mL THF and stirred overnight. The
reaction mixture was quenched by H,O and extracted with ethyl acetate (3 x10 mL).
The combined organic layers were dried over NaxSOyg, filtered and concentrated in vacuo.
After removing the solvent, the residue was purified by flash chromatography on silica
gel (n-Hexane/EtOAc) to afford the propargylic alcohol.

To a mixture of propargylic alcohol in CH>Cl> (4 mL) was added pyridine (622.3 mg, 8

mmol) and acetic chloride (124.8 mg, 1.6 mmol) at 0 °C, the reaction was stirred for 4
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h. The mixture was diluted with CH>Cl, (10 mL), washed with H>O (5 mL), saturated
NaHCO;3 solution (5 mL) and brine (5 mL). The organic layer was dried over Na>SO4
and filtered. Evaporation and flash chromatography on silica gel (n-Hexane/EtOAc)

afforded the propargylic acetate 3.49.

General procedure C for preparation of 8-Oxa-bicyclo[3.2.1]octanes:

OR; Ry
0
_ O | PhsPAUCI/AgSbF g G
. -
2 R4O CH20|2, r.t. R4O
OR,
3.49 3.50

To solution of Ph3PAuClI (2.5 mg, 5 mol %) and AgSbFs (3.4 mg, 10 mol %) in distilled
CH2Cl (1 mL), the solution of propargylic acetate 3.49 (0.1 mmol, 1 equiv) in distilled
CH2Cl> (1 mL) was added. The reaction was stirred at room temperature until the
starting material was completely consumed. The mixture was filtered through a plug of

silica and concentrated in vacuo. Purification of the residue by flash chromatography on

silica gel (n-Hexane/EtOAc) afforded the product 3.50.

Characterization Data for the Isolated Products

OH
BnOC
BnO __ O
1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-D-arabino-hex-1-enitol (3.52a): Compound
was prepared following the general procedure A, 3.52a was obtained (5.01 g, 76%) after

flash chromatography on silica (10:1, n-Hexane/EtOAc). [a]p**=-31.0; (c= 1.0, CHCl5);
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'H NMR (400 MHz, CDCl): 6 7.38-7.29 (m, 10H), 6.42-6.40 (dd, /= 0.92, 6.2 Hz, 1H),
4.88-4.83 (m, 2H), 4.74-4.71 (d, J= 12.0 Hz, 1H), 4.67-4.64 (m, 2H), 4.19-4.17 (m, 1H),
4.14-4.10 (m, 1H), 4.01-3.96 (m, 2H), 3.78-3.72 (m, 1H), 2.34-2.31 (dd, J= 4.1, 8.4 Hz,
1H); '*C NMR (100 MHz, CDCls): 145.0, 138.2, 138.0, 128.5, 128.5, 128.1, 128.0,
127.8,127.6,98.8, 75.7, 72.6,72.0, 71.2, 69.4, 61.3; HRMS (ESI) calcd. for [C20H2304]",

327.1596; found 327.1596.

OH
1,5-anhydro-2-deoxy-3,4-bis-O-methyl-D-arabino-hex-1-enitol (3.52b): Compound
was prepared following the general procedure A, iodomethane (6.80 g, 48 mmol), 3.52b
was obtained (2.51 g, 72%) after flash chromatography on silica (8:1, n-Hexane/EtOAc).
[a]p?? = -13.8; (¢ = 1.0, CHCI3); '"H NMR (400 MHz, CDCl5): 6 6.40-6.38 (d, J = 6.2
Hz, 1H), 4.87-4.85 (dd, J=2.8, 6.1 Hz, 1H), 3.93-3.84 (m, 4H), 3.56 (s, 3H), 3.50-3.46
(dd, J = 6.0, 7.8 Hz, 1H), 3.41 (s, 3H), 2.11-2.08 (t, J = 6.6 Hz, 1H); '*C NMR (100
MHz, CDCl3): ¢ 144.5, 99.6, 77.2, 76.8, 76.4, 61.8, 59.3, 55.8; HRMS (ESI) calcd. for

[CsH1404]", 175.0970; found 175.0972.

OH

MOMO
MOMO— ~—,0

1,5-anhydro-2-deoxy-3,4-bis-O-methoxymethyl-D-arabino-hex-1-enitol  (3.52c¢):
Compound was prepared following the general procedure A, chloromethyl methyl ether

3.8 g, 48 mmol), 3.52¢ was obtained (3.61 g, 77%) after flash chromatography on silica
(3.8¢g, )> (3.61 g, ) graphy
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(10:1, n-Hexane/EtOAc). [a]p?* = 1.4; (¢ = 1.0, CHCI3); '"H NMR (400 MHz, CDCl;): 6
6.40-6.38 (d, J = 6.1 Hz, 1H), 4.92-4.90 (d, J = 6.5 Hz, 1H), 4.85-4.83 (dd, J=2.7, 6.1
Hz, 1H), 4.76-4.72 (m, 3H), 4.25-4.24 (m, 1H), 3.97-3.81 (m, 4H), 3.44 (s, 3H), 3.40 (s,
3H), 2.68-2.65 (dd, J = 5.7, 8.1 Hz, 1H); *C NMR (100 MHz, CDCls): 144.6, 100.6,
97.8, 95.7, 77.6, 73.8, 73.7, 61.3, 56.2, 55.6; HRMS (ESI) calcd. for [C1oH1sO¢Na]",

257.1001; found 257.1004.

OH
BnO

Bno‘é()
1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-D-arabino-hex-5-enitol (3.52d): Compound
was prepared following the general procedure A, D-Galactal (2.9 g, 20 mmol), 3.52d
was obtained (5.18 g, 78%) after flash chromatography on silica (10:1, n-
Hexane/EtOAc). [a]p*? = -83.1; (¢ = 1.0, CHCIl3); '"H NMR (400 MHz, CDCls): § 7.35-
7.29 (m, 10H), 6.42-6.40 (dd, J = 1.0 Hz, 6.1 Hz, 1H), 4.91-4.89 (dd, J = 2.7, 6.2 Hz,
1H), 4.89-4.86 (d, J = 11.8 Hz, 1H), 4.74-4.72 (d, J = 11.4 Hz, 1H), 4.69-4.66 (d, J =
11.6 Hz, 1H), 4.59-4.56 (d, J = 11.6 Hz, 1H), 4.25-4.23 (m, 1H), 3.97-3.93 (m, 1H),
3.88-3.86 (m, 2H), 3.83-3.80 (dd, /= 6.2 Hz, 8.5 Hz, 1H), 2.0-1.95 (t, /= 6.3 Hz, 1H);
3C NMR (125 MHz, CDCls): 6 144.6, 138.1, 138.0, 128.5, 128.5, 128.0, 127.9, 127.8,
100.1,75.5,74.5,73.7,70.6, 61.8; HRMS (ESI) calcd. for [C20H2304]", 327.1596; found

327.1599.
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1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-L-arabino-hex-5-enitol (3.52¢): Compound
was prepared following the general procedure A, L-Glucal (2.9 g, 20 mmol), 3.52e was
obtained (5.15 g, 77%) after flash chromatography on silica (10:1, n-Hexane/EtOAc).
[0]p??=23.6; (¢ = 1.0, CHCl3); '"H NMR (400 MHz, CDCl5): § 7.35-7.30 (m, 3H), 6.41-
6.40 (d, J=6.1 Hz, 1H), 4.91-4.89 (dd, J=2.7, 6.2 Hz, 1H), 4.88-4.86 (d, J = 11.7 Hz,
1H), 4.74-4.72 (d, J = 11.5 Hz, 1H), 4.69-4.66 (d, J = 11.6 Hz, 1H), 4.59-4.56 (d, J =
11.7 Hz), 4.25-4.24 (d, J= 5.2 Hz, 1H), 3.97-3.94 (m, 1H), 3.88-3.86 (m, 2H), 3.83-3.80
(dd, J=6.3, 8.5 Hz, 1H), 1.99-1.97 (t, J= 6.4 Hz, 1H); '*C NMR (100 MHz, CDCl5): §
144.6, 138.2, 138.0, 128.5, 128.5, 128.0, 127.9, 127.8, 77.3, 75.6, 74.6, 73.8, 70.6, 61.8;

HRMS (ESI) caled. for [C20H2304]", 327.1596; found 327.1596.

P Ph
AcO ~=

BnO
BnO O

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-0O-acetyl-3-phenylprop-2-yn-1-yl)-D-

arabino-hex-1-enitol (3.49a): Compound was prepared following the general
procedure B, phenylacetylene (352 mg, 3.45 mmol), 3.49a was obtained (350.6 mg,
61%, 3 steps) as a 1:1.1 mixture of diastereomers about the propargylic position after
flash chromatography on silica (4:1, n-Hexane/EtOAc). Obtained as a 1:1.1 mixture of
diastereomers about the propargylic position. 'H NMR (400 MHz, CDCl3): 6 7.45-7.28
(m, 15H, both isomers), 6.49-6.47 (dd, J= 1.6, 8.1 Hz, 1H, major isomer), 6.42-6.43
(dd,J=0.8, 8.1 Hz, 1H, minor isomer), 5.04-5.01 (dd, J=1.4, 4.6 Hz, 1H, minor isomer),

5.00-4.96 (d, J= 14.8 Hz, 1H), 4.95-4.93 (dd, J=2.9, 8.2 Hz, 1H, major isomer), 4.86-
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4.82 (d, J=14.7 Hz, 1H, major isomer), 4.80-4.77 (d, J = 15.5 Hz, 1H, minor isomer),
4.71-4.56 (m, 2H, both isomers), 4.37-4.30 (m, 1H, both isomers), 4.17-4.13 (dd, J =
3.8, 13.2 Hz, 1H, major isomer), 4.10-4.05 (m, 1H, both isomers), 4.00-3.95 (dd, J =
9.2, 13.2 Hz, 1H, major isomer), 2.15 (s, 3H, major isomer), 2.13 (s, 3H, minor isomer);
3C NMR (100 MHz, CDCl3): 6 169.5, 169.5, 144.3, 144.0, 138.0, 138.0, 137.8, 137.5,
132.1,131.9, 128.8, 128.8, 128.5, 128.4, 128.4, 128.3, 128.2, 128.0, 128.0, 127.9, 127.8,
127.8, 127.6, 121.9, 121.8, 100.5, 99.9, 87.4, 86.8, 83.7, 82.2, 77.4, 76.9, 76.7, 75.4,
74.5, 72.6, 72.2, 71.9, 70.9, 70.4, 64.1, 61.8, 20.9, 20.9; HRMS (ESI) calcd. for

[C30H2805Na]", 491.1834; found 491.1830.

OMe

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-0O-acetyl-3-(p-methoxyphenyl)prop-2-
yn-1-yl)-D-arabino-hex-1-enitol (3.49b): Compound was prepared following the
general procedure B, 4-ethynylanisole (458.2 mg, 3.45 mmol), 3.49b was obtained
(382.1 mg, 62%, 3 steps) as a 1.1.5: mixture of diastereomers about the propargylic
position after flash chromatography on silica (8:1, n-Hexane/EtOAc). 'H NMR (400
MHz, CDCl3): 0 7.38-7.24 (m, 12H, both isomers), 6.83-6.79 (m, 2H, both isomers),
6.48-6.469.7 (d, J = 6.1 Hz, 1H, major isomer), 6.44-6.42, (d, J = 6.2 Hz, 1H, minor
isomer), 6.21-6.20 (d, J = 6.2 Hz, 1H, minor isomer), 6.17-6.16 (d, J= 2.8 Hz, 1H,
major isomer), 5.02-5.01 (dd, /= 6.2, 3.7 Hz, 1H, minor isomer), 4.97-4.95 (d, J=11.1

Hz, 1H, major isomer), 4.94-4.92 ( dd, J= 8.2, 2.1 Hz, 1H, major isomer), 4.84-4.80 (d,
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J=11.1 Hz, 1H, major isomer), 4.79-4.76 (d, J=11.6 Hz, 1H, minor isomer), 4.69-4.66
(d, J=11.6 Hz, 1H, major isomer), 4.66-4.63 (d, J = 11.6 Hz, minor isomer), 4.60-4.67
(d, J=11.6 Hz, 1H, major isomer), 4.55 (s, 2H, minor isomer), 4.36-4.35 (dt, /= 1.7,
7.0 Hz, 1H, major isomer), 4.31-4.28 (dt, /= 1 Hz, 5.8 Hz, 1H, minor isomer), 4.14-
3.94 (m, 2H, both isomers), 3.81 (s, 3H, both isomers), 2.14 (s,3H, major isomer), 2,12
(s, 3H, minor isomer); '3C NMR (100 MHz, CDCl3): 6 169.6, 169.5, 160.0, 159.9, 144.3,
144.0, 138.0, 138.0, 137.9, 137.5, 133.6, 133.4, 1283.5, 128.4, 128.3, 128.2, 128.0,
127.9, 127.8, 127.8, 127.7, 127.6, 127.6, 113.9, 113.9, 113.8, 100.5, 99.9, 87.4, 86.8,
82.4,80.8,77.5,77.0,76.8,75.5,74.5,72.6,72.2,71.9,70.9,70.3,64.3,61.9,55.2,20.9,

20.9; HRMS (ESI) calcd. for [C30H3106Na]", 521.1940; found 521.1946.

Me

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-0O-acetyl-3-(p-methylphenyl)prop-2-

yn-1-yl)-D-arabino-hex-1-enitol (3.49¢c): Compound was prepared following the
general procedure B, 4-ethynyltoluene (401.0 mg, 3.45 mmol), 3.49¢ was obtained
(371.6 mg, 60%, 3 steps) as a 1:1.2 mixture of diastereomers about the propargylic
position after flash chromatography on silica (8:1, n-Hexane/EtOAc). 'H NMR (400
MHz, CDCl3): 0 7.37-7.19 (m, 12H, both isomer), 7.09-7.05 (m, 2H, both isomer), 6.46-
6.45 (d, J=5.3 Hz, 1H, major isomer), 6.43-6.41 (d, J = 6.3 Hz, minor isomer), 6.22-
6.21 (d, J= 6.2 Hz, 1H, minor isomer), 6.18-6.17 (d, J = 2.8 Hz, major isomer), 5.01-

4.99 (dd, J = 3.8, 6.0 Hz, minor isomer), 4.97-4.94 (d, J = 11 Hz, 1H, major isomer),
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4.92-4.90 (dd, J=2.1, 6.1 Hz, 1H, major isomer), 4.83-4.81 (d, /= 11.0 Hz, 1H, major
isomer), 4.77-4.74 (d, 11.8 Hz, 1H, minor isomer), 4.68-4.65 (d, 11.6 Hz, 1H, minor
isomer), 4.65-4.62 (d, 11.7 Hz, 1H, major isomer), 4.59-4.55 (d, 11.6 Hz, 1H, major
isomer), 4.53 (s, 1 H, minor isomer), 4.35-4.29 (m, 1H, both isomers), 4.14-3.94 (m, 2H,
both isomers), 2.32 (s, 3H, both isomers), 2.12 (s, 3H, major isomer), 2.10 (s, 3H, minor
isomer); '*C NMR (100 MHz, CDCl3): § 169.5, 169.4, 144.26, 143.9, 138.9, 138.9,
138.0,137.9,137.8,137.5,132.0, 131.8, 128.9, 128.4, 128.4, 128.3, 128.2, 128.0, 127.9,
127.8,121.8,127.7,127.6,127.6, 118.7, 118.7, 100.5, 99.88, 87.5, 86.9, 83.0, 81.4, 77 .4,
76.9,75.4,74.5,72.5,72.1,71.8,70.8, 70.2, 64.1, 61.8, 21.4, 20.9; HRMS (ESI) calcd.

for [C31H300sNa]", 505.1991; found 505.1991.
CF;

AcO é

BnO
BnO o

1,5-anhydro-3,4-bis-O-benzy-2-deoxyl-6-(1-O-acetyl-3-(4-trifluoromethyl-

phenyl)prop-2-yn-1-yl)-D-arabino-hex-1-enitol (3.49d): Compound was prepared
following the general procedure B, 4-ethynyl-a,a,0-trifluorotouene (586.5 mg, 3.45
mmol), 3.49d was obtained (382.2 mg, 58%, 3 steps) as a 1:1.2 mixture of diastereomers
about the propargylic position after flash chromatography on silica (8:1, n-
Hexane/EtOAc). 'TH NMR (400 MHz, CDCls): 6 7.56-7.49 (m, 3H, both isomers), 7.39-
7.27 (m, 11H, both isomers), 6.48-6.45 (dd, J = 1.0, 6.1 Hz, 1H, major isomer), 6.45-
6.44 (dd, J=0.6, 6.2 Hz, 1H, minor isomer), 6.21-6.20 (d, /= 5.8 Hz, 1H, minor isomer),

6.17-6.16 (d, J = 2.9 Hz, 1H, major isomer), 5.05-5.03 (dd, J = 3.6, 6.2 Hz, 1H, minor
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isomer), 4.99-4.95 (m, 1H, both isomers), 4.83-4.82 (d, J = 5.4 Hz, 1H, major isomer),
4.80-4.79 (d,J=5.9 Hz, 1H, minor isomer), 4.71-4.68 (d, /= 11.5 Hz, | H, major isomer),
4.65-4.62 (d, J = 11.6 Hz, 1H, minor isomer), 4.62-4.60 (d, J = 6.2 Hz, 1H, minor
isomer), 4.59-4.57 (d, J = 6.1 Hz, 1H, major isomer), 4.56-4.53 (d, J = 11.7 Hz, 1H,
minor isomer), 4.37-4.34 (dt, J= 1.8, 6.8 Hz, 1H, major isomer), 4.31-4.28 (td, /= 0.64,
5.9 Hz, 1H, minor isomer), 4.17-4.14 (dd, J= 2.9, 9.8 Hz, 1H, major isomer), 4.12-4.09
(m, 1H, minor isomer), 4.04-4.01 (m, 1H, minor isomer), 3.96-3.92 (dd, J= 6.4, 9.8 Hz,
1H, major isomer), 2.16 (s, 3H, major isomer), 2.13 (s, 3H, minor isomer); '*C NMR
(100 MHz, CDCls): 0 169.6, 169.5, 144.3, 144.0, 138.0, 137.0, 137.7, 137.5, 132.4,
132.2,130.6 (q, Jc-r=29.9 Hz), 128.6, 128.5, 128.5, 128.5, 128.3, 128.1, 127.9, 127.9,
127.8, 127.6, 125.7 (q, Jic-p)= 1.8 Hz), 125.2 (q, J«c-p= 3.6 Hz), 121.1 (q, Jic.py=271.2
Hz), 100.6, 100.1, 86.3, 85.8, 85.3, 84.8, 76.8, 75.0, 74.4, 72.7, 72.6, 71.9, 70.9, 70.4,

64.0, 61.6,20.9, 20.9; HRMS (ESTI) calcd. for [C31H23F305]", 537.1889; found 537.1899.

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-acetyl-3-(4-fluorophenyl)prop-2-yn-
1-yl)-D-arabino-hex-1-enitol (3.49¢): Compound was prepared following the general
procedure B, 1-ethynyl-4-fluorobenzene (414.0 mg, 3.45 mmol), (3.49e was obtained
(341.0 mg, 57%, 3 steps) as a 1:1.1 mixture of diastereomers about the propargylic
position after flash chromatography on silica (8:1, n-Hexane/EtOAc). 'H NMR (400

MHz, CDCl3): 0 7.41-7.22 (m, 12H, both isomers), 7.01-6.95 (m, 2H, both isomers),
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6.49-6.47 (d, J= 6.0 Hz, 1H, major isomer), 6.45-6.44 (d, /= 6.2 Hz, 1H, minor isomer),
6.21-6.19 (d, J=5.9 Hz, 1H, major isomer), 6.17-6.16 (d, /J=2.8 Hz, 1H, major isomer),
5.05-5.02 (dd, J = 3.6, 6.1 Hz, 1H, minor isomer), 4.99-4.94 (m, 1H, both isomers),
4.84-4.53 (m, 3H, both isomers), 4.37-4.34 (dt, /= 1.6, 6.9 Hz, 1H, major isomer), 4.31-
4.28 (dt, J= 0.6, 5.8 Hz, 1H, minor isomer), 4.16-4.15 (dd, J = 2.9, 9.9 Hz, 1H, major
isomer), 4.10-4.08 (m, 1H, minor isomer), 4.06-4.04 (m, 1H, minor isomer), 3.98-3.94
(dd, J=6.9, 9.9 Hz, 1H, major isomer), 2.15 (s, 1H, major isomer), 2.13 (s, 1H, minor
isomer); *C NMR (100 MHz, CDCl3): § 169.5, 169.4, 164.0, 164.0, 161.5,161.5, 144.3,
144.0, 138.0, 137.9, 137.8, 137.5, 134.1, 134.0, 133.89, 133.8, 128.5, 128.4, 128.4,
128.4,128.2,128.0,127.9,127.9,127.6,127.6,117.9, 117.9, 115.6, 115.4, 100.5, 100.0,
86.3,85.7,83.5,82.0,77.4,76.9,76.7,75.2,74.4,72.6,72.4,72.4,72.0,70.9,70.3, 64.1,

61.7,20.9; HRMS (ESI) calcd. for [C30H23FOs]", 487.1921; found 487.1921.

AcO 4

BnO
BnO O

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-0O-acetyl-3-cyclohexylprop-2-yn-1-yl)-

D-arabino-hex-1-enitol (3.49f): Compound was prepared following the general
procedure B, cyclohexylacetylene (373.2 mg, 3.45 mmol), 3.49f was obtained (396.4
mg, 65%, 3 steps) as a 1:3 mixture of diastereomers about the propargylic position after
flash chromatography on silica (8:1, n-Hexane/EtOAc). "H NMR (400 MHz, CDCl3): &
7.37-7.28 (m, 10H, both isomers), 6.46-6.44 (dd, J = 1.7, 6.0 Hz, 1H, major isomer),

6.41-6.40 (d, J = 6.2 Hz, 1H, minor isomer), 6.03-6.01, (dd, J= 1.8, 6.3 Hz, 1H, minor
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isomer), 5.99-5.98 (t, J = 2.4 Hz, 4.7 Hz, 1H, major isomer), 5.00-4.98 (m, 1H, minor
isomer), 4.97-4.93 (d, J = 11.0 Hz, 1H, major isomer), 4.91-4.89 (dd, J = 2.1, 6.1 Hz,
major isomer), 4.81-4.79 (d, J= 11.0 Hz, 1H, major isomer), 4.78-4.75 (d, /= 11.8 Hz,
minor isomer), 4.70-4.67 (d, J = 11.6 Hz, 1H, major), 4.66-4.63 (d, J = 11.8 Hz, 1H,
minor isomer), 4.61-4.58 (d, /= 11.6 Hz, 1H, major isomer), 4.54 (s, 2H, minor isomer),
4.35-4.32 (dt,J=1.7,7.1 Hz, 1H, major isomer), 4.22-4.18 (m, 1H, minor isomer), 4.06-
4.05 (d, J = 2.8 Hz, 1H, minor isomer), 4.03-4.03 (d, J = 2.6 Hz, 1H, major isomer),
3.92-3.90 (d, J="7.1 Hz, 1H, major isomer), 3.89-3.88 (d, /= 7.0 Hz, 1H, minor isomer),
2.45-2.41 (m, 1H, major isomer), 2.35-2.31 (m, 1H, minor isomer), 2.12 (s, 3H, major
isomer), 2.09 (s, 3H, minor isomer), 1.81-1.64 (m, 4H, both isomers), 1.53-1.42 (m, 2H,
both isomers) 1.33-1.24 (m, 4H, both isomers); *C NMR (100 MHz, CDCls): J 169.5,
169.5, 144.3, 144.0, 138.1, 138.0, 137.9, 137.6, 128.4, 128.4, 128.4, 128.3, 128.1, 127.9,
127.8, 127.8, 127.7, 127.6, 127.5, 100.4, 99.7, 92.7,91.9, 77.4, 76.8, 75.8, 74.7, 73.1,
72.4,71.9, 70.8, 70.2, 64.1, 61.6, 32.3, 32.3, 32.2, 32.2, 29.00, 28.9, 25.7, 25.7, 24.7,

21.0; HRMS (ESI) calcd. for [C30H340sNa]” 497.2307; found 497.2307.

_ nBu
AcO ~=

BnO
BnO o

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-acetylhept-2-yn-1-yl)-D-arabino-
hex-1-enitol (3.49¢g): Compound was prepared following the general procedure B, 1-
hexyne (283.2 mg, 3.45 mmol), 3.49g was obtained (352.6 mg, 61%, 3 steps) as a 1:2.1

mixture of diastereomers about the propargylic position after flash chromatography on
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silica (8:1, n-Hexane/EtOAc). 'H NMR (400 MHz, CDCl5): § 7.36-7.29 (m, 10H, both
isomers), 6.45-6.43 (dd, J = 0.84, 6.9 Hz, 1H, major isomer), 6.42-6.40 (d, J = 6.2 Hz,
1H, minor isomer), 5.97-5.93 (m, 1H, both isomers), 4.98-4.96 (dd, J= 3.5, 6.2 Hz, 1H,
minor isomer), 4.95-4.93 (d, /= 11.0 Hz, 1H, major isomer), 4.91-4.89 (dd, J = 2.1 Hz,
6.1 Hz, 1H, major isomer), 4.80-4.77 (d, /= 11.0 Hz, major isomer), 4.8-4.7 (d,/=11.4
Hz, 1H, minor isomer), 4.69-4.66 (d, J = 11.5 Hz, major isomer), 4.63-4.60 (d, J=11.6
Hz, 1H, minor isomer), 4.60-4.57 (d, J = 11.6 Hz, major isomer), 4.56 (s, 2H, minor
isomer), 4.33-4.31 (dt, /= 1.7, 7.0 Hz, 1H, major isomer), 4.17-4.13 (t, J = 5.8 Hz, 1H,
minor isomer), 4.08-4.06 (t, /= 8.0 Hz, 1H, minor isomer), 4.04-4.01 (dd, J=2.8, 10.0
Hz, 1H, major isomer), 3.99-3.96 (m, 1H, minor isomer), 3.90-3.86 (dd, J = 7.0, 10.0
Hz, 1H, major isomer), 2.24-2.20 (dt, J = 2.0, 7.0 Hz, 2H, major isomer), 2.17-2.13 (dt,
J = 1.8, 6.9 Hz, 2H, minor isomer), 2.11 (s, 3H, major isomer), 2.08 (s, 3H, minor
isomer), 1.53-1.31 (m, 4H, both isomers), 0.91-0.87 (s, 3H, major isomer), 0.88-0.85 (s,
3H, minor isomer); 3C NMR (100 MHz, CDCls):  169.6, 169.5, 144.3, 144.1, 138.1,
138.1,137.9,137.7,128.4,128.4, 128.2, 128.0, 127.9, 127.8, 127.8, 127.8, 127.6, 127.6,
100.4, 99.8, 88.8, 87.8, 77.5, 75.5, 74.8, 74.5, 73.1, 72.8, 72.8, 72.3, 70.8, 70.3, 64.1,
61.7, 304, 304, 219, 219, 21.0, 18.5, 18.4, 13.5; HRMS (ESI) calcd. for

[CasH320sNa]", 471.2147; found 471.2158.

_ Me
AcO =

BnO
BnO O

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-0O-acetylbut-2-yn-1-yl)-D-arabino-
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Hex-1-enitol (3.49h): Compound was prepared following the general procedure B, 1-
propynylmagnesium bromide solution (0.5 M in THF, 6.9 mL, 3.45 mmol), 3.49h was
obtained (159.6 mg, 52%, 3 steps) as a 1:3 mixture of diastereomers about the
propargylic position after flash chromatography on silica (8:1, n-Hexane/EtOAc). 'H
NMR (400 MHz, CDCIl3): ¢ 7.38-7.29 (m, 10H, both isomers), 6.46-6.44 (dd, J = 1.0,
6.1 Hz, 1H, major isomer), 6.43-6.42 (dd, J= 0.8, 6.2 Hz, 1H, minor isomer), 5.93-5.89
(m, 1H, both isomers), 4.99-4.91 (m, 2H,both isomers), 4.81-4.77 (m, 1 H, both isomers),
4.70-4.53 (m, 2 H, both isomers), 4.34-4.31 (dt, J = 1.8, 6.9 Hz, 1H, major isomer),
4.15-4.10 (m, 1H, both isomers), 4.05-4.02 (dd, /= 2.8, 10 Hz, major isomer), 3.97-3.94
(dd,J=1.6, 5.0 Hz, 1H, minor isomer) 3.92-3.88 (dd, /=7.0, 10 Hz, 1 H, major isomer),
2.11 (s, 3H, major isomer), 2.08 (s, 3H, minor isomer), 1.84-1.83 (d, J = 2.2 Hz, 3H,
major isomer), 1.81-1.80 (d, J = 2.2 Hz, 3H, minor isomer); *C NMR (100 MHz,
CDCIl3): 6 169.6, 169.5, 144.3, 144.0, 138.0, 138.0, 137.8, 137.5, 128.4, 128.3, 128.3,
128.0, 127.9, 127.8, 127.7, 127.6, 100.3, 100.0, 84.2, 83.4, 77.4, 77.0, 75.1, 74.3, 74.0,
73.4,72.9,72.3,72.2,70.8,70.4, 64.0, 61.7, 20.9, 20.9, 3.8, 3.6; HRMS (ESI) calcd. for

[C2sH270s]", 407.1858; found 407.1851.

AcO F

BnO
BnO O

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-0-acetyl-3-(cyclohex-1-enyl)prop-2-
yn-1-yl)-D-arabino-Hex-1-enitol (3.49i): Compound was prepared following the
general procedure B, 1-ethynycyclohexene (345.0 mg, 3.45 mmol), 3.49i was obtained
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(360.0 mg, 62%, 3 steps) as a 1:3.5 mixture of diastereomers about the propargylic
position after flash chromatography on silica (8:1, n-Hexane/EtOAc). 'H NMR (300
MHz, CDCI3): ¢ 7.38-7.29 (m, 10H, both isomers), 6.46-6.44 (d, J = 6.0 Hz, 1H, major
isomer), 6.41-6.40 (d, J= 6.2 Hz, 1H, minor isomer), 6.16-6.14 (m, 1H, major isomer),
6.12-6.10 (d, J= 6.1 Hz, 1H, minor isomer), 6.08-6.07 (s, 1H, major isomer), 6.05-6.03
(m, 1H, minor isomer), 5.00-4.98 (dd, /=4.2, 6.3 Hz, 1H, minor isomer), 4.96-4.94 (d,
J=11.0 Hz, 1H, major isomer), 4.92-4.90 (d, J= 2.0, 6.1 Hz, 1H, major isomer), 4.81-
4.78 (d, J = 11.0 Hz, 1H, major isomer), 4.77-4.74 (d, J = 11.7 Hz, 1H, minor isomer),
4.69-4.66 (d, J = 11.5 Hz, 1H, major isomer), 4.65-4.62 (d, J = 11.6 Hz, 1H, minor
isomer), 4.60-4.57 (d, J= 11.5 Hz, 2H, major isomer), 4.54 (s, 2H, minor isomer), 4.33-
4.32 (dt, J= 1.6, 7.0 Hz, 1H, major isomer), 4.24-4.20 (td, J = 1.5, 5.6 Hz, 1H, major
isomer), 4.09-4.05 (dd, J = 2.8, 10.0 Hz, 1H, major isomer), 4.03-4.01 (m, 2H, minor
isomer), 3.92-3.88 (dd, J=7.1, 10.0 Hz, 1H, major isomer), 2.12 (s, 3H, major isomer),
2.11-2.00 (m, 4H, both isomers), 1.63-1.55 (m, 4H, both isomers); *C NMR (100 MHz,
CDCl3): 0 169.5, 144.3, 144.0, 138.1, 138.0, 137.9, 136.6, 136.4, 128.4, 128.4, 128.3,
128.2,128.0,127.9,127.9,127.8,127.6,127.6, 119.6, 100.4, 99.8, 89.4,79.3, 77.4,77 .2,
76.8,75.7,74.6,72.5,72.2,71.9,70.9,70.3,64.3,61.9,28.9, 28.8, 25.6,22.1, 21.3, 20.9;

HRMS (ESI) caled. for [C30H3305]", 473.2328; found 473.2330.

AcO F AcO Z

B BnO
no BnO ©

o

=

O
(@]
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1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-0O-acetyl-4-methylbut-4-en-2-yn-1-yl)-
D-arabino-Hex-1-enitol (3.49j-A): Compound was prepared following the general
procedure B, isopropenylacetylene (228.0 mg, 3.45 mmol), 3.49j-A was obtained (165.4
mg, 31%, 3 steps) after flash chromatography on silica (8:1, n-Hexane/EtOAc). [a]p?’ =
38.2; (c = 1.0, CHCI3); 'H NMR (400 MHz, CDCls): ¢ 7.38-7.28 (m, 10H), 6.46-6.44
(dd, J=1.1, 6.0 Hz, 1H), 6.08-6.08 (d, J = 2.7 Hz, 1H), 5.35 (br, 1H), 5.28-5.27 (t, J =
1.6 Hz, 1H), 4.97-4.94 (d, J = 11.1 Hz, 1H), 4.93-4.91 (dd, J = 2.2, 6.1 Hz, 1H), 4.81-
4.78 (d,J=11.1 Hz, 1H), 4.69-4.67 (d, J=11.5 Hz, 1H), 4.60-4.57 (d, /= 11.5 Hz, 1H),
4.34-4.32 (dt,J= 1.8, 7.0 Hz, 1H), 4.10-4.07 (dd, /= 2.9, 10.0 Hz, 1H), 3.91-3.87 (dd,
J=17.0,10.0 Hz, 1H), 2.13 (s, 3H), 1.88 (s, 3H); '*C NMR (100 MHz, CDCI3): § 169.4,
144.3,138.0, 137.8, 128.4, 128.4, 128.0, 127.9, 127.8, 127.8, 125.7, 123.5, 100.5, 88.6,
81.1,77.3,76.9,75.4,74.5,70.9, 64.0, 23.2, 20.9; HRMS (ESI) caled. for [C27H2905]",
433.2015; found 433.2010.

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-acetyl-4-methylbut-4-en-2-yn-1-yl)-
D-arabino-Hex-1-enitol (3.49j-B): Compound was prepared following the general
procedure B, isopropenylacetylene (228.0 mg, 3.45 mmol), 3.49j-B was obtained (166.9
mg, 32%, 3 steps) after flash chromatography on silica (8:1, n-Hexane/EtOAc). [o]p* =
1.4; (¢ = 1.0, CHCI3); "H NMR (400 MHz, CDCl;3): 6 7.36-7.28 (m, 10H), 6.43-6.40 (dd,
J=10.8, 6.2 Hz, 1H), 6.13-6.11 (d, J = 6.0 Hz, 1H), 5.25-5.23 (m, 2H), 5.01-4.98 (dd, J
=3.6, 6.2 Hz, 1H), 4.79-4.75 (d, J=11.6 Hz, 1H), 4.65-4.61 (d, /= 11.6 Hz, 1H), 4.55
(s,2H), 4.25-4.20 (dt,J=1.1,5.9 Hz, 1H), 4.06-3.98 (m, 2H), 2.10 (s, 3H), 1.80 (s, 3H);
3C NMR (100 MHz, CDCls): § 169.5, 144.0, 138.0, 137.6, 128.5, 128.4, 128.2, 128.0,
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127.6,127.6,125.7,123.3,99.9,87.9,82.7,77.2,72.6,72.3,71.9, 70.3, 61.3, 23.0, 20.9;

HRMS (ESI) caled. for [C27H2905]", 433.2015; found 433.2018.

Ph
AcO 4

MeO
MeO O

1,5-anhydro-2-deoxy-3,4-bis-O-methyl-6-(1-O-acetyl-3-phenylprop-2-yn-1-yl)-D-

arabino-Hex-1-enitol (3.49k): Compound was prepared following the general
procedure B, 3.52b (212.4 mg, 1.2 mmol), 3.49k was obtained (254.9 mg, 65%, 3 steps)
as a 1:1.1 mixture of diastereomers about the propargylic position after flash
chromatography on silica (8:1, n-Hexane/EtOAc). 'H NMR (300 MHz, CDCl3): § 7.48-
7.44 (m, 2H, both isomers), 7.36-7.27 (m, 3H, both isomers), 6.46-6.44 (dd, J=1.1, 6.1
Hz, 1H, minor isomer), 6.39-6.37 (d, J = 6.2 Hz, 1H, major isomer), 4.99-4.96 (dd, J =
3.7, 6.2 Hz, 1H, major isomer), 4.89-4.87 (dd, /= 2.3, 6.1 Hz, 1H, minor isomer), 4.28-
4.23 (dt, J=1.1, 5.9 Hz, 1H, major isomer), 4.07-4.02 (dd, J = 3.1, 9.8 Hz, 1H, minor
isomer), 4.02-3.98 (dt, J = 3.7, 6.9 Hz, 1H, major isomer), 3.80-3.72 (m, 1H, both
isomers), 3.64 (s, 3H, minor isomer), 3,63-3,58 (dd, J= 6.9, 9.8 Hz, 1H, major isomer),
3.51 (s, 3H, major isomer), 3.42 (s, 3H, both isomers), 2.16 (s, 3H, minor isomer), 2.15
(s, 3H, major isomer); '*C NMR (75 MHz, CDCl3): § 169.5, 169.5, 144.3, 14308, 132.0,
131.9, 128.8, 128.3, 128.2, 121.9, 121.9, 100.1, 99.7, 87.2, 86.7, 83.8, 82.3, 78.1, 77.2,
76.9,76.3,74.5, 73.8, 64.0, 61.6, 60.1, 58.6, 56.0, 55.9, 20.9. 20.9; HRMS (ESI) calcd.

for [C1sH210s]", 317.1389; found 317.1392.
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OMe

AcO F

MeO
MeO O

1,5-anhydro-2-deoxy-3,4-bis-O-methyl-6-(1-O-acetyl-3-(p-methoxyphenyl)prop-2-

yn-1-yl)-D-arabino-Hex-1-enitol (3.491): Compound was prepared following the
general procedure B, 3.52b (212.4 mg, 1.2 mmol), 4-ethynylanisole (458.2 mg, 3.45
mmol), 3.491 was obtained (274.2 mg, 61%, 3 steps) as a 1:3 mixture of diastereomers
about the propargylic position after flash chromatography on silica (8:1, n-
Hexane/EtOAc). '"H NMR (300 MHz, CDCls): 6 7.42-7.38 (m, 2H, both isomers), 6.84-
6.81 (m, 2H, both isomers), 6.45-6.44 (d, J = 6.0 Hz, 1H, major isomer), 6.39-6.37 (d,
J = 6.2 Hz, minor isomer), 6.13-6.11 (d, /= 6.2 Hz, 1H, minor isomer), 6.08-6.07 (d, J
= 3.0 Hz, 1H, major isomer), 4.98-4.95 (dd, J = 3.8, 6.1 Hz, 1H, minor isomer), 4.88-
4.86 (dd, J = 2.2, 6.1 Hz, 1H, major isomer), 4.25-4.22 (t, J = 5.9 Hz, minor isomer),
4.04-4.01 (dd, J = 3.0, 9.8 Hz, 1H, major isomer), 4.01-3.98 (dt, J = 1.6, 6.9 Hz, 1H,
major isomer), 3.80 (s, 3H, both isomers), 3.80-3.77 (t, J = 4.0 Hz, 1H, minor isomer),
3.74-3.71 (t, J = 5.1 Hz, 1H, minor isomer), 3.63 (s, 3H, major isomer), 3.61-3.57 (dd,
J=6.9,9.8 Hz, 1H, both isomers), 3.51 (s, 3H, minor isomer), 3.42 (s, 3H, both isomers);
13C NMR (100 MHz, CDCI3): § 169.6, 169.6, 160.0, 144.3, 143.8, 133.6, 133.5, 114.0,
114.0,113.9,113.9, 100.1,99.7, 87.4, 86.8. 82.4, 80.9, 78.2, 77.3, 76.9, 76.4, 74.5,73.9,
64.2, 61.8, 60.2, 58.6, 56.1, 56.0, 55.3, 21.0, 21.0; HRMS (ESI) calcd. for

[C19H2206Na]", 369.1314; found 369.1310.
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nBu
AcO 4

MeO
MeO o

1,5-anhydro-2-deoxy-6-(1-O-acetylhept-2-yn-1-yl)-3,4-bis-O-methyl-D-arabino-

Hex-1-enitol (3.49m): Compound was prepared following the general procedure B,
3.52b (212.4 mg, 1.2 mmol), 1-hexyne (283.2 mg, 3.45 mmol), 3.49m was obtained
(244.9 mg, 63%, 3 steps) as a 1:1.3 mixture of diasterecomers about the propargylic
position after flash chromatography on silica (8:1, n-Hexane/EtOAc). 'H NMR (400
MHz, CDCl3): 0 6.40-6.31 (d, J = 6.0 Hz, 1H, major isomer), 6.33-6.31 (d, J = 6.2 Hz,
1H, minor isomer), 5.85-5.83 (dt, /= 1.9, 6.1 Hz, 1H, minor isomer), 5.80-5.80 (d, J =
3.4 Hz, 1H, major isomer), 4.92-4.89 (dd, J= 3.7, 9.9 Hz, 1H, minor isomer), 4.83-4.81
(dd, J = 2.2, 8.2 Hz, 1H, major isomer), 4.08-4.05 (t, J/ = 6.0 Hz, 1H, minor isomer),
3,95-3.93 (d, J = 6.9 Hz, 1H. major isomer), 3.91-3.87 (dd, J = 2.9, 9.9 Hz, 1H, major
isomer), 3.74-3.72 (t, J = 4.0 Hz, 1H, minor isomer), 3.66-3.61 (m, 1H, both isomers),
3.57 (s, 3H, major isomer), 3.49-3.32 (m, 1H, both isomers), 3.45 (s, 3H, minor isomer),
3.38 (s, 3H, major isomer), 3.37 (s, 3H, minor isomer), 2.23-2.19 (m, 2H, both isomers),
2.09 (s, 3H, major isomer), 2.08 (s, 3H, minor isomer), 1.51-1.44 (m, 2H, both isomers),
1.42-1.34 (m, 2H, both isomers), 0.89-0.85 (m, 3H, both isomers) ; '*C NMR (100 MHz,
CDCl): 6 1695, 144.2, 143.8, 99.9, 99.4, 88.5, 87.9, 78.2, 77.2, 76.7, 76.4, 74.8, 74.5,
73.9, 73.1, 63.9, 61.4, 60.0, 58.5, 55.9, 55.8, 30.3, 21.8, 20.9, 20.8, 18.4, 13.4; HRMS

(ESI) calcd. for [C16H240sNa]", 319.1521; found 319.1522.
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Me
AcO F

MeO
MeO O

1,5-anhydro-6-(1-O-acetylbut-2-yn-1-yl)-2-deoxy-3,4-bis-O-methyl-D-arabino-

Hex-1-enitol (3.49n): Compound was prepared following the general procedure B,
3.52b (212.4 mg, 1.2 mmol), 1-propynylmagnesium bromide solution (0.5 M in THF,
6.9 mL, 3.45 mmol), 3.49n was obtained (178.3 mg, 58%, 3 steps) as a 1:1.7 mixture of
diastereomers about the propargylic position after flash chromatography on silica (8:1,
n-Hexane/EtOAc). 'H NMR (400 MHz, CDCl): § 6.42-6.40 (d, J = 4.8 Hz, 1H, major
isomer), 6.36-6.34 (d, /= 6.2 Hz, 1H, minor isomer), 5.82-5.81 (dd, /J=2.3, 5.6 Hz, 1H,
minor isomer), 5.79-5.78 (t, J = 2.4 Hz, 1H, major isomer), 4.93-4.90 (dd, J = 3.6, 6.2
Hz, 1H, minor isomer), 4.86-4.84 (dd, J=2.2, 6.1 Hz, 1H, major isomer), 4.07-4.04 (t,
J=6.0 Hz, 1H, minor isomer), 3.96-3.93 (dt, /= 1.6, 6.8 Hz, 1H, major isomer), 3.92-
3.89 (dd, J=3.0, 9.9 Hz, 1H, major isomer), 3.79-3.77 (t,J = 3.9 Hz, 1H, minor isomer,
3.62-3.58 (t, J = 6.0 Hz, 1H, minor isomer), 3.58 (s, 3H, major isomer), 3.52-3.48 (dd,
J = 6.8, 9.8 Hz, 1H, major isomer), 3.47 (s, 3H, minor isomer), 3.40 (s, 3H, major
isomer), 3.39 (s, 3H, minor isomer), 2.11 (s, 3H, major isomer), 2.11 (s, 3H, minor
isomer), 1.87 (s, 3H, minor isomer), 1.87 (s, 3H, major isomer); *C NMR (100 MHz,
CDCl3): 0 169.6, 169.6, 144.2,143.9, 99.9, 99.5, 84.0, 83.4, 78.1, 77.1,76.7, 76.6, 74.6,
74.5,73.9, 72.4, 63.9, 61.5, 60.0, 58.7, 60.0, 55.9, 20.9, 20.9, 3.7; HRMS (ESI) calcd.

for [C13H130sNa]", 277.1052; found 277.1056.
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1,5-anhydro-2-deoxy-3,4-bis-O-methoxymethyl-6-(1-O-acetyl-3-phenylprop-2-yn-

1-yl)-D-arabino-Hex-1-enitol (3.490): Compound was prepared following the general
procedure B, 3.52¢ (280.8 mg, 1.2 mmol), 3.490 was obtained (301.9 mg, 63%, 3 steps)
as a 1:2.4 mixture of diastereomers about the propargylic position after flash
chromatography on silica (8:1, n-Hexane/EtOAc). "H NMR (400 MHz, CDCl3): J 7.48-
7,43 (m, 2H, both isomers), 7.35-7.27 (m, 3H, both isomers), 6.45-6.43 (dd, J=1.3,7.4
Hz, 1H, minor isomer), 6.41-6.39 (dd, J = 0.8, 7.0 Hz, 1H, major isomer), 6.12-6.12 (d,
J=2.9 Hz, major isomer), 6.10 (s, 1H, minor isomer), 5.01-4.96 (m, 1H, both isomers),
4.92-4.89 (dd, J = 2.6, 6.1 Hz, 1H, minor isomer), 4.83-4.69 (m, 4H, both isomers),
4.35-4.32 (dd,J=1.3, 7.4 Hz, 1H, major isomer), 4.29-4.24 (m, 1H, both isomers), 4.18-
4.14 (dd, J=3.8, 8.9 Hz, 1H, minor isomer), 4.11-4.09 (t, J=4.0 Hz, 1H, major isomer),
4.03-3.99 (dd, J = 6.4, 9.0 Hz, 1H, minor isomer), 3.47 (s, 3H, minor isomer), 3.40 (s,
3H, major isomer), 3.38 (s, 3H, both isomers), 2.16 (s, 3H, minor isomer), 2.15 (3H,
major isomer); *C NMR (100 MHz, CDCls): § 169.6, 169.4, 144.0, 143.7, 132.0, 131.8,
128.9,128.7,128.3, 128.2,121.9, 121.8, 101.2, 100.1, 97.1, 96.3, 95.8, 94.8, 87.1, 86.9,
83.6,82.4,77.2,76.9,74.2,72.8,71.2,68.3,63.7,61.6,56.3,56.0, 55.6, 55.5, 20.9, 20.9;

HRMS (ESI) caled. for [C20H2407Na]", 399.1420; found 399.1425.
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Ph Ph
AcO F AcO Z
BnO BnO
BnO (@) BnO (0]

A B

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-acetyl-3-phenylprop-2-yn-1-yl)-D-
arabino-hex-5-enitol (epi-3.49a-A): Compound was prepared following the general
procedure B, 3.52d (400.0 mg, 1.2 mmol), epi-3.49a-A was obtained (195.9 mg, 32%,
3 steps) after flash chromatography on silica (8:1, n-Hexane/EtOAc). [a]p*2 = -77.9; (¢
= 1.0, CHCI3); '"H NMR (400 MHz, CDCl3): § 7.45-7.27 (m, 15H), 6.47-6.45 (dd, J =
1.3, 7.5 Hz, 1H), 5.82-5.79 (d, J = 8.6 Hz, 1H), 4.99-4.97 (d, J = 11.4 Hz, 1H), 4.94-
4.93 (d, J= 6.3 Hz, 1H), 4.75-4.70 (m, 2H), 4.66-4.63 (d, J = 12.0 Hz), 4.37 (br, 1H),
4.12-1.10 (d, J = 8.6 Hz, 1H), 4.03 (br, 1H), 1.97 (s, 3H); *C NMR (100 MHz, CDCI3):
0 168.8, 144.1, 138.2, 138.2, 132.1, 128.7, 128.5, 128.4, 128.2, 127.7, 127.5, 122.2,
100.6, 86.0, 84.6, 76.8, 74.0, 73.0, 71.0, 68.3, 62.6, 20.9; HRMS (ESI) calcd. for
[C30H280sNa]*, 491.1834; found 491.1833.
1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-0O-acetyl-3-phenylprop-2-yn-1-yl)-D-
arabino-hex-5-enitol (epi-3.49a-B): Compound was prepared following the general
procedure B, 3.52d (400.0 mg, 1.2 mmol), epi-3.49a-B was obtained (193.2 mg, 30%,
3 steps) after flash chromatography on silica (8:1, n-Hexane/EtOAc). [a]p?? = -30.6; (c
= 1.0, CHCI3); '"H NMR (400 MHz, CDCl3): J 7.46-7.28 (m, 15H), 6.43-6.41 (dd, J =
1.3, 6.2 Hz, 1H), 6.09-6.07 (d, J = 9.2 Hz, 1H), 5.10-5.08 (d, J = 11.4 Hz, 1H), 4.96-
4.94 (d,J=6.3 Hz, 1H), 4.83-4.80 (d, J=11.3 Hz, 1H), 4.76-4.73 (d, J=12.1 Hz, 1H),
4.68-4.65 (d, J = 12.1 Hz, 1H), 4.42 (br, 1H), 4.36 (br, 1H), 4.19-4.17 (d, J = 9.2 Hz,
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1H), 2.17 (s, 3H); 13C NMR (100 MHz, CDCls): 6 169.6, 143.9, 138.3, 138.2, 131.9,
129.0, 128.4, 128.3, 128.3, 128.0, 127.6, 127.6, 127.4, 121.7, 100.4, 87.4, 83.1, 77.5,
74.7, 73.0, 71.0, 70.8, 64.7, 21.0; HRMS (ESI) calcd. for [C30HasOsNa]*, 491.1834;

found 491.1830.

Ph S
X OAc

OBn
O, OBn

1-((1S,2R,55)-2(benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-phenyl-

methanone (ent-3.49a): Compound was prepared following the general procedure B,
3.52e (400.0 mg, 1.2 mmol), ent-3.49a was obtained (382.1 mg, 64%, 3 steps) asa 1:1.1
mixture of diastereomers about the propargylic position after flash chromatography on
silica (8:1, n-Hexane/EtOAc). 'H NMR (400 MHz, CDCl3):  7.47-7.27 (m, 15H, both
isomers), 6.51-6.49 (dd, J = 1.6, 6.1 Hz, 1H, minor isomer), 6.47-6.45 (d, J = 6.4 Hz,
1H, major isomer), 6.26-6.24 (d, J = 6.2 Hz, 1H, minor isomer), 6.22-6.21 (d, J = 2.8
Hz, 1H, minor isomer), 5.06-5.03 (ddd, J = 0.6, 3.6, 6.2 Hz, 1H, major isomer), 5.01-
5.00 (d, J = 11.1 Hz, 1H, minor isomer), 4.97-4.95 (dd, J = 2.1, 6.1 Hz, 1H, minor
isomer), 4.87-4.84 (d, J = 11.0 Hz, 1H, minor isomer) 4.82-4.79 (d, J = 11.6 Hz, 1H,
major isomer), 4.72-4.69 (d, J = 11.6 Hz, 1H, major isomer), 4.68-4.66 (d, /= 11.6 Hz,
1H, major isomer), 4.62-4.59 (d, J = 11.6 Hz, 1H, major isomer), 4.58 (s, 2H, minor
isomer), 4.39-4.36 (dt, /= 1.7, 7.0 Hz, 1H, minor isomer), 4.36-4.33 (dt, /=1.2, 5.8 Hz,
1H, major isomer), 4.19-4.15 (dd, J=2.9, 9,9 Hz, 1H, minor isomer), 4.11-4.07 (m, 1H,
both isomers), 4.02-3.98 (dd, J = 7.0, 10.0 Hz, 1H, minor isomer), 2.16 (s, 3H, minor
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isomer), 2.14 (s, 3H, major isomer); '>*C NMR (100 MHz, CDCl5): § 169.5, 169.4, 144.2,
144.0, 138.0,137.9,137.8,137.5,132.0, 131.9, 128.8, 128.7, 128.5, 128.5, 128.4, 128.3,
128.2,128.2,128.1, 128.0, 127.9, 127.8, 127.8, 127.7, 127.6, 121.8, 121.8, 100.5, 99.9,
87.3,86.7,83.7,82.1,77.4,76.9,75.3,74.5,72.5,72.1,71.8,70.8,70.3, 66.2, 64.1, 61.7,

20.9; HRMS (ESI) caled. for [C30H2805Na]", 491.1834; found 491.1830.

MeO

1-((1S,2R,5S)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-(4-

methoxyphenyl)-methanone (ent-3.49b): Compound was prepared following the
general procedure B, 3.52e (400.0 mg, 1.2 mmol), 4-ethynylanisole (458.2 mg, 3.45
mmol), ent-3.49b was obtained (422.1 mg, 66%, 3 steps) as a 1:1.3 mixture of
diastereomers about the propargylic position after flash chromatography on silica (8:1,
n-Hexane/EtOAC). *H NMR (500 MHz, CDCls): 6 7.38-7.24 (m, 12H, both isomers),
6.82-6.79 (m, 2H, both isomers), 6.48-6.46 (dd, J=1.1, 4.8 Hz, 1H, major isomer), 6.44-
6.42 (d, J = 6.2 Hz, 1H, minor isomer), 6.21-6.20 (d, J = 6.2 Hz, 1H, minor isomer),
6.17-6.17 (d, J = 2.9 Hz, 1H, major isomer), 5.03-5.01 (ddd, J = 0.5, 4.2, 6.2 Hz, 1H,
minor isomer), 4.98-4.96 (d, J = 11.1 Hz, major isomer), 4.94-4.92 (dd, J = 2.2, 6.1 Hz,
1H, major isomer), 4.84-4.82 (d, J = 11.1 Hz, 1H, major isomer), 4.79-4.77 (d, J = 11.6
Hz, 1H, minor isomer), 4.69-4.67 (d, J = 11.6 Hz, 1H, minor isomer), 4.66-4.64 (d, J =

11.6 Hz, minor isomer), 4.60-4.58 (d, J = 11.6 Hz, 1H, major isomer), 4.55 (s, 2H, minor
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isomer); 4.36-4.34 (dt, J = 1.8, 7.0 Hz, 1H, major isomer), 4.32-4.29 (td, J = 1.1 Hz, 5.8
Hz, minor isomer), 4.15-4.12 (dd, J = 2.9, 10.0 Hz, 1H, major isomer), 4.09-4.05 (m,
2H, minor isomer), 3.99-3.95 (dd, J = 7.0, 9.9 Hz, 1H, major isomer), 3.81 (s, 3H, minor
isomer), 3.81 (s, 3H, major isomer), 2.15 (s, 3H, major isomer), 2.12 (s, 3H, minor
isomer); 33C NMR (100 MHz, CDCls): 6 169.6, 169.5, 160.0, 159.9. 144.3, 144.0, 138.0,
138.0, 137.8, 137.5, 133.6, 133.4, 128.5, 128.4, 128.4, 128.4, 128.2, 128.0, 128.0, 127.8,
127.8,127.8,128.6, 128.6, 113.9, 113.9, 113.8, 100.5, 99.9, 87.4, 86.8, 82.4, 80.8, 77.5,
77.0, 76.8, 75.5, 74.6, 72.6, 72.2, 71.9, 70.9, 70.3, 64.3, 61.9, 55.2, 21.0, 20.9; HRMS

(ESI) calcd. for [CaiH2006Na]*, 521.1940; found 521.1940.

nBu S
X OAc

OBn
0 OBn

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-acetylhept-2-yn-1-yl)-L-arabino-

hex-1-enitol (ent-3.49g): Compound was prepared following the general procedure B,
3.52e (400.0 mg, 1.2 mmol), 1-hexyne (283.2 mg, 3.45 mmol), ent-3.49g was obtained
(352.5 mg, 61%, 3 steps) as a 1:1.7 mixture of diastereomers about the propargylic
position after flash chromatography on silica (8:1, n-Hexane/EtOAc)."H NMR (500
MHz, CDCl3): 0 7.37-7.29 (m, 10H, both isomers), 6.46-6.44 (dd, /= 0.84, 6.1 Hz, 1H,
major isomer), 6.42-6.41 (d, J = 6.3 Hz, 1H, minor isomer), 5.99-5.96 (dt, J = 2.0, 5.6
Hz, 1H, minor isomer), 5.96-5.54 (m, 1H, major isomer), 4.99-4.97 (dd, /= 3.6, 6.2 Hz,
1H, minor isomer), 4.69-4.94 (d, J=11.1 Hz, 1H, major isomer), 4.92-4.90 (dd, J= 2.1,

6.1 Hz, 1H, major isomer), 4.81-4.79 (d, J = 11.0 Hz, 1H, major isomer), 4.79-4.76 (d,
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J=11.4 Hz, 1H, minor isomer), 4.70-4.67 (d, /= 11.6 Hz, 1H, major isomer), 4.64-4.61
(d, J=11.5 Hz, 1H, minor isomer), 4.60-4.58 (d, /= 11.6 Hz, 1H, major isomer), 4.56
(s, 2H, minor isomer), 4.34-4.32 (dt, /= 1.7, 7.0 Hz, 1H, major isomer), 4.18-4.15 (t, J
= 5.8 Hz,1H, minor isomer), 4.18-4.15 (t, /= 5.8 Hz, 1H, minor isomer), 4.09-4.07 (m,
1H, minor isomer), 4.05-4.02 (dd, J = 2.8, 10.0 Hz, 1H, major isomer), 4.00-3.97 (m,
1H, minor isomer), 3.92-3.87 (dd, /= 7.0, 10.0 Hz, 1H, major isomer), 2.24-2.20 (td, J
=2.0, 7.0 Hz, 2H, major isomer), 2.18-2.14 (td, /= 1.9, 7.1 Hz, 1H, minor isomer), 2.11
(s, 3H, major isomer), 2.09 (s, 3H, major isomer), 1.53-1.27 (m, 4H, both isomers), 0.92-
0.86 (m, 3H, both isomers); *C NMR (100 MHz, CDCls): 6 169.6, 169.5, 144.3, 144.0,
138.0, 138.0,137.9, 137.6, 128.4, 128.4, 128.4, 128.4, 128.2, 128.0, 127.9, 127.8, 127.8,
127.7, 127.7, 127.6, 127.6, 100.4, 99.8, 88.7, 87.9, 77.4, 77.0, 75.4, 74.7, 74.5, 73.1,
72.8,72.7,72.2,70.8,70.3,64.1,61.3,30.4,30.3,21.9,21.9,20.9,20.9, 18.5, 18.4, 13.5;

HRMS (ESI) caled. for [C2sH3205Na]", 471.2147; found 471.2144.

_ Ph
BzO 2

BnO
BnO O

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-benzoyl-3-phenylprop-2-yn-1-yl)-D-
arabino-hex-1-enitol (3.49p): Compound was prepared following the general
procedure B, benzoyl chloride (224.9 mg, 1.6 mmol), 3.49p was obtained (413.9 mg,
61%, 3 steps) as a 1:1.1 mixture of diastereomers about the propargylic position after
flash chromatography on silica (8:1, n-Hexane/EtOAc). *H NMR (500 MHz, CDCls): 6

8.13-8.10 (m, 2H, both isomers), 7.61-7.57 (m, 1H, both isomers), 7.48-7.42 (m, 4H,
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both isomers), 7.38-7.27 (m, 13H, both isomers), 6.54-6.52 (dd, J = 1.1, 6.1 Hz, 1H,
minor isomer), 6.50-6.48 (m, 1H, major isomer), 6.48-6.47 (d, J = 6.1 Hz, 1H, major
isomer); 6.44-6.43 (d, J = 3.4 Hz, 1H, minor isomer), 5.07-5.05 (dd, J = 3.5, 6.2 Hz, 1H,
major isomer), 5.04-5.01 (d, J = 11.2 Hz, 1H, minor isomer), 4.99-4.97 (dd, J=2.2,6.1
Hz, 1H, minor isomer), 4.91-4.88 (d, J = 11.2 Hz, 1H, minor isomer), 4.82-4.79 (d, J =
11.5 Hz, 1H, major isomer), 4.70-4.57 (m, 3H, both isomers), 4.49-4.45 (td, J=0.9,5.9
Hz, 1H, major isomer), 4.37-4.35 (dt, J = 1.8, 4.8 Hz, 1H, minor isomer), 4.35-4.32 (dd,
J=3.4,9.4 Hz, 1H, minor isomer), 4.19-4.17 (m, 1H, major isomer), 4.15-4.13 (m, 1H,
major isomer), 4.10-4.06 (dd, J = 6.6, 9.4 Hz, 1H, minor isomer) ; *C NMR (100 MHz,
CDCIs): 165.3, 165.2, 144.4, 144.2, 138.1, 138.0, 137.9, 137.6, 133.3, 133.3, 132.2,
132.0, 130.0, 130.0, 129.7, 129.6, 128.8, 128.5, 128.5, 128.5, 128.4, 128.3, 128.2, 128.2,
128.1,128.0,127.9,127.8,127.7,122.0, 121.9, 100.5, 100.1, 87.4, 87.0, 83.9, 82.6, 77.5,
76.5, 75.1, 74.4, 72.9, 72.8, 72.4, 70.9, 70.6, 64.6, 62.5; HRMS (ESI) calcd. for

[CasH3005Na]*, 553.1991; found 553.1984.

P Ph
PivO Z

BnO
BnO o

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-pivaloyl-3-phenylprop-2-yn-1-yl)-

D-arabino-hex-1-enitol (3.49q): Compound was prepared following the general
procedure B, pivaloyl chloride (193.0 mg, 1.6 mmol), 3.49q was obtained (418.5 mg,
64%, 3 steps) as a 1:1.2 mixture of diastereomers about the propargylic position after

flash chromatography on silica (8:1, n-Hexane/EtOAc). "H NMR (500 MHz, CDCl3): &
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7.42-7.27 (m, 15H, both isomers), 6.48-6.47 (d, J = 6.1 Hz, 1H, minor isomer), 6.43-
6.41 (d, J = 6.2 Hz, 1H, major isomer), 6.26-6.25 (d, J = 6.6 Hz, 1H, major isomer),
6.16-6.15 (d, J=3.3 Hz, 1H, minor isomer), 5.02-5.00 (m, 1H, major isomer), 4.96-4.92
(m, 1H, both isomers), 4.85-4.82 (d, J = 11.2 Hz, 1H, minor isomer), 4.78-4.76 (d, J =
11.6 Hz, 1H, major isomer), 4.68-4.67 (d, J= 11.6 Hz, 1H, major isomer), 4.64-4.62 (d,
J=11.6 Hz, 1H, major isomer), 4.59-4.57 (d, J = 11.7 Hz, 1H, major isomer), 4.58 (s,
2H, minor isomer), 4.36-4.34 (t,J= 5.8 Hz, 1 H, major isomer), 4.31-4.30 (d, /= 6.5 Hz,
1H, minor isomer), 4.17-4.15 (dd, J = 3.4, 9.3 Hz, 1H, minor isomer), 4.10-4.08 (t, J =
4.3 Hz, 1H, major isomer), 4.04-4.03 (m, 1H, major isomer), 3.98-3.95 (dd, /=6.7, 9.1
Hz, 1H, minor isomer), 1.26 (s, 9H, major isomer), 1.23 (s, 9H, minor isomer); *C NMR
(100 MHz, CDCI13): 6 177.0, 176.9, 144.4, 144.0, 138.1, 138.0, 137.8, 137.6, 132.1,
131.9,128.7,128.5,128.5,128.4, 128.4, 128.2, 128.1, 128.1, 128.0, 127.9, 127.8, 127.8,
127.6, 122.1, 122.0, 100.2, 99.8, 86.9, 86.6, 84.0, 82.8, 76.8, 76.2, 75.1, 74.3, 72.6,
72.2 ,/71.7, 70.8, 70.3, 63.7, 61.4, 38.9, 38.8, 27.1, 27.0; HRMS (ESI) calcd. for

[C33H3405Na]", 533.2304; found 533.2303.

@)

OBn
1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-phenyl-
methanone (3.50a): Compound was prepared following the general procedure C, 3.49a
(46.9 mg, 0.1 mmol), 3.50a was obtained (25.7 mg, 81%) as colorless oil after flash

chromatography on silica (4:1, n-Hexane/EtOAc). [a]p?? = 6.9; (¢ = 1.0, CHCl3); 'H
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NMR (300 MHz, CDCls): 6 7.81-7.78 (m, 7.81-78 2H), 7.61-7.55 (m 4H), 7.39-7.28 (m,
4H), 6.72-6.67 (ddd, J = 1.3, 4.3, 9.6 Hz, 1H), 6.70-6.69 (dd, J=2.2, 9.6 Hz, 1H), 5.60-
5.55 (ddd, J=2.1, 3.6, 9.8 Hz, 1H), 5.22-5.21 (t, J= 1.9 Hz, 1H), 5.15-5.14 (d, J= 4.2
Hz, 1H), 4.71 (s, 2H), 3.60-3.59 (d, J = 3.5 Hz, 1H); '*C NMR (100 MHz, CDCL): §
190.3, 155.8, 139.1, 138.2, 137.6, 137.2, 133.0, 128.8, 128.6, 128.5, 127.8, 122.9, 84.2,

77.5,70.0, 68.7; HRMS (ESI) calcd. for [C21Hi803Na]" 341.1154; found 341.1147.

O
MeO “OBn

1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-(4-

methoxyphenyl)-methanone (3.50b): Compound was prepared following the general
procedure C, 3.49b (49.8 mg, 0.1 mmol), 3.50b was obtained (31.0 mg, 89 %) as a white
solid after flash chromatography on silica (4:1, n-Hexane/EtOAc). m. p. 101-102 °C;
[0]p??=-64.7; (c = 1.0, CHCI3); *H NMR (400 MHz, CDCls): ¢ 7.84-7.81 (m, 2H), 7.40-
7.28 (m, 5H), 6.96-6.93 (m, 2H), 6.73-6.68 (ddd, J =1.3, 4.3, 9.8 Hz, 1H), 6.63-6.62 (d,
J=2.2Hz),5.60-5.55 (ddd, J=2.2, 3.6, 9.8 Hz, 1H), 5.21-5.20 (t, J = 4.0 Hz, 1H), 5.11-
5.10 (d, J = 9.7 Hz, 1H), 4.71 (s, 2H), 3.88 (s, 3H), 3.61-3.60 (dd, J = 0.7, 3.5 Hz, 1H);
13C NMR (100 MHz, CDCls): 6 188.9, 163.6, 155.8, 138.2, 137.8, 137.5, 131.1, 129.9,
128.5,128.4,127.7,127.0,122.7,113.8,84.1,77.7,70.0, 68.9, 55.5; HRMS (ESI) calcd.

for [C22H2004Na] "™ 371.1259; found 371.1257.
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O

SR0]

Me OBn
1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-(p-tolyl)-
methanone (3.50c): Compound was prepared following the general procedure C, 3.49¢
(48.2 mg, 0.1 mmol), 3.50c was obtained (27.3 mg, 82%) as colorless oil after flash
chromatography on silica (4:1, n-Hexane/EtOAc). [o]p*? = -58.3.; (c = 1.0, CHCl3); 'H
NMR (300 MHz, CDCl3): 6 7.73-7.70 (d, J= 7.9 Hz, 2H), 7.40-7.30 (m, 5H), 7.27-7.25
(7.9 Hz), 6.72-6.67 (dd, J = 1.3, 4.3 Hz, 1H), 6.66-6.65 (d, J = 2.2 Hz, 1H), 5.60-5.55
(ddd, J=2.2,4.8, 13.0 Hz, 1H), 5.21-20 (t, /= 2.0 Hz, 1H), 5.13-5.12 (d, /= 4.3 Hz,
1H), 4.71 (s, 2H), 3.60-3.59 (dd, J = 0.7, 3.2 Hz, 1H); *C NMR (100 MHz, CDCls): 6
189.0, 155.8, 143.9, 138.4,138.2, 137.7,134.6, 129.2, 128.9, 128.4, 127.7,127.7, 122.8,
84.1, 77.5, 70.0, 68.8, 21.6; HRMS (ESI) calcd. for [C22H2003Na]" 355.1310; found

355.1309.

O
FsC i “0Bn

1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-(4-

trifluoromethyl-phenyl)-methanone (3.50d): Compound was prepared following the
general procedure C, 3.49d (53.6 mg, 0.1 mmol), 3.50d was obtained (24.3 mg, 63%)
as a white solid after flash chromatography on silica (4:1, n-Hexane/EtOAc). m. p. 88-
90 °C; [a]p* = -12.1; (¢ = 1.0, CHCl3); '"H NMR (400 MHz, CDCls): 6 7.90-7.88 (d, J

= 8.1 Hz, 2H), 7.75-7.73 (d, J = 8.2 Hz, 2H), 7.39-7.27 (m, 5H), 6.73-6.72 (d, J = 2.2
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Hz, 1H), 6.70-6.66 (ddd, J= 1.1, 4.2, 9.8 Hz, 1H), 5.61-5.58 (ddd, /= 2.2, 3.5, 9.8 Hz),
5.23-5.22 (t, J = 2.0 Hz, 1H), 5.17-5.16 (d, J = 4.2 Hz, 1H), 4.71 (s, 2H), 3.60-3.59 (d,
J=3.4 Hz); 3C NMR (100 MHz, CDCL): 6 189.2, 155.6, 140.4, 140.1, 138.0, 137.2,
134.3 (q, Jie-n = 32.6 Hz), 129.1, 128.5, 127.8, 127.8, 125.7 (q, Jic-ny = 3.7 Hz), 124.5
(@, Jor = 271.6 Hz), 1232, 84.2, 77.3, 70.1, 68.6; HRMS (ESI) caled. for

[C22H1703F3Na]™ 409.1027; found 409.1027.

0]

SR0

F ‘0Bn
1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-(4-
fluorophenyl)-methanone (3.50e): Compound was prepared following the general
procedure C, 3.49e (48.6 mg, 0.1 mmol), 3.50e was obtained (22.5 mg, 67%) as
colorless oil after flash chromatography on silica (4:1, n-Hexane/EtOAC). [a]p? = -74.1;
(c = 1.0, CHCI3); 'H NMR (300 MHz, CDCls): 8 7.87-7.81 (m, 2H), 7.40-7.28 (m, 5H),
7.17-7.11 (m, 2H), 6.71-6.67 (m, 2H), 5.61-5.55 (ddd, J = 2.2, 3.6, 9.8 Hz, 1H), 5.22-
5.20 (t, J = 4.2 Hz, 1H), 5.13-5.12 (d, J = 4.3 Hz, 1H), 4.71 (s, 2H), 3.60-3.60 (d, J =
3.3 Hz, 1H); *C NMR (100 MHz, CDCls): 188.8, 167.0, 164.4, 155.6, 138.9, 138.1,
137.5, 133.5, 133.4, 131.4, 131.3, 128.5, 127.8, 122.9, 115.9, 115.6, 84.2, 77.5, 70.0,

68.7; HRMS (ESI) calcd. for [Ca:H17FOsNa]*, 359.1059; found 359.1069.

1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-cyclohexyl-
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methanone (3.50f): Compound was prepared following the general procedure C, 3.49f
(47.4 mg, 0.1 mmol), 3.50f was obtained (25.3 mg, 78%) as a white solid after flash
chromatography on silica (4:1, n-Hexane/EtOAc). m. p. 84-86 °C; [a]p*>=52.1 (¢ = 1.0,
CHCl3); '"H NMR (400 MHz, CDCl3): 6 7.39-7.27 (m, 5H), 6.81-6.80 (d, J = 2.3 Hz,
1H), 6.55-6.52 (dd, J= 1.3, 9.8 Hz, 1H), 5.55-5.51 (ddd, /=2.1,4.3, 9.8 Hz), 5.13-5.12
(t, J=2.0 Hz, 1H), 5.01-5.00 (d, J = 4.3 Hz, 1H), 4.70 (s, 2H), 3.61-3.60 (dd, J = 0.7,
4.2 Hz, 1H), 2.82-2.76 (m, 2H), 1.82-1.68 (m, 5H), 1.48-1.17 (m, 6H); '3*C NMR (100
MHz, CDCl): 6 199.9, 156.1, 138.2, 137.3, 136.0. 128.5, 127.7. 123.0, 83.7, 76.3, 69.9,
69.0,47.4,29.7,28.6,25.8,25.7,25.5; HRMS (ESI) calcd. for [C21H2403Na]" 347.1623;

found 347.1622.

@)

OBn
1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)pentan-1-one
(3.50g): Compound was prepared following the general procedure C, 3.49¢g (44.8 mg,
0.1 mmol), 3.50g was obtained (21.5 mg, 72%) as colorless oil after flash
chromatography on silica (4:1, n-Hexane/EtOAc). [a]p*? = 65.7; (¢ = 1.0, CHCL3); 'H
NMR (300 MHz, CDCI3): 6 7.40-7.27 (m, 5SH), 6.81-6.81 (d, J=2.3 Hz, 1H), 6.56-6.51
(ddd, J=1.4,4.3,9.8 Hz, 1H), 5.56-5.51 (ddd, J=2.1, 3.6, 9.8 Hz, 1H), 5.12-5.11 (t, J
= 2.0 Hz, 1H), 5.02-5.01 (d, J = 4.3 Hz, 1H), 4.70 (s, 2H), 3.61-3.60 (dd, J = 0.87, 3.5
Hz, 1H), 2.66-2.61 (td, J=0.8, 7.1 Hz, 2H), 1.65-1.55 (m, 2H), 1.39-1.26 (m, 2H), 0.93-

0.88 (t, J = 9.3 Hz, 3H); *C NMR (100 MHz, CDCl3): 6 196.6, 157.1, 138.2, 137.2,
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136.5, 128.4, 127.7, 123.1, 83.7, 76.2, 69.9, 69.0, 39.0, 26.3, 22.3, 13.8; HRMS (ESI)

calcd. for [C19H203Na]" 321.1467; found 321.1470.

0]

OBn
1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]octa-3,6-dien-6-yl)ethan-1-one
(3.50h): Compound was prepared following the general procedure C, 3.49h (40.6 mg,
0.1 mmol), 3.50h was obtained (17.8 mg, 69%) as colorless oil after flash
chromatography on silica (4:1, n-Hexane/EtOAC). [a]o? = 59.5; (¢ = 6.8, CHCI3); H
NMR (400 MHz, CDCls): ¢ 7.39-7.28 (m, 5H), 6.84-6.84 (d, J = 2.3 Hz, 1H), 6.55-
56.52 (ddd, J = 1.4, 4.3, 9.8 Hz, 1H), 5.56-5.53 (ddd, J = 2.1, 3.6, 9.8 Hz, 1H), 5.13-
5.12 (t, J = 4.1 Hz, 1H), 5.03-5.02 (d, J = 4.2 Hz, 1H), 4.70 (s, 2H), 3.62-3.61 (dd, J =
0.8, 3,6 Hz, 1H), 2.33 (s, 3H); 3C NMR (100 MHz, CDCls): 5 193.8, 157.4, 138.2,
137.8,137.1,128.5,127.8,127.8, 123.2,83.7, 76.0, 70.0, 69.0, 26.8; HRMS (ESI) calcd.

for [C16H1603Na]*, 279.0997; found 279.0995.

1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-(cyclohex-1-en-
1-yl)-methanone (3.50i): Compound was prepared following the general procedure C,
3.49i (47.2 mg, 0.1 mmol), 3.50i was obtained (20.9 mg, 65%) as a white solid after

flash chromatography on silica (4:1, n-Hexane/EtOAc). m. p. 113-115 °C; [a]p? = -15.7
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(c=1.0, CHCl3); *H NMR (300 MHz, CDCl): 5 7.39-7.28 (m, 10H), 6.82-6.80 (m, 1H),
6.66-6.62 (ddd, J = 1.0, 4.2, 9.8 Hz, 1H), 6.50-6.49 (d, J = 2.1 Hz, 1H), 5.56-5.52 (ddd,
J=2.2,35,9.8 Hz, 1H), 5.13-5.12 (t, J = 2.0 Hz, 1H), 4.95-4.94 (d, J = 4.2 Hz, 1H),
4.70 (s, 2H), 3.59-3.58 (d, J = 3.3 Hz, 1H), 2.48-2.43 (m, 1H), 2.27-2.24 (m 2H), 2.11-
2.06 (M, 1H), 1.70-1.62 (m, 4H); *C NMR (100 MHz, CDCls): 191.6, 155.3, 142.2,
139.0, 138.3, 138.1, 135.6, 128.4, 127.8, 127.7, 122.5, 83.9, 77.7, 69.9, 68.9, 26.1, 23.3,

21.8, 21.6; HRMS (ESI) calcd. for [C21H2303]", 323.1647; found 323.1642.

1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-2-methylprop-2-

en-1-one (3.50j): Compound was prepared following the general procedure C, 3.49j
(43.2 mg, 0.1 mmol), 3.50j was obtained (19.7 mg, 70%) as a white solid after flash
chromatography on silica (4:1, n-Hexane/EtOAc). m. p. 93-95 °C; [a]p** = -21.7; (c =
1.0, CHCl3); "H NMR (500 MHz, CDCls): 6 7.38-7.27 (m, 5H), 6.65-6.62 (dd, J = 1.0,
9.8 Hz, 1H), 6.62-6.61 (d, J=2.2 Hz, 1H), 5.84 (s, 1H), 5.80 (s, 1H), 5.57-5.54 (ddd, J
=2.2,3.5,9.8 Hz, 1H), 5.14-5.13 (t, J=4.1 Hz, 1H), 4.99-4.99 (d, /=4.3 Hz, 1H), 4.70
(s, 2H), 3.60-3.59 (d, J = 3.4 Hz, 1H), 1.94 (s, 3H); *C NMR (100 MHz, CDCl5): §
192.0, 155.3, 144.0, 138.2, 137.7, 137.4, 128.5, 127.8, 125.9, 122.8, 83.9, 77.2, 70.0.

68.8, 17.8; HRMS (ESI) calcd. for [CisH1903]", 283.1334; found 283.1329.
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O

OMe
1-((1R,2S,5R)-2-methoxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-phenyl-
methanone (3.50k): Compound was prepared following the general procedure C, 3.49k
(31.6 mg, 0.1 mmol), 3.50k was obtained (18.9 mg, 78%) as colorless oil after flash
chromatography on silica (4:1, n-Hexane/EtOAc). [a]p*? = -9.4; (¢ = 1.0, CHCl3); 'H
NMR (300 MHz, CDCls): 6 7.81-7.78 (m, 2H), 7.60-7.54 (m, 1H), 7.48-7.43 (m, 2H),
6.71-6.70 (d, J=2.2 Hz, 1H), 6.69-6.64 (ddd, J = 1.3, 4.3, 9.8 Hz, 1H), 5.57-5.52 (ddd,
J=22,3.6,9.8 Hz, 1H), 5.17-5.16 (t, /= 2.0 Hz, 1H), 5.11-5.10 (d, J = 4.3 Hz, 1H),
3.45 (s, 3H), 3.39-3.38 (dd, J = 0.6, 3.6 Hz, 1H); *C NMR (75 MHz, CDCl3): § 190.3,
155.7, 139.2, 137.6, 137.2, 133.0, 128.8, 128.6, 122.6, 83.6, 77.4, 70.6, 55.8; HRMS

caled. for [C15sH10O3Na]", ) ; foun . )
(ESI) calcd. for [C15H1003Na]*, 265.0841; found 265.0842

@)

SA0)

MeO ‘OMe
1-((1R,2S,5R)-2-methoxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-(4-
methoxyphenyl)-methanone (3.501): Compound was prepared following the general
procedure C, 3.491 (34.6 mg, 0.1 mmol), 3.501 was obtained (21.8 mg, 80%) as a white
solid after flash chromatography on silica (4:1, n-Hexane/EtOAc). m. p. 80-81 °C; [a]p*
=-70.9; (c = 1.0, CHCI3); '"H NMR (300 MHz, CDCls): 6 7.85-7.82 (d, J = 8.8 Hz, 2H),
6.96-6.94 (d, J = 8.8 Hz, 2H), 6.71-6.68 (dd, /= 4.2 Hz, 9.8 Hz, 1H), 6.65-6.64 (d, J =

2.1 Hz, 1H), 5.58-5.54 (dt, J = 2.5 Hz, 9.8 Hz, 1H), 5.17 (s, 1H), 5.09-5.08 (d, J = 4.2
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Hz, 1H), 3.88 (s, 3H), 3.47 (s, 3H), 3.41-3.40 (d, J = 3.5 Hz, 1H); 3C NMR (100 MHz,
CDCl3): 5 189.0, 163.7, 155.8, 137.9, 137.5, 131.2, 130.0, 122.3, 113.8, 83.6, 77.7, 70.7,

55.7, 55.5; HRMS (ESI) calcd. for [C16Hi604Na]", 295.0946; found 295.2952.

O

OMe
1-((1R,2S,5R)-2-methoxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)pentan-1-one
(3.50m): Compound was prepared following the general procedure C, 3.49m (29.6 mg,
0.1 mmol), 3.50m was obtained (16.9 mg, 73%) as colorless oil after flash
chromatography on silica (4:1, n-Hexane/EtOAc). [a]p*? = 46.7; (¢ = 1.0, CHCIL3); 'H
NMR (400 MHz, CDCl3): 6 6.83-6.83 (d, J=2.9 Hz, 1H), 6.55-6.51 (ddd, J=1.3,4.3,
9.8 Hz, 1H), 5.54-5.50 (ddd, J=2.2, 3.6, 9.8 Hz, 1H), 5.08-5.07 (t, /= 2.1 Hz, 1H), 5.0-
4.99 (d,J=4.2 Hz, 1H), 3.46 (s, 3H), 3.41-3.40 (dd, J= 0.6, 3.5 Hz, 2.66-2.63 (m, 2H),
1.64-1.56 (m, 2H), 1.37-1.29 (d, J=7.6 Hz, 2H), 0.93-0.89 (t,J = 7.4 Hz, 3H); *C NMR
(100 MHz, CDCl3): ¢ 196.6, 157.1, 137.3, 136.6, 121.7, 83.1, 76.2, 70.8, 55.7, 39.1,

26.3, 22.3, 13.8; HRMS (ESI) calcd. for [C13H1303Na]", 254.1154; found 245.1161.

@)

OMe
1-((1R,2S,5R)-2-methoxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)ethan-1-one (3.50n):
Compound was prepared following the general procedure C, 3.49n (25.4 mg, 0.1 mmol),
3.50n was obtained (12.1 mg, 67%) as colorless oil after flash chromatography on silica

(4:1, n-Hexane/EtOAc). [o]p?? = 6.8; (c = 1.0, CHCl3); 'H NMR (400 MHz, CDCls): &
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6.86-6.86 (d, J=2.3 Hz, 1H), 6.54-6.51 (ddd, J = 1.0, 4.2, 9.8 Hz, 1H), 5.55-5.51 (ddd,
J=12.2,3.4,98Hz), 5.01-5.08 (t, J= 2.0 Hz, 1H), 5.01-5.00 (d, J = 4.3 Hz, 1H), 3.46
(s, 3H), 3.42-3.41 (d, J = 3.2 Hz, 1H), 2.34 (s, 3H); '°C NMR (100 MHz, CDCL): 6
193.7, 157.4, 137.8, 137.1, 122.8, 83.1, 76.0, 70.7, 55.7, 26.8; HRMS (ESI) calcd. for

[C10H1203Na]", 203.0684; found 203.0683.

@)

D

“OMOM

1-((1R,2S,5R)-2-methoxymethoxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-phenyl-
methanone (3.500): Compound was prepared following the general procedure C, 3.490
(37.6 mg, 0.1 mmol), 3.500 was obtained (21.2 mg, 78%) as colorless oil after flash
chromatography on silica (4:1, n-Hexane/EtOAC). [a]p?? = -31.8; (¢ = 1.0, CHCI3); H
NMR (300 MHz, CDClg): ¢ 7.82-7.79 (m, 2H), 7.61-7.56 (m, 1H), 7.42-7.44 (m, 2H),
6.72-6.71 (d, J = 2.2 Hz, 1H), 6.69-6.64 (dd, J = 1.6 Hz, 4.3 Hz, 9.8 Hz, 1H), 5.56-5.51
(ddd, J = 2.1, 3.7, 9.8 Hz, 1H), 5.18-5.17 (t, J = 2.0 Hz, 1H), 5.13-5.12 (d, J = 4.3 Hz,
1H), 4.80 (s, 2H), 3.70-3.69 (d, J = 3.7 Hz, 1H), 3.43 (s, 3H); *C NMR (100 MHz,
CDCl3): 0190.3,156.1, 138.8, 137.3, 137.1, 133.0, 128.8, 128.6, 123.0, 95.5. 84.7, 77 .4,

67.9, 55.6; HRMS (ESI) calcd. for [C16H1604Na]™, 295.0946; found 295.0949.

o)

ph

OBn

1-((1R,2R,5R)-2-benzyloxyl-8-oxabicyclo[3.2.1]octa-3,6-dien-6-yl)-1-phenyl-
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methanone (epi-3.50a): Compound was prepared following the general procedure C,
epi-3.49a, (46.8 mg, 0.1 mmol), epi-3.50a was obtained (16.9 mg, 53%) as colorless oil
after flash chromatography on silica (4:1, n-Hexane/EtOAC). [o]p?? = -57.3; (¢ = 1.0,
CHCI3); 'H NMR (400 MHz, CDCls): ¢ 7.82-7.80 (d, J = 7.7 Hz, 2H), 7.59-7.55 (m,
1H), 7.48-7.44 (m, 2H), 7.35-7.28 (m, 5H), 6.61-6.60 (d, J = 1.9 Hz, 1H), 6.59-6.56 (dd,
J=4.0, 10.4 Hz, 1H), 5.53-5.51 (d, J = 9.8 Hz, 1H), 5.36-5.35 (d, J = 6.2 Hz, 5.00-4.99
(d,J=3.8 Hz, 1H), 4.64-4.61 (d, J = 11.8 Hz, 1H), 4.55-4.52 (d, J = 11.9 Hz, 1H), 4.41-
4.40 (d, J = 6.1 Hz, 1H); °C NMR (100 MHz, CDCls): 6 190.3, 155.0, 140.3, 137.8,
137.3, 135.3, 132.8, 128.9, 128.5, 128.4, 128.0, 127.7, 124.1, 82.3, 77.9, 72.0, 69.6;

HRMS (ESI) calcd. for [C21H1s03Na]*, 341.1154; found 341.1169.

0]

a0

OBn
1-((1S,2R,55)-2(benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-phenyl-
methanone (ent -3.50a): Compound was prepared following the general procedure C,
ent -3.49a(46.8 mg, 0.1 mmol), ent -3.50a was obtained (25.4 mg, 80%) as colorless oil
after flash chromatography on silica (4:1, n-Hexane/EtOAc). [a]p?? = 66.5; (¢ = 1.0,
CHClIs); *H NMR (500 MHz, CDCls): 6 7.81-7.79 (m, 2H), 7.60-7.56 (m, 1H), 7.48-
7.45 (m, 2H), 7.39-7.27 (m, 5H), 6.72-6.68 (ddd, J = 1.2, 4.3, 9.8 Hz, 1H), 6.70-6.69 (d,
J=2.1Hz, 1H), 5.60-5.56 (ddd, J = 2.2, 3.6, 9.8 Hz, 1H), 5.22-5.21 (d, J = 2.0 Hz, 1H),
5.15-5.14 (d, J=4.3 Hz, 1H), 4.71 (s, 2H), 3.60-3.59 (dd, J = 0.4, 3.5 Hz, 1H); *C NMR

(100 MHz, CDCls): ¢ 190.3, 155.7, 139.1, 138.1, 137.6, 137.2, 133.0, 128.8, 128.6,

- 124 -



128.4, 127.7, 122.9, 84.2, 77.4, 70.0, 68.8; HRMS (ESI) calcd. for [C21H1803Na]",

341.1154; found 341.1152.

o)

SV

MeO OBn
1-((1S,2R,55)-2-benzyloxyl-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)-1-(4-
methoxyphenyl)-methanone (ent -3.50b): Compound was prepared following the
general procedure C, ent -3.49b (49.8 mg, 0.1 mmol), ent-3.50b was obtained (28.9 mg,
83%) as a white solid after flash chromatography on silica (4:1, n-Hexane/EtOAc). m.
p. 97-99 °C; [a]p** = 52.0; (¢ = 1.0, CHCL3); '"H NMR (300 MHz, CDCls): 6 7.84-7.80
(m, 2H), 7.40-7.28 (m, 5H), 6.97-6.92 (m, 2H), 6.73-6.68 (ddd, /= 1.3, 4.3, 9.8 Hz, 1H),
6.63-6.62 (d, J=2.2 Hz, 1H), 5.60-5.55 (ddd, J = 2.2, 3.6, 9.8 Hz, 1H), 5.21-20 (t, J =
4.1 Hz, 1H), 5.11-5.10 (d, J=4.3 Hz, 1H), 4.71 (s, 2H), 3.87 (s, 3H), 3.61-3.60 (dd, J =
0.66, 3.5 Hz, 1H); '>*C NMR (100 MHz, CDCls): J 189.0, 163.6, 155.8, 138.2, 137.8,
137.5, 131.1, 129.4, 128.4, 127.8, 127.7, 122.7, 113.8, 84.2, 77.7, 70.0, 68.9, 55.5;

HRMS (ESI) caled. for [C22H2004Na]", 371.1259; found 371.1253.

0

OBn
1-((1S,2R,5S)-2-benzyloxy-8-oxabicyclo[3.2.1]oct-3,6-dien-6-yl)pentan-1-one (ent -
3.50g): Compound was prepared following the general procedure C, ent -3.49g (44.8

mg, 0.1 mmol), ent -3.50g was obtained (21.5 mg, 72%) as colorless oil after flash

- 125 -



chromatography on silica (4:1, n-Hexane/EtOAc). [a]p?? = -48.8; (c = 1.0, CHCls3); 'H
NMR (500 MHz, CDCls): ¢ 7.39-7.27 (m, 5H), 6.81-6.81 (d, J = 2.3 Hz, 1H), 6.55-6.52
(dd, J = 1.3, 4.3 Hz, 9.8 Hz, 1H), 5.55-5.52 (dd, J = 2.2, 3.6, 9.8 Hz, 1H), 5.12-5.11 (t,
J=2.1Hz, 1H), 5.02-5.01 (d, J = 4.3 Hz, 1H), 4.70 (s, 2H), 3.61-3.60 (dd, J = 0.8, 3.5
Hz, 1H), 2.65-2.62 (td, J = 2.5, 7.3 Hz, 1H), 1.63-1.56 (m, 2H), 1.36-1.29 (M, 2H), 0.92-
0.89 (t, J = 7.4 Hz, 1H); 3C NMR (100 MHz, CDCls): 196.6, 157.1, 138.2, 137.2, 136.5,
128.4, 127.7, 123.1, 83.7, 76.2, 70.0, 69.0, 39.0, 26.3, 22.3, 13.8; HRMS (ESI) calcd.

for [C1oH2203Na]", 321.1467; found 321.1468.
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Experimental Procedures and Characterization of Substrates and

Products for Mechanistic Studies

Procedure for synthesis of substrate 3.3.3.2 for intermolecular C-glycosylation:

® o
N-Au PPhg OTf oA
OAc /N_N/ _.:< C
Me
% n-Bu
n-Bu CH2C|2, r.t.

To asolution of propargylic ester 2.2.2.2 (230 mg, 1.0 mmol) in distilled CH2Cl, (5 mL),

Y

was added Au(l) catalysts (6.6 mg, 0.009 mol, 1.0 mol%) at room temperature. The
mixture was stirred at the same temperature until the all the starting material consumed.
The solvent was removed in vacuo and the residue was purified by flash
chromatography on silica gel (8:1, n-Hexane/EtOAC) to afford 3.3.3.2 (186.2 mg, 81%
yield) as colorless oil. tH NMR (400 MHz, CDCls): 6 7.48-7.46 (m, 2H), 7.38-7.34 (m,
2H), 7.29-7.25 (m, 1H), 6.59 (t, J = 7.2 Hz, 3H), 2.36-2.34 (m, 2H), 2.14 (s, 3H), 1.58-
1.32 (m, 4H), 0.92 (t, J = 7.2 Hz, 3H). The *H NMR spectrum matches that as reported

in the literature.
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Procedure for intermolecular C-glycosylation:

BnO B0 BnO
. O” OAc PhsPAUCI  BnO o o on
n n
B0, i 2 SR e
N CH,Cls, rt.
n-Bu / nBu OBn
Ph
2.2.2.2 2.2.2.2 2.2.2.2 2222

To solution of Ph3PAuCl (2.5 mg, 5 mol %) and AgSbFs (3.4 mg, 10 mol %) in distilled
CH>Cl (1 mL), the solution of proparglylic acetate 2.2.2.2 (23.0 mg, 0.1 mmol) and tri-
O-benzyl-D-glucal (42.0 mg, 0.1 mmol) in distilled CH2>Cl> (1 mL) was added. The
reaction was stirred at room temperature until the starting material completely consumed.
The mixture was filtered through a plug of silica and concentrated in vacuo. Purification
of the residue by flash chromatography on silica gel (n-Hexane/EtOAc 4:1) afforded the
O-glycosylation product (19.7 mg, 47% yield) and the product 2.2.2.2 (6.4 mg, 13%
yield) as a mixture of 4 diastereomers about the trisubstituted olefin and the anomeric
position. After separation by the High-Performance Liquid Chromatography (20:1,
Hexanes/THF), one of the isomer was isolated as colorless oil. [a]p??> = -24.1; (¢ = 1.0,
CHCls); '"H NMR (400 MHz, CDCl3): 7.34-7.27 (m, 13H), 7.18-7.16 (m, 2H), 6.75 (s,
1H), 6.17-6.14 (dt, J = 1.8, 10.4 Hz, 1H), 5.96-5.92 (ddd, J = 1.6, 3.2, 10.4 Hz, 1H),
5.21-5.20 (m, 1H), 4.68-4.48 (m, 4H), 4.09-4.06 (m, 1H), 3.86-3.82 (ddd, J = 2.6, 5.0,
8.5 Hz, 1H), 3.70-3.63 (m, 2H), 2.41-2.23 (m, 2H), 1.48-1.36 (m, 2H), 1.10-0.98 (m,
2H), 0.72-0.68 (t,J = 7.3 Hz, 1H); '*C NMR (100 MHz, CDCl3): 6 210.0, 142.3, 138.1,
138.0, 135.4, 132.2, 128.6, 128.6, 128.5, 128.3, 128.1, 128.0, 127.9, 127.8, 127.6, 73.7,

73.5, 71.4, 70.9, 70.7, 69.6, 43.2, 25.4, 21.8, 13.8, ; HRMS (ESI) calcd. for
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[C33H3604Na]", 519.2511; found 519.2507.

Procedure for synthesis of substrate 3.3.3.3 for competition kinetic studies:

\’&O P PE”P%Q OAc OBn 0
N AGSHF, Ph)\)\io/\[”OBn * Ph
B0~ __° m BnO" “OBn
3.49a 3.54 3.50a

To solution of Ph3PAuClI (2.5 mg, 5 mol %) and AgSbFs (3.4 mg, 10 mol %) in distilled
CH2Cl> (1 mL), the solution of proparglylic acetate 3.49a (47.0 mg, 0.1 mmol) and
benzyl alcohol (108.0 mg, 1 mmol) in distilled CH>Cl> (1 mL) was added. The reaction
was stirred at room temperature until the starting material completely consumed. The
mixture was filtered through a plug of silica and concentrated in vacuo. Purification of
the residue by flash chromatography on silica gel (4:1, n-Hexane/EtOAc) afforded the
product 3.50a (13.7 mg, 44% yield) and product 3.54 (4.0 mg, 7% yield) as a mixture
of 4 diastereomers about the allylic and anomeric position. After separation by the thin
layer chromatography plate (5:1, Hexanes/EtOAc), one of the isomer as colorless oil
was isolated. [a]p?? = -26.8; (¢ = 1.0, CHCI3); 'H NMR (400 MHz, CDCls): 6 7.37-7.30
(m, 15H), 7.24-7.23 (m, 3H), 7.09-7.07 (m, 2H), 5.84-5.83 (d, J = 4.7 Hz, 1H), 5.46-
5.44 (dd,J=3.4 Hz, 4.6 Hz, 1H), 5.35 (s, 1H), 4.96-4.93 (d, /= 11.8 Hz, 1H), 4.70-4.67
(d, J=11.9 Hz, 1H), 4.60-4.54 (m, 2H), 4.52 (br, 1H), 4.47-4.39 (m, 3H), 3.70-3.69 (d,
J=4.0Hz, 1H), 3.48-3.47 (d,J=4.9 Hz, 1H), 2.16 (s, 3H); 3*C NMR (100 MHz, CDCl5):
0 170.6, 143.6, 142.7, 138.0, 137.9, 128.4, 128.3, 128.2, 127.9, 127.8, 127.8, 127.7,
127.6, 126.6, 123.5, 101.1, 80.5, 78.4, 75.2, 73.5, 71.4, 71.1, 69.7, 45.0, 21.3; HRMS

(ESI) calcd. for [C37H3606Na]", 599.2410; found 599.2414.
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Procedure for synthesis of substrate 1a’ for 130 labeling experiment:

Ph
OH_Z
BE8Y—o0
0o PCI %0 3.52
H2018 + )J\ —3> )J\ B -
Cl CH,Cl, Cl pyridine, CH,Cl,
18
(@] 18
Y Ph 0
o. F PhsPAUCI . ©
BnO o AngF6 ., )J\OBI"I
BnO — CH,Cl,, rt. OBn
3.49a 3.50a
80-labeled, 38% 80-labeled, 39%

To a solution of acetyl chloride (471.0 mg, 0.34 mL, 6.0 mmol) in Schlenk tube, H>'*0
was added dropwise via syringe under nitrogen at -20 °C. The reaction was stirred at
room temperature for 30 min, then the tube was cooled to 0 °C and PCl; (268 mg, 2.0
mmol) was added. The reaction mixture was stirred at room temperature for 1h and then
2 mL anhydrous CH2Cl, was added. The upper layer organic solvent was taken and
added to solution of pyridine and propargylic alcohol 3.52 (171 mg, 0.4 mmol) in
anhydrous CH>Cl,. The reaction was stirred for 4 h. The mixture was diluted with
CH2Cl> (10 mL), washed with H>O (5 mL), saturated NaHCOj solution (5 mL) and brine
(5 mL). The organic layer was dried over Na>xSO4 and filtered. Evaporation and flash
chromatography on silica gel (8:1, n-Hexane/EtOAc) afforded the propargylic acetate
3.492-180 (125 mg, 66%) as a 1:1.1 mixture of diastereomers about the propargylic
position. 'TH NMR (400 MHz, CDCl;): 6 7.45-7.28 (m, 15H, both isomers), 6.49-6.47
(dd, J= 1.6, 8.1 Hz, 1H, major isomer), 6.45-6.43 (m, 1H, minor isomer), 6.24-6.22 (d,

J=6.1 Hz, 1H, minor isomer), 6.19-6.18 (d, J = 2.9 Hz, 1H, major isomer), 5.04-5.01
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(dd, J =1.4, 4.6 H, 1H, minor isomer), 5.00-4.96 (d, J = 14.8 Hz, 1H, major isomer),
4.96-4.93 (dd, J=12.9, 8.2 Hz, 1H, major isomer), 4.86-4.82 (d, J = 14.7 Hz, 1H, major
isomer), 4.80-4.77 (d, J=15.5 Hz, 1H, minor isomer), 4.71-4.56 (m, 2H, both isomers),
4.37-4.30 (m, 1H, both isomers), 4.17-4.13 (dd, J = 3.8, 13.2 Hz, 1H, major isomer),
4.10-4.05 (m, 1H, both isomers), 4.00-3.95 (dd, J = 9.2, 13.2 Hz, 1H, major isomer),
2.15 (s, 3H, major isomer), 2.13 (s, 3H, minor isomer); 3C NMR (100 MHz, CDCl5): ¢
169.5,169.5, 144.3, 144.0, 138.0, 138.0, 137.8, 137.5, 132.1, 131.9, 128.8, 128.8, 128.5,
128.5,128.4,128.4,128.3,128.2, 128.2, 128.0, 128.0, 127.8, 127.8, 127.7,127.6, 121.8,
121.9, 100.5, 100.0, 87.4, 86.8, 83.8, 82.2,77.4,76.9, 75.4, 74.6, 72.6, 72.2, 71.8, 70.8,
70.3, 64.1, 61.7, 20.9; HRMS (ESI) calcd. for [C3sH300s'®0ONa]*, 493.1877; found
493.1504. MS analysis of the products obtained indicated an isotopic composition about
38% (Figure 3.3).

To solution of Ph3PAuCl (2.5 mg, 5 mol %) and AgSbFe (3.4 mg, 10 mol %) in distilled
CH:Cl, (1 mL) was added the solution of proparglylic acetate 3.49a-130 (47.0 mg, 0.1
mmol) in distilled CH>CL (1 mL). The reaction was stirred at room temperature until
the starting material completely consumed. The mixture was filtered through a plug of
silica and concentrated in vacuo. Purification of the residue by flash chromatography on
silica gel (4:1, n-Hexane/EtOAc) afforded the product 3.50a-180  (23.6 mg, 76% yield)
as colorless oil. 'H NMR (500 MHz, CDCls): § 7.81-7.79 (m, 2H), 7.60-7.56 (m, 1H),
7.48-7.45 (m, 2H), 7.39-7.33 (m, 4H), 7.30-7.27 (m, 1H) 6.72-6.68 (ddd, J = 1.3, 4.3,
9.8 Hz, 1H), 6.70-6.69 (d, J = 2.1 Hz, 1H), 5.60-5.56 (ddd, J = 2.1, 3.6, 9.8 Hz, 1H);
5.22-5.21 (t,J=2.0 Hz, 1H); 5.15-5.14 (d, /=4.3 Hz, 1H), 4.71 (s, 2H), 3.60-3.59 (dd,
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J=0.6,3.4 Hz, 1H); >*C NMR (100 MHz, CDCls): 6 190.3, 190.3, 155.8, 139.2, 138.1,
137.6, 137.2, 133.0, 128.8, 128.6, 128.5, 127.8, 122.9, 84.2, 70.0, 68.8; HRMS (ESI)
calcd. for [C21H1302'%0Na]*, 343.1196; found 343.0901. MS analysis of the products

obtained indicated an isotopic composition about 39% (Figure 3.4).

Ph
OH Z
0
Oy OH 80 180oH Bn8
5 130°C_ 3.52
H,O + >
2 “5days DEAD, PPh
THF, rt. 48 %
o
180 4 10N 4 BzCl
TBAF BnO yr|d|ne
Bnoo THF r.t. Bno CH2C|2 r.t.
96% 94%
3.49p'-! 3.52-1%0
o
18o 4 PhsPAUCI 18o
Bnoo AngF6 OBn
CHzclz r.t.
3.52p-18 80% 3.50a 3.55
180-Iabeled, 43% 180-labeled, 42%

H,'%0 (700 pL, 39.0 mmol) was added to benzoic acid (215 mg, 11.8 mmol) in Schlenk
tube under nitrogen and the reaction mixture was stirred at 130 °C for 5 days. After
cooling to room temperature, the water was removed under vacuum by oil pump. The
180 labeled benzoic acid was identical to the 'H NMR spectrum and MS of the known
compound matched that as reported.

A Schlenk tube was charged with propargylic alcohol (222 mg, 0.68 mmol), %0 labeled

benzoic acid (100 mg, 0.82 mmol), PPh3 (231 mg, 0.88 mmol) and anhydrous THF (10
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mL). The reaction mixture was treated with the diethyl azodicarboxylate (142 mg. 123
ML) via syringe at 0 °C and stirred at room temperature overnight. The solvent was
removed in vacuo and the product was purified by flash chromatography (10:1, n-
Hexane/EtOAc) providing 133.2 mg (48% yield) of the doubly '*O labeled benzoate
3.49p°-180 as colourless oil. The fully protected propargylic benzoate derivative (133.2
mg, 0.24 mmol) was dissolved in 1M THF solution of TBAF (3.0 ml, 3 mmol) and
stirred for 4 h. The mixture was concentrated in vacuo and the product was purified by
flash chromatography (8:1, n-Hexane/EtOAc) providing 101.6 mg (96% yield) of the
130 labeled propargylic alcohol 3.52-'30 as a colourless oil.

To a mixture of the 0 labeled propargylic alcohol 3.52-'80 (101.6 mg, 0.23 mmol) in
CH>Cl> (4 mL), pyridine (158 mg, 2 mmol) and benzoate chloride (30.7 mg, 0.4 mmol)
were added and the mixture was stirred for 4 h. The mixture was then diluted with
CH>Cl, (5 mL), washed with H>O (3 mL), saturated NaHCOj solution (3 mL) and brine
(3 mL). The organic layer was dried over Na>xSO4 and filtered. Evaporation of solvent
and flash chromatography on silica gel (8:1, n-Hexane/EtOAc) afforded the '*0 labeled
propargylic benzoate 3.49p-'30 (118.4 mg, 94% yield) as a light yellow oil. "H NMR
(500 MHz, CDCI3): 0 8.13-8.10 (m, 2H, both isomers), 7.61-7.57 (m, 1H, both isomers),
7.48-7.42 (m, 4H, both isomers), 7.38-7.27 (m, 12H, both isomers), 6.53-6.52 (dd, J =
1.0, 6.1 Hz, 1H, major isomer), 6.50-6.48 (m, 1H, minor isomer), 6.48-6.47 (d, J = 6.1
Hz, 1H, minor isomer); 6.44-6.43 (d, J = 3.4 Hz, 1H, major isomer), 5.07-5.05 (dd, J =
3.5, 6.2 Hz, 1H, minor isomer), 5.04-5.01 (d, /= 11.2 Hz, 1H, major isomer), 4.99-4.97
(dd, J=2.2, 6.1 Hz, 1H, major isomer), 4.91-4.88 (d, J = 11.2 Hz, 1H, major isomer),
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4.82-4.79 (d, J = 11.5 Hz, 1H, minor isomer), 4.70-4.57 (m, 3H, both isomers), 4.49-
4.45 (td, J= 0.9, 5.9 Hz, 1H, minor isomer), 4.37-4.35 (dt, J = 1.8, 4.8 Hz, 1H, major
isomer), 4.35-4.32 (dd, J = 3.4, 9.4 Hz, 1H, major isomer), 4.19-4.17 (m, 1H, minor
isomer), 4.15-4.13 (m, 1H, minor isomer), 4.10-4.06 (dd, J = 6.6, 9.4 Hz, 1H, major
isomer); *C NMR (100 MHz, CDCl3): 165.2, 165.2, 165.1, 165.1, 144.4, 144.2, 138.0,
138.0,137.8,137.5,133.3,133.2, 132.1, 132.0, 130.0, 130.0, 129.6, 129.5, 128.8, 128.5,
128.4, 128.4, 128.4, 128.4, 128.3, 128.1, 128.14, 127.9, 127.8, 127.7, 127.7, 121.9,
121.9,100.4, 100.0, 87.4, 87.0, 83.8, 82.5, 77.4,76.4,75.1, 74.3, 72.9, 72.7, 70.8, 70.5,
64.5, 64.5, 62.4, 62.4; HRMS (ESI) calcd. for [C3sH300s'®0ONa]*, 555.2033; found
555.2044. MS analysis of the products obtained indicated an isotopic composition about
43% (Figure 3.4).

To solution of PhsPAuClI (2.5 mg, 5 mol %) and AgSbFs (3.4 mg, 10 mol %) in distilled
CH:Cl, (1 mL) was added the solution of 'O labeled propargylic benzoate 3.49p-'80
(53.4 mg, 0.1 mmol) in distilled CH2Cl> (1 mL). The reaction was stirred at room
temperature until the starting material completely consumed. The mixture was filtered
through a plug of silica and concentrated in vacuo. Purification of the residue by flash
chromatography on silica gel (4:1, n-Hexane/EtOAc) afforded the product 3.50a (25.2
mg, 80% yield) and '*0 labeled benzyl benzoate 3.55 (16.8 mg, 78% yield). 'H NMR
(400 MHz, CDCI3): 6 8.09-8.07 (m, 2H), 7.58-7.54 (m, 1H), 7.47-7.33 (m, 7H), 5.37 (s,
2H); *C NMR (100 MHz, CDCI3): 166.4, 166.4, 136.1, 133.0, 130.1, 129.7, 128.6,
128.4, 128.2, 128.2, 66.7; HRMS (ESI) calcd. for [C14H120'®ONa]*, 237.0777; found
237.0849. MS analysis of the products obtained indicated an isotopic composition about
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42% (Figure 3.4).

X-ray structure and data of 3.50b

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calcdulated)
Absorption coefficient

F(000)

C22H2004

348.38

103(2) K
0.71073 A
0.040 x 0.280 % 0.300 mm
colorless plate
Orthorhombic
P212121
a=15.8597(6) A
b=28.4350(8) A
c=35.607(4) A
1759.93) A3

4

1.315 g/em’®
0.090 mm'!

736
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Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction

Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program

Function minimized

Data / restraints / parameters

Goodness-of-fit on F?

Final R indices

Weighting scheme

Absolute structure parameter

Largest diff. peak and hole

R.M.S. deviation from mean

2.29 to0 25.35°

-6<=h<=6, -10<=k<=9, -42<=I<=42
12377

3111 [R(int) = 0.0420]

97.60%

multi-scan

0.9960 and 0.9740

direct methods

SHELXS-97 (Sheldrick 2008)
Full-matrix least-squares on F?
SHELXL-2013 (Sheldrick, 2013)
T w(Fo* - F2)?

3111/0/236

1.089

2754 data; I>20(I) R1 = 0.0467, wR2 =

0.0946

all data R1 =0.0555, wR2 =0.0978
w=1/[62(F2)+(0.0376PY>+0.7934P]
where P=(F,>+2F?)/3

0.3(6)

0.194 and -0.212 A

0.046 eA*
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Chapter 4: Biological Evaluation of the 8-

Oxabicyclo[3.2.1]octane Derivatives

4.1 Introduction to biological activity of natural products containing 8-

oxabicyclo[3.2.1]octanes.

Many classes of natural products containing the 8-oxabicyclo[3.2.1]octane or 8-
oxatropane motifs have been reported to exhibit significant biological activities.!' 8 This
interesting subunit is also the structural mimics of tropane alkaloids, which is widely
explored for the potential pharmaceutical use, particularly for remedy of cocaine abuse.

Englerin A (4.1) is isolated from Phyllanthus engleri in Tanzania and shows great
biological acitivity at nanomolar level in a bioinformatic analysis that selectively
inhibited the growth of renal cancer cell lines.[’! Recently this compound was found to
be lead synthetically lethal to highly glycolytic tumors by activating the protein kinase
C-q (PKCq) which is key enzyme in limiting the glucose access for tumor cells and
simultaneously activating the transcription factor heat shock factor which could induce
the glucose addiction.[”!

Curcumenol (4.2) is a guaiane-type sequiterpenoid which was isolated from Rhizoma
Curcumae.!®! This compound was found have inhibition to the lipopolysaccharide
(LPS)/D-galactosamine (D-GalN) induced acute liver injury, which was verified in the
biological acitivty test for inhibitory acitivity aginst lipopolysaccharide (LPS) -induced
nitric oxide (NO) production in RAW 264.7 macrophages."!

Platensimycin (4.3) and platencin (4.4) are two novel terpenoids isolated from a
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fermentation broth of Streptomyces platensis.!' The results from both in vitro cell-free
and whole-cell assays shown that Platensimycin (4.3) was a selective inhibitor of fatty
acid acyl carrier protein synthase II (FabF), whch is the key enzyme in bacterial fatty
acid biosynthesis, and platencin (4.4) was a dual inhibitor of both FabF and fatty acid
acyl carrier protein synthase III (FabH).[!!]

Cortistatins are steroidal alkaloids isolated from marine sponge Corticium simplex.!'!
They were found to show cytostatic growth inhibitory activity against the proliferation
of human umbilical vein endothelial cells (HUVECs), which is a cell line used to model
angiogenesis. Notably, Cortistatin A (4.5) has significant inhibition to the proliferation
of HUVEC: as its Glso could reach 1.8 nM level compared to the Glso of 6-7 uM in the
normal human dermal fibroblast cell line, suggesting that Cortistatin A (4.5) could be a
potential antiangiogenesis drug.['*]

4.2 Results and Discussion

ke

Englerin A (4.1) Curcumenol (4.2) R = H, Platensimycin (4.3)
R = Me, Platencin (4.4)

Cortistatin A (4.5): R"=H, R?=H, H
Cortistatin B (4.6): R" = H, R?> = H (a), OH (B)
Cortistatin C (4.7): R' =H,R2 =0

Cortistatin D (4.8): R' =0OH,R%? =0

Figure 4.1 Selected examples for natural products containing 8-
oxabicyclo[3.2.1]octanes with biological activity.
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Inspired by these reports, we envisioned that the 8-oxabicyclo[3.2.1]octane
derivatives synthezied via the established gold(I)-catalyzed tandem 1,3-acyloxy

migration/Ferrier rearrangement could be potential bioactive compounds (Table 4.1).

Table 4.1. Substrate scope of tandem 1,3-acyloxy migration/Ferrier rearragnement.

R1
aco Z  PhsPAUCI
=20 AgSbFs g
R?0— —,°  CHxCly, rt.

1

o3k

‘OBn
R = H (3.49a) 81% . _
R = OMe (3.49b) 86% N (3.49n 18 5 3.49i 65%
R = Me (3.49¢) 82% ~ ’;Ae”(g Agh%)egf
R = CF; (3.49d) 63% ' °
R = F (3.49¢) 67%
0 Q 0
1
R @ R
R? “oBn R “OMe “OMe
3.49j 70% R = H (3.49k) 78% R = nBu (3.49m) 73%
R = OMe (3.491) 80% R = Me (3.49n) 67%
0 0 0
“OMOM OBn OBn
3.490 78% epi-3.49a 53%° R = Ph (ent-3.49a) 80%°

R = 4-OMe-CgHs
(ent-3.49b) 83%¢
R = nBu (ent-3.49g) 72%“

“ Reactions conditions: propargylic ester 1 (0.1 M in CH,Cl,), 5 mol% PPh3;AuCl, 10 mol%
AgSbFs. “Isolated yield. ¢ D-galactal derived substrate. ¢ L-glucal derived substrate.
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Figure 4.2 Pre-test of biological evaluaiton of the 8-oxabicyclo-[3.2.1]octanes 3.49
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To validate our hypothesis, a pre-test of the selected synthesized 8-oxabicyclo-
[3.2.1]octane derivatives were evaluated for their cytotoxicities against the human
cancer cell lines. To our delight, all of the compounds showed significant anti-tumor
activity when the concentration of compounds in the test medium was 100 uM; Even
the concentration was reduced to 10 uM, some compounds (3.49b, 3.49f, 3.49i) could
still show the anti-tumor activity to the colon (HCT-150) cancer cell line and cervix
(Hela) cancer cell line (Figure 4.2).

Inspired by the preliminary result, the synthesized 8-oxabicyclo[3.2.1]octane
analogues (3.49a-o0, epi-3.49a, ent-3.49a, 3.49b and 3.49g) were evaluated for their
cytotoxicities against human cancer cell lines, including lung (A549), cervix (Hela),
liver (HEPG2) and colon (HCT-15) cancer cell lines. From the gathered biological data
(Table 4.2), preliminary structure-activity relationships (SARs) were formed.
Compound 3.49a demonstrated good cytotoxicity and selectivity for four cancer cell
lines, especially for Hela cells having 1Cso value about 10 uM, as compared to over 40
uM for the nomal cell line (LO2). The para-substituted aryl substrates 3.49b-e exhibited
comparable cytotoxicities to 3.49a. Notably, compounds 3.49b and 3.49e showed higher
potencies against colon cancer cell line, suggesting that the substitution at the para
position of the aromatic ring might be relevant to the potencies and selectivities. The
most significant potency enhancement was achieved by replacing the aryl substituent at
C-1 position with aliphatic ring substituent as demonstrated by compounds 3.49f and
3.49i. However, compounds 3.49¢g, 3.49h and 3.49j having aliphatic chain substituents

at C-1 position demonstrated lower potency to compund
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Table 4.2. Cytotoxicity data against human cancer cell line A549, Hela, HepG2,

HCT-15 and human normal cell line LO2 for compound 3.49 (ICso values in

HM)?

Compound A549 Hela HepG2 HCT-15 LO2
3.49a 26.79 10.33 24.18 21.39 45.06
3.49b 18.17 14.77 23.26 10.99 15.79
3.49¢ 23.82 8.13 29.90 14.22 10.99
3.49d 35.44 37.67 35.51 29.8 36.35
3.49¢ 21.68 15.94 26.76 9.40 37.55
3.49f 17.14 5.80 20.53 10.3 4.49
3.49¢g 25.67 15.28 32.58 17.92 44.04
3.49h 53.03 24.90 87.02 75.69 42.00
3.49i 17.40 5.54 11.67 2.31 34.01
3.49j 52.95 23.94 38.68 30.90 35.26
3.49k 35.28 16.76 32.42 20.46 48.86
3.491 31.86 34.51 31.22 19.04 44.52
3.49m 31.09 12.81 36.31 65.95 48.48
3.49n 59.46 28.82 88.46 79.47 46.62
3.490 32.48 17.36 26.44 21.65 46.28

epi-3.49a 52.36 45.63 43.28 38.48 42.54
ent-3.49a 48.36 22.35 40.67 34.40 24.19
ent-3.49b 34.18 17.78 33.17 25.89 16.09
ent-3.49g 58.57 21.45 46.81 58.21 34.28

“ICso = the half-maximal inhibitory concentration; A549 = human lung adenocarcinoma
epithelial cell line; Hela cell = human cervical carcinoma cell line; HepG2 = liver hepatocellular
cell line; HCT-15 = human colon adenocarcinoma cell line; LO2 cell = normal human hepatic

cell lines.
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3.49a. These observations suggested the functional group at C-1 position of the 8-
oxabicyclo[3.2.1]octane played a crucial role for the observed potencies and selectivities.
Further investigation into the effect of protecting groups as well as stereocenters led to

similar or slightly lower potencies (3.49k-o, epi-3.49a, ent-3.49a, 3.49b and 3.49g).

4.3 Conclusion

Inspired by the reports on the biological properties of natural products containing 8-
oxabicyclo[3.2.1]octane motif and enabled by our established synthetic approched to
the 8-oxabicyclo[3.2.1]octane derivatives via gold(I)-catalyzed tandem 1,3-acyloxy
migration/Ferrier rearrangement, biological evaluation of the resultant compounds
(3.49a-0, epi-3.49a, ent-3.49a, 3.49b and 3.49g) led to the identification of a series of
cytotoxic agents against several cancer cell lines and the preliminary structure-activity
relationships (SARs) was discussed. The investigation showed that the compound 3.49f
and 3.49i have significant anti-tumor activity and study on substrates with similar

functionalities is currently undergoing in our lab.
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4.4 Experimental section

General procedure for cytotoxicity assays.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction ability
was determined as an index of the metabolic viability, notably of the mitochondrial
function of the cells. Briefly, cells were seeded in 96-well plate and allowed to grow
overnight. Stock solutions were prepared by dissolving the chemicals in culture medium.
A series of dilutions were obtained from the stock solutions with the addition of medium
to obtain final concentrations of 2.5, 5, 10, 20, 40 and 80 ug/mL. Culture medium was
used as a negative control. The medium was then replaced with 100 xL samples. After
incubating for 72 h, 10 uL of MTT (5 mg/ml) solution was added and then incubated for
an additional 4 h. Next, 100 xL of 1% SDS (contain 0.1 % concentrated hydrochloric
acid) was added into the medium. The OD was determined using an enzyme-linked
immuno-assay (ELISA) reader at a wavelength of 595 nm after incubation overnight.
All of the experiments were performed in triplicate. The cell viability was calculated
from the OD value of the test sample and a negative control using the equation below:
cell viability (%) = OD:estsampie /ODuenicie oot < 100. The data obtained in triplicate were

presented as the mean =S.D. (Table 4.3-4.7).
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Table 4.3: Cytotoxity Data of Compond 3.39 Against Cancel Cell Lines A549.2

Compound Cell viability (%)°

3.49 2.5uM 5uM 10uM 20uM 40pM 80uM
a 92.18+3.98 92.83+1.47 81.23£2.51 53.804+3.26 26.15+1.55 21.20£1.23
b 97.92+0.81 96.88+1.03 91.77+£3.65 72.66+7.24 24.97+0.26 21.39+0.54
c 97.8442.33  95.61+£3.08 81.80+3.43 49.48+2.98 22.42+0.06 21.42+0.21
d 96.41+4.76  98.88+0.98 69.33£5.46 44.05+£2.19 23.38+2.05 22.14+1.13
e 90.57+£2.40 91.56+5.17 91.17+1.38 76.59+£3.02 25.72+2.58 20.28+1.13
f 92.67+0.52  85.63+1.19 71.57+0.51 35.64+2.05 21.97+0.15 19.75+0.20
g 92.73+£0.78  88.63+3.08 80.28+0.83 53.58+2.89 26.28+£1.99 20.10£0.21
h 93.74+1.95 88.74+1.72 85.48+1.58 85.91+3.39 62.65+4.39 20.51%£1.09
i 93.19£3.10 92.52+5.60 92.41+2.78 89.19+1.71 65.40+£3.50 20.17+0.90
i 90.80+0.90 90.07+4.11 66.85+£2.58 35.27+0.23 22.15£0.19 19.75+0.17
k 91.00+£5.58 87.75+£5.54 85.00£7.65 77.58+£9.56 23.94+£145 21.23£2.79
| 92.14+£2.05 82.59+£3.07 68.63+2.03 29.24+0.23 22.32+0.16 20.46+0.14
m 95.21£5.32 90.49+2.48 87.73+2.41 67.55£5.20 27.29+1.88 20.49+0.79
n 88.36+£2.63  82.324291 75.4243.49 65.78+4.79 57.25+2.44 44.95+3.55
0 85.73£6.26  81.27+0.80 76.89+4.35 65.43£8.12 25.42+0.78 20.07+0.33

epi-a 95.47+4.79  94.58+4.86 93.48+1.20 87.83+3.21 60.74+0.90 20.17+0.37

ent-a 98.33+6.18 96.83+1.77 94.89+4.59 92.08+2.19 57.94+7.44 20.81+£1.09

ent-b 99.18+1.87 95.81+£1.49 90.03£2.40 85.05+4.70 27.62+1.44 19.72+0.22

ent-g 100.87£2.16  99.79+2.04 92.97+£3.37 97.46+3.30 79.22+2.44 20.24+0.14

¢ A549 = human lung adenocarcinoma epithelial cell line; * The cytotoxicity was determined by the
MTT assay for 72 h.
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A549 = human lung adenocarcinoma epithelial cell line; The cytotoxicity was determined by the
MTT assay for 72 h.
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Table 4.4: Cytotoxity Data of Compond 3.39 Against Cancel Cell Lines Hela.?

Compound Cell viability (%)°

3.49 2.5uM 5uM 10uM 20uM 40pM 80uM
a 76.9743.98 55594829 43.11#.27 36.2142.82 32.2841.61 32.7240.95
b 86.0043.25 85.6049.22 80.9848.45 47.5143.15 30.3340.08 32.0140.15
c 72.1046.17 51.00x2.55 37.73#1.19 33.4340.89 30.5740.25 33.2340.85
d 97.02410.57 60.0048.97 39.3141.76 33.543%2.21 32404239 35.4143.34
e 82.7641.31 69.7443.75 60.0044.64 47.4244.85 31.98#1.55 30.8741.28
f 72.0448.27 41.9540.53 39.80#1.19 29.7030.18 30.3540.33 29.9640.42
g 82.4348.60 82974255 44324122 34.1340.89 31.7840.82 30.5940.85
h 95.2949.11 89.0044.88 71.3349.14 41.494553 39.0122.75 31.8541.37
i 81.9248.33 76.41+2.61 65.0046.89 52.244543 35.6542.03 30.6340.96
i 68.4349.99 48.9949.26 32.5940.66 30.8940.56 33.5640.22 30.2530.24
k 94.0746.45 88.4240.56 64.6440.24 35.631).76 26.924).67 17.58+1.98
| 86.5444.70 87.4643.72 36.4440.21 29.9840.37 31.2540.43 30.5840.12
m 104.0520.74 77.2941.52 42.5447.43 33.71x2.14 32.33#.25 31.71%1.89
n 91.4544.63 87.5044.31 73.85x2.95 55.84#1.96 39.6341.33 25.90+1.45
0 87.6940.74 71.002.30 67.63#1.17 36.8143.14 31.6941.82 27.9340.18

epi-a 97.68344.79 92.3443.61 82.80#1.20 65.24#1.98 50.1630.90 39.80+1.88

ent-a 82.5448.94 79.0644.61 75.00%1.23 62.45344.33 35904199 30.5240.81

ent-b 84.8549.32 73.0149.96 71.0543.30 29.8140.17 33.7740.22 29.76140.16

ent-g 85.5447.42 79.7143.72 70.00#4.71 43.5242.89 36.2741.62 31.2140.28

¢ Hela cell = human cervical carcinoma cell line; ® The cytotoxicity was determined by the MTT
assay for 72 h.
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Table 4.5: Cytotoxity Data of Compond 3.39 Against Cancel Cell Lines HepG22.

Compound Cell viability (%)°

3.49 2.5uM 5uM 10uM 20uM 40pM 80uM
a 100.42+1.92 88.32+8.10 83.09+£5.36 54.49+1.86 22.32+1.09 20.51+£0.23
b 96.38+4.73  89.09+7.42 85.00+£6.18 77.25+8.09 21.02+0.09 20.16+0.28
c 85.50+£5.26  83.29+3.63 80.81+3.92 59.88+6.24 20.32+0.17 20.58+0.17
d 82.87£2.59 82.17+1.61 72.61+1.56 51.34+£2.79 21.97+2.27 24.51+3.42
e 97.26+4.31  92.00+£8.06 89.75+4.43 88.18+4.03 24.55£1.98 19.88+0.54
f 90.52+4.39  87.75+6.51 74.99+4.18 42.41+3.34 19.58+0.13 19.45+0.34
g 80.43+£2.82 81.91+3.63 80.81+6.27 61.07+6.24 21.68+0.55 20.07+0.17
h 84.73£6.82  91.01+9.08 89.07+£5.28 86.01+6.37 47.46+1.39 56.34+4.50
i 99.45+4.68 98.00+7.06 97.88+1.24 88.96+6.85 33.94+3.13 19.97+0.64
i 80.37+4.81 62.56+2.61 60.58+3.57 34.85+2.33 21.49+0.69 19.91+0.13
k 87.06+2.83  83.78+5.43 77.83+5.43 59.2445.26 32.75+£2.93 22.56+2.04
| 74.56+£9.51 74.00+£5.59 74.86+1.07 31.03£0.46 20.52+0.25 20.07+0.31
m 81.50£1.86 81.34+£9.25 75.00£5.02 61.96+6.16 30.22+5.58 19.98+0.45
n 98.35£6.86  95.63+0.86 85.83+5.71 82.25+4.04 61.44+1.15 51.94+1.28
0 95.56+2.48 82.17£3.58 72.61£0.26 59.74+0.99 36.34+0.14 21.52+0.60

epi-a 99.53+0.94 65.35+4.08 61.67£1.28 56.78+2.95 52.66+0.23 47.77+0.18

ent-a 104.04+8.77 98.00+4.66 96.28+5.45 95.97+5.45 31.88+2.93 20.62+0.77

ent-b 101.28+£1.95 99.07+£3.33 98.02+5.79 79.5245.79 22.01+£1.00 19.55+0.17

ent-g 93.38+4.51 92.37+1.84 97.824+2.08 93.82+2.08 48.66+6.76 20.31+0.01

“ HepG2 = liver hepatocellular cell line; ® The cytotoxicity was determined by the MTT assay for 72

h.
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HepG2 = liver hepatocellular cell line; The cytotoxicity was determined by the MTT assay for 72 h.
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Table 4.6: Cytotoxity Data of Compond 3.39 Against Cancel Cell Lines HCT-15“.

Compound

3.49

Cell viability (%)”

2.5uM

SuM

10uM

20uM

40uM

80uM

a

o Q =~ O O O T

_— K -

m
n
0
epi-a
ent-a
ent-b
ent-g

99.32+.91
91.4544.73
87.6745.26
85.2742.49
99.6844.31
93.5644.38
95.83+2.81
84.5246.82
101.7444.67
51.4444 .81
98.5648.73
82.95+.86
99.74+ .86
99.76+1.87
95.90+43.02
98.3240.45
98.3548.76
95.35+1.95
99.6444.50

92.6548.10
84.3747.42
77.6443.63
65.26+.60
97.5248.05
69.7346.51
86.2643.64
78.58+.08
98.4547.06
45.93#2.61
96.8544.01
78.8645.58
90.65+1.25
87.5843.65
92.6748.00
96.98+4.03
95.4644.66
91.3843.32
98.92+1.84

88.3949.77
77.6042.52
67.8948.23
48.9243.66
95.7448.16
54.0743.36
74.0445.15
57.5744.55
96.20+2.63
32.254.75
63.89+1.97
64.3149.56
80.9742.19
79.56+1.06
78.4543.23
76.4346.90
88.41+2.18
81.9843.04
97.0145.49

51.1749.96
49.57H.54
32.5642.23
37.7846.78
81.5646.67
28.6242.33
45.80+2.23
55.8443.19
77.7842.75
12.81+40.52
40.35+1.33
15.08+1.44
37.0344.88
72.89+1.06
50.67+1.07
69.5643.35
67.6547.12
68.36%2.99
83.56+2.85

11.0240.83
12.1740.19
13.01+1.78
25.87+44.66
18.7248.23
11.2840.37
15.1240.60
53.84+1.33
27.40+1.50
12.4840.19
29.75+1.34
14.12+ .47
22.4549.21
67.5640.62
27.434.07
53.9441.02
33.714.35
11.2940.38
81.9548.17

9.8540.03
10.7049.49
11.6240.14
18.3546.79

9.38#).15

9.2440.12

9.73#.14
51.1944.65
10.03#49.13

9.5140.23
21.9543.10

9.5140.27
10.39+1.01
49.54+42 85
17.4540.31
25.1643.15

9.2540.19

9.0840.08
11.84+1.66

¢ HCT-15 = human colon adenocarcinoma cell line; ? The cytotoxicity was determined by the MTT

assay for 72 h.
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HCT-15 = human colon adenocarcinoma cell line; The cytotoxicity was determined by the MTT
assay for 72 h.
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Table 4.7: Cytotoxity Data of Compond 3.39 Against Human Cell Lines LO2.2

Compound
3.49

Cell viability (%)°

2.5uM

SuM

10uM

20uM

40uM

80uM

a

o Q =~ O O O T

_— K -

m
n
0
epi-a
ent-a
ent-b
ent-g

102.0045.73
110.03+2.45
100.27+1.40
101.9028.48
102.94+.25
62.4445.65
101.4620.53
101.3747.43
102.13+.80
88.1245.91
98.3349.89
98.33+2.66
106.4638.39
97.4349.57
93.7643.56
94.0344.78
103.9548.63
110.09+7.40
103.3149.05

79.84346.67
77.3043.23
60.3843.50
72.5944.22
97.4040.19
46.54+ .51
69.7543.50
82.2842.44
90.0643.34
75.0243.65
96.00+7.91
61.612.41
67.0543.38
93.3649.52
92.37#.75
84.6643.18
95.1646.03
81.0643.76
99.7145.69

66.07+2.87
68.3443.36
52.234.87
62.01+.01
86.3342.56
37.2940.83
70.46+2.66
82.5444.96
86.5242.69
75.244.17
94.8945.70
51.4840.64
68.5843.59
93.3749.17
91.7349.98
77.3349.51
75.0445.53
58.0043.32
83.6242.05

56.4243.79
62.35#.10
42.40H.24
46.2040.62
58.70+1.44
36.0940.29
55.39H.24
63.4741.32
64.8442.48
55.0243.09
85.0848.68
46.83+.11
50.2244.64
82.17#.72
86.0948.65
64.6842.47
44.2344.03
39.394.07
66.9442.08

33.2642.46
30.1840.19
30.36+.41
27.714.93
36.98+2.86
23.9540.16
36.234+1.16
41.65+.21
37.8441.81
45.414.55
57.48+1.09
28.08+).33
31.7640.35
48.66+1.55
51.3240.44
59.3840.19
31.544.81
24.8040.12
41.08+1.23

25.97+1.08
25.5540.07
25.5340.13
27.08+.84
24.65+1.00
23.9740.21
24.4540.13
26.1141.28
26.76+1.35
27.7543.51
21.6840.87
24.0240.19
24.44H.24
20.3142.70
28.7440.31
34.6045.23
24.8440.89
24.2540.19
25.9940.59

¢ 102 cell = normal human hepatic cell lines; ® The cytotoxicity was determined by the MTT assay

for 72 h.
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Chapter 5: Asymmetric Interrupted Nazaorv Cyclization of 8-

Oxabicyclo[3,2,1]octane

5.1 Introduction to asymmetric Nazarov cyclization and interrupted

Nazarov cyclization

The Nazarov cyclization is typically described as the transformation from a cross-
conjugated dienone to cyclopentenones products via a 4m electron conrotatory
cyclization.['"®! Since its originally discovery in 1941, tremendous attention has been
given to this reaction particularly, in recent two decades due to its ability to provide
rapid and efficient access to the versatile cyclopentenones.

Normally, the divinyl ketone 1 was activated by Lewis or Brensted acid and formed
the pentadienyl cation 2. After conrotatory ring closure, the oxyallyl cation II was
generated and then underwent elimination to furnish the cyclopentenone product 3. In

this process, the absolute stereochemistry is determined by the rotation of the

A
A A .
o] o . 0
1 3 Brognsted or ] O| 3 0 ) 3
R R® LewisAcid |R R R1._L RS R R
R? R* R2 R R2 R4 RZ R
1 I
0 OA
R1\é’R3 R1 R3 H+
R2 ,/R4 R2 /R4
3
OA
Nuc Nuc Nuc
B
R2 R RZ R
4

Scheme 5.1. The typical Nazarov cyclization.
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conrotatory electrocyclization: clockwise of counterclockwise. Thus, the asymmetric
Nazarov cyclization could be achieved by controlling the direction of the conrotation.
The chiral effectors such as chiral catalyst, non-racemic substrate and chiral auxiliaries
are present to control the torquoselectivity. In addition, the oxyallyl cation II could be
trapped by a nucleophile rather than deprotonation to generate the cyclopentenone

product 4, which was known as the interrupted Nazarov cyclization.

5.2 Preliminary study of hydroazulenic ketone synthesis via Nazarov

cyclization

Hydroazulene skeleton is one of the most commonly encountered subunits featured in
a variety of classes of polycyclic natural products, such as guaianolides,!”
pseudoguaianolides,!'! hypocretenolides!'? and guanacastepene!!*), most of them have

shown to exhibit significant biological activities. Inspired by their interesting activities,

0]

Cladantholide

OH

Hedyosumin C Karaferinin Zedoalactone B

Scheme 5.2. Natural products containing hydroazulene skeleton.
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many chemists have been searching for new methodologies to construct these
complicated structurers,!'*!7 Nazarov cyclization was one of the most efficient way to
synthesize the hydroazulene core.

The first example was reported by Hiyama et al. in 1978. The dichlorohomoallyl
aclocol 5.1 was treated with trifluoroacetic acid (TFA) and underwent elimination to
furnish the divinyl intermediate, which immediately generated the pentadienyl cation in
situ by losing a chloride. Then, the cyclopentenone product 5.2 was obtained through a
4r electrocyclic process (Scheme 5.3A).['% 1 One years later, Hiyama et al. reported
another example of synthesis of hydroazulenic ketone via Nazarov cyclization. The

ketones and propargyl alcohol derivative 5.3 was treated with sulfuric acid-methanol

A
cl Cl cl cl 0
HO
TFA
—_—
-H,0
5.1 5.2 63%
B
HO OH Qo 9
Q\é H,S0,/MeOH Qig
—_—— +
53 5.5 14% 5.4 67%

|

Scheme 5.3. Nazarov cyclization of pentadienyl cation in situ.

favored unfavored
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B FeCly FeCly |
O (0] o) e)
o= Co |- O
| R E—
. )
SiMe; SiMes
5.6 o _ 5.7
74% yield

85:1/15 cis/trans

Scheme 5.4. Nazarov cyclization of f-substituted-divinyl ketones.

(1:1) at 0 °C and the cyclopentenoe product 5.4 was obtained as the major product in
67% yield and 5.5 as the minor product in 14% yield. (Scheme 5.3B) The
regioselectivity was explained by the thermodynamically stable intermediate due to the
presence of more substituted groups on the pentadienyl cation. [2%2!]

To overcome the problem of isomeric olefinic products, Denmark et al. used the
silicon to control and direct the electrocyclic reactions®> 231, The f-silyl-substituted-
divinyl ketones 5.6 produced the cyclopentenylic cation in the presence of 1 equivalent
of FeCls, then the silicon group left and the resultant enolate would generate the
cyclopentenone 5.7 with exclusive regioselectivity. Interestingly, this reaction generated
the unusual cyclopentenone 5.7 with the thermodynamically less stable double-bond in
74% yield (Scheme 5.4).

In 1999, West et al. reported the Nazarov-initiated diastereoselective cascade
polycyclization of aryltrienones. Treatment of 5.8 with strong Lewis acid TiCls at -78
°C led to the interrupted Nazarov reaction and generated the polycyclization product 5.9
in good yield and absolute diastereoselectivity.?*?*! The trans disposition of the
hydroazulene skeleton was due to the exclusive protonation of the titanium enolate

intermediate from the less bulky face of this ring system (Scheme 5.5).
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TiCly ‘o,
O Me | ‘ CH,Cl, Me y.
Y Me -78°C V) me

Scheme 5.5. Nazarov initiated cascade polycyclization.

In 2004, Chiu et al. reported the studies on synthesis of hydroazulenone core of
Guanacastepene A via Nazarov cyclization. Treatment of 5.10 with different acids can
afford hydroazulenone 5.11 or spirocyclic [4.5]decenone 5.12 in high yields and
selectivities.[*! In the presence of Lewis bases such as ether, the hydroazulenone product

was favored. In the absence of proton acceptors, the cyclopentenyl cation intermediate

. A
BF3.Et0 0 conrotatory Q

or BCl; N cyclization ﬁ
—_— :’ + ﬁl B E—
CH,Cl,, 0 °C U

H hH oo
BF 3 Et;0

98% yield
> 05:5 I

BCl,

92% yield
> 5:95

Scheme 5.6. Studies on Nazarov cyclization to obtain hydroazulenone core.
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BF;.OEt,
_— >

-78°C-0°C
. 70% vyield
SiMej
5.13
dr=19:1
B
Me Me
Me Me Me
TiCly, 1 eq. H Me—( ¢
h — = Cl
/ P -78°C-20°C pn ¥ H
(0] g (0] Ph
5.15 5.16 12% 5.17 48%

Scheme 5.7. Nazarov cyclization of bridged bicyclic dienone.

could undergo the Nazarov cyclization/Wagner—Meerwein rearrangement and afforded
the spirocyclic products (Scheme 5.6).

In 2005, West et al. published the results about stereoselective Nazarov cyclization of
bridged bicyclic dienones. In the presence of BF3-OEt,, the bridged bicyclic dienone
5.13. would undergo the silicon directed Nazarov cyclization and generated the
bicyclo[3.2.1]octane product 5.14 in good yield and high exo stereoselectivity (Scheme
5.7A).2") This good selectivity was rationalized by the similar effects about the exo face
favoring electrophilic addition to norbornene derivatives which was ascribed to the

(28]

result of transition state allylic bond staggering, combination of alkene

[29] [30] [31]

pyramidalization, nonequivalent orbital extension, steric crowding and
torsional strain.!*?) Interestingly, this group reported another example about the
cyclization of bridged bicyclic dienones in the same year. When treated with TiCly, the
nopinone-derived substrate 5.15 would furnish the endo-selective cyclization

intermediate and then underwent either chloride trapping to give interrupted Nazarov
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product 5.16 or Wagner-Meerwein rearrangement and subsequently trapping by chloride
to generate the product 5.17 (Scheme 5.7B).3] The author explained that this endo mode
electrocyclization was because of the kinetically controlled diastereomer was preferably
formed in low temperature.

The remote olefin participation in the Nazarov cyclization was observed by West et
al. during their continuing study about the Nazarov reaction of bridged bicyclic dienones
(Scheme 5.8).°* In the presence of BF3-OEt,, the rigid bicyclic dienone 5.18 was
transformed to the cyclopentenyl cation intermediate, and this resultant intermediate

was then converted to a new secondary carbocation intermediate via a

Me Me
Me

I

5.18 5.19

hydride
transfer
path a
(3-exo-trig)
Me ~\I\/Ie Me._ Me
Ho
H —_—
OH
(0]
<.o o} Q
5.19 5.20
85% yield

Scheme 5.8. Remote olefin participation in Nazarov cyclization of bridged
bicyclic dienone.
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homoallyl/cyclopropylcarbinyl rearrangement which could undergo the subsequent
intramolecular hydride transfer to afford the cyclopropyl ketone 5.19 (path a).
Alternatively, 5.19 could arise from cyclopentenyl cation intermediate through a
concerted ene-like rearrangement (path b). Both paths could explain the exclusive endo
selectivity of the Nazarov cyclization by the position requirement of proton or hydride
delivery. Finally, the polycyclic product 5.20 was obtained from 5.19 via a homo-1,5-
hydrogen shift and subsequent tautomerization of the resulting enol at 75 °C.

In 2010, the intermolecular [5+2] cycloaddition/Nazarov cycloaddition sequence and
cascade was reported by Wender et al.**!. In the presence of [Rh(CO)Cl], the aryl
alkynone 5.21 or enynone 5.22 could react with vinylcyclopropanes (VCPs) via the Rh
catalyzed [5+2] cycloaddition to furnish the aryl enone 5.23 or dienones 5.24 in good
yields. The two resultant products could be conducted serially with a Nazarov
cyclization to generate the bicyclo[5.3.0]decane derivatives 5.25 or 5.26 in the presence
of AgSbFs respectively (Scheme 5.9). Furthermore, the authors conducted the tandem

[5+2]/Nazarov cycloaddition reaction to achieve the desired product in good yield in the

O
7K meo AgSbFs_MeO
O :
[Rh(CO),Cl], H
DCE/TI:E 95:5 90% 92%, dr = 2.0:1
52 80 °C 5.23 5.25
MeO/\ 0
o H
/K AngFe 0o
[Rh(CO),Cl], Me °
DCEE:;E(E: 95:5 90% 95%, dr > 20:1
5.24 5.26

Scheme 5.9. [5+2] Cycloaddition/Nazarov cyclization sequence.
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presence of cationic rhodium complex produced by [Rh(CO)>Cl]> and excess AgSbF6
at 80 °C.
In 2014, the photo-Nazarov reaction was reported to be able to construct the

[36] The aryl alkynones 5.27 could undergo photo-

hydroazulene skeleton by Gao et al.
Nazarov cyclization with UV-light (254 nm) to generate the corresponding

cyclopentenone products 5.28 under neutral or basic conditions in good yields (Scheme

5.10).

0 QO H
DCE (8 mg/mL)
R 254 nm, hv R
H

R =4-OMe, 86%, dr = 5:1

R =4-CF3, 0% 82%, dr = 8:1 85%, dr=17:1
R = 3,5-OMe, 84% dr = 10:1

0 o} o)
o) H
H H H
I\ /i
H
S H HN = BocN _ H EIOC H

59%, dr = 5:1 74% (10:1), 56%

Scheme 5.10. Photo-Nazarov reaction of substrates.
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5.3 Results and discussion

In the previous study, we developed the intramolecular gold(l)-catalyzed tandem 1,3-
acyloxy migration/Ferrier rearrangement with glycal derived 1,6-enyne bearing
propargylic carboxylates to generate the enantiomerically pure 8-oxabicyclo[3.2.1]-
octanes. Inspired by the above examples about syntheses of hydroazulene skeleton via
Nazarov cyclization, we envisioned that the resultant 8-oxabicyclo[3.2.1]octanes would
set the stage for a subsequent Nazarov cyclization to synthesize the 11-oxatricyclo-
[5.3.1.0%%]undecane derivatives. If this tandem and sequential strategy is successful, it
would offer an efficient approach to this polycyclization products with less cost and

waste (Scheme 5.11).

R? R!
U R? = 0
[Au] 0 Acid
. G G, > R
1,3-acyloxy migration/ Nazarov ‘ .,
Ferrier rearrangement . cyclization 'OR?
R3o\‘ R2
3.49 3.50 5.29

Scheme 5.11. Sequential Nazarov reaction.

Aryl vinyl ketone derivatives 3.50a was initially subjected to the reported
conditions,?® 371 however, intractable mixtures or incomplete consumption of starting
material was observed in the presence of either Lewis or Brensted acids which was
ascribed to the acid sensitivity of the 8-oxabicyclo[3.2.1]octadiene derivatives (Table
5.1). Inspired by the above results reported by Gao’s group!®®, substrates 3.50a and

3.50j were subjected to the same photo-Nazarov reaction conditions in the neutral
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Table 5.1 Optimization studies.

o) 0 n
SAOIE"Nae0
OBn H B
3.50a 5.29a o8n
Entry“ Acid Solvent Time Temperature Yield?
1 H>S0O4 MeOH 10 min -78 °C
2 HCIO4 CH:Cl, 10 min -40 °C
3 CFs;SO:H THF lh -40 °C
4 HCO;H THF 30 min -20°C intractable
5 TiCls CH,Cl, 30 min -20°C mixture
6 Sc(OTf);  CH:Cl> 30 min -20 °C
7 BF; OEt CH2Cl, lh -20 °C
8 SnCly CH2Cl; 30 min -20 °C
9 TMSOTf  CH2Ch lh -20 °C

“ Reactions conditions: aryl vinyl ketone 2a (0.1 M), acid (2 equiv.); ® Isolated yield.

(6]
“oBn CH:Cl>

3.50a 5.30a 98% 5.29a 0 %
(0]
ETT W “‘
“oBn CHCl,
3.50j 5.30j 97% 5.29j 0 %

Scheme 5.12. Studies on photocatalyzed Nazarov cyclization.

condition, but only the aryl ketones 5.30 were generated through a ring-contraction and
aromatization process (Scheme 5.12).

To our delight, when the divinyl ketone derivative 3.50i was further examined by
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treatment with 2 equivalent BFs+OEt. and 1 equivalent H>O as additive, the interrupted
Nazarov cyclization product 5.31i was furnished other than the normal Nazarov
cyclization product 5.29i (Table 5.2, entry 3). In order to establish the relative
stereochemistry of the product, the compound 5.31i was reacted with 24-
dinitrophenylhydrazine at 80 °C in the presence of p-toluenesulfonic acid and afforded
the 2,4-dinitrophenylhydrazones 5.32-DNPH as yellow crystalline solids in 82% vyield
(Scheme 5.13). Interestingly, the reaction was almost completely inactive if the
BF3+OEt, was employed without the H20 as additive (Table 5.2, entry 2). CF3SO3H was
found also useful in this reaction but in lower yield (Table 5.2, entries 4 and 5). H>SO4
and SnCls were examined but an intractable mixture was observed even when the

reaction was conducted at a lower temperature (Table 5.2, entries 1 and 6).

Table 5.2. Optimization studies of the Nazarov cyclization.

0 Q oH

acid H
@ additive .@
“ solvent -:
0Bn HH -
OBn
3.50i 5.31i

Entry“ Acid Additive Solvent T/t(h) Yield?
1 H>SO4 - MeOH -40°C/1 mixture
2 BF;*OEt; - CH.Cl -20°C/2 trace
3 BF;*OEt; H>O CH)Cl, -20°C/2 87%
4 CF3;SOsH - CHxCl, r.t./2 18%
5 CF3SOs:H H,O CH)Cl, r.t./2 32%
6 SnCly - CHxCl, -40°C/1 mixture

“ Reactions conditions: divinyl ketone 3.50i (0.1 M in CHCl), acid (2 equiv.), additive (1
equiv.); ? Isolated yield.
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5.31i 5.32-DNPH 82%

Scheme 5.13. Determination the stereochemistry of 5.31i by its derivative.

Encouraged by these results, we further investigated the substrate scope of this
interrupted Nazarov cyclization. Eight 8-oxabicyclo[3.2.1]octane derivatives containing
divinyl ketone motif were synthesized through the established homogeneous gold-
catalyzed tandem 1,3-acyloxy migration/Ferrier rearrangement in good to moderate
yields. Like cyclohexenyl ketone 3.50i (Table 5.3, entriy 1), substituted cyclohexenyl
ketone 3.50r and 3.50s could also undergo conversion to the corresponding 11-
oxatricyclo[5.3.1.0Jundecane 5.31r and 5.31s in good yields (Table 5.3, entries 2 and
3). The ring size of the of the dienone moiety such as cyclopentyl, cyclooctenyl and

cycloheptyl substituents was also investigated and all of them provided good yields
-173 -



under the optimized conditions (Table 5.3, entries 4-6). However, substrate 3.50j,
lacking a S-substituent on the dienone, could not afford the desired cyclization product
5.31j and decomposed under the same conditions (Table 5.3, entry 7). In the case of
removal the a-substituent as substrate 3.50w, the reaction could also be applied but

required higher temperature (0 °C) and resulted in lower yield (Table 5.3, entry 8).

Table 5.3 Substrate scope of Nazarov cycliztion.

QHO
Ph3PAuCI R BF3 Eto2 H
BnO _ AgSbFs _ R -
BnO CH,Cly, rt, 2 ' CH c:|2 R?’ g

OBn 2yH OB
-20°C H :
3.50 5.31
Entry Propargyl ester Divinyl ketone”
(0]
AcO
BnO ‘ /
BnO /OBn
3.49i 3.50i, 65%
Me
(0]
A0 F
2 BnO o g
BnO - Me ’OBn
3.49r 3.50r, 62% 5.31r, 63%
B
! o 0 HO
AcO
3 BnO ‘y - “,
BnO. 0 tBu ‘0Bn HH OBn
— 3.50s, 62% tBu
3.49s ° 5.31s, 61%
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Entr Propargyl ester Divinyl ketone? Nazarov product®
Y pargy Yy P
(0]
AcO =
e a2
BnO 0O “,
OBn
3.49t 3.50t, 66%
(0]
s
Bn%nO 0 “0Bn
3490 3.50u, 59% 5.31u, 74%
e} OHO
6 Aco_Z N
BnO 0 “OBn HH  OBn
n
Za0y 3.50v, 58% 5.31v, 72%
O HO
0]
AcO Z
BnO .,
7 BnO o , H  “oBn
‘OBn .
3.49j 3.50, 70% 5.31j, 0%
X o)
AcO =
BnO
ge BnO o | ,
‘OBn
3.49w
3.50w, 70% 531w, 32%

“Reactions conditions: propargylic ester 3.49 (0.1 M in CH2Cly), 5 mol% PPh3AuCl, 10 mol%
AgSbFs; ? Reactions conditions: divinyl ketone 3.50 (0.1 M in CH2Cl,), BF3*OEt; (2 equiv.), H2O
(1 equiv.); ¢ Reaction carried out at 0°C; Isolated yield.
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Although the phenomenon about the exo modo was favored in the Nazarov
cyclization of bridged bicyclic dienones was reported?’! and could be ascribed to
transition state allylic bond staggering,?®! combination of alkene pyramidalization,*’!
nonequivalent orbital extension,?” steric crowding!®!! and torsional strain.*?], the
exclusive exo selectivity observed from all the substrates is very interesting in this
interrupted Nazarov cyclization and the proposed mechanism was described as follows:
the divinyl ketone was activated by BF3*OEt, and generated the pentadienyl cation
intermediate [; then the boron atom could coordinate with oxygen atom and the resultant
6-membered ring boron intermediate directed the formation of the new cyclopentenyl
ring in exo manner. Subsequently, the external H,O would trap the cyclopentenyl cation

II with the help of boron from the less bulky face followed by the enol-keto

tautomerization to afford the 11-oxatricyclo[5.3.1.0>Jundecane 5.31i (Scheme 5.14).

_-BF3 Ho0--g
% o\ o o 3
y O BF3.OEt, o) H,0 y
BnO / 4n-electron BnO BnO %
H controtarory H
H cyclization
3.50i ! n
OBF;
= — _
BnO B
1y OH

]l 5.31i 5.31i

Scheme 5.14. Proposed mechanism of the interrupted Nazarov reaction
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5.4 Conclusion

In conclusion, we have developed an efficient and practical method for the
diastereoselective prepartion of 11-oxatricyclo[5.3.1.0Jundecanes from the products of
established tandem 1,3-acyloxy migration/Ferrier rearrangement via an interrupted
Nazarov cyclization (Scheme 5.15). This method could be applied to the total synthesis
of the natural products containing the hydroazulene skeleton and the follow-up work on
the application to natural product synthesis as well as mechanism study to understand

the origins of this exclusive selectivity are currently ongoing.

R2 R1
= BF;.0Et, QHo
Ph;PAUCI/AgSbF ¢ o H,O
- 2 .
CHaCly, rit. @ CH,Cl,, 20°C R . /
R30O" interrupted Nazarov rz H OR?®
&]\ cyclization
1,3-acyloxy o~ o Ferrier
arati
migration /-)\/\RZ rearrangement
R
N ©

R30

Scheme 5.15. 1,3-acyloxy migration/Ferrier rearrangement and Nazarov
cyclization sequence.
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5.5 Experimental section

General considerations

All the reactions were performed under nitrogen atmosphere. All reagents and solvents
were purchased commercially (Alfa Asear, Strem, Merck and Sigma-Aldrich) and used
as received. Evaporation of organic solvent was achieved by rotary evaporation with a
water bath temperature below 40 °C. Thin layer chromatography (TLC) with Merck
TLC silica gel 60 F254 plate was used to check reaction progress. UV light at 254 nm
and basic solution of potassium permanganate were used to visualize compounds on
TLC plates. Flash column chromatography with silica gel 60 (0.010-0.063 mm) was
used for product purification. 'H and '*C NMR spectra were obtained using 300 MHz
Bruker ACF 300, 400 MHz, Bruker AVIII 400 and 400 MHz Bruker DPX 400
spectrometer. Tetramethylsilane (TMS) was used as the internal standard for the
measurement of chemical shifts (J) in ppm. The following abbreviations classify the
multiplicity: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet or unsolved), br
s (broad singlet), dd (doublet of doublets), dt (doublet of triplet). The coupling constants
were reported as J values in units of Hz. HRMS (ESI) spectra were obtained using a
Waters Q-Tof premier™ mass spectrometer. X-ray crystallographic data was collected
by using a Bruker X8 Apex diffractometer with Mo K/a radiation. Characterization data
for known compounds were checked in comparison with literature for consistency and

not presented in this report.
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General procedure D for Interrupted Nazarov Cyclization:

To solution of divinyl ketone 3.2 (0.1 mmol) in distilled CH>Cl> (1 mL), BF3*OEt,
(26.0 pL, 0.2 mmol) was added dropwise at -78 °C under nitrogen atmosphere. The
reaction was warmed to -20 °C and stirred until the starting material was completely
consumed. Saturated NaHCO; solution was added and the mixture was stirred
vigorously for 10 min. The aqueous layer was extracted with CH2Cl» (3 x10 mL), the
combined organic layers were dried over Na>xSO4 and filtered. Evaporation and flash

chromatography on silica gel (n-Hexane/EtOAc) afforded the cyclization product 5.31.

Preparation of 2,4-dinitrophenyl hydrazone 5.32-DNPH for

Stereochemistry Identification:

5.31i 5.32-DNPH

To a solution of ketone 5.31i (15 mg, 0.045 mmol) in methanol (1 ml) was added p-
TsOH (2 mg, 10 pmol) followed by the 2,4-dinitrophenyl hydrazine (15 mg, 0.074
mmol). The reaction was heated to reflux until the starting material completely
consumed as indicated by TLC. The reaction was cooled to r.t. and the solvent was
removed by rotary evaporation. Purification of the residue by flash chromatography on
silica gel (4:1, n-Hexane/EtOAc) afforded the product 9 (18.8 mg, 82% yield). A crystal

of S2a was generated with EA and an X-ray structure of 9 was obtained.
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Characterization Data for the Isolated Products

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-0O-acetyl-3-(cyclohex-1-enyl)prop-2-

yn-1-yl)-D-arabino-Hex-1-enitol (3.49i): Compound was prepared following the
general procedure B (Chapter 3), 1-ethynycyclohexene (345.0 mg, 3.45 mmol), 3.49i
was obtained (360.0 mg, 62%, 3 steps) as a 1:3.5 mixture of diastereomers about the
propargylic position after flash chromatography on silica (8:1, n-Hexane/EtOAc). 'H
NMR (300 MHz, CDCI3): 0 7.38-7.29 (m, 10H, both isomers), 6.46-6.44 (d, J= 6.0 Hz,
1H, major isomer), 6.41-6.40 (d, /= 6.2 Hz, 1H, minor isomer), 6.16-6.14 (m, 1 H, major
isomer), 6.12-6.10 (d, J = 6.1 Hz, 1H, minor isomer), 6.08-6.07 (s, 1H, major isomer),
6.05-6.03 (m, 1H, minor isomer), 5.00-4.98 (dd, J = 4.2, 6.3 Hz, 1H, minor isomer),
4.96-4.94 (d, J = 11.0 Hz, 1H, major isomer), 4.92-4.90 (d, J = 2.0, 6.1 Hz, 1H, major
isomer), 4.81-4.78 (d, J = 11.0 Hz, 1H, major isomer), 4.77-4.74 (d, J = 11.7 Hz, 1H,
minor isomer), 4.69-4.66 (d, /= 11.5 Hz, 1H, major isomer), 4.65-4.62 (d, /= 11.6 Hz,
1H, minor isomer), 4.60-4.57 (d, J = 11.5 Hz, 1H, major isomer), 4.54 (s, 2H, minor
isomer), 4.33-4.32 (dt, /= 1.6, 7.0 Hz, 1H, major isomer), 4.24-4.20 (td, /= 1.5, 5.6 Hz,
1H, minor isomer), 4.09-4.05 (dd, J = 2.8, 10.0 Hz, 1H, major isomer), 4.03-4.01 (m,
2H, minor isomer), 3.92-3.88 (dd, J = 7.1, 10.0 Hz, 1H, major isomer), 2.12 (s, 3H,

major isomer), 2.11-2.00 (m, 4H, both isomers), 1.63-1.55 (m, 4H, both isomers); '*C
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NMR (100 MHz, CDCl): 6 169.5, 144.3, 144.0, 138.1, 138.0, 137.9, 136.6, 136.4, 128 .4,
128.4, 128.3, 128.2, 128.0, 127.9, 127.9, 127.8, 127.6, 127.6, 119.6, 100.4, 99.8, 89.4,
79.3,77.4,77.2,76.8,75.7,74.6,72.5,72.2,71.9,70.9,70.3, 64.3,61.9, 28.9, 28.8, 25.6,

22.1,21.3,20.9; HRMS (ESI) calcd. for [C30H330s5]", 473.2328; found 473.2330.

tBu

AcO

BnO
BnO o

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-0O-acetyl-3-(4-rBu-cyclohex-1-

enyl)prop-2-yn-1-yl)-D-arabino-Hex-1-enitol (3.49s): Compound was prepared
following the general procedure B (Chapter 3), 4-(1,1-dimethylethyl)-1-ethynyl-
Cyclohexene (559.0mg, 3.45 mmol), 3.49s was obtained (404.2 mg, 64%, 3 steps) as a
1:1.3 mixture of diasterecomers about the propargylic position after flash
chromatography on silica (8:1, n-Hexane/EtOAc). "H NMR (400 MHz, CDCl3): J 7.39-
7.29 (m, 10H, both isomers), 6.46-6.44 (d, J= 6.1 Hz, 1H, major isomer), 6.42-6.41 (d,
J =6.2 Hz, 1H, minor isomer), 6.17 (br, 1H, major isomer), 6.13-6.12 (d, J = 6.9 Hz,
1H, minor isomer), 6.10-6.09 (d, J = 2.7 Hz, 1H, major isomer), 6.06 (br, 1H, minor
isomer), 5.00-4.98 (dd, J = 3.4, 6.2 Hz, 1H, minor isomer), 4.98-4.97 (d, J = 11.0 Hz,
1H, major isomer), 4.93-4.91 (d, J = 2.0, 6.1 Hz, 1H, major isomer), 4.82-4.79 (d, J =
11.0 Hz, 1H, major isomer), 4.78-4.75 (d, /= 11.6 Hz, 1H, minor isomer), 4.70-4.67 (d,
J=11.6 Hz, 1H, major isomer), 4.66-4.63 (d, /= 11.7 Hz, 1H, minor isomer), 4.60-4.58

(d, J=11.5 Hz, 1H, major isomer), 4.55 (s, 2H, minor isomer), 4.34-4.32 (dt, J = 1.7,
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7.0 Hz, 1H, major isomer), 4.25-4.22 (td, /= 1.6, 6.3 Hz, 1H, minor isomer), 4.10-4.06
(dd, J=2.9,9.9 Hz, 1H, major isomer), 4.04-4.02 (m, 2H, minor isomer), 3.93-3.89 (dd,
J=17.0,9.9 Hz, 1H, major isomer), 2.30-2.27 (m, 1H, both isomers), 2.21-2.21 (m, 3H,
both isomers), 2.12 (s, 3H, major isomer), 2.10 (s, 3H, minor isomer), 1.58-1.40 (m, 8H,
both isomers); '*C NMR (100 MHz, CDCl3): 6 169.5, 169.4, 144.3, 144.0, 138.0, 138.0,
137.9,137.6,137.0,136.9, 136.8, 136.7, 128.4, 128.4, 128.4, 128.3, 128.2, 128.0, 127.9,
127.9, 127.8, 127.7, 127.6, 127.6, 119.3, 100.4, 99.8, 89.1, 88.4, 81.1, 79.5, 77.4, 77.0,
76.7,75.7,75.6,74.6,72.5,72.2,71.9,70.9,70.3,64.2,61.8,43.0,32.1,30.4, 30.3,27.3,

27.0, 23.6, 20.9; HRMS (ESI) calcd. for [C34H4105]", 529.2954; found 529.2952.

AcO é

BnO
BnO - o

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-acetyl-3-(cycloocten-1-enyl)prop-2-

yn-1-yl)-D-arabino-Hex-1-enitol (3.49v): Compound was prepared following the
general procedure B (Chapter 3), 1-ethynycyclooctene (462.3 mg, 3.45 mmol), 3.49v
was obtained (387.6 mg, 66%, 3 steps) as a 1:1.1 mixture of diastereomers about the
propargylic position after flash chromatography on silica (8:1, n-Hexane/EtOAc). 'H
NMR (400 MHz, CDCI3): 0 7.36-7.28 (m, 10H, both isomers), 6.46-6.44 (d, J= 6.2 Hz,
1H, major isomer), 6.42-6.40 (d, /= 6.2 Hz, 1H, minor isomer), 6.27-5.99 (m, 2H, both
isomers), 5.00-4.98 (dd, J = 3.9, 5.4 Hz, 1H, minor isomer), 4.98-4.96 (d, J = 11.0 Hz,

1H, major isomer), 4.91-4.89 (d, J = 2.1, 6.1 Hz, 1H, major isomer), 4.80-4.78 (d, J =
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11.0 Hz, 1H, major isomer), 4.76-4.73 (d, J = 11.8 Hz, 1H, minor isomer), 4.68-4.63 (m,
1H, both isomers), 4.60-4.55 (m, 1H, both isomers), 4.53-4.50 (d,/=11.8 Hz, 1H, minor
isomer), 4.34-4.32 (dt, J=1.7, 7.1 Hz, 1H, major isomer), 4.25-4.22 (td, /= 1.0, 6.0 Hz,
1H, minor isomer), 4.09-4.06 (dd, J = 2.8, 10.0 Hz, 1H, major isomer), 4.04-4.00 (m,
2H, major), 3.92-3.87 (dd, J = 7.1, 9.9 Hz, 1H, major isomer), 2.17-2.05 (m, 3H, both
isomers), 2.12 (s, 3H, major isomer), 2.10 (s, 3H, minor isomer), 1.88-1.80 (m, 2H, both
isomers), 1.28-1.11 (m, 2H, both isomers), 0.87 (s, 9H, both isomers); '*C NMR (100
MHz, CDCls): 6 169.6, 169.5, 144.4, 144.0, 139.5, 139.3, 138.1, 138.0, 137.9, 137.6,
128.5,128.4,128.4,128.4,128.1, 128.0, 127.8, 127.8, 127.7, 127.6, 127.5, 122.6, 100.5,
99.8,90.1,89.4,80.4,78.8,77.5,76.7,72.4,71.9,71.7,70.8,70.2,64.3,61.9, 29.8, 29.6,
29.5, 29.5, 28.4, 28.3, 26.9, 26.9, 26.3, 26.2, 25.7, 25.7, 21.0; HRMS (ESI) calcd. for

[C32H3705]", 501.2641; found 501.2644.

AcO F AcO Z

B BnO
BroO 0o BnO o

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-acetyl-4-methylbut-4-en-2-yn-1-yl)-
D-arabino-Hex-1-enitol (3.49j-A): Compound was prepared following the general
procedure B (Chapter 3), isopropenylacetylene (228.0 mg, 3.45 mmol), 3.49j-A was
obtained (165.4 mg, 31%, 3 steps) after flash chromatography on silica (8:1, n-
Hexane/EtOAc). [a]p*? = 38.2; (¢ = 1.0, CHCl3); 'H NMR (400 MHz, CDCIl3): 6 7.38-

7.28 (m, 10H), 6.46-6.44 (dd, J = 1.1, 6.0 Hz, 1H), 6.08-6.08 (d, J = 2.7 Hz, 1H), 5.35
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(br, 1H), 5.28-5.27 (t, J = 1.6 Hz, 1H), 4.97-4.94 (d, J = 11.1 Hz, 1H), 4.93-4.91 (dd, J
=22,6.1 Hz, 1H), 4.81-4.78 (d,J= 11.1 Hz, 1H), 4.69-4.67 (d, J= 11.5 Hz, 1H), 4.60-
4.57 (d, J = 11.5 Hz, 1H), 4.34-4.32 (dt, J = 1.8, 7.0 Hz, 1H), 4.10-4.07 (dd, J = 2.9,
10.0 Hz, 1H), 3.91-3.87 (dd, J= 7.0, 10.0 Hz, 1H), 2.13 (s, 3H), 1.88 (s, 3H); 3C NMR
(100 MHz, CDCI3): § 169.4, 144.3, 138.0, 137.8, 128.4, 128.4, 128.0, 127.9, 127.8,
127.8, 125.7, 123.5, 100.5, 88.6, 81.1, 77.3, 76.9, 75.4, 74.5, 70.9, 64.0, 23.2, 20.9;

HRMS (ESI) caled. for [C27H2905]", 433.2015; found 433.2010.

1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-acetyl-4-methylbut-4-en-2-yn-1-yl)-

D-arabino-Hex-1-enitol (3.49j-B): Compound was prepared following the general
procedure B (Chapter 3), isopropenylacetylene (228.0 mg, 3.45 mmol), 3.49j-B was
obtained (166.9 mg, 32%, 3 steps) after flash chromatography on silica (8:1, n-
Hexane/EtOAc). [a]p?? = 1.4; (¢ = 1.0, CHCI3); 'H NMR (400 MHz, CDCls): 6 7.36-
7.28 (m, 10H), 6.43-6.40 (dd, /= 0.8, 6.2 Hz, 1H), 6.13-6.11 (d, J = 6.0 Hz, 1H), 5.25-
5.23 (m, 2H), 5.01-4.98 (dd, J= 3.6, 6.2 Hz, 1H), 4.79-4.75 (d, /= 11.6 Hz, 1H), 4.65-
4.61 (d,J=11.6 Hz, 1H), 4.55 (s, 2H), 4.25-4.20 (dt,J= 1.1, 5.9 Hz, 1H), 4.06-3.98 (m,
2H), 2.10 (s, 3H), 1.80 (s, 3H); *C NMR (100 MHz, CDCls): 6 169.5, 144.0, 138.0,
137.6,128.5, 128.4,128.2, 128.0, 127.6, 127.6, 125.7, 123.3,99.9, 87.9, 82.7,77.2, 72.6,
72.3,71.9,70.3, 61.3, 23.0, 20.9; HRMS (ESI) calcd. for [C27H200s5]", 433.2015; found

433.2018.
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1,5-anhydro-3,4-bis-O-benzyl-2-deoxy-6-(1-O-acetyl-6-methyl-4-hepten-2-yn-1-
yl)-D-arabino-Hex-1-enitol (3.49w): Compound was prepared following the general
procedure B (Chapter 3), (3E)-5-methyl-3-hexen-1-yne (324.3 mg, 3.45 mmol), 3.49w
was obtained (362.3 mg, 64%, 3 steps) as a 1:3.5 mixture of diastereomers about the
propargylic position after flash chromatography on silica (8:1, n-Hexane/EtOAc). 'H
NMR (300 MHz, CDCls): ¢ 7.36-7.27 (m, 10H, both isomers), 6.45 (d, /= 6.0 Hz, 1H,
major isomer), 6.41 (d, J = 5.7 Hz, 1H, minor isomer), 6.16 (dd, /= 6.8, 16.0 Hz, 1H,
major isomer), 6.10-6.06 (m, 1H, minor isomer), 6.07-6.04 (m, 1H, both isomers), 5.43-
5.36 (m, 1H, both isomers), 4.98 (dd, J = 3.6, 6.1 Hz, 1H, minor isomer), 4.94 (d, J =
11.3 Hz, 1H, major isomer), 4.91 (d, J = 2.1, 6.2 Hz, 1H, major isomer), 4.78 (d, J =
11.1 Hz, 1H, major isomer), 4.76 (d, J = 11.4 Hz, 1H, minor isomer), 4.68 (d, /= 11.5
Hz, 1H, major isomer), 4.63 (d, J = 11.4 Hz, 1H, minor isomer), 4.58 (d, J = 11.4 Hz,
1H, major isomer), 4.54 (s, 2H, minor isomer), 4.31 (dt, J = 1.7, 7.0 Hz, 1H, major
isomer), 4.24 (t, J=11.6 Hz, 1H, minor isomer), 4.08-4.04 (m, 1H, both isomers), 4.00-
3.97 (m, 1H, minor isomer), 3.89 (dd, J = 7.0, 9.9 Hz, 1H, major isomer), 2.33 (sep, J =
6.7 Hz, 1H, both isomers) 2.11 (s, 3H, major isomer), 2.10 (s, 3H, minor isomer), 1.00
(d, J = 6.7 Hz, 6H, major isomer), 0.97 (d, J = 6.7 Hz, 6H, minor isomer); °C NMR
(100 MHz, CDCls): 0 169.6, 169.5, 153.2, 153.1, 144.3, 144.1, 138.1, 138.0, 137.9,
137.6,128.5,128.4,128.4,128.3, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 105.9, 105.8,
100.4, 99.9, 86.5, 85.8, 82.2, 80.6, 77.5, 77.2, 76.8, 75.3, 74.5, 72.9, 72.8, 72.1, 71.0,
70.4,64.3,61.9, 31.7, 21.6, 20.9; HRMS (ESI) calcd. for [C20H330s5]", 461.2328; found
461.2324.
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1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.50.1]oct-3,6-dien-6-yl)-1-(cyclohex-1-
en-1-yl)-methanone (3.50i): Compound was prepared following the general procedure
C (Chapter 3), 3.49i (47.2 mg, 0.1 mmol), 3.50i was obtained (20.9 mg, 65%) as a
white solid after flash chromatography on silica (4:1, n-Hexane/EtOAc). m. p. 113-115
°C; [a]p** = -15.7 (¢ = 1.0, CHCl3); '"H NMR (300 MHz, CDCls): § 7.39-7.28 (m, SH),
6.82-6.80 (m, 1H), 6.64 (ddd, J= 1.0, 4.2, 9.8 Hz, 1H), 6.50 (d, J= 2.1 Hz, 1H), 5.54
(ddd, J=2.2, 3.5, 9.8 Hz, 1H), 5.13 (t, /= 2.0 Hz, 1H), 4.95-4.94 (d, /= 4.2 Hz, 1H),
4.70 (s, 2H), 3.59-3.58 (d, /= 3.3 Hz, 1H), 2.48-2.43 (m, 1H), 2.27-2.24 (m 2H), 2.11-
2.06 (m, 1H), 1.70-1.62 (m, 4H); '*C NMR (100 MHz, CDCl3): 191.6, 155.3, 142.2,
139.0,138.3, 138.1, 135.6, 128.4, 127.8, 127.7, 122.5, 83.9, 77.7, 69.9, 68.9, 26.1, 23.3,

21.8,21.6; HRMS (ESI) calcd. for [C21H2303]", 323.1647; found 323.1642.

0
Bu” I “OBn

1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.50.1]oct-3,6-dien-6-yl)-1-(4-fBu-

cyclohex-1-en-1-yl)-methanone (3.50s): Compound was prepared following the
general procedure C (Chapter 3), 3.49s (52.8 mg, 0.1 mmol), 3.50s was obtained (22.5
mg, 62%) as a white solid after flash chromatography on silica (4:1, n-Hexane/EtOAc).
"H NMR (300 MHz, CDCls): § 7.38-7.28 (m, 5H), 6.82 (s, 1H), 6.68-6.60 (dd, J =4.0

Hz, 9.7, 1H), 6.50 (d, J = 2.3 Hz, 1H), 5.54 (dt, J = 10.0, 2.7 Hz, 1H), 5.13 (d, J= 2.3
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Hz, 1H), 4.95 (d, J = 4.2 Hz, 1H), 4.70 (s, 2H), 3.59 (d, J = 3.7 Hz, 1H), 2.37-2.27 (m,
2H), 2.11-1.93 (m, 2H), 1.33-1.25 (m, 2H), 1.19-1.09 (m, 1H), 0.89 (s, 9H); '°C NMR
(100 MHz, CDCls): 191.6, 155.2, 142.5, 139.0, 138.3, 138.0, 135.5, 128.5, 127.8, 127.7,
122.5, 83.9, 77.7, 69.9, 68.9, 43.4, 32.2, 27.8, 27.1, 25.4, 23.3; HRMS (ESI) calcd. for

[CasH3105]", 379.2273; found 379.2270.

0
. '//OBn

1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.50.1]oct-3,6-dien-6-yl)-1-(cycloocten-1-
en-1-yl)-methanone (3.50v): Compound was prepared following the general procedure
C (Chapter 3), 3.49v (50.0 mg, 0.1 mmol), 3.50v was obtained (24.5 mg, 58%) as a
white solid after flash chromatography on silica (4:1, n-Hexane/EtOAc). 'H NMR (400
MHz, CDCl): 6 7.46-7.26 (m, 5H), 6.76 (t,J= 8.3 Hz, 1H), 6.65 (ddd, J=9.8,4.3, 1.4
Hz, 1H), 6.45 (d, J= 2.2 Hz, 1H), 5.55 (ddd, /=9.7, 3.6, 2.1 Hz, 1H), 5.12 (t,J=2.2
Hz, 1H), 4.95 (d, J=4.2 Hz, 1H), 4.70 (s, 2H), 3.59 (d, /= 3.7 Hz, 1H), 2.53-2.31 (m,
4H), 1.61-1.60 (m, 4H), 1.51-1.45 (m, 2H); *C NMR (100 MHz, CDCls): 192.0, 155.7,
145.1,142.3,138.3, 138.0, 135.6, 128.4,127.7,127.7,122.5, 83.9, 77.8, 69.9, 69.0, 29.4,
29.0, 27.4, 26.5, 26.2, 24.7; HRMS (ESI) caled. for [C23H2703]", 351.1960; found

351.1964.

1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.50.1]oct-3,6-dien-6-yl)-2-methylprop-
- 187 -



2-en-1-one (3.49j): Compound was prepared following the general procedure C
(Chapter 3), 3.49j (43.2 mg, 0.1 mmol), 2j was obtained (19.7 mg, 70%) as a white solid
after flash chromatography on silica (4:1, n-Hexane/EtOAc). m. p. 93-95 °C; [a]p? = -
21.7; (¢ = 1.0, CHCl3); "H NMR (500 MHz, CDCl3): 6 7.38-7.27 (m, 5H), 6.65-6.62 (dd,
J=1.0,9.8 Hz, 1H), 6.62-6.61 (d, J=2.2 Hz, 1H), 5.84 (s, 1H), 5.80 (s, 1H), 5.57-5.54
(ddd, J=2.2,3.5,9.8 Hz, 1H), 5.14-5.13 (t, /= 4.1 Hz, 1H), 4.99-4.99 (d, J = 4.3 Hz,
1H), 4.70 (s, 2H), 3.60-3.59 (d, J = 3.4 Hz, 1H), 1.94 (s, 3H); '3C NMR (100 MHz,
CDCl3): 6 192.0, 155.3, 144.0, 138.2, 137.7, 137.4, 128.5, 127.8, 125.9, 122.8, 83.9,

77.2,70.0. 68.8, 17.8; HRMS (ESI) caled. for [C1sH1903]", 283.1334; found 283.1329.

0]

A0

‘OBn

1-((1R,2S,5R)-2-benzyloxyl-8-oxabicyclo[3.50.1]oct-3,6-dien-6-yl)-4-

methylpenten-2-en-1-one (3.50w): Compound was prepared following the general
procedure C (Chapter 3), 3.49w (46.0 mg, 0.1 mmol), 3.50w was obtained (21.7 mg,
70%) as a white solid after flash chromatography on silica (4:1, n-Hexane/EtOAc). 'H
NMR (400 MHz, CDCl3): 0 7.30-7.27 (m, 5H), 6.93 (dd, J=15.6, 6.8 Hz, 1H), 6.82 (d,
J=2.3 Hz, 1H), 6.59 (ddd, J = 9.8, 4.3, 1.4 Hz, 1H), 6.42 (dd, J = 15.6, 1.4 Hz, 1H),
5.54 (ddd, J=9.8, 3.7, 2.1 Hz, 1H), 5.15 (t, /= 2.2 Hz, 1H), 5.06 (d, /= 4.3 Hz, 1H),
4.70 (s, 2H), 3.61 (dd, J = 3.7, 1.4 Hz, 1H), 2.49 (dqd, J=13.5, 6.8, 1.4 Hz, 1H), 1.08
(d, J = 6.7 Hz, 6H); 3*C NMR (100 MHz, CDCl5): 185.9, 157.5, 155.0, 138.2, 137.3,

136.5,128.4,127.7,127.7, 123.0, 123.0, 83.8, 76.5, 69.9, 69.0, 31.3, 21.3, 21.2; HRMS
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(ESI) caled. for [C20H2305]", 311.1647; found 311.1643.

(4aR,4bS,5R,6S,9R,9aR,10aR)-6-(benzyloxy)-9a-hydroxy-decahydro-5,9-

epoxybenzo[a]azulen-10(2H)-one (5.31i): Compound was prepared following the
general procedure D, 3.50i (17.0 mg, 0.05 mmol), 5.31i was obtained (13.3 mg, 78%)
as a colorless oil after flash chromatography on silica (2:1, n-Hexane/EtOAc). 'H NMR
(400 MHz, CDCl3): 6 7.39-7.27 (m, 5SH), 6.32 (ddd, J=9.8, 4.6, 1.1 Hz, 1H), 5.99 (ddd,
J=9.8,4.1,1.9Hz, 1H),4.71 (d, /= 1.9 Hz, 2H), 4.46 (s, 1H), 4.22 (d, /J=4.6 Hz, 1H),
3.66 (d,J=4.1 Hz, 1H), 3.04 (t,J= 6.5 Hz, 1H), 2.66 (s, 1H), 2.27 (dt, J=12.5, 6.2 Hz,
1H), 2.19 (d, J = 13.6 Hz, 1H), 1.87 (s, 1H), 1.83 (d, J = 15.0 Hz, 1H), 1.65-1.62 (m,
1H), 1.49-1.41 (m, 1H), 1.19—- 1.06 (m, 1H), 0.97-0.0.86 (m, 2H); *C NMR (100 MHz,
CDCl):0 218.0, 138.3, 133.8, 128.4, 127.7, 124.1, 89.5, 86.0, 77.3, 73.7, 70.4, 51.1,

47.8,41.1,31.3,24.7,21.8, 21.7.

(4aR,4bS,5R,6S,9R,9aR,10aR)-6-(benzyloxy)-3-(tert-butyl)-9a-hydroxy-
decahydro-5,9-epoxybenzo[a]azulen-10(2H)-one (5.31s): Compound was prepared
following the general procedure D, 3.50s (19.0 mg, 0.05 mmol), 5.31s was obtained

(11.8 mg, 61%) as a colorless oil after flash chromatography on silica (2:1, n-
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Hexane/EtOAc). 'H NMR (400 MHz, CDCL3): § 7.41-7.31 (m, 5H), 6.37-6.28 (m, 1H),
5.99 (ddd, J=9.8, 4.2, 1.9 Hz, 1H), 4.71 (d, J = 2.7 Hz, 2H), 4.48 (s, 1H), 4.22 (d, J =
4.6 Hz, 1H), 3.69 (d, J = 4.4 Hz, 1H), 3.00 (t, J = 6.6 Hz, 1H), 2.65 (s, 1H), 2.41-2.24
(m, 2H), 1.90 (m, 1H), 1.55-1.41 (m, 2H), 0.89 (s, 3H), 0.82 (s, 6H); '*C NMR (100
MHz, CDCLs): §218.1, 138.3, 133.8, 128.4, 127.8, 127.7, 124.1, 89.5, 86.0, 77.2, 73.7,
70.5, 51.3, 47.6, 46.7, 42.1, 32.8, 32.3, 27.3, 23.1, 22.4; HRMS (ESI) calcd. for

[C2sH3304]", 397.2379; found 397.2383.

(1R,4S,5R,5aS,5bR,11aR,12aR)-4-(benzyloxy)-12a-hydroxy-dodecahydro-1,5-

epoxycycloocta[a]azulen-12(1H)-one (5.31v): Compound was prepared following the
general procedure D, 3.50v (17.5 mg, 0.05 mmol), 5.31v was obtained (13.2 mg, 72%)
as a colorless oil after flash chromatography on silica (2:1, n-Hexane/EtOAc). '"H NMR
(400 MHz, CDCl): 6 7.43-7.28 (m, 5H), 6.30 (dd, J = 10.0, 4.6 Hz, 1H), 5.97 (ddd, J
=9.8,4.2, 1.8 Hz, 1H), 4.72 (s, 2H), 4.45 (s, 1H), 4.22 (d, /J=4.6 Hz, 1H), 3.70 (d, J =
4.1 Hz, 1H), 2.90-2.76 (m, 1H), 2.52-2.50 (m, 2H), 2.00-1.90 (m, 2H), 1.78-1.71 (m,
3H), 1.62-1.59 (m, 2H), 1.52-1.45 (m, 2H), 1.42-1.36 (m, 3H), 1.31 —1.22 (m, 1H); 1*C
NMR (100 MHz, CDCl3): 6 219.7, 138.3, 133.7, 128.5, 127.8, 127.7, 124.2, 88.4, 87.2,

73.8, 70.5, 55.4, 52.6, 44.5, 33.2, 30.4, 26.1, 26.0, 24.7, 21.3; HRMS (ESI) calcd. for
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[C23H2004]", 369.2066; found 369.2069.

(BR,3aS,4R,5S,8R,8aR)-5-(benzyloxy)-8a-hydroxy-3-isopropyl-hexahydro-4,8-

epoxyazulen-1(2H)-one (5.31w): Compound was prepared following the general
procedure D, 3.50w (15.5 mg, 0.05 mmol), 5.31w was obtained (5.3 mg, 32%) as a
colorless oil after flash chromatography on silica (2:1, n-Hexane/EtOAc). 'H NMR (400
MHz, CDCl3): 6 7.39-7.29 (m, 5H), 6.29 (dd, J= 9.8, 4.8 Hz, 1H), 6.03-5.96 (m, 1H),
4.68 (s,2H),4.37 (d,J=1.6 Hz, 1H), 4.32 (d, J=4.8 Hz, 1H), 3.69 (d, /J=4.1 Hz, 1H),
2.78 (dd, J=17.8, 8.9 Hz, 1H), 2.45 (s, 2H), 2.12 (s, 1H), 1.99 (s, 1H), 1.63 (q, /= 6.8
Hz, 1H), 0.90 (dd, J = 13.2, 6.7 Hz, 6H); 3*C NMR (100 MHz, CDCls): 6 218.2, 138.2,
133.5, 128.5, 127.8, 127.8, 124.6, 89.6, 87.7, 76.9, 73.2, 70.4, 51.2, 46.7, 41.7, 32.8,

20.2, 19.7; HRMS (ESI) calcd. for [C20H2504]", 329.1753; found 329.1755.

O,N

(4aS,4bS,5R,6S,9R,9aS,10aR,E)-6-(benzyloxy)-10-(2-(2,4-
dinitrophenyl)hydrazineylidene)-5,9-epoxybenzo[a]azulen-9a(1H)-ol (5.32-DNPH):
"HNMR (400 MHz, CDCls): § 11.03 (s, 1H), 9.13 (s, 2H), 8.30 (d, J= 9.3 Hz, 1H), 7.99
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(dd, J = 18.1, 9.7 Hz, 1H), 7.47 — 7.26 (m, 5H), 6.44 (dd, J = 10.0, 4.6 Hz, 1H), 6.23—
6.09 (m, 1H), 4.78-4.64 (m, 2H), 4.59 (d, J = 4.6 Hz, 1H), 4.34 (s, 1H), 3.59 (d, J = 4.1
Hz, 1H), 3.16 (s, 1H), 2.42-2.31 (m, 2H), 2.23-2.14 (m, 2H), 2.08-2.00 (m, 1H), 1.77-

1.74 (m, 3H), 1.41-1.21 (m, 3H).
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Table 5.4: Crystal data and structure refinement for 5.32-DNPH.

Chemical formula C27H28N4O7

Formula weight 520.53 g/mol

Temperature 103(2) K

Wavelength 1.54178 A

Crystal size 0.100 x 0.120 x 0.200 mm

Crystal habit yellow block

Crystal system orthorhombic

Space group P212121

Unit cell dimensions  a =5.5338(6) A o =90°
b=16.6117(17) A  p=90°
c=26.5333) A v =90°

Volume 2439.1(4) A3

z 4

Density (calculated)  1.418 g/cm®
Absorption coefficient 0.864 mm-
F(000) 1096

Theta range for data
collection

Reflections collected 4341

3.14 10 68.25°

Coverage of
independent 98.0%
reflections
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Absorption correction Multi-Scan

Max. and min.

. 0.9190 and 0.8460
transmission

Structure solution

. direct methods
technique

Structure solution
program

XT, VERSION 2014/5

Refinement method  Full-matrix least-squares on F2
Refinement program SHELXL-2014/7 (Sheldrick, 2014)
Function minimized X w(Fo2 - Fc2)2

Data / restraints /

4341 /0/ 348

parameters

Goodness-of-fiton F2 1.088
4188 data;

Final R indices aa, R1=0.0471, wR2 =0.1278
>20(I)

all data R1 =0.0520, wR2 = 0.1352

o w=1/[06%(Fo2)+(0.0611P)?+2.8738P]
Weighting scheme
'ghting where P=(Fo*+2F2)/3

Absolute structure
parameter

Extinction coefficient 0.0042(7)

Largest diff. peak and
hole

-0.09(10)

0.265 and -0.256 eA*

R.M.S. deviation from
mean

0.064 eA
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