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ABSTRACT

Allyl moiety can be commonly found in organic compounds. It serves as key
intermediate in chemical reactions and can be stabilised by resonance. This thesis
focuses on exploiting the allylic functionality in both sugar system and other organic

compounds to bring about bond formation efficiently.

In the first chapter, a brief introduction of the various types of allylic systems will
be covered. Allylic cation will be the main focus and methods to generate this allylic
cation using palladium catalyst as well as reactions of this allylic cation will be
discussed. In particular, a specific allylic system, glycal, which can generate z-allyl

palladium species, will be highlighted.

In the second chapter, a one-pot synthesis of C-vinyl glycosides via palladium-
catalysed decarboxylative allylation/Wittig reaction is described. The nucleophilic
phosphorus ylide attacks z-allyl palladium species generated in situ, which can
undergo subsequent Wittig reaction upon deprotonation.This methodology can form
di- and trisubstituted alkenes in good S-anomeric stereoselectivities. Depending on the

aldehydes’ coordinating ability, opposing olefin selectivities can be obtained.

In the third chapter, C-glycosylation by adopting a dual catalytic system with Ir
photocatalyst and Pd catalyst is demonstrated. The =z-allyl palladium species
generated in situ undergoes single electron reduction to form an allylic radical, which
then quickly couples with another radical. This methodology showcases the utility of

radical-radical coupling to achieve stereoselective a-C-glycosides.
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In the last chapter, based on our previous understanding of allylic systems, an
application to non-sugar system is attempted in the hope of obtaining bioactive N-
heterocycles, which are commonly found in pharamaceutical products. The activation
by electrophilic reagent results in z-allylic cation formation and subsequent
cyclisation occurs to furnish multisubstituted indolizines. This methodology can lead
to C-N bond formation and the multisubstituted indolizines can be utilised in further

structure-activity relationship studies.
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Chapter 1:

Allylic Systems in Organic Compounds
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1.1  Allylic System: Allylic Cation, Radical and Anion

The allyl moiety is one of the most common functionalities in organic chemistry
and it consists of a methylene moiety connected to the vinyl group. It can be classified
into three types: allylic cation, radical and anion. The electron delocalisation of these
allylic systems can be explained by molecular orbital theory, which provides a
rationale for the distribution of electron density and strong resonance stabilisation
(Figure 1.1). Computational studies have shown that the resonance stabilisation is
similar for allylic cation and allylic anion, while that of the allylic radical is much
lower, only half of their delocalisation energies as the charge distribution is

favourable for the allylic ions.

Allyl cation Allyl radical Allyl anion
ZEDN X N XN
S N e T ==&

By —w g —v ¢y —m

8 —w Y w 84w

fo e gl gl

Figure 1.1 Molecular orbital diagrams for allyl cation, allyl radical and allyl anion

For the purpose of this thesis, discussion would be centered on allyl cation, with

some coverage of a specific stabilised allyl radical.
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1.2 Pd-Catalysed Allylic Reactions

For Tsuji-Trost allylation, allylic electrophiles are coupled successfully with
nucleophiles. The typical reaction proceeds as such: an allylic functionality with a
leaving group undergoes reaction with Pd(0) to displace the leaving group and the

resultant Pd-allyl system is then attacked by a nucleophile.?

Pioneering work by Trost on asymmetric allylic substitution was reported in 1977.3
In a seminal work by Tsuji in 1980, a decarboxylative variant of the allylation was
demonstrated.* This method offers the advantage of starting from low-cost and easily
accessible carboxylic acid starting material, enhancing the formation of reactive
intermediate at milder conditions. This synthetic methodogy is able to achieve
regioselectivity and comparatively easier purification as the byproduct is gaseous
CO,. While many substrates were later being utilised in such reactions since 1980s,

the asymmetric decarboxylative allylation was not developed till 2004.

Asymmetric decarboxylative allylation was first accomplished by Tunge and
Burger (Scheme 1.1).° p-keto esters in the presence of a palladium catalyst and
Trost’s ligand were utilised. Chirality is introduced as the chiral Trost ligand favours
the attack on one of the prochiral allyl carbon centers. Notably, when the keto ester
functionality was installed on cyclic ring, the increased ring size enhanced the
enantioselectivity. The efficiency and stereochemistry enhancement of the
decarboxylation allylation reaction are also superior when compared to the sequential

allylation/decarboxylation reaction.
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o o0 0
M (R,R)-DACH-phenyl

(0] Trost ligand (10 mol%)
RNNg  Pdildbal (Gmo%)  RINR

CH2C|2, rt

(R,R)-DACH-phenyl

o O /@ Trost ligand (10 mol%) o)
MO Pd,(dba)s (5 mol%)

CH,Cl,, rt (88% ee)
NaCl, DMSO
165 °C (42% ee)
O O
(R,R)-DACH-phenyl
ONa O Trost ligand (10 mol%) o™
S o Pd(allyl)Cl, (5 mol%)
THF, 0°C

Scheme 1.1 Asymmetric decarboxylative allylation

The synthetic challenge of forming quaternary stereocenter was overcome by
Stoltz and Behenna through decarboxylation of allyl enol carbonate by tert-butyl-
phox ligand (Scheme 1.2a).” The intermolecular version can be realised by reacting
trimethylsilyl enol ether with diallyl carbonate. This was later extended by Murakami
using acetamido-p-keto carboxylate and Trost’s ligand (Scheme 1.2b).2 The use of
acyclic a-acetamido-f-ketoesters was demonstrated and it was proposed that the
enantioselectivity might be due to hydrogen bonding with the naphthol additive but

there was no further investigation into applications of these acyclic substrates then.

OTMS
a
"3
_ (S)-tert-butylPHOX o] (S)-tert-butylPHOX
070" igand (6.25 mol%) o~” -_ligand (6.25 mol%) f
Pd,(dba); (2.5 mol%) Pd,(dba); (2.5 mol%)
THF, rt TBAT (35 mol%), THF, rt i
\/\O O/\/
(b) 0O O (R,R)-DACH-naphthyl o
Trost ligand (5 mol%)
= - =
R)%O/\/ [Pdy(dba)s]eCHCI; (2.5 mol%) R ;
R' NHAc CICH,CH,CI, 1-naphthol (50 mol%), rt R' NHAc

Scheme 1.2 Formation of quaternary stereocenters by decarboxylative allylation



5 I Chapter 1

In order to reduce the enolate concentration as well as utilise it at neutral
conditions, Trost and Xu used allyl enol carbonate with chiral diphosphine ligand
(Scheme 1.3).” Both cyclic and acyclic substrates could be applied, with high
enantioselectivity without multiple alkylations. The reaction efficiency and
stereoselectivity depended on the hybridisation of the substituents on enol carbonate,

with sp? yielding better selectivity as compared to sp®.°

0
S _ (S,S)-ANDEN-pheny o
070" Trostligand (5.5 mol%) o
Pd,(dba)s (2.5 mol%)
toluene, rt
0 (S,S)-ANDEN-phenyl 0
oJ\o/\/ Trost ligand (5.5 mol%) )W
R™
1 Pd,(dba); (2.5 mol%) z
R)\/R dioxane, rt R

Scheme 1.3 Utilisation of cyclic and acyclic substrates in decarboxylative allylation

Another interesting finding by Stoltz and Nakamura groups allowed the application
of racemic f-keto carboxylates to undergo decarboxylative allylation, achieving

enantioselective quaternary stereocenters (Scheme 1.4).%°
] R 0] (S)-tert-butylPHOX 0] R
O/\/ ligand (6.25 mol%) N
Pd,(dba); (2.5 mol%)
THF or Et,0, rt
(S)-tert-butylPHOX

0_0 o
O/\/ ligand (6.25 mol%) N
Pd,(dba); (2.5 mol%)
THF, t

Scheme 1.4 Conversion of racemic substrates to enantioselective quaternary

stereocenters
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Research work discussed thus far is mostly based on utilising allylic ester
containing both the nucleophile and electrophile. In an interesting work pioneered by
Tsuji, the concept of interceptive decarboxylative allylation was brought out, whereby
the post-decarboxylation intermediate was intercepted by Michael acceptor joined by
intramolecular tethering (Scheme 1.5a).* Yamamoto later developed intermolecular
variants of this reaction by utilising sufficiently electrophilic Michael acceptors
(Scheme 1.5b).> However, these early works could only achieve minimal
diastereoselectivity. The diastereoselectivity problem of this kind of interceptive
decarboxylative allylation was addressed by Stoltz using PHOX-ligated palladium

catalyst (Scheme 1.5¢)."

0O o o
(@) /\H/ Pd(PPh), (7 mol%) o
@) o)

THF, 80 °C
/
(b) O R
O O NC 9
P P T
o] R THF, rt NG R
© 0.0 (S)-(p-CF)s-tert-butylPHOX QLR
ONF 4 NC%W ligand (12.5 mol%) =
CN Pdy(dba); (5 mol%) NC CN
X 1,4-dioxane, 40 °C X

Scheme 1.5 Interceptive decarboxylative allylation

Mechanistically, the first step of decarboxylative allylation occurs by oxidative
addition or ionisation of the allyl carbonate or carboxylate, producing z-allyl
palladium-carboxylate ion pair which is in equilibrium with o-allyl palladium-
complex (Scheme 1.6).%* Stoltz proved the formation of this kind of o-allyl palladium

complex for bidentate ligands, which is converted from z-allyl palladium-carboxylate,
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thereby allowing the coordination of carboxylate while preserving the favourable 16e

square planar geometry.™

0O o o o L
P, o L L
RMO/\/ Ty RMO N RMO/ N
R' R2 Ri Rz ©®PdL, R' R2
o

o [Bu dba (3.0 equiv.) ~F Ph ! Bu N
Pd. e . a + Pd
Ph,P N| THF, rt Ph,P” N
|
’ sz(dba)3,

THF

tBu
Ph,P N 2.9
2 | + iﬂ)ko/\/
[5/ ~0

Scheme 1.6 First step of decarboxylative allylation — oxidative addition or ionisation

The second step is comparatively not so distinguishable in some cases. While a,a-
disubstituted substrates first undergo decarboxylation then allyation (Scheme 1.7a),
a-hydrogen bearing substrates undergo proton transfer, followed by allylation and
subsequent decarboxylation (Scheme 1.7b).*** In the latter case, outer-sphere attack
of nucleophile then occurs via double-inversion mechanism but inner-sphere
reductive elimination does occur to a small extent.® '® However, the mechanism
involving vinyl carbonates has hardly been elucidated. The order of decarboxylation
and allylation reactions has yet to be confirmed and proven till date although it was
mostly accepted that decarboxylation occurs prior to allylation.® Notably,
decarboxylation was believed to be the rate-determining elementary step. It was

hypothesised that the “softness” of the metal facilitates decarboxylation through



8 I Chapter 1

spontaneous formation of palladium-carboxylate ion pair.'’” In the last step, reductive

elimination occurs.

pa) 1] @PdL, O Zpd,
o~ @)\o@ —

o) 0 Pd
: APy
[ ]L - PdL,, _

OPdL
(0] (0]

Scheme 1.7 (a) Decarboxylation preceding allylation; (b) Allylation preceding

decarboxylation

However, the outer-sphere or inner-sphere mechanism for certain substrates still
presents some uncertainty despite great efforts to prove it.> % 1% 18 Research efforts

today continue to seek the mechanistic explanations of this reaction.
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1.3 Glycal as Allylic System

As previously discussed, transition metal-catalysed allylation is widely reported
and present many opportunities for functionalisations. This method was later applied

to glycosylation, commencing from glycal donor.

The choice of glycal as the glycosyl donor presents advantages over the saturated
glycosyl donor as the unsaturated bond readily coordinates with metal, and these
transition metal-catalysed reactions are widely reported with excellent selectivities.
Moreover, the unsaturated glycosides provide sites for functionalisations, allowing
easy access to a variety of sugars in a facile manner (Scheme 1.8).* Another point

highlighted by O’Doherty was the advantage of needing less protecting groups.”

Prior to these transition metal-catalysed works, Ferrier reaction was mostly used
for glycosylation from glycal donor. It utilises a Lewis acid activator such as
BF3;.0OEt, and TMSOTT to activate the leaving group at C3 position to form the
oxocarbenium ion, whereby a nucleophile can then attack.? The stereochemical
outcome is predominantly a-anomer due to the favourable half-chair conformation

formed.?t?

o +
R—( | lewis acid ~—0

0] (0]
B R_\ \ B — _—_{ = _( '
Sy e = R

Nu

“Nu
LG

Scheme 1.8 Ferrier reaction yielding a-anomer

Transition metal-catalysed reactions were later applied to glycal scaffold.?

Although the harsh heating conditions required in transition metal-catalysed reactions
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might cause sugar decomposition, the usage of these catalysts offer the advantage of
reducing the amount of waste generated as the activator loading is brought down from
stoichiometric amounts, as in the case of Ferrier reaction, to catalytic amount.
Furthermore, they allow stereocontrol through coordination of metal complex with
double bond, offering potential for the S-anomer to be obtained. Five other common
transition metal-catalysed cross-coupling reactions: Heck, Negishi, Suzuki, Stille and

Tsuji-Trost reactions will be covered here, with main focus on Tsuji-Trost reaction.?*

Heck type coupling is able to provide access to C-glycosides. The palladium
complex adds across the double bond in syn manner, followed by anti S-alkoxy or syn
B-hydride elimination to obtain the p-product (Scheme 1.9).*° Substrates
successfully applied include arenediazonium salts,®® benzoic acids,?® arylboronic
acids,”” aryl halides,?® enol triflates® and sodium arylsulfinates.*® It was noted that
electron-rich Pd complex would result in p-alkoxy elimination as the anion was

comparatively less electron-rich than hydride.

O Nu
o OR -[Pd]-OR RO/IJ"
——
RO | [Pd] RO RO OR anti B-elimination RO Z
—_—
(o)
OR

o —
x—0 — > RO O «Nu
R /7 / o\
[Pd]—NU OR [Pd] -[Pd]-H RO
HY A —— >
syn B-elimination RO Z
OR

Scheme 1.9 Palladium-catalysed Heck reaction

Another transition metal-catalysed glycosylation strategy is through Negishi
reaction, in which organozinc can be either the glycosyl donor®! or acceptor (Scheme

1.10).* Oxidative addition of the organic halide to palladium(0) catalyst precedes
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transmetallation with organozinc, following which reductive elimination occurs to

yield the product.

o} o)
TIPSO | Pd(PPh3),Cl, (10 mol%) TIPSO |

TIPSO" PhZnCl, THF, rt TIPSO"

(0] | 1. t-BuLi, THF, -78 to 0 °C
Q | 2.ZnCl
(b) t-Bu— S| : 2 0
ey O 3. Pdy(dba); CHCl (5 mol%),  ¢-Bu— s.
OTIPS P(o-tolyl);, THF By

CO,t-Bu
|/©/\|5-|Boc

Scheme 1.10 Negishi reactions on glycals

Stannylated glycals can be applied in Stille reaction (Scheme 1.11).33* This type
of glycosylation proceeds via oxidative addition of organic halide to palladium(0),
following which transmetallation with stannylated glycals and subsequent reductive
elimination occurs to yield the desired product. Aryl halides, alkenyl halides and
glycal halide were successfully applied® and interestingly, a desulfurative variant

using aryl sulfonyl chloride was also reported.**

SnBug do(dba); (5 mol%)
) B S U oTBS CO (50 bar), AsPhy
u—ol_
OTBS THF, 55 °C t-Bu— s|

t- Bu
OTIPS OTIPS t-BJ

-0

OTBS OTIPS

O.__SnBu, S0,Cl Pd,(dba); (3-5 mol%)

) 0 | CuBr.Me,S (10 mol%)
. +
/o OO P(2-furyl)s (10-18 mol%) #\o‘
OTBS THF, reflux

Scheme 1.11 Stille reactions in glycosylation
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Suzuki reaction has been successfully applied in glycosylations, in which the
glycosyl donor can exist as either organic halide® or organoboronic acid form® and
the acceptor possesses the other coupling functionality (Scheme 1.12). After oxidative
addition of organic halide to palladium, the halide is then displaced by base, forming
the reactive organopalladium species. Upon transmetallation with organoboronic acid,

reductive elimination occurs to furnish the glycoside.

o ! 1. 9-BBN, THF, rt
TIPSO . THF,
/\@/ ) \)< 2. NaOH, rt TIPSO
W X S .
TIPSO 3. Pd(dppf)Cly, TIPSO'
OTIPS THF, H,0, rt oTIPS
OMe
? oM
e 0,
o OBy . /@/ Pd(PPhj),Cl, (20 mol%) 0
t-Bu—Sli\ . | Br DME, Na,COs, reflux t-Bu-Si__..
/0 /"0
t-Bu t-Bu
oTIPS OTIPS

Scheme 1.12 Suzuki reactions in glycosylation

As discussed, the transition metal-catalysed glycosylations, apart from Heck
reaction, often resulted in a substituted glycal after reductive elimination, instead of
achieving a stereoselective anomer. Tsuji-Trost type allylation is an alternative to
bring about stereoselective glycosylations. However, challenges persist, which
include lack of neighbouring group participation and difficulties in generating cationic

m-allylic system in the electron-rich glycal system.

Seminal work by RajanBabu reported the installation of a strongly electron
withdrawing leaving group, trifluoroacetyl functionality at the 3-O position to
increase the affinity between glycal and palladium catalyst.*” However, only strong C-

nucleophile could be adopted as the acceptor. Sinou, Feringa and O’Doherty also
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pioneered the study of preactivated glycal through the use of pseudo-glycals (Scheme
1.13).% In 2004, Lee reported the in situ activation of glycal by addition of

diethylzinc to form O-glycosides.*® Notably, all these efforts could yield the -

anomer.
0. .oph NaCH(COOMe), (2.5 equiv.) COOMe
BnO Pd(DPPE), (5 mol? o
n U ( T)|.2||:( mol%) BnOALJ)\COOMe
BnO"™ .
no BnO' Z
0. oph NaCH(COOMe), (2.5 equiv.) CSOMe
BnO Pd(DPPB), (5 mol% O
" U ( CH)zc(Nmo ) BnoAO-‘ COOMe
BnO" 3 .
" BnO' Z
0 0 KCH(COOMe), (2 equiv.) COOMe
Pd(dba), (2.65 mol% o)
ﬂ\ R (dba), (2.85 mol%) o) COOMe
o Diphos (2.45 mol%)
OCOCF, THF %\o“‘ =
PO P
o] ROH PO — PoO O
P = PoﬂOR — OR
M] r R

Scheme 1.13 Glycals as glycosyl donors

Inspired by these works, our group envisaged the development of a milder and
flexible glycosylation strategy using transition metal-catalysed allylation approach. A
series of glycal donors with C3-ester or carbonate moiety was designed to deliver C-,
O- and N-nucleophiles intramolecularly ~ (Scheme  1.14).4%%*  Excellent
stereoselectivities as well as regioselectivities were obtained (Scheme 1.15).%
Interestingly for the case of N-glycosylation, the installation of the C3 carbamate

could be performed in situ and in one-pot with glycal and carbonyldiimidazole.



14 I Chapter 1

PMP—X-0 RO/0\<
0 o) Pd,(dba)s gL
O st —— PMP/V’ :O n
ROAO Ligand OoX -
| 1l
i —-CO,
v p-face
PMP—X-0 L o
o) 0 or _PdL, I‘\F’%—---OR
= ~— PMP—TO\( o
H oy
\") 1]l

Scheme 1.14 Proposed mechanism of glycals with carbonate group

a)

PMPYO\ g
i = 0
0 Pd(OAc), DiPPF  TMPT 2N o

__ —_—
(o) toluene, 60 °C i Me

Me (0]

aspergillide A

b)

PMP—X-0 o PMP—X-0 o
% - Pd,(dba)s, DiPPF 0\ oFh

/& toluene, 60 °C
PhO” S0 H
c) Q
PMP—X-0
N7N J\N Ny /Y)&O: N
PMP—X-0 = 0o

PMP—X-0O =
0 o) o= — Oﬂ"‘\/
O——=> Pd(PPhs),, CH,Cly, rt N= !
QN

Scheme 1.15 Intramolecular decarboxylative allylation in: a) C-glycosylation; b) O-

glycosylation; ¢) N-glycosylation

Later, we also developed intermolecular versions of this glycosylation using ethyl
carbonate or picoloyl group connected to the C3 hydroxyl group as the directing
group (Scheme 1.16).** These O- and N-glycosylations occur by interceptive
decarboxylative allylation, whereby the z-allyl palladium species is trapped by an

external nucleophile introduced.
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PMP—X-0 PMP—X-0
a) /wB o Pd,(dba);, DtBPF, Cs,CO5 /wB o
(o) — OR
+ ROH =

EtO

/g toluene, 60 °C,12 h |

BnO
, Pd(PPhs),, DPPB
BnO- + HNRR THF3740 OC BnO%’NHRR.
/§E :o ’
BnO [o) -
Scheme 1.16 Intermolecular decarboxylative allylation in: a) O-glycosylation; b) N-

glycosylation

The importance of glycosylation could not be over emphasised as glycosides are
involved in majority of the biological pathways as well as present in many natural
products. As nature often presents these glycosides in heterogeneous forms, making it
hard to extract them in bulk, there is a need for an efficient synthetic method to obtain
pure glycosides for further biological and pharmaceutical research. As seen, allylic
system generated from glycals is a general and useful strategy to target
stereoselectivity. In this thesis, we will continue to investigate into utilisation of this

allylic system in glycals as well as other organic compounds.
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Chapter 2:

Palladium-Catalysed Decarboxylative
Allylation/Wittig Reaction: Substrate-Controlled

Synthesis of C-Vinyl Glycosides

**This chapter has been published in "Palladium-Catalyzed Decarboxylative
Allylation/Wittig Reaction: Substrate-Controlled Synthesis of C-Vinyl Glycosides”,
Org. Lett., 2017, 19, 416-419." Reproduced with permission from ref 1. Copyright
2017 American Chemical Society.
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2.1 Introduction

2.1.1 Strategies and Challenges to Obtain C-Vinyl Glycosides

C-Glycosides are present in many biologically and pharmacologically active
natural products.? Moreover, they are good mimics of the closely-related O-glycosides
but with enhanced metabolic stability in vivo, making them suitable drug candidates.’
In particular, C-vinyl glycosides are an interesting class of compounds, with several
sites for further functionalisations, making them useful precursors to gain access to

complex natural products (Figure 2.1).%*

[3H]-Forskolin Aspergillide A Okadaic acid

Figure 2.1 Natural products containing C-vinyl glycosidic linkage.

In spite of their synthetic importance, there are only a handful of methods to
prepare these C-vinyl glycosides, which include metal-catalysed cross-coupling,’
organometallic mediated reactions,® Ferrier-type reaction’ as well as conventional

organic reactions.®

Transition metal-catalysed cross-coupling is a popular strategy for introducing
functional groups on unsaturated compounds. For the formation of C-vinyl glycosidic
linkage, palladium-catalysed Heck® and Stille® type reactions can be used to mediate

the reaction of glycals with alkenyl triflates and halides (Scheme 2.1).
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Heck coupling:

e}
AcO |
- +
AcO'
(0}

Ac

PACl,(PPhs), (10 mol%)

R
O..
/O NEts, Bu;NCI, DMF, 120°C "
TfO L
AcO"
Stille coupling:
(0] SnBUS 0
N . @ Pd(PPhs), (2 mol%) ) |
S | -‘

ﬁ/ Cul (10 mol%), CsF o :
(0]

Scheme 2.1 Transition metal catalysed reactions to access C-vinyl glycosides

og

Organometallic reagents such as Grignard reagents, organozinc and
organoaluminium reagents have been exploited to furnish the C-vinyl glycosides.® In
1998, Takahashi®® first reported the use of gluconolactone with Grignard reagent,
followed by reduction and the same type of alkenyl Grignard reagent was utilised by
Cossy® to react with 1-bromo glycosides (Scheme 2.2). Epoxypyranoside can be
adopted as the starting material, whereby the usage of organozinc reagents by Wei®
and organoaluminium reagents by Rainier® led to the epoxide ring opening and

formation of desired C-vinyl glycosides (Scheme 2.3).

alkenylMgX, R’ R

O_..Br [Co(acac)] 3 3
AcO ~ 3l 0. w\__R 0 R
@ /Ig\ —TMEDA___ AcO ST e A h
2 2
om0 THROCo Ao 0AG AcO 0AG
OAc OAc
MgBr
B~ OO 0=
(b) ,
BnO OH  2) Et;SiH, BF3¢OEt,
OBn OBn

Scheme 2.2 Use of Grignard reagents for syntheses of C-vinyl glycosides
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0._OMe H

. 0. _OMe
@ O Z>ZnBr, THF
“OBn  .78°C »0°C »-78°C  pO“ OBn
OBn OBn
BnO © BnO © AT )3 BnO
b) || _ompo \ 0| -85°C >t
BnO" BnO" or B
OBn OBn Me,Al”
65°C > rt

Scheme 2.3 Epoxide ring opening with organozinc and organoaluminium reagents

Ferrier approach was adopted by Mukherjee, in which aromatic terminal alkyne

and glycal were utilised in the presence of iron(l1l) bromide Lewis acid to achieve

Ferrier type-glycosylation/halogenation, vielding C-vinyl glycosides.”” C-Vinyl

glycoside was also obtained as a side product through utilising aliphatic alkyne in his

work on C-alkynylation (Scheme 2.4)."

H
FeBrs O Br
_ (35mol%) _ Aco/\O‘ O, A
(@ AcoO" CIZCHZCHZCIZ AcO™ NF AcO™
-250C
a:p=11:1
CH,)sCH
AcO FeBr, = (CH,)sCH3
(b) \ (CHycH, —2OMO%) o O Z
AcO™ 25CM ~ep,c, U
OAc rt — 40 °C AcO"

O o
Aco/\ij“
AcO™ N

Scheme 2.4 Ferrier type glycosylation/halogenation

Other methods such as Tebbe methylenation by Fairbanks (Scheme 2.5),%

sequential

reductive ozonolysis/a-methylenation by Roy (Scheme 2.6)%

Mitsunobu/Horner Wadsworth Emmons by Pasetto could also successfully furnish C-

vinyl glycosides (Scheme 2.7).%
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R1
“OMe 4THF:1pyr ~OMe
B —— e
., Tebbe reagent, ' vy
OBn -40°C —?rt Bno o8N
OBn OBn

Scheme 2.5 Tebbe methylenation

1) O, CH,Cl,, -78 °C

2) PPhs, 95% BnO CHO

3) aq. HCHO, pyrrolidine, Bno™ o8B
- S n n
o._ .OM O ropionic acid, iPr-OH
BnO WENE _TMS  BnO N ProP OBn
= (a:p (1:1)) or
- - - +

BnO' OBn TMSOTf BnO' OBn 1) 03, CH2C|2

OBn CH;CN, 0 °C OBn 2) Et,NH, CH,Br; () L

BnO O "cHo
BnO" OBn

OBn

Scheme 2.6 Ozonolysis-methylenation

PhO,S._P
BnO (0] A\OH 2 \/(l)\Ect)Et
BnO™" “OBn  ADDP, n-BugP, PhH

OBn

Scheme 2.7 Mitsunobu/Horner Wadsworth Emmons reaction

Despite the variety of methodologies to obtain C-vinyl glycosides, challenges in
the syntheses of these compounds persist. Limitations of the existing methods include:
1) the formation of geminal alkenes only due to the incapability of forming E and Z-
alkenes selectively; 2) achievement of moderate anomeric selectivity (a/8); and 3)
requirement of stepwise isolation for some cases. Notably, such mediocre selectivity
is a common problem in C-glycosides® in general due to the lack of anomeric effect
and neighbouring group participation to direct stereoselectivity.’® The problem is
compounded in the case of C-vinyl glycosides, with the formation of two

stereocenters, hence the issue of diastereoselectivity remains to be addressed.



23 I Chapter 2

2.1.2 Phosphonium Ylides: New Role as Nucleophiles

Since the discovery by Wittig in 1954, phosphonium ylides have been
extensively used in the formation of carbon-carbon double bond. However, till date,
more than sixty years after its discovery, the detailed mechanism is still debatable as
experimental observations under different reaction conditions with different ylides
(non-, semi-, and stabilised ylides) have to be accounted for. Z-alkenes are typically
obtained as the major product when most non-stabilised ylides are used, while E-
alkenes have been achieved with most semi-stabilised and stabilised ylides (Scheme
2.8). In 2013, Byrne and Gilheany reviewed previously proposed mechanisms and
experimental results, and hypothesised that in the absence of lithium, it is probable
that [2+2] cycloaddition occurs between aldehyde or ketone and any phosphonium
ylide to give oxaphosphetane as the first and only intermediate under kinetic control
(Scheme 2.9).%? They also proposed that decomposition of oxaphosphetane occurs in
a single step, with simultaneous Berry pseudorotation as well as C-O and P-C bond-

breaking. This decomposition is stereospecific according to the alkene formed.

X R=alkyl ——— non-stabilized ——— Z-selective
Yo
Z’PVR
R = alkenyl, ™ semi-stabilized ———  mostly

X,Y, Z = alkyl or aryl aryl E-selective

R = carbonyl, —— stabilized ——> E-selective
ester,
sulfone,
other EWG

Scheme 2.8 Phosphorus ylides and corresponding preferred alkene stereoselectivities
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PPhs o] PhsP30 —
| + J [ N — g R
R R' R R
oxaphosphetane Z-alkene
Ph3P1\O R
RT R R’
E-alkene

Scheme 2.9 Mechanism of Wittig reaction

Thus far, Wittig reaction continues to be an important organic synthetic strategy as
seen by its prevalence in natural product syntheses (Scheme 2.10).}* With the
installation of a prostereogenic or stereogenic center some distance away from the
reacting center, the asymmetric variant of Wittig reaction can also be achieved

(Scheme 2.11)."

TMS_EW\
TBSO OTBS ~ “PPh; S TBSO OTBS
o= CO,Me A o~ CO,Me
+
TBSO OTBS
lipoxin A, —<—— CO,Me
X
=
o_ 0
N\
o calicheamicin y
AcO g 1
/e
T™MS T™S

Scheme 2.10 Wittig reactions in natural product syntheses
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1) Ph

Ph |
+ >t ph ——
P\ l \_/
43% ee
o e Ph |
. OAN\PP 1. BuLi
N _\Ph 2. AcOH
M
t-Bu e t-Bu

>98% ee

Scheme 2.11 Asymmetric Wittig reactions

It is important to note that the phosphonium ylide zwitterion can also be viewed
separately as carbanion and phosphonium cation, suggesting its role as a possible
nucleophile. The nucleophilic property of phosphonium ylide has been demonstrated
through reactions with a series of electrophiles such as nitriles,* diazo compounds,*

azides,'” allenes,® aziridines™® and acyl chlorides® (Scheme 2.12).

o)
R
1 '
PhgR R R
H,N R PPh; f(
— N N-R!
R1 R2 fJ\ R1_N3 °N
N R ~cl
R OR?
. -
PhsP” R
R'-CHN,
R
R'-CN R2C==NR! _
NH, _ N-R
R=( RN
R! PhsP=CR
>=NR!
R?CH

Scheme 2.12 Reactions of phosphorus ylide with electrophiles

This role of phosphorus ylides as nucleophiles in one-pot reactions has not been

explored until recently. In these one-pot reactions, nucleophilic attack first occurs,
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followed by deprotonation to regenerate phosphonium ylides for subsequent Wittig
reaction via an oxaphosphetane intermediate. Their applications have been extended

to one-pot Mannich/Wittig,”* Michael/Wittig” and allylic substitution/Wittig.?®

Organocatalysed Mannich/Wittig type reaction could be achieved as shown by
Chen using bisthiourea (Scheme 2.13).* Singh and Cheng developed one-pot
Michael/Wittig reactions using nitroolefins and a,f-unsaturated ketones with

bisthiourea and chiral ion pair as catalysts respectively (Scheme 2.14).22

In 2010, You made a significant discovery by utilising the phosphorus ylides in a
one-pot Pd-catalysed allylation/Wittig reaction, as opposed to organocatalysts used
previously.”? Prior to that, ylides were less commonly used with transition metals due
to the possibility of forming palladacycles. A series of allylation/Wittig reactions were
later discovered by Zhu, Tian and Dou.?®*° Zhu utilised Morita-Baylis-Hillman

23¢ \while Tian

carbonates for the one-pot reaction using chiral amine catalyst,
performed palladium-catalysed allylation on allylic amine.”®® Another interesting
work was by Dou’s group, whereby they managed to develop a catalyst-free variant

(Scheme 2.15).%

1. bisthiourea (10 mol%),
0 m-xylene, 4A MS, -20 °C

. _N,BOC 2. HCHO, THF, rt [ DriBoc
| oE T L/ EtO Ph
PPhs R! R2

SR s
SNH HN—
Ar'—NH HN-Ar?

Scheme 2.13 One-pot Mannich/Wittig type reaction
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1. bisthiourea (10 mol%)
o-xylene, -40 °C, 4A MS O,N

0
0
2) HCHO, THF, rt
@ Ry NANOz %o )

Et R
PPh, CFs FsC !
oy (O Oren
NH HN
S )

bisthiourea

OEt

1) (8a,9S)-6"-Methoxycin
(0] chonan-9-amine (20 mol%) 0O R4 O

o) R
Boc-Pro-OH (40 mol%) :
b +
®) R/\)LR2 HLORf* CICH,CH,Cl, -15 °C Raosz

PPhs 2) HCHO, THF, rt

Scheme 2.14 One-pot Michael/Wittig reactions

1) {Pd(C3H5)Cl}, (5 mol%)
(R,R)-DACH-naphthyl
Trost ligand (11 mol%)

COzEL \ CO,Et
@ A X"oco.Me * i Cs,CO3, THE, reflux A )
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1) Pd(PPhs), (5 mol%)
" coR? B(OH); (10 mol%)
2
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(b) /\) + WR1
R! PPh, 2)HCHO, rt,6 h

OBoc CO.R2 1) (DHQD),Pyr (15 mol%) o0 Ar
(C) C(JOR1 + f 2 CH2C|2, rt, 48 h COZR2
Ar PPhs 2) HCHO, THF, rt, 6 h R40
OBoc CO,Et
CO,Et o
(d) CoEt + [ o _1CHCLBOC —  —(  COEt
Fh PPhs 2) (CH,O)n, rt Ph

Scheme 2.15 One-pot allylation/Wittig reactions
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2.1.3 One-Pot Decarboxylative Allylation/Wittig Reaction Using Glycals

It is interesting to note that although the first work on palladium-catalysed C-
glycosylation was reported close to forty years ago, this reaction is not extensively
used.” 2* One main reason is the difficult generation of z-allyl palladium species
from the electron-rich enol ethers.”® With the recent reports of Pd-catalysed
decarboxylative allylation,?® further advances on its application to C-glycosides have
since been made.?” Notably, the challenge of stereoselectivity for C-glycosylation can

be addressed through this synthetic strategy despite the absence of anomeric effect.

Based on our previous works on decarboxylative allylation, the matching of
nucleophilicity with z-allyl palladium system is extremely important, hence careful
selection of appropriate C-nucleophile needs to be addressed. As shown previously,
recent development demonstrated the new role of stabilised phosphorus ylides (P-
ylides) as nucleophiles and application to tandem reactions, making them suitable
candidates in these reactions. Notably, the only application of phosphorus ylide to
sugar substrate was performing Wittig reactions on either the free aldehyde of the

ring-opened sugar or external carbonyl group on sugar (Scheme 2.16).%

O ,OH COR®
RO CO,R® RO OH_~
a) Py ", 4 + | R —
RO OR PPh; R20"™ “IOR*
OR3 OR®
OMe
0O~ o._.0
HO S0 _coMe weon MO Lo~ OO A _come
b) . + f —_— ", +
HO OH PPhj reflux HO o HO “OH
OH OH CO,Me

OH

Scheme 2.16 Wittig reaction of phosphorus ylides with sugar
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In addition, our recent work on reversing anomeric selectivity involving Pd-N
coordination?® motivated us to explore the effect of such coordination on one-pot
sequential reactions, particularly for the downstream step. We postulate that the
palladium may have dual roles in our tandem reaction, whereby it acts as a catalyst for
Tsuji-Trost type reaction for the first step and coordinating agent for the second step
in the presence of pyridyl group. As such, it should be able to control both the
anomeric selectivity as well as olefin selectivity, achieving the desired

diastereoselectivity in C-vinyl glycosides (Scheme 2.17).

(OP), R? PhsPCHR' (OP), PhsPCHR! (OP), R?
tgj\ pyridyl LG |—o, non-pyridyl ‘:O |

R’ aldehydes = aldehydes R'
B, E-selective B, Z-selective

Scheme 2.17 Diastereoselective formation of C-vinyl glycosides



30 I Chapter 2

2.2 Results and Discussion

2.2.1 Condition Optimisation

The model glucal 2.1a was chosen as the model glycosyl donor in our
glycosylation study. With the consideration of driving the allylation, we installed the
carbonate moiety as the leaving group which will release carbon dioxide as a clean
by-product. However, the resulting nucleophile upon decarboxylation should not be as
active as the previously reported cases to avoid the intramolecular reaction. Hence, to
drive the interceptive decarboxylative allylation, tert-butyloxycarbonyl group was

selected as the leaving group on C3.

In our earlier attempts, in situ activation of non-stabilised P-ylides was attempted.
However, the glucal starting material decomposed in the presence of strong bases
which were required in the activation of the P-ylides. Hence, we decided upon
stabilised P-ylide 2.2a as our model glycosyl acceptor to avoid the usage of strong

bases.

We then began our study on one-pot allylation/Wittig reaction using glucal 2.1a, P-
ylide 2.2a and formalin solution in the presence of palladium(ll) acetate catalyst, 1,4-
bis(diphenylphosphino)butane  (DPPB) ligand and cesium carbonate in
dimethylformamide at 60 °C (Table 2.1). However, no desired product was obtained
and the reaction mixture was complex on the thin layer chromatography. Hence, we
proposed that the presence of water in the formalin solution could result in complex

reactions, which include 1) Cannizaro reaction of the aldehyde; 2) formaldehyde
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predominately existing as the hydrated methanediol form; 3) hydrolysis of phosphorus

ylide.

Next, we switched the formaldehyde source from formalin solution to
paraformaldehyde but unfortunately, no reaction was observed either (entry 1). This
lack of reaction was possibly due to the incompatibility of the electrophilic and

nucleophilic systems.

In an attempt to increase the compatibility between the soft z-allyl palladium
electrophile and the P-ylide nucleophile, we applied ZnEt; as an additive to soften the
nucleophile.*® Gratifyingly, the desired product was obtained with 92% yield (entry
2). Solvent had a significant effect on the reaction efficiency, which was probably due
to the base solubility (entries 3-5). Pd source did not have a significant effect on the
reaction and the highest yield was achieved with Pd(OAc), (entries 2, 7, 8). Of the
ligands, DPPB was found to be most suited for this reaction (entries 2, 9-11). Based
on these observations, entry 2 was chosen as the optimal set of reaction conditions.
The assignment of fS-stereochemistry was based on the strong observed correlation

between H1 and H5 for product 2.3a during NOE experiment.
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Table 2.1 Reaction optimisation®

1. ZnEty, catalyst

BnO
BnO rcozEt ligand, solvent
BnO o) + | - BnO~ X0
BocO — PPhs Cs,CO0O3, 60 °C CO,Et

2.1a 2.2a 2. (HCHO)y, 1t 2.3a
Entry Catalyst Ligand Solvent | Yield® (%)

1° Pd(OAc), DPPB DMF -

2 Pd(OAC); DPPB DMF 92
3 Pd(OAC); DPPB dioxane 34
4 Pd(OAC); DPPB DMSO 47
5 Pd(OAC); DPPB CH3CN 41
6 Pd(TFA), DPPB DMF 69
7 Pd(CsHsCN),Cl, DPPB DMF 80
8 | [Pd(CHsCN),(BF.).| DPPB DMF 89
o Pd(OAC), XPhos DMF 71
10 Pd(OAC); DPPF DMF 69
11 Pd(OAC); DPPPent DMF 70

& Unless otherwise specified, all reactions were carried out using glucal 2.1a (0.1
mmol, 1 equiv.), P-ylide 2.2a (0.15 mmol, 1.5 equiv.), ZnEt, (0.15 mmol, 1.5 equiv.),
[Pd] 20 mol %, ligand 30 mol %, Cs,CO3 (0.15 mmol, 1.5 equiv.) in 1.6 mL of

solvent. ° Isolated yields. ¢ Without the addition of ZnEt,. ¢ 60 mol % of ligand used.
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2.2.2  Substrate Scope

With the optimal conditions in hand, the scope of this one-pot allylation/Wittig
reaction was investigated, using various P-ylide glycosyl donors and glycosyl
acceptors (Table 2.2). The reaction efficiency remained unchanged when the ester
functionality of P-ylide was switched from ethyl to benzyl and tert-butyl groups
(2.3a—c). Glycals with varying substituents on each position were then screened to
investigate the substituent effect. Interestingly, regardless of the substituents, C-vinyl
glycosides were formed with preferred f-selectivity. Due to steric factors, 2.3d was
obtained with diminished yield. The formation of a side product also resulted in
lowered yield of 2.3e. We made the observation that when the C3 and C4 substituents
of glycosyl donor were cis to each other, the control of stereoselectivity was
independent of the C6 substitutent, as in the case of arabinal (2.3f), where S-anomer
was obtained exclusively. Conversely, when the substituents were trans to each other,
C6 substituent had a significant effect on the stereochemical control, as in the case of
xylal (2.3g) with decreased stereoselectivity. Mechanistically, we proposed that the
palladium-complex preferred to coordinate to the opposite face of the leaving group.
This resulted in conflicting stereo-directing effects when C3 and C4 were trans to
each other, as steric effect between the bulky C4 substituent and the palladium
complex existed. Hence, a reduction in anomeric selectivity was observed, which was

significant especially in the absence of the C6 substituent.

Table 2.2 Scope of glycosyl donors and acceptors
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1. ZnEt,, Pd(OAc),, DPPB

(OP), COR Cs,CO3, DMF, 60 °C (OPn
o . I 2 I—o
BOCO "Wz PPh; 2. (HCHO),, t CO,R
2.1a-e 2.2a-c 2.3a-g
Entry Glycal Product Yield® (%)
BnO BnO
oo | ooy U
1 BocO = CO,Et 92
2.1a 2.3a
BnO
2 2.1a CO,Bn 92
2.3b
BnO
3° 2.1a CO,'Bu 94
2.3c
BnoQE" B0 %"
o I,
4 BocO = — CO,Et 58
2.1b 2.3d
0Bn OBn
Ret &j\
5 BOCO'\I/Ie Me CO,Et 56
2.1c 2 30
Bno¥0) B”OEOJ\
6 OBoc CO,Et 95
2.1d 2.3f
BnO\—0,
BnO 9) 60
SN
7 o Z>CO,Et
2 1e (Ba=2:1)
2.39
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2 1solated yields. ® Using benzyl(triphenylphosphoranylidene) acetate. ¢ Using (tert-

butoxycarbonylmethylene) triphenylphosphorane.

Next, aldehydes with aromatic and heterocyclic substituents were subjected to the
reaction conditions to prove the synthetic application of our methodology in the
formation of trisubstituted C-vinyl glycosides as well as investigate the effect of Pd-N
coordination in the one-pot reaction (Table 2.3). Surprisingly, sterically unfavoured
(E)-olefins were successfully obtained using pyridine-containing carboxaldehydes
(2.3h—k). When electron-donating substituents were present at the ortho-position to
the pyridyl N atom (2.3i-k), high reaction efficiency was observed, with a
exceptionally high yield of 84% for the 6-(3-thienyl)-2-pyridyl group (2.3j). This
suggested the presence of another factor that dominated over steric effect. To the best
of our knowledge, the reaction efficiency for the formation of trisubstituted alkenes
using Wittig reaction often ranged from low to moderate due to steric factors and such

highly efficient cases were rare.®

On the other hand, in the absence of pyridyl groups, aldehydes with 5-membered
heterocycles (2.31-n) and benzaldehydes, required the electron-withdrawing
substituents (2.30-s) to enhance their electrophilicity and promote the intermolecular
Wittig reaction. In these examples, (Z)-isomer was preferred due to the absence of
coordinating effects. Interestingly, Wittig selectivity was often reported to be directed
by steric effects and such examples of obtaining opposite olefin selectivity from
aldehydes beaing substituents of similar sizes have not been investigated. Notably, the
resultant C-vinyl glycosides were obtained with exclusive p-selectivity regardless of

the aldehyde substituents.
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Table 2.3 Scope of aldehydes®

1. ZnEty, Pd(OAc),, DPPB

BnO R
BnO rcozEt Cs,CO3, DMF, 60 °C
BnO o) + | BnO (0] |
0N PPh, 2. RCHO, 70 °C = CO,E

Boc
2.1a 2.2a 2.3h-s

~ g
% SN % N7 NOMe

2.3h 23. 2.3j 2.3k
34% (E) 49% ( 84% (E) 61% (E)

I ﬂ LD Q
%0 %8 %S %

2.3l 2.3m 2.3n 2.30
53% (2) 32% (2) 51% (2) 32% (2)
o o a0

Ky % K K

2.3p 2.3q 2.3r 2.3s

44% (2) 40% (2) 48% (2) 57% (Z)

% Isolated yields over two steps.
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2.2.3 Plausible Mechanism

Based on the observed stereoselectivity for disubstituted alkenes and
diastereoselectivity for trisubstituted alkenes, the following mechanistic pathways are
proposed. Tsuji-Trost allylation proceeds via an outer sphere mechanism, as the
softened P-ylide nucleophile prefers to attack the soft z-allyllic species, accounting
for f-selectivity (Scheme 2.18). The stereochemical outcome for the subsequent
Wittig reaction is dictated by the substitutents on the aldehydes (Scheme 2.19). Apart
from the differing (E)- and (Z)-selectivities, the reaction efficiency is improved in the
presence of electron-donating groups as in case of pyridyl aldehydes while the
reversed case for non-pyridyl aldehydes is true with enhanced efficiency with
electron-withdrawing groups, thereby indicating that two different pathways should

be proposed for the subsequent Wittig reaction in this one-pot reaction.

In the absence of pyridyl group, aldehydes with phenyl, furyl and thienyl moieties
undergo via the typical intermolecular Wittig reaction to give (Z)-alkenes. Using the
Newman projection of the puckered 4-membered oxaphosphetane intermediate
formed from the [2+2] cycloaddition, the preference for (Z)-selectivity can be
explained. Oxaphosphetane with the aldehyde substituent anti to the sugar group is
preferentially formed, in order to minimise gauche interactions between the bulky
sugar ring and aldehyde substituent, accounting for the favoured (Z)-stereoselectivity

(Scheme 2.19a).

On the other hand, we propose that some degree of Pd-N coordination exists,*

when aldehydes with pyridyl groups are utilised, leading to a reversal in olefin
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stereoselectivity. This is supported by the experimental observations of surprising
formation of sterically unfavourable (E)-selective glycosides and increased yields
with enhanced nucleophilicity of pyridyl ring when electron-donating groups are
installed. Through the Pd-N coordination, Wittig reaction can proceed via a pseudo-
intramolecular manner as the P-ylide and aldehyde are brought in close proximity for
[2+2] cycloaddition, thereby overcoming the steric hindrance in a typical Wittig
reaction and achieving breakthrough in the low efficiency for trisubstituted alkenes in

most reported cases (Scheme 2.19b).

BnO |

BnO @
BnO [Pdl _ BnO O PPhy o PPhs
BnO 0] > > = BnO
BocO = T ® outer-sphere = CO,Et

[Pd]
l Base
O
R J

BnO BnO
R H PPh
= CO,Et CO,Et

Scheme 2.18 Proposed mechanism
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Ph” ~H Ph H

: &

BnO o PPh, unfavored
BnO
CO,Et Ph3P CO,Et
H :

0 BnO Ph
BnO g 0 |
favored H COoE
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PhyP |~ CO,Et
/s/Ph

BnO
unfavored O ) BnO/E\/\%L
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H

(b) ®
N
Pd] |
- BnO\ o PPh,
B MO
= CO,Et
N/ _0O H
+ BnO
BnO > |BnO
n
PPh
BnO 0 ’ PO o PP
= CO,Et BnO™ X~ i E)-alk
H . i CO,Et (E)-alkene
L H
L. ra i
N | %
NS

Scheme 2.19 Proposed key oxaphosphetane intermediates accounting for (Z)-/(E)-

selectivity
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2.3 Conclusion

In summary, we have described a diastereoselective palladium-catalysed one-pot
decarboxylative allylation/Wittig reaction to obtain C-vinyl glycosides. The
diastereoselectivity from glycosylation and subsequent Wittig reaction was directed
by palladium catalyst and dependent on the coordinating ability of the aldehydes:
S,(E)-Selective and f,(Z2)-selective C-vinyl glycosides could be obtained when pyridyl
and non-pyridyl aldehydes were employed respectively. Based on the observed
results, we have proposed two separate pathways for coordinating and non-
coordinating aldehydes: pseudo-intramolecular pathway in the presence of Pd-N
coordination and the classic intermolecular pathway in the absence of such
coordination. As a result, C-vinyl glycosides can be synthsised in moderate to high

efficiency with controlled diastereoselectivity.

Looking forward, these C-vinyl glycosides can be employed as useful synthetic
precursors for pharmaceutical and natural products as they can be subjected to
downstream modifications. Apart from it, the discovery of aldehydes’ coordinating
ability affecting alkene stereoselectivity serves as an alternative approach to

selectively form (E) and (Z2)-alkenes during Wittig reaction.
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2.4  Experimental Section

General: All reagents and solvents were obtained from commercial suppliers (Sigma-
Aldrich, Merck, Strem and Alfa Asear) and used without further purification unless
stated. Evaporation of organic solutions was achieved by rotary evaporation with a
water bath temperature below 40 °C. Product purification by flash column
chromatography was accomplished using silica gel 60 (0.010-0.063 mm).
Chromatograms were visualised by fluorescence quenching with UV light at 254 nm
or by staining using a basic solution of potassium permanganate. Technical grade
solvents were used for chromatography and were distilled prior to use. Optical
rotations were measured in CHCI3 on a Schmidt + Haensdch polarimeter with a 1 cm
cell (c given in g/100 mL). NMR spectra were recorded at room temperature on 400
MHz Bruker DPX 400 NMR spectrometers. The residual solvent signals were taken
as the reference (7.26 ppm for *H NMR spectra and 77.0 ppm for 3C NMR spectra in
CDCI3). Chemical shift (o) is reported in ppm, coupling constants (J) are given in Hz.
The following abbreviations classify the multiplicity: s = singlet, d = doublet, t =
triplet, m = multiplet or unresolved. HRMS (ESI) spectra were recorded on a Waters

Q-Tof premier™ mass spectrometer.

Preparation of glycosyl acceptors (2.1a-e):

LJ O
BnO BnO BnO BnO" BnO"

OBoc OBoc OBoc OBoc OBoc
21a 2. 2.1c 2.1d



42 I Chapter 2

1,5-Anhydro-2-deoxy-4,6-bis-O-(phenylmethyl)-3-O-(tert-butyloxycarbonyl)-D-

arabino-hex-1-enitol (2.1a)

Glycosyl acceptor 2.1a was prepared according to literature procedures.®

2,6-Anhydro-5-deoxy-1,3-bis-O-(phenylmethyl)-4-O-(tert-butyloxycarbonyl)-D-

arabino-hex-5-enitol (2.1b)

Glycosyl acceptor 2.1b was prepared according to literature procedures.®

1,5-Anhydro-2,6-dideoxy-4-O-(phenylmethyl)-3-O-(tert-butyloxycarbonyl)-L-

arabino-hex-1-enitol (2.1c)

To 1,5-anhydro-2,6-dideoxy-4-O-(phenylmethyl)-L-arabino-hex-1-enitol (66.0 mg,
0.30 mmol, 1 equiv.) in CH,ClI, (5.0 mL), Boc,O (0.28 mL, 1.20 mmol, 4 equiv.),
EtsN (0.05 mL, 0.39 mmol, 1.3 equiv.) and DMAP (3.67 mg, 0.03 mmol, 0.1 equiv.)
was added. Completion of reaction was confirmed by TLC. Water (10.0 mL) was
added and the product was extracted with NaHCOs3, brine, dried over anhydrous
Na,SO, and concentrated. 2.1c was obtained (47.1 mg, 49%) as colorless oil after
flash chromatography on silica (10:1, n-Hexane/EtOAc). [o]p™ = -102.4 (c = 1.0,
CHCls); *H NMR (400 MHz, CDCls): 6 7.39 — 7.22 (m, 5H), 6.38 (dd, J = 6.0, 1.4 Hz,
1H), 5.26 (ddd, J = 6.4, 2.9, 1.5 Hz, 1H), 4.83 — 4.75 (m, 2H), 4.66 (d, J = 11.4 Hz,
1H), 4.02 (dg, J = 8.7, 6.5 Hz, 1H), 3.53 (dd, J = 8.6, 6.3 Hz, 1H), 1.49 (s, 9H), 1.37
(d, J = 6.5 Hz, 3H); 3¢ NMR (100 MHz, CDCls3): ¢ 153.04, 145.84, 137.86, 128.32,
127.85, 127.74, 99.08, 82.22, 78.20, 73.83, 73.73, 73.63, 27.75, 17.23; HRMS (ESI)

calcd. for [C1gH2505]" 321.1702; found 321.1701.
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1,5-Anhydro-2-deoxy-4-O-(phenylmethyl)-3-O-(tert-butyloxycarbonyl)-D-erythro-

pent-1-enitol (2.1d)

To 1,5-anhydro-2-deoxy-4-O-(phenylmethyl)-D-erythro-pent-1-enitol (61.8 mg, 0.30
mmol, 1 equiv.) in CH,Cl, (5.0 mL), Boc,O (0.28 mL, 1.20 mmol, 4 equiv.), EtsN
(0.05 mL, 0.39 mmol, 1.3 equiv.) and DMAP (3.67 mg, 0.03 mmol, 0.1 equiv.) was
added. Completion of reaction was confirmed by TLC. Water (10.0 mL) was added
and the product was extracted with NaHCOg, brine, dried over anhydrous Na,SO, and
concentrated. 2.1d was obtained (48.7 mg, 53%) as colorless oil after flash
chromatography on silica (8:1, n-Hexane/EtOAc). [a]p™ = 21.8 (¢ = 1.0, CHCIs); *H
NMR (400 MHz, CDCl5): 6 7.39 — 7.23 (m, 5H), 6.46 (d, J = 5.9 Hz, 1H), 5.34 — 5.25
(m, 1H), 4.88 (t, J = 5.8 Hz, 1H), 4.74 (d, J = 11.9 Hz, 1H), 4.56 (d, J = 11.9 Hz, 1H),
3.99 (ddd, J = 10.2, 4.4, 1.6 Hz, 1H), 3.90 (t, J = 10.6 Hz, 1H), 3.80 (dt, J = 11.0, 4.1
Hz, 1H), 1.47 (s, 9H); **C NMR (100 MHz, CDCls): ¢ 153.29, 148.38, 137.65, 128.33,
127.76, 127.68, 96.75, 81.99, 71.73, 71.46, 64.77, 63.19, 27.73; HRMS (ESI) calcd.

for [C17H2,05Na]" 329.1545; found 329.1550.

1,5-Anhydro-2-deoxy-4-O-(phenylmethyl)-3-O-(tert-butyloxycarbonyl)-D-threo-

pent-1-enitol (2.1e)

To 1,5-anhydro-2-deoxy-4-O-(phenylmethyl)-D-threo-pent-1-enitol (61.8 mg, 0.30
mmol, 1 equiv.) in CH,Cl, (5.0 mL), Boc,O (0.28 mL, 1.20 mmol, 4 equiv.), EtsN
(0.05 mL, 0.39 mmol, 1.3 equiv.) and DMAP (3.67 mg, 0.03 mmol, 0.1 equiv.) was
added. Completion of reaction was confirmed by TLC. Water (10.0 mL) was added

and the product was extracted with NaHCOg, brine, dried over anhydrous Na,SO,4 and
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concentrated. 2.1e was obtained (37.7 mg, 41%) as colorless oil after flash
chromatography on silica (8:1, n-Hexane/EtOAc). [o]p? = -32.6 (¢ = 0.93, CHCl5);
'H NMR (400 MHz, CDCls): 6 7.40 — 7.23 (m, 5H), 6.60 (d, J = 5.1 Hz, 1H), 5.00 —
4.88 (m, 2H), 4.70 (g, J = 12.1 Hz, 2H), 4.13 (ddd, J = 12.0, 3.4, 1.4 Hz, 1H), 3.91
(dd, J = 11.9, 2.0 Hz, 1H), 3.66 (dq, J = 4.4, 2.1 Hz, 1H), 1.49 (s, 9H); **C NMR (100
MHz, CDCls): 6 152.57, 148.17, 137.62, 128.38, 128.35, 127.80, 97.02, 82.43, 71.86,
71.22, 66.28, 64.24, 27.73; HRMS (ESI) calcd. for [C17H220sNa]” 329.1365; found

329.1363.

Preparation of C-vinyl glycosides (2.3a-q):

'B 0
/\KJ)H‘/ /\(JJ\N/ /\(JJ\H/O u BnO
2.3d
e \\\\HH(OEt o | OEt QJH(OB
BnOL) © BnO" @ BnO"

2.3g
(mixture)

2.3e 2.3f

Ethyl 2-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-#-D-erythro-hex-2-enopyranosyl)

acrylate (2.3a)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was

added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
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equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, paraformaldehyde (16
mg) was added and the reaction mixture was stirred for another 24 h at room
temperature. Water (5.0 mL) was added and the product was extracted with ethyl
acetate (5.0 mL X 3). The combined organic layers were washed with brine, dried
over anhydrous Na,SO, and concentrated. 2.3a was obtained (37.5 mg, 92%) as
colorless oil after flash chromatography on silica (10:1, n-Hexane/EtOAc). [a]p? =
33.9 (c = 1.0, CHCI3); *H NMR (400 MHz, CDCls): d 7.39 — 7.24 (m, 10H), 6.32 (t, J
= 1.3 Hz, 1H), 5.99 (t, J = 1.6 Hz, 1H), 5.91 (s, 2H), 5.08 (dd, J = 3.1, 1.5 Hz, 1H),
4.66 — 4.56 (m, 3H), 4.49 (d, J = 11.5 Hz, 1H), 4.23 (qd, J = 7.1, 2.2 Hz, 2H), 4.06
(dd, J = 8.6, 3.1 Hz, 1H), 3.82 — 3.68 (m, 3H), 1.30 (t, J = 7.1 Hz, 3H); *C NMR (100
MHz, CDCls): ¢ 165.42, 139.64, 138.36, 138.00, 130.01, 128.33, 128.25, 127.84,
127.70, 127.65, 127.46, 125.91, 125.84, 77.54, 73.28, 73.04, 71.09, 70.19, 69.70,

60.71, 14.13; HRMS (ESI) calcd. for [C25H2905]7409.2015; found 409.2021.

Benzyl 2-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-g-D-erythro-hex-2-enopyranosyl)

acrylate (2.3b)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, benzyl(triphenylphosphoranylidene)acetate 2.2b (61.5 mg, 0.15 mmol,
1.5 equiv.) in DMF (0.8 mL) was added to the mixture dropwise, followed by
Pd(OACc); (4.49 mg, 0.02 mmol, 0.2 equiv.) and DPPB ligand (12.8 mg, 0.03 mmol,

0.3 equiv.). The reaction mixture was stirred at 60 °C for 42 h. After cooling to room
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temperature, paraformaldehyde (16 mg) was added and the reaction mixture was
stirred for another 24 h at room temperature. Water (5.0 mL) was added and the
product was extracted with ethyl acetate (5.0 mL X 3). The combined organic layers
were washed with brine, dried over anhydrous Na,SO, and concentrated. 2.3b was
obtained (43.3 mg, 92%) as colorless oil after flash chromatography on silica (10:1, n-
Hexane/EtOAc). [a]p?? = 102.7 (¢ = 1.0, CHCI3); *H NMR (400 MHz, CDCls): 5 7.36
(d, J = 4.7 Hz, 4H), 7.34 — 7.22 (m, 11H), 6.38 (t, J = 1.3 Hz, 1H), 6.02 (t, J = 1.5 Hz,
1H), 5.96 — 5.85 (m, 2H), 5.22 (d, J = 2.3 Hz, 2H), 5.10 (dq, J = 2.6, 1.2 Hz, 1H), 4.69
— 451 (m, 3H), 4.47 (d, J = 11.6 Hz, 1H), 4.04 (ddd, J = 8.7, 2.7, 1.6 Hz, 1H), 3.82 —
3.66 (m, 3H); *C NMR (100 MHz, CDCls): ¢ 165.28, 139.43, 138.38, 138.01, 135.75,
129.89, 128.55, 128.37, 128.30, 128.21, 128.04, 127.88, 127.75, 127.70, 127.51,
126.62, 126.10, 77.58, 73.33, 73.10, 71.16, 70.22, 69.71, 66.50; HRMS (ESI) calcd.

for [CaoHa10s]7471.2171; found 471.2173.

tert-Butyl 2-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-£-D-erythro-hex-2-

enopyranosyl) acrylate (2.3c)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, (tert-butoxycarbonylmethylene)triphenylphosphorane 2.2c (56.4 mg,
0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was added to the mixture dropwise,
followed by Pd(OAc); (4.49 mg, 0.02 mmol, 0.2 equiv.) and DPPB ligand (12.8 mg,
0.03 mmol, 0.3 equiv.). The reaction mixture was stirred at 60 °C for 42 h. After

cooling to room temperature, paraformaldehyde (16 mg) was added and the reaction
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mixture was stirred for another 24 h at room temperature. Water (5.0 mL) was added
and the product was extracted with ethyl acetate (5.0 mL X 3). The combined organic
layers were washed with brine, dried over anhydrous Na,SO,4 and concentrated. 2.3c
was obtained (41.0 mg, 94%) as colorless oil after flash chromatography on silica
(10:1, n-Hexane/EtOAc). [a]p?? = 122.9 (c = 1.3, CHCls); 'H NMR (400 MHz,
CDCl): § 7.37 — 7.26 (m, 10H), 6.23 (s, 1H), 5.91 (s, 3H), 5.06 — 4.99 (m, 1H), 4.69
— 4.55 (m, 3H), 4.49 (d, J = 11.5 Hz, 1H), 4.05 (dd, J = 8.6, 3.0 Hz, 1H), 3.83 — 3.66
(m, 3H), 1.49 (s, 9H); *C NMR (100 MHz, CDCls): § 164.70, 141.03, 138.43, 138.06,
130.34, 128.37, 128.29, 127.89, 127.74, 127.69, 127.48, 125.69, 124.94, 81.11, 77.62,
73.32, 73.22, 7117, 7031, 69.79, 28.07; HRMS (ESI) calcd. for

[C27H3,0sNa]*459.2147; found 459.2148.

Ethyl 2-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-£-D-threo-hex-2-enopyranosyl)

acrylate (2.3d)

To a solution of glycal 2.1b (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, paraformaldehyde (16
mg) was added and the reaction mixture was stirred for another 24 h at room
temperature. Water (5.0 mL) was added and the product was extracted with ethyl

acetate (5.0 mL X 3). The combined organic layers were washed with brine, dried
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over anhydrous Na,SO, and concentrated. 2.3d was obtained (23.7 mg, 58%) as
colorless oil after flash chromatography on silica (10:1, n-Hexane/EtOAc). [o]p™ = -
2.9 (c = 1.0, CHCI3); *H NMR (400 MHz, CDCl3): 6 7.41 — 7.26 (m, 10H), 6.39 —
6.33 (m, 1H), 6.15 — 6.06 (m, 2H), 6.02 — 5.96 (m, 1H), 5.08 — 5.03 (M, 1H), 4.68 —
4.50 (m, 4H), 4.29 — 4.19 (m, 2H), 3.96 — 3.91 (m, 1H), 3.90 — 3.85 (m, 1H), 3.86 —
3.75 (m, 2H), 1.31 (t, J = 7.4 Hz, 3H); *C NMR (100 MHz, CDCls): ¢ 165.54, 139.06,
138.86, 138.33, 133.59, 128.35, 128.29, 127.76, 127.68, 127.57, 127.50, 126.33,
123.56, 77.20, 73.51, 73.25, 70.34, 69.91, 68.12, 60.78, 14.19; HRMS (ESI) calcd. for

[CasH2605]7409.2015; found 409.2012.

Ethyl 2-(2,3,6-dideoxy-4-O-(phenylmethyl)-f-L-erythro-hex-2-enopyranosyl)

acrylate (2.3e)

To a solution of glycal 2.1¢ (32.0 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, paraformaldehyde (16
mg) was added and the reaction mixture was stirred for another 24 h at room
temperature. Water (5.0 mL) was added and the product was extracted with ethyl
acetate (5.0 mL X 3). The combined organic layers were washed with brine, dried
over anhydrous Na,SO,4 and concentrated. 2.3e was obtained (16.9 mg, 56%) as pale

yellow oil after flash chromatography on silica (10:1, n-Hexane/EtOAc). [o]p? = 2.7
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(c = 1.0, CHCI3); *H NMR (400 MHz, CDCly): 6 7.38 — 7.24 (m, 5H), 6.33 (s, 1H),
6.01 — 5.84 (m, 3H), 5.07 — 5.05 (m, 1H), 4.72 — 4.56 (m, 2H), 4.26 (qd, J = 7.2, 1.9
Hz, 2H), 3.78 — 3.74 (m, 1H), 3.73 — 3.66 (m, 1H), 1.38 (d, J = 6.0 Hz, 3H), 1.32 (t, J
= 7.1 Hz, 3H); **C NMR (100 MHz, CDCls): § 165.54, 140.01, 138.19, 130.03,
128.42, 127.90, 127.77, 126.17, 125.89, 76.12, 73.94, 72.90, 71.14, 60.77, 18.75,

14.17; HRMS (ESI) calcd. for [C1gH2304]7303.1596; found 303.1599.

Ethyl 2-(2,3-dideoxy-4-O-(phenylmethyl)-#-D-erythro-pent-2-enopyranosyl)

acrylate (2.3f)

To a solution of glycal 2.1d (30.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, paraformaldehyde (16
mg) was added and the reaction mixture was stirred for another 24 h at room
temperature. Water (5.0 mL) was added and the product was extracted with ethyl
acetate (5.0 mL X 3). The combined organic layers were washed with brine, dried
over anhydrous Na,SO, and concentrated. 2.3f was obtained (27.4 mg, 95%) as
colorless oil after flash chromatography on silica (8:1, n-Hexane/EtOAc). [o]p? =
71.6 (c = 0.91, CHCIl3); *H NMR (400 MHz, CDCls): & 7.41 — 7.27 (m, 5H), 6.37 —
6.30 (m, 1H), 6.07 — 5.98 (m, 1H), 5.98 — 5.89 (m, 1H), 5.84 — 5.79 (m, 1H), 5.12 —

5.07 (m, 1H), 4.63 (d, J = 1.5 Hz, 2H), 4.25 (qd, J = 7.1, 2.9 Hz, 2H), 4.08 — 3.96 (m,
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2H), 3.75 — 3.64 (m, 1H), 1.31 (t, J = 7.1 Hz, 3H); *C NMR (100 MHz, CDCly): 6
165.71, 138.94, 138.33, 130.35, 128.44, 127.73, 126.69, 126.48, 71.51, 70.75, 68.87,

65.95, 60.95, 14.17; HRMS (ESI) calcd. for [C17H2104]7289.1440; found 289.1443.

Ethyl 2-(2,3-dideoxy-4-O-(phenylmethyl)-#-D-threo-pent-2-enopyranosyl)

acrylate (2.39)

To a solution of glycal 2.1e (30.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, paraformaldehyde (16
mg) was added and the reaction mixture was stirred for another 24 h at room
temperature. Water (5.0 mL) was added and the product was extracted with ethyl
acetate (5.0 mL X 3). The combined organic layers were washed with brine, dried
over anhydrous Na,SO, and concentrated. 2.3g was obtained (17.3 mg, 60%) as
colorless oil after flash chromatography on silica (8:1, n-Hexane/EtOAc). Obtained as
a 2:1 mixture of diastereomers about the anomeric position. 'H NMR (500 MHz,
CDClIy): 0 7.48 — 7.27 (m, 5H, both isomers), 6.38 (d, J = 2.7 Hz, 1H, minor isomer),
6.34 (d, J = 2.8 Hz, 1H, major isomer), 6.05 — 6.03 (m, 1H, minor isomer), 6.03 —
6.00 (m, 2H, major isomer), 5.97 —5.92 (m, 2H, minor isomer), 5.82 (dd, J =2.9, 1.4
Hz, 1H, major isomer), 5.12 — 5.08 (m, 1H, major isomer), 5.04 — 4.99 (m, 1H, minor

isomer), 4.68 — 4.59 (m, 2H, both isomers), 4.30 — 4.18 (m, 2H, both isomers), 4.07 —
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4.04 (m, 1H, minor isomer), 4.03 — 3.98 (m, 2H, major isomer), 3.93 — 3.88 (m, 1H,
minor isomer), 3.81 (dt, J = 12.0, 3.2 Hz, 1H, minor isomer), 3.74 — 3.66 (m, 1H,
major isomer), 1.30 — 1.34 (m, 3H, both isomers); *C NMR (100 MHz, CDCls): 6
165.74, 165.70, 138.94, 138.72, 138.49, 138.33, 131.72, 130.35, 128.43, 128.41,
127.73, 127.66, 126.78, 126.69, 126.47, 125.42, 71.50, 71.49, 70.74, 70.36, 68.87,
68.49, 66.25, 65.94, 60.94, 60.90, 14.19, 14.17; HRMS (ESI) calcd. for

[C17H2004Na]"311.1259; found 311.1261.

Preparation of C-vinyl glycosides (2.3h-s):

BnO

2.3p 2.3q

(E)-Ethyl 3-(2-pyridinyl)-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-f-D-erythro-hex-

2-enopyranosyl) acrylate (2.3h)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a

solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
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dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stired at 60 °C for 42 h. After cooling to room temperature, 2-
pyridinecarboxaldehyde (0.02 mL, 0.20 mmol, 2 equiv.) was added and the reaction
mixture was stirred for another 24 h at 70 °C. Water (5.0 mL) was added and the
product was extracted with ethyl acetate (5.0 mL X 3). The combined organic layers
were washed with brine, dried over anhydrous Na,SO, and concentrated. 2.3h was
obtained (16.5 mg, 34%) as colorless oil after flash chromatography on silica (10:1, n-
Hexane/EtOAC). [0]p?2= 9.6 (¢ = 1.0, CHCIs); *H NMR (400 MHz, CDCl5): & 8.65 —
8.58 (m, 1H), 7.62 — 7.48 (m, 3H), 7.38 — 7.22 (m, 9H), 7.17 (ddd, J = 7.4, 4.8, 1.3
Hz, 1H), 6.02 — 5.91 (m, 3H), 4.69 — 4.49 (m, 4H), 4.29 — 4.14 (m, 2H), 4.14 — 4.06
(m, 1H), 3.81 — 3.71 (m, 2H), 3.66 (dd, J = 10.8, 5.8 Hz, 1H), 1.27 (t, J = 7.1 Hz, 3H);
B3C NMR (100 MHz, CDCl3): ¢ 166.84, 153.97, 149.40, 139.08, 138.56, 138.21,
136.11, 135.39, 130.29, 128.36, 128.22, 127.87, 127.69, 127.39, 125.99, 125.44,
122.89, 77.46, 73.28, 71.29, 71.02, 70.26, 70.06, 60.86, 14.14; HRMS (ESI) calcd. for

[C3oH3:NOsNa]"508.2100; found 508.2109.

(E)-Ethyl 3-[6-(2-methoxyphenyl)-2-pyridinyl]-(2,3-dideoxy-4,6-bis-O-

(phenylmethyl)-g-D-erythro-hex-2-enopyranosyl) acrylate (2.3i)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added

dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
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temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, 6-(2-methoxyphenyl)-2-
pyridinecarboxaldehyde (42.6 mg, 0.20 mmol, 2 equiv.) was added and the reaction
mixture was stirred for another 24 h at 70 °C. Water (5.0 mL) was added and the
product was extracted with ethyl acetate (5.0 mL X 3). The combined organic layers
were washed with brine, dried over anhydrous Na,SO,4 and concentrated. 2.3i was
obtained (29.0 mg, 49%) as colorless oil after flash chromatography on silica (10:1, n-
Hexane/EtOAc). [a]p?? = 26.6 (¢ = 0.19, CHCI3); *H NMR (400 MHz, CDCls): 6 7.85
—7.77 (m, 2H), 7.68 — 7.59 (m, 2H), 7.43 — 7.28 (m, 7H), 7.09 — 7.03 (m, 1H), 7.00 (d,
J=8.3 Hz, 1H), 6.15 (s, 1H), 5.98 (s, 2H), 4.67 — 4.48 (m, 4H), 4.26 — 4.16 (m, 2H),
4.12 (dd, J = 8.4, 3.1 Hz, 1H), 3.86 (s, 3H), 3.83 — 3.66 (m, 3H), 1.26 (t, J = 7.1 Hz,
3H); 3C NMR (100 MHz, CDCls): § 167.03, 157.13, 155.66, 153.40, 139.12, 138.65,
138.30, 135.86, 135.23, 131.25, 130.27, 130.09, 128.35, 128.20, 127.89, 127.67,
127.33, 125.55, 124.52, 124.03, 121.13, 111.42, 77.45, 73.31, 71.40, 71.03, 70.49,
70.12, 60.75, 55.58, 14.16; HRMS (ESI) calcd. for [C3;H3;NOgNa]614.2519; found

614.2522.

(E)-Ethyl 3-[6-(3-thienyl)-2-pyridinyl]-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-f-
D-erythro-hex-2-enopyranosyl) acrylate (2.3j)
To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a

solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added

dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room



54 I Chapter 2

temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.). and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, 6-(3-thienyl)pyridine-2-
carboxaldehyde (37.8 mg, 0.20 mmol, 2 equiv.) was added and the reaction mixture
was stirred for another 24 h at 70 °C. Water (5.0 mL) was added and the product was
extracted with ethyl acetate (5.0 mL X 3). The combined organic layers were washed
with brine, dried over anhydrous Na,SO4 and concentrated. 2.3j was obtained (47.6
mg, 84%) as colorless oil after flash chromatography on silica (10:1, n-
Hexane/EtOAc). [a]p?? = 68.6 (¢ = 0.09, CHCI3); *H NMR (400 MHz, CDCls): 6 7.85
— 7.77 (m, 2H), 7.68 — 7.59 (m, 2H), 7.42 — 7.23 (m, 12H), 7.09 — 7.03 (m, 1H), 7.00
(d, J = 8.3 Hz, 1H), 6.15 (s, 1H), 5.98 (s, 2H), 4.67 — 4.48 (m, 4H), 4.26 — 4.16 (m,
2H), 4.12 (dd, J = 8.4, 3.1 Hz, 1H), 3.86 (s, 3H), 3.83 — 3.66 (m, 3H), 1.26 (t, J = 7.1
Hz, 3H); *C NMR (100 MHz, CDCl3): ¢ 167.07, 153.59, 153.02, 141.86, 138.54,
138.14, 137.68, 137.05, 136.06, 129.95, 128.39, 128.21, 127.95, 127.73, 127.68,
127.36, 126.45, 126.16, 126.15, 124.33, 124.00, 119.38, 77.41, 73.28, 71.32, 71.23,
70.45, 70.01, 60.81, 14.15; HRMS (ESI) calcd. for [C34H33sNOsSNa]'590.1977; found

590.1984.

(E)-Ethyl 3-(6-methoxy-2-pyridinyl)-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-£-D-

erythro-hex-2-enopyranosyl) acrylate (2.3k)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added

dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
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temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, 6-methoxy-2-
pyridinecarboxaldehyde (0.02 mL, 0.20 mmol, 2 equiv.) was added and the reaction
mixture was stirred for another 24 h at 70 °C. Water (5.0 mL) was added and the
product was extracted with ethyl acetate (5.0 mL X 3). The combined organic layers
were washed with brine, dried over anhydrous Na,SO, and concentrated. 2.3k was
obtained (31.4 mg, 61%) as colorless oil after flash chromatography on silica (10:1, n-
Hexane/EtOAc). [a]p?? = 105.0 (¢ = 1.1, CHCI5); *H NMR (400 MHz, CDCls): 6 7.54
(dd, J = 8.3, 7.2 Hz, 1H), 7.36 — 7.27 (m, 10H), 7.05 — 6.98 (m, 1H), 6.69 (dd, J = 8.4,
0.7 Hz, 1H), 6.51 — 6.44 (m, 1H), 6.07 — 5.95 (m, 2H), 4.72 — 4.47 (m, 5H), 4.25 —
4.15 (m, 2H), 4.14 — 4.10 (m, 1H), 3.89 (s, 3H), 3.80 — 3.68 (m, 3H), 1.25 (t, J= 7.1
Hz, 3H); *C NMR (100 MHz, CDCls): 6 167.20, 163.36, 151.16, 138.79, 138.58,
138.14, 137.03, 135.48, 130.11, 128.41, 128.23, 127.98, 127.77, 127.69, 127.39,
125.79, 120.07, 111.27, 77.61, 73.31, 71.42, 71.35, 70.44, 70.04, 60.75, 53.74, 14.16;

HRMS (ESI) calcd. for [C33H33NOsNa]538.2206; found 538.2205.

(2)-Ethyl 3-(2-furyl)-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-g-D-erythro-hex-2-

enopyranosyl) acrylate (2.31)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room

temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
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added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, furan-2-carboxaldehyde
(0.02 mL, 0.20 mmol, 2 equiv.) was added and the reaction mixture was stirred for
another 24 h at 70 °C. Water (5.0 mL) was added and the product was extracted with
ethyl acetate (5.0 mL X 3). The combined organic layers were washed with brine,
dried over anhydrous Na,SO4and concentrated. 2.3 was obtained (25.1 mg, 53%) as
orange oil after flash chromatography on silica (10:1, n-Hexane/EtOAc). [a]p®’ = 42.3
(c = 0.74, CHCI3); *H NMR (400 MHz, CDCl3): § 7.52 — 7.44 (m, 2H), 7.30 (m, 10H),
6.85 — 6.77 (m, 1H), 6.41 (dd, J = 3.5, 1.8 Hz, 1H), 6.02 (dt, J = 10.3, 2.2 Hz, 1H),
5.82 (dt, J = 10.3, 1.8 Hz, 1H), 5.75 (q, J = 2.7 Hz, 1H), 4.69 — 4.50 (m, 4H), 4.19 (qd,
J =71, 2.8 Hz, 3H), 3.87 — 3.78 (m, 2H), 3.76 — 3.70 (m, 1H), 1.26 (t, J = 7.1 Hz,
3H); *C NMR (100 MHz, CDCls): § 166.64, 150.15, 144.89, 138.51, 138.18, 129.95,
128.39, 128.36, 128.19, 127.87, 127.70, 127.67, 127.40, 127.36, 125.54, 117.29,
112.28, 77.83, 73.28, 71.72, 71.10, 70.32, 70.04, 60.70, 14.16; HRMS (ESI) calcd. for

[CaoH3006Na]"497.1940; found 497.1940.

(2)-Ethyl 3-(2-thienyl)-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)--D-erythro-hex-2-

enopyranosyl) acrylate (2.3m)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was

added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
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equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stimed at 60 °C for 42 h. After cooling to room temperature, 2-
thiophenecarboxaldehyde (0.02 mL, 0.20 mmol, 2 equiv.) was added and the reaction
mixture was stirred for another 24 h at 70 °C. Water (5.0 mL) was added and the
product was extracted with ethyl acetate (5.0 mL X 3). The combined organic layers
were washed with brine, dried over anhydrous Na,SO,4 and concentrated. 2.3m was
obtained (15.7 mg, 32%) as colorless oil after flash chromatography on silica (10:1, n-
Hexane/EtOAc). [a]p?? = 48.2 (c = 0.76, CHCI3); *H NMR (400 MHz, CDCls): 6 7.91
— 7.86 (m, 1H), 7.47 — 7.43 (m, 1H), 7.38 (dt, J = 3.6, 1.0 Hz, 1H), 7.36 — 7.26 (m,
10H), 7.01 (dd, J = 5.1, 3.7 Hz, 1H), 6.02 (ddd, J = 10.4, 2.8, 1.8 Hz, 1H), 5.82 (dt, J
= 10.4, 1.7 Hz, 1H), 559 — 5.52 (m, 1H), 4.74 — 4.48 (m, 4H), 4.31 — 4.17 (m, 3H),
3.91 — 3.81 (m, 2H), 3.80 — 3.73 (m, 1H), 1.29 (t, J = 7.1 Hz, 3H); *C NMR (100
MHz, CDCls): 6 166.65, 138.55, 138.20, 136.87, 135.27, 133.42, 130.64, 129.69,
128.38, 128.19, 127.86, 127.80, 127.72, 127.66, 127.49, 127.36, 125.70, 78.17, 73.31,
71.76, 71.16, 70.48, 70.06, 60.81, 14.21; HRMS (ESI) calcd. for

[Ca9H3005SNa]"513.1712; found 513.1713.

(2)-Ethyl 3-(5-bromo-2-thienyl)-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-f-D-

erythro-hex-2-enopyranosyl) acrylate (2.3n)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was

added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
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equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, 5-bromo-2-
thiophenecarboxaldehyde (0.02 mL, 0.20 mmol, 2 equiv.) was added and the reaction
mixture was stirred for another 24 h at 70 °C. Water (5.0 mL) was added and the
product was extracted with ethyl acetate (5.0 mL X 3). The combined organic layers
were washed with brine, dried over anhydrous Na,SO,4 and concentrated. 2.3n was
obtained (29.0 mg, 51%) as yellow oil after flash chromatography on silica (10:1, n-
Hexane/EtOAc). [a]p?? = 23.0 (c = 0.89, CHCI3); *H NMR (400 MHz, CDCls): 6 7.76
(d, J = 0.7 Hz, 1H), 7.35 — 7.27 (m, 10H), 7.11 (dd, J = 3.9, 0.8 Hz, 1H), 6.95 (d, J =
3.9 Hz, 1H), 6.01 (ddd, J = 10.3, 2.8, 1.8 Hz, 1H), 5.78 (dt, J = 10.3, 1.7 Hz, 1H),
5.45 (td, J = 2.9, 1.6 Hz, 1H), 4.70 — 4.49 (m, 4H), 4.27 (m, 1H), 4.22 (q, J = 7.2 Hz,
2H), 3.90 — 3.83 (m, 1H), 3.82 — 3.74 (m, 2H), 1.29 (t, J = 7.1 Hz, 3H); °C NMR
(100 MHz, CDCl3): 6 166.52, 138.36, 138.31, 138.03, 134.53, 134.14, 130.14, 129.28,
128.39, 128.24, 127.90, 127.75, 127.69, 127.52, 127.41, 125.94, 118.79, 78.32, 73.29,
71.94, 71.14, 70.19, 69.77, 6102, 14.21; HRMS (ESI) calcd. for

[C29H20BrOsSNa]"591.0817; found 591.0823.

(2)-Ethyl 3-phenyl-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-g-D-erythro-hex-2-

enopyranosyl) acrylate (2.30)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was

added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
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equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, benzaldehyde (0.02 mL,
0.20 mmol, 2 equiv.) was added and the reaction mixture was stirred for another 24 h
at 70 °C. Water (5.0 mL) was added and the product was extracted with ethyl acetate
(5.0 mL X 3). The combined organic layers were washed with brine, dried over
anhydrous Na,SO, and concentrated. 2.30 was obtained (15.5 mg, 32%) as colorless
oil after flash chromatography on silica (10:1, n-Hexane/EtOAc). [o]p? = 3.0; (¢ = 1.0,
CHCI3); *H NMR (400 MHz, CDCls): ¢ 7.91 — 7.85 (m, 1H), 7.47 (dd, J = 6.9, 2.9 Hz,
2H), 7.32 (m, 13H), 5.94 (dt, J = 10.3, 2.3 Hz, 1H), 5.79 (dt, J = 10.3, 1.7 Hz, 1H),
5.27 — 5.20 (m, 1H), 4.68 — 4.46 (m, 4H), 4.23 (q, J = 7.1 Hz, 2H), 4.16 — 4.07 (m,
1H), 3.83 — 3.75 (m, 2H), 3.72 — 3.66 (m, 1H), 1.29 (t, J = 7.1 Hz, 3H); *C NMR
(100 MHz, CDCls3): 0 166.60, 143.96, 138.57, 138.14, 134.66, 131.33, 130.24, 129.68,
129.68, 128.92, 128.37, 128.23, 127.86, 127.71, 127.65, 127.40, 125.44, 77.74, 73.30,
71.32, 71.04, 70.44, 70.15, 60.78, 14.17; HRMS (ESI) calcd. for

[C31H3305]7485.2328; found 485.2323.

(2)-Ethyl 3-(4-trifluoromethylphenyl)-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-g-

D-erythro-hex-2-enopyranosyl) acrylate (2.3p)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2

equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
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stired at 60 °C for 42 h. After cooling to room temperature, 4-
(trifluoromethyl)benzaldehyde (0.03 mL, 0.20 mmol, 2 equiv) was added and the
reaction mixture was stirred for another 24 h at 70 °C. Water (5.0 mL) was added and
the product was extracted with ethyl acetate (5.0 mL X 3). The combined organic
layers were washed with brine, dried over anhydrous Na,SO,4 and concentrated. 2.3p
was obtained (24.3 mg, 44%) as yellow oil after flash chromatography on silica (10:1,
n-Hexane/EtOAc). [0]p? = 3.9 (c = 0.72, CHCI3); *H NMR (400 MHz, CDCls): &
7.88 — 7.84 (m, 1H), 7.62 — 7.55 (m, 2H), 7.50 — 7.43 (m, 2H), 7.35 — 7.26 (m, 10H),
5.90 (dt, J = 10.4, 2.2 Hz, 1H), 5.74 (dt, J = 10.3, 1.8 Hz, 1H), 5.19 — 5.13 (m, 1H),
4.66 — 4.44 (m, 4H), 4.25 (g, J = 7.1 Hz, 2H), 4.09 — 4.00 (m, 1H), 3.83 — 3.71 (m,
2H), 3.62 (dd, J = 10.4, 6.0 Hz, 1H), 1.31 (t, J = 7.1 Hz, 3H); **C NMR (100 MHz,
CDClIs): ¢ 166.20, 142.44, 138.35, 138.26, 137.97, 133.11, 130.70, 130.38, 129.89,
129.71, 128.40, 128.27, 127.90, 127.81, 127.73, 127.58, 125.72 (9, Jc-r) = 3.7 Hz),
125.04, 125.00, 124.96, 124.93, 77.77, 77.20, 73.38, 71.28, 71.04, 70.12, 70.01, 61.11,

14.16; HRMS (ESI) calcd. for [C3,H3,0sF3Na]"575.2021; found 575.2021.

(2)-Ethyl 3-(4-chlorophenyl)-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-f-D-erythro-

hex-2-enopyranosyl) acrylate (2.3q)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2

equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
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stirred at 60 °C for 42 h. After cooling to room temperature, 4-chlorobenzaldehyde
(28.1 mg, 0.20 mmol, 2 equiv.) was added and the reaction mixture was stirred for
another 24 h at 70 °C. Water (5.0 mL) was added and the product was extracted with
ethyl acetate (5.0 mL X 3). The combined organic layers were washed with brine,
dried over anhydrous Na,SO,and concentrated. 2.3q was obtained (20.7 mg, 40%) as
yellow oil after flash chromatography on silica (10:1, n-Hexane/EtOAc). [a]p? = 46.9
(c =0.25, CHCl3); *H NMR (400 MHz, CDCl5): 6 7.84 — 7.79 (m, 1H), 7.47 — 7.40 (m,
2H), 7.37 — 7.26 (m, 10H), 7.24 — 7.17 (m, 2H), 5.92 (dt, J = 10.4, 2.2 Hz, 1H), 5.74
(dt, J = 10.3, 1.8 Hz, 1H), 5.21 — 5.15 (m, 1H), 4.67 — 4.45 (m, 4H), 4.23 (9, J = 7.1
Hz, 2H), 4.16 — 4.05 (m, 1H), 3.85 — 3.73 (m, 2H), 3.67 (dd, J = 10.3, 5.8 Hz, 1H),
1.30 (t, J = 7.1 Hz, 3H); °C NMR (100 MHz, CDCl3): 6 166.42, 142.95, 138.43,
138.03, 135.04, 133.02, 131.65, 131.17, 129.96, 128.39, 128.28, 127.90, 127.78,
127.73, 127.54, 125.57, 77.83, 73.35, 71.30, 71.06, 70.26, 70.03, 60.95, 14.16; HRMS

(ESI) calcd. for [Ca;H3:0sCINa]*541.1759; found 541.1748.

(2)-Ethyl 3-(4-bromophenyl)-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-f-D-erythro-

hex-2-enopyranosyl) acrylate (2.3r)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was

stirred at 60 °C for 42 h. After cooling to room temperature, 4-bromobenzaldehyde
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(37.0 mg, 0.20 mmol, 2 equiv.) was added and the reaction mixture was stirred for
another 24 h at 70 °C. Water (5.0 mL) was added and the product was extracted with
ethyl acetate (5.0 mL X 3). The combined organic layers were washed with brine,
dried over anhydrous Na,SO4and concentrated. 2.3r was obtained (27.0 mg, 48%) as
yellow oil after flash chromatography on silica (10:1, n-Hexane/EtOAc). [o]p? = 34.5
(c = 0.23, CHCI3); *H NMR (400 MHz, CDCls): 6 7.79 (s, 1H), 7.46 — 7.24 (m, 13H),
5.91 (dt, J = 10.4, 2.2 Hz, 1H), 5.74 (dt, J = 10.3, 1.8 Hz, 1H), 5.21 — 5.14 (m, 1H),
4.67 — 4.45 (m, 4H), 4.23 (g, J = 7.1 Hz, 2H), 4.16 — 4.05 (m, 1H), 3.84 — 3.74 (m,
2H), 3.66 (dd, J = 10.3, 5.9 Hz, 1H), 1.30 (t, J = 7.1 Hz, 3H); **C NMR (100 MHz,
CDCls): ¢ 166.43, 143.01, 138.44, 138.04, 133.50, 131.75, 131.41, 131.37, 129.94,
128.42, 128.31, 127.92, 127.80, 127.76, 127.58, 125.61, 123.40, 77.84, 73.38, 71.32,
71.07, 70.27, 70.05, 60.98, 14.18; HRMS (ESI) calcd. for [C3;H310sBrNa] 585.1253;

found 585.1262.

(2)-Ethyl 3-(2-bromophenyl)-(2,3-dideoxy-4,6-bis-O-(phenylmethyl)-g-D-erythro-

hex-2-enopyranosyl) acrylate (2.3s)

To a solution of glycal 2.1a (42.6 mg, 0.10 mmol, 1 equiv.) in DMF (0.8 mL), a
solution of Et,Zn (1.0 M in Hexanes, 0.15 mL, 0.15 mmol, 1.5 equiv.) was added
dropwise over 1 min at 25 °C under nitrogen. After stirring for 4 h at room
temperature, P-ylide 2.2a (52.2 mg, 0.15 mmol, 1.5 equiv.) in DMF (0.8 mL) was
added to the mixture dropwise, followed by Pd(OAc), (4.49 mg, 0.02 mmol, 0.2
equiv.) and DPPB ligand (12.8 mg, 0.03 mmol, 0.3 equiv.). The reaction mixture was
stirred at 60 °C for 42 h. After cooling to room temperature, 2-bromobenzaldehyde

(0.02 mL, 0.20 mmol, 2 equiv.) was added and the reaction mixture was stirred for



63 I Chapter 2

another 24 h at 70 °C. Water (5.0 mL) was added and the product was extracted with
ethyl acetate (5.0 mL X 3). The combined organic layers were washed with brine,
dried over anhydrous Na,SO,4and concentrated. 2.3s was obtained (32.0 mg, 57%) as
yellow oil after flash chromatography on silica (10:1, n-Hexane/EtOAc). [a]p? = 44.5
(c = 1.0, CHCI5); *H NMR (400 MHz, CDCl3): 6 8.55 (d, J = 2.4 Hz, 1H), 7.57 — 7.42
(m, 3H), 7.41 — 7.27 (m, 10H), 6.05 — 5.93 (m, 1H), 5.92 — 5.82 (m, 2H), 4.66 (d, J =
11.6 Hz, 1H), 4.58 — 4.47 (m, 3H), 4.28 — 4.15 (m, 2H), 4.08 — 4.11 (m, 1H), 3.79 —
3.71 (m, 2H), 3.65 (dd, J = 10.8, 5.8 Hz, 1H), 1.27 (t, J = 7.1 Hz, 3H); *C NMR (100
MHz, CDCls): ¢ 166.64, 151.97, 148.26, 138.46, 138.12, 137.93, 135.85, 135.81,
131.48, 129.89, 128.36, 128.30, 128.25, 127.88, 127.72, 127.64, 127.47, 126.76,
125.68, 77.50, 73.31, 71.26, 71.03, 70.08, 69.94, 60.99, 14.11; HRMS (ESI) calcd. for

[Cs:H310sBrNa]*585.1253; found 585.1255.
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Palladium and Iridium Dual Catalysed Radical-
Radical Cross-Coupling: New Insights to

Stereoselective C-Glycosylation
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3.1 Introduction

3.1.1 Radical Oxidative Cross-Coupling

Nucleophiles can participate in oxidative cross-coupling in three forms: neutral
radical, cation or anion. There are generally four kinds of radical oxidative cross-

coupling models (Scheme 3.1).!

. . [O] . ;

Nu + Nu —> Nu—Nu
Model 1 ' ) ‘ I "
R@ + R Nu + ‘Nu —= lNU_NU I —> Nu—Nu
Model Il ' ) _e@ . e ' ]
R® + RO Nu + *Nu —> Nu + lNUI —> Nu—Nu
Model 111 . . _e@ ' . ' ]
R. + Rl. NU NU > NU + NU —> NU_NU

del IV o Lo
|:'{\/-|0va® lNu'l@*' ‘Nu" —> lNu'—Nu"l®ﬁ> Nu—Nu’

Scheme 3.1 Radical oxidative cross-coupling models

In model | involving neutral radicals, radical oxidation first occurs, resulting in
bond formation. Another radical oxidation occurs to give the cross-coupled product.
In model I1, a two-step radical oxidation occurs to generate a cation, which then reacts
with the nucleophile to give the product. In anionic model 111, both nucleophiles lose
an electron each and the radical-radical cross-coupling occurs. In model 1V, a cation
and radical react to yield a cationic radical which is reduced to obtain the product.
Notably, while radical-radical couplings are very efficient, one of the main challenges
of model 111 type radical coupling is the selective cross-coupling. In addressing this

challenge, there is a need to understand the concept of persistent radical effect.?
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The persistent radical effect helps to account for the selective formation of cross-
coupled product between two radicals, in which one is a persistent radical and the
other is a transient radical and both have equal rates of formation. Initial self-
termination or dimerisation of the transient radical leads to an accumulation of the
persistent radical over time. This increased concentration helps to accelerate the cross-
coupling and suppress the self-termination of transient radicals. Five factors that can
influence the persistence of radical include steric effects, stereoelectronic effects,
resonance stabilisation, presence of electron-withdrawing groups and unpaired-spin
delocalisation with heteroatom.® It is noted that benzyl radicals are classified as

stabilised but transient radicals that usually undergo self-termination quickly.

An example of persistent radical is the dioxygen. Lei and co-workers demonstrated
the radical-radical cross-coupling, using dioxygen and sulfinic acid with a C2 linker,
which can be alkene (Scheme 3.2a)* or alkyne (Scheme 3.2b)°. In Scheme 3.2c, the
proposed coupling of dioxygen and the tertiary radical was shown to produce the

peroxyl radical.
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Scheme 3.2 Radical-radical cross-coupling with dioxygen and sulfinic acid

Due to the uncommon occurrence of persistent radicals, we will focus on transient

radicals, particularly those that are stabilised and can be generated easily.
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3.1.2 Generation of a-Aminoalkyl Radicals

One representative example of such radicals is the a-aminoalkyl radical species, in
which single electron oxidation results in the generation of a radical.® However, due
to the ease of oxidation, further oxidation could occur much easier than the initial
amines, resulting in formation of imine cation. In such case, photoinduced single
electron transfer (SET) is preferred in order to obtain precise control of the reaction.
The electron-rich amine first undergoes SET to generate the radical cation, which then
undergoes fragmentation to form a cation and neutral radical through dissociation of
C-H or C-C bonds. In general, there are three common methods to generate the o-
aminoalkyl radical species: (i) oxidative deprotonation electron transfer of amines; (ii)

decarboxylation of a-amino acids and (iii) desilylation of a-silylamines (Scheme

6
3.3).
Ri< -~ - Ri< .~
(i) R ==, Nooe e
Rz : Rz
(SN - , R1\ ~
(ii) N™ "CO,H € . N + + + CO,
I ' ) H
Rz 1 Ra
Ric e . Ry~ " E
(iif) N™ "SiRy _-€ N™ RsSi*
Ro Rz

Scheme 3.3 Methods to generate a-aminoalkyl radical species

In the oxidative deprotonation electron transfer of amines, oxidation to form
radical cation results in the increased acidity of C-H « position to the amine (pKa ~8),
hence allowing ease of deprotonation to form neutral radical species. As mentioned

earlier, further oxidation can occur and judicious design of substituents has to be
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considered to circumvent the issue. The resultant a-aminoalkyl radical species can
then react with various unsaturated bonds such as alkene,’ arenes,® azodicarboxylate
9. 10 - o 11 12 13 H H H
ester,” isocyanate,” imine, ~ aldehyde,™ alkyne,™ as well as undergo substitution with
14 H 15 | ,: - 16 H 7c, 17 H
arenes,”" halides,™ vinylic™ and allylic systems. Through measuring the quantum
yield, involvement of a radical chain mechanism can be determined if the quantum

yield is above unity (@>1).'8

In view of the abundance of reported works in this field, we have chosen
significant findings and interesting results to be highlighted. Nishibayashi reported a
photoredox catalysed addition reaction to electron deficient alkene with the quantum
yield of 0.32, eliminating the possibility of radical chain from their mechanism
(Scheme 3.4a).”" In a work by Yu and Bian, the addition of a-aminoalkyl radical to
maleimide, which was then trapped by neighbouring arene, followed by subsequent
oxidation and deprotonation to furnish the 1,2,3,4-tetrahydroquinolines (Scheme
3.4b).%% Rueping was able to apply both N-arylimines and aryl aldehydes successfully
to the photoredox catalysed addition reaction in the presence of lithium carbonate and

benzoic acid respectively (Scheme 3.4c).*?
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Scheme 3.4 Photocatalysed addition reactions of amines to unsaturated compounds

Notably, the combination of dual catalysts, like photoredox and transition metal
catalysts can also be utilised in substitution reactions. Lu and Xiao used iridium
photocatalyst with palladium catalyst for allylic substitution (Scheme 3.5a).}” On the
other hand, Hashmi used a bimetallic gold complex to undergo substitution of alkynyl
halides (Scheme 3.5b).}** Interestingly, this gold complex was able to undergo

photocatalysed reaction in the presence of sunlight.
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Scheme 3.5 Photocatalysed substitution reactions with amines

In a similar fashion, a-silylamines can be applied in these reactions, as the same a-
aminoalkyl radical species can be generated via C-Si bond dissociation.®
Nishibayashi reported the reaction of a-silylamines with a,f-unsaturated carbonyl
compounds, with the quantum yield of 0.68. The mechanism was proposed to proceed
by the cleavage of C-Si bond, followed by addition to the olefin, oxidation and
subsequent protonation (Scheme 3.6a).2% Interestingly, when a-silyl secondary
amines were utilised, cyclisation could proceed in one-reaction to yield y-lactam and
pyrrole, with addition of potassium tert-butoxide and 2,3-dichloro-5,6-

dicyanobenzoquinone respectively (Scheme 3.6b).**

Bach later developed an
enantioselective variant of the reaction, through the use of a chiral template (Scheme

3.6¢).1%
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Scheme 3.6 Oxidative desilylation of a-silylamines

Another method to generate a-aminoalkyl radical species is through the
decarboxylation of a-amino acids. Notably, the release of carbon dioxide drives the
formation of the a-aminoalkyl radical species. Addition reactions onto unsaturated
bonds as well as substitutions with aryl halides and allylic system have been
developed by Macmillan, Nishibayashi and Tunge respectively (Scheme 3.7).%

Notably, an enantioselective variant was successfully carried out using a chiral nickel

catalyst complex.??
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Scheme 3.7 Oxidative decarboxylation of a-amino acids

Apart from the above-mentioned methods, single electron transmetallation is
another interesting access to the radical species through using trifluoroborate salts.
Molander, Koike and Akita have managed to perform single electron oxidation to

achieve alkyl radicals (Scheme 3.8).%

Boc 1 [Ir(dF(CF3)ppy)2£dtbpy)][PF6] R £
(@) \NABF3K + Rip (2 mol%) Boc. jﬁ
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(®) RI“>SNTBRK *OABr — , — = RITONTAr
I ligand (10 mol%), 2,6-lutidine (3.1 equiv) |
Boc EtOAc, hv Boc

Scheme 3.8 Single electron transmetallation of trifluoroborate salts
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3.1.3 Generation of Glycosyl Radicals

As compared to the activation of glycosyl groups into polar species, such as Lewis
acids, transition metals-catalysed transformation into cationic species and conversion
to acyl anion equivalent by organocatalysts, the use of glycosyl functionality as a
neutral radical source remains to be further explored.?> While the radical-mediated
glycosylation offers the advantages of wide functional group tolerance and good
anomeric stereoselectivity, the requirements of toxic chemicals, harsh heating
conditions and large excess of radical acceptor are factors that discourage the

application of radical chemistry in glycosylation.

a-Selectivity is favoured when the radical is formed at the anomeric position. In
tetraacetyl-substituted glycosyl substrate, the generated radical is in a boat
conformation with C2 and C3 in the axial positions.??® 2 This anomeric radical
stabilisation occurs through an overlap with the adjacent o* orbital of C-O at C2
position, which is further enhanced with the interaction with pyranose oxygen lone

pair (Figure 3.1).22>22¢

AcO @’7
AcO R A&/O
A6S2 oo A L&% “H
AcO 0 ‘A_Q

Figure 3.1 Conformations of glycosyl radical

In tin-catalysed glycosylation, Giese and co-workers were able to achieve excellent
anomeric selectivity with the tetraacetyl-substituted glycosyl substrates, but when the

acetyl groups were replaced by methyl groups, the selectivity decreased, which can be
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attributed to the decreased stabilisation in boat conformation with poor electron-
withdrawing groups (Scheme 3.9).22*2? |n a comparative study, it was found that the
mannosyl radical underwent chlorine atom abstraction much faster than glycosyl

radical, forming the mannosyl radical in chair conformation (Scheme 3.10).

RO RO
RO O BuzSnH 0
WLL + oo B o lo
RO RO

Br
R = Ac, 98a:2p3
R = Me, 78a:22

Scheme 3.9 Comparative study of acetyl and methyl protected glycosyl radicals
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AcOA S ACOMH
< c OAc

Scheme 3.10 Reactivity rates of mannosyl and glycosyl radicals

Giese then coupled this glycosyl radical to a variety of alkenes to achieve C-
glycosides (Scheme 3.11).2% Radicals were generated at different positions (C1, C4
and C6) of glucose to explore the effect of radical position on stereoselectivity. All of
them proceeded by the same mechanism (Scheme 3.12)%: tributyltin hydride
undergoes photolysis to give rise to tin radical, which abstracts the halide atom to
form the glycosyl radical. The addition of glycosyl radical to alkene results in a new
alkyl radical, which abstracts a hydrogen atom from tributyltin hydride to regenerate

the tin radical, allowing the cycle to continue.
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Scheme 3.11 Coupling of glycosyl radicals at different positions to alkenes
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Scheme 3.12 Tin-mediated C-glycosylation by radical mechanism

Other metals have been developed for the radical glycosylation to avoid the toxic

and harsh conditions in tin-mediated reactions. In a similar fashion, Spencer and
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Schwartz utilised titanocene(l11) chloride to form glycosyl radical for addition to a,-
unsaturated ester (Scheme 3.13).%* The corresponding alkyl radical is then reduced to
titanium enolate by another titanocene(l1l) chloride, which tautomerises to the ester
upon workup. Marsden’s group also reported the generation of the glycosyl radical
using nickel catalyst, manganese as a reductant and phosphine to reduce the alkyl

radical (Scheme 3.14).?

O

O .Br o
AcO cp,Tici  AcO Z>CoMe  AcO 0 .\\‘\)kOMe
AcO™ “'OAc AcO" “'OAc
C! N ‘Y
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Scheme 3.13 Titanocene(l11) chloride catalysed C-glycosylation
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Scheme 3.14 Nickel catalysed C-glycosylation

Gagné’s group further explored the possibility of carrying out these C-

glycosylations under mild conditions and reducing the equivalence of alkenes
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required. In his first generation of C-glycosylation, Ni and Zn were utilised as
reductants, with 2,4-dimethyl-3-pentanol as proton source. In this reaction, glycosyl
bromides and alkenes could be coupled at room temperature (Scheme 3.15).%°
Glycosyl radical was first generated and added to alkene to form a-radical, which was
reduced by zinc to form zinc enolate (Scheme 3.16). Finally, protonation yielded the
product. Notably, alkenes with electron-withdrawing substituents react faster and a-

selectivity was observed. Geminally disubstituted alkenes were later applied and

diastereoselective coupling could be achieved.

O .Br Ni(COD),/Zn O~ R?
RO ' R (R)-Ph-pyBox RO \l/1
+ . .
ROY “OR /J\RZ 2,4-dimethyl-3-pentanol ROY ”ORR

OR DMA OR

Scheme 3.15 Nickel catalysed C-glycosylation by Gagné

POL\/O Ni (COD)
NG PO ~_-0
= N|° L M\(
R Br
poL\/O PQL\/O PO ~_0
r/ —
. COzMe N M\LKCOZMG _)\ N|||Br
R Ni'-Br + Br-Ni-L L
R L
" BriiL \_/
R

/J\Cone

Scheme 3.16 Mechanism for nickel catalysed C-glycosylation by Gagne

In his later work, Gagné utilised ruthenium photoredox catalyst, with N,N-

diisopropylethylamine as the reductant and Hantzsch ester as the hydrogen atom
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transfer source to achieve stereoselective C-glycosylation via an oxidative quenching
mechanism (Scheme 3.17).2” This is the one of the few reports using photoredox
catalysis in glycosylations and it proceeds via model | cross-coupling.?” The group
also explored the factors affecting the rate of photoredox cycle and found it to be
largely affected by the presence of polar cosolvents and hydrophobicity of the catalyst.
Catalyst and reductant concentrations could affect the rate at low concentrations but

had no significant effect at high concentrations.?

o. B [Ru(bpy)sl(BF4) O~ _R?
RO B R iPr,NEt, Hantzsch ester RO \{
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[T~ O

2 Br ~_0 Z R PO POy
*[Ru(bpy)s] POfmd —— R__ AL/
) R

)
/
[Ru(bpy)s]**

hv

Scheme 3.17 Photoredox catalysed C-glycoyslation by Gagné

Photocatalysed O-glycosylations have been reported separately by Ragains and
Crich using selenoglycosides by single-electron transfer activation (Scheme 3.18a
and b).?° Crich then used O-glycosyl 2,2,6,6-tetramethylpiperidinoxides in his
photoinduced glycosylation (Scheme 3.18¢c).*® Another interesting study is by
Ragains where he developed an electron donor-acceptor (EDA) complex to eliminate
the need for visible light photosensitisers (Scheme 3.18d).2* However, in most of the

cases, the stereoselectivities were moderate.
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Scheme 3.18 Photoinduced glycosylations

As mentioned above, glycosyl halides are the most commonly used reagent to
generate the glycosyl radical and other reagents like selenoglycosides and O-glycosyl
2,2,6,6-tetramethylpiperidinoxides have been used as well.?3' To date, the allylic
glycosyl radical has yet to be utilised as a radical coupling partner. Notably, Jean-
Marie’s group has proposed that using samarium diiodide, they were able to obtain
the allylic glycosyl radical as an intermediate, which then underwent further reduction
by another molecule of samarium diiodide to become allylic anion and react with

ketones, demonstrating the umpolung of glycals (Scheme 3.19).*
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Scheme 3.19 Samarium diiodide mediated umpolung of glycals via an allylic glycosyl

radical intermediate

In view of the preceding works on radical glycosylation, we envisage that the
transient but stable allylic radical could potentially be applied for cross-coupling with
other stabilised C-radicals, resulting in C-glycosylation. This would open up
opportunities for coupling seemingly unreactive reaction partners through dual

activation of the starting materials.
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3.2 Results and Discussion

3.2.1 Condition Optimisation

A key factor to note for dual catalysis is that the employment of dual catalysts
requires the compatibility of each catalyst with the reaction conditions. A quick
review of the reported photoredox catalysed examples showed that for most cases,
reactions were conducted at ambient temperature.*® However, the activation of the
glycal systems typically required elevated temperatures, as seen in the previous
chapter. Hence, we selected the galactal with a cyclic carbonate moiety 3.1a as our
model glycosyl donor based on our recent report of conducting glycosylation at room

temperature.*

Next, in order to effect the electron transfer to our allylic cation generated, an
appropriate electron donor should be chosen. Initial attempts of utilising potassium
allyltrifluoroborate and potassium benzyltrifluoroborate salts failed to yield the
desired product. We then turned our attention to amino alkanoic acid 3.2a as the
single electron oxidation should proceed with more ease in the presence of electron

rich amino group.

We initiated our study of this Pd/Ir dual-catalysed glycosylation by using glycal
3.1a and amino alkanoic acid 3.2a, [Ir(dtbbpy)(ppy)2], PA(OAC),, PPhs and CH3CN.
To our delight, the reaction proceeded to yield the ideal product successfully, albeit
low yield. We proceeded to screen the various photocatalysts, palladium sources and
solvents (Table 3.1). The Pd source did not have a significant effect on the efficiency

of the reaction. Xphos was the best ligand for the reaction and increasing the amount
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of ligand added led to an increase in yield, probably due to the competition of
oxidation of the ligand and decrease in side reaction involving over-oxidation of
amino group present in the product. Interestingly, solvent could affect the reaction
adversely, probably due to the solubility of the deprotonated amino alkanoic acid. The

optimised conditions were found to be [Ir(dtbbpy)(ppy)2]PFs, Pd(PPhs)s, XPhos and

DMEF solvent.

Table 3.1 Reaction optimisation

o
TBDPSO/U HOZCm
+
(@) NM62

photocatalyst

Pd source TBDPSO/j/\J \©\
Ilgand NMe,
%O solvent, hv
o}
3.1a 3.2a 3.3a
,\ _‘ + ]\ 2+ Fscm\b\_‘ *
FBU ITI/ —~ (’Tl]\@ t-Bu ) ’Tl/ | -
', o /N/ — "'Ir““
L IrQ _Ru ;N’ N
t-BuE/ N A g‘ ,11 NN\ tBu ’ /@/@F
N Fc F
A B C
Entry® | Photocatalyst | Pd source Ligand | Solvent | Yield® (%)
1 A Pd(OAC); PPh; CH3;CN 35
2 A Pd(OACc); PCys CH3CN 48
3¢ A Pd(OAc), | XantPhos | CHsCN 46
4 A Pd(OAC); Xphos CH3;CN 54
5 C Pd(OAC); Xphos CH3;CN 32
6 B Pd(OAC);, XPhos | CH3CN 52
7 A Pd(acac); XPhos | CH3CN 59
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8 A Pd(PPhs), XPhos | CH3;CN 65

9 A Pd(PPh3), XPhos | dioxane/ 23
DMA

10 A Pd(PPhs)4 XPhos DMF 73

11¢ A Pd(PPh3)4 XPhos DMF 83

 Unless otherwise specified, all reactions were carried out using galactal 3.1a (0.05
mmol, 1 equiv.), amino alkanoic acid 3.2a (0.05 mmol, 1 equiv.), [photocatalyst]
(0.00005 mmol, 0.01 equiv.), [Pd] 5 mol%, ligand 20 mol%, in 1.0 mL of solvent. °

Isolated yields. ¢ Ligand 10 mol%. ¢ Ligand 50 mol%.

To better understand the reaction mechanism, control experiments were conducted
to find out if each of the conditions was necessary (Table 3.2). In the presence of
white light with a wide spectrum of colored lights instead of just blue light, only 15%
of product was obtained. In the absence of light, palladium, iridium catalyst, or both
catalysts, the reaction could not proceed. When the ligand was absent, the yield was
decreased, suggesting some role of the ligand in this reaction. It is probable that some
degree of oxidation of the ligand helps to drive the reaction by preventing the over-
oxidation of the product. The increased pressure upon decarboxylation was believed
to have an effect in driving the efficiency of the reaction. The addition of base did not
facilitate the decarboxylative allylation but resulted in the decomposition of the
starting material cyclic carbonate instead. Overall, it is likely that the photoredox
catalyst requires blue light excitation to accept the electron from the amino group and
transfer the electron to the allylic cation, which is formed by palladium-catalysed

Tsuji-Trost reaction.
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Table 3.2 Control experiments

0
TBDPSO [Ir(dtbbpy)(ppy),]PFg o
| + HOZC/\@\ Pd(PPh3),, XPhos TBDPso/j/\J \©\
0 NMe, HO” NMe,

DMF, hv
I |

O
3.1a 3.2a 3.3a
Entry? Modifications Yield® (%)
1 CFL light in place of blue light 15
2 Absence of light N.R.
3 Absence of Pd N.R.
4 Absence of ligand 46
5 Absence of Ir N.R.
6 Absence of Pd & ligand N.R.
7 Non-sealed (Ar Balloon attached) N.R.
8 KOAC base added 31%

% Unless otherwise specified, all reactions were carried out using galactal 3.1a (0.05
mmol, 1 equiv.), amino alkanoic acid 3.2a (0.05 mmol, 1 equiv.), [photocatalyst A]
(0.00005 mmol, 0.01 equiv.), Pd(PPh3)4 5 mol%, XPhos 50 mol%, in 1.0 mL of DMF.

b Isolated yields.
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3.2.2 Substrate Scope

With the optimised conditions in hand, the scope of the reaction was tested by
changing the glycals as well as amino alkanoic acids. Interestingly, this reaction could
tolerate a variety of protecting groups, such as benzyl, methyl, acetyl and tert-
butyldimethylsilyl group (3.3a-e). However, when the size of the protecting group
decreased from benzyl to methyl group (3.3b and 3.3c), the a-selectivity dropped. The
a-selectivity decreased further when an electron-withdrawing acetyl group was
attached (3.3d), probably due to the destabilisation of the allylic cation which is
generated in situ. Silyl protecting groups were optimal for this reaction (3.3a and
3.3e). This is due to the observation that the presence of bulkier group on the glycosyl
donor not only directed the stereoselectivity of approach of glycosyl acceptor but also
helped to prevent the occurrence of side reactions through sterics. In the case of 3.3f,

the yield of the desired product decreased to 46%.

Next, the scope of the amino alkanoic acids was also expanded (3.3g-j) using silyl
protected galactal 3.1a. Amino alkanoic acids bearing cyclic amines (3.3g, 3.3h and
3.3j) resulted in lower yields as compared to non-cyclic amines (3.3a and 3.3i) and
bulkier amino groups resulted in decreased efficiency (3.3a and 3.3i). For all
compounds, a-selectivity was preferred due to the steric hindrance from substituents

on the pyranose ring as well as anomeric radical stabilisation described earlier.
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(0]
SN o
+
(e) NR1 RZ

/yo

Table 3.3 Substrate scope

[Ir(dtbbpy)(ppy)2]PFe

Pd(PPhg)s, XPhos Ro/ﬁ_\\\\@
DMF, hv HO” F

NR'R2

(0]
3.1a-f 3.2a-e 3.3a4j
Entry Glycal Amino alkanoic Product Yield
acid * (%)
O
.Me Me
1 Q N HO” N’ 83
O%O Me |\I/|e
3.1a 3.2a 3.3a
Q HO” n-Me
2 O}fo 3.2a Ve 63
3.1b 3.3b
o)
< |
o HO” N-Me
3 J° 3.22 o | (@p=
3:1)
31¢c 3.3c
o
. X e |
Q HO” n-Me
4 O%o 3.2a Me (o =
1.5:1)
3.1d 3.3d
Q HO” N n-Me
5 o%o 3.2a Vo 85
3.3e
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O\\‘ N N .Me
6 o 3.2a "o b 46
3.1f 3.3f
7 3.1a D HO” ID 59
3.2b 3.39
8 31a “@ HO™ “@ 64
3.2¢ 3.3h
9 3.1a N HO” 7 7
Me Me
3.2d 3.3i
HOzC/\©\ TBDPSO/IOJ"\\\@
N HO “ N
10 3.1a 8 45
3.2e 3.3]
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3.2.3 Plausible Mechanism

From the observed results and control experiments, we propose the following
mechanism (Scheme 3.20). Palladium catalysed Tsuji-Trost allylation first occurs to
form z-allyl palladium complex, which then receives an electron from the reduced
photocatalyst (formed via reduction through reacting with the amino alkanoic acid).
The amino alkanoic acid undergoes decarboxylation to generate alkyl radical, which
then attacks the sugar allylic radical, forming C-aryl glycoside. Due to anomeric

stabilisation of a-radical, formation of a-glycoside is favoured.

OH_OTBDPS

Ré%:_) - \7:::1\ o O _OTBDPS
[Pd] NMe, Pd(0) &

OH_OTBDPS ////
o}
— H
OH OTBDPS

OH OTBDPS

NM
e2 Pa)

[Pm \\\ u%\\ M%N
(/’ \[::]\V/COQ

|3+

NM62

CO,
OH_OTBDPS

Me2N kfi/ CO,
Tl cop

[Pﬂ

Scheme 3.20 Proposed mechanism for the Pd/Ir dual catalysed glycosylation

In an attempt to prove the formation of allylic glycosyl radical in situ, electron
paramagnetic resonance (EPR) studies were conducted but to no success. Under the
optimised reaction conditions, no signal was detected. In consideration that the half-

life of the radical might be too short for EPR detection, especially in our radical-
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radical coupling reaction, we decided to add spin trap to form stable adduct, which
can also produce paramagnetic resonance spectrum in EPR spectroscopy. PBN was
chosen and added as the spin trap to stabilise our radical species. Although a signal
was detected, it was later proved to be from the reaction of PBN and photocatalyst

(Figure 3.2). Further investigation into the mechanism is currently undergoing.

Under optimised conditions: No signal

A A P N U g R e Py P A0

Addition of PBN spin trap into mixture

T
_lf,_\,,\.,..‘W.,‘W-,,««.J“.\.J_w,.—n,.‘, e [ e ‘ '..W_,,,-)v_‘,,m‘i-_“m,ﬂ‘m,wy -

| it

Only PBN + Ir catalyst

Figure 3.2 EPR study results
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3.3 Conclusion

Dual catalysis has been useful in achieving unprecedented transformations between
seemingly unreactive starting material pairs. In the particular case of benzyl
allylation, palladium or iridium catalytic system alone were unable to achieve the
coupled product under mild conditions, but the combination of both was able to

furnish the desired allylated product easily.

We have described an efficient and a-stereoselective method of constructing C-
benzyl glycoside using glycal and amino alkanoic acid under irradiation of blue light.
We proposed that the mechanism proceeds via radical-radical coupling between the
allylic sugar radical (formed from reduction of palladium-catalysed decarboxylative
product) and benzyl radical (from radical decarboxylation after oxidation of amino
alkanoic acid). This easily generated allylic sugar radical holds great potential in the
application to other glycosylations. Currently, we are still working on the expansion

of substrate scope as well as the investigation into the reaction mechanism.

Overall, this work has demonstrated the potential of radical-radical coupling
through formation of transient sugar radical. This unique strategy of utilizing radical
chemistry in sugars could be further tapped on later, such as radical addition and

radical polymerization.
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3.4 Experimental Section

General: All reagents and solvents were obtained from commercial suppliers (Sigma-
Aldrich, Merck, Strem and Alfa Asear) and used without further purification unless
stated. Evaporation of organic solutions was achieved by rotary evaporation with a
water bath temperature below 40 °C. Product purification by flash column
chromatography was accomplished using silica gel 60 (0.010-0.063 mm).
Chromatograms were visualised by fluorescence quenching with UV light at 254 nm
or by staining using a basic solution of potassium permanganate. Technical grade
solvents were used for chromatography and were distilled prior to use. Optical
rotations were measured in CHCI3 on a Schmidt + Haensdch polarimeter with a 1 cm
cell (c given in g/100 mL). NMR spectra were recorded at room temperature on 300,
400, 500 MHz Bruker DPX 400 NMR spectrometers. The residual solvent signals
were taken as the reference (7.26 ppm for *H NMR spectra and 77.0 ppm for *C
NMR spectra in CDCI3). Chemical shift (o) is reported in ppm, coupling constants (J)
are given in Hz. The following abbreviations classify the multiplicity: s = singlet, d =
doublet, t = triplet, m = multiplet or unresolved. HRMS (ESI) spectra were recorded

on a Waters Q-Tof premier ™ mass spectrometer.
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Preparation of glycosyl acceptors (3.1a-f):

TBDPSO © | BnO © | MeO © |
o) o) )

o/>/o o/>/o o%O
3.1a 3.1b 3¢
Acoﬁ TBso/j;OJ @
o) o) oY
o}/O O%O o>ro
3.1d 3.1e 3.4f

1,5-Anhydro-2-deoxy-6-O-[(1,1-dimethylethyl)diphenylsilyl]-D-arabino-hex-1-

enitol cyclic 3,4-carbonate (3.1a)

Glycosyl acceptor 3.1a was prepared according to literature procedures.*

1,5-Anhydro-2-deoxy-6-O-(phenylmethyl)-D-arabino-hex-1-enitol  cyclic  3,4-

carbonate (3.1b)

Glycosyl acceptor 3.1b was prepared according to literature procedures.®

1,5-Anhydro-2-deoxy-6-O-(methyl)-D-arabino-hex-1-enitol cyclic 3,4-carbonate

(3.1¢)

To galactal cyclic carbonate (86.0 mg, 0.50 mmol, 1 equiv.) in DMF (0.8 mL) cooled
to 0 °C, Mel (0.10 mL, 1.50 mmol, 3 equiv.) was added. After stirring for 5 min, NaH
(22 mg, 0.55 mmol, 1.1 equiv.) was added. The resultant solution was stirred for 1h,
after which chloroform was added, treated with sodium chloride solution and stir for
5min. 3.1c was achieved (51.0 mg, 55%) as colorless oil after flash chromatography

on silica (1:1, n-Hexane/EtOAc). [o]p®* = -25.2 (¢ = 0.30, CHCI3); *H NMR (500
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MHz, CDCls): 6 6.68 (d, J = 6.2 Hz, 1H), 5.17 (dd, J = 7.7, 3.2 Hz, 1H), 4.98 — 4.92
(m, 1H), 4.89 (d, J = 7.7 Hz, 1H), 4.05 (td, J = 6.6, 1.5 Hz, 1H), 3.76 — 3.63 (m, 2H),
3.42 (s, 3H); °C NMR (100 MHz, CDCls): 6 153.94, 149.18, 98.02, 73.13, 72.39,

70.45, 68.77, 59.47; HRMS (ESI) calcd. for [CgH1;05]" 187.0606; found 187.0609.

1,5-Anhydro-2-deoxy-6-O-(acetyl)-D-arabino-hex-1-enitol cyclic 3,4-carbonate

(3.1d)

To galactal cyclic carbonate (172 mg, 1.0 mmol, 1.2 equiv.) in pyridine (2.0 mL)
cooled to 0 °C, Ac,O (0.08 mL, 0.80 mmol, 1 equiv.) and DMAP (5.74 mg, 0.05
mmol, 0.06 equiv.) was added. After stirring for 1 h at rt, the solvent was removed by
co-evaporating with toluene twice. 3.1d was achieved (92.0 mg, 43%) as colorless oil
after flash chromatography on silica (2:1, n-Hexane/EtOAc). [a]p? = -17.3 (c = 0.29,
CHCI5); *H NMR (500 MHz, CDCls): 6 6.68 (d, J = 6.2 Hz, 1H), 5.19 (dd, J = 7.7,
3.3 Hz, 1H), 4.97 (ddd, J = 6.2, 3.2, 1.2 Hz, 1H), 4.89 (d, J = 7.8 Hz, 1H), 4.39 (ddd,
J =118, 7.3, 1.3 Hz, 1H), 4.33 (ddd, J = 11.8, 5.3, 1.5 Hz, 1H), 4.12 (ddd, J = 7.1,
5.3, 1.5 Hz, 1H), 2.09 (s, 3H); *C NMR (125 MHz, CDCls): § 170.34, 153.68,
148.92, 98.11, 72.98, 71.42, 68.70, 62.27, 20.56; HRMS (ESI) calcd. for [CoH1,06]"

215.0556; found 215.0558.

1,5-Anhydro-2-deoxy-6-O-[(1,1-dimethylethyl)dimethylsilyl]-D-arabino-hex-1-

enitol cyclic 3,4-carbonate (3.1e)

Glycosyl acceptor 3.1e was prepared according to literature procedures.®

1,5-Anhydro-2,6-dideoxy-L-arabino-hex-1-enitol 3,4-carbonate (3.1f)
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Glycosyl acceptor 3.1h was prepared according to literature procedures.®*

Preparation of C-aryl glycosides (3.3a-j):

HO = T/ HO % T/ HO % '\II e

3.3a 3.3b 3.3¢ mixture
0 O w O
HO” N ITI/ HO” I\II/ HOY N ITI/

3.3d mixture 3.3e

3.3f
\ O AN
TBDPSOA/EOJ"‘ \©\ TBDPSO/IJ“ \©\
HO Z [\D HO Z N
(o
3

3.3g 3h
\ O W\
TBDPSO/j/\Oj‘“\O\ /@ TBDPSOw- \©
HO” N HO” N
I
3.3i 3.3j

4-Methyl-(2,3-dideoxy-4-hydroxyl-6-O-(tert-butyldiphenylsilyl)-a-D-arabino-hex-

2-enopyranosyl) N,N-dimethylaniline (3.3a)

A solution of cyclic carbonate 3.1a (20.5 mg, 0.05 mmol, 1 equiv.) in DMF (1.0 mL),
was degassed and refilled with Ar. To a vial containing aniline 3.2a (9.0 mg, 0.05
mmol, 1 equiv.), [Ir(dtbbpy)(ppy).]PFs (0.46 mg, 0.00005 mmol, 0.01 equiv.)
Pd(PPh3)4 (2.89 mg, 0.00025 mmol, 0.05 equiv.), XPhos (11.9 mg, 0.025 mmol, 0.5
equiv.), the cyclic carbonate solution was added in dropwise under Ar. This solution
was allowed to stir overnight, under blue LED irradation at room temperature. Water
(5.0 mL) was added and the product was extracted with ethyl acetate (5.0 mL X 3).

The combined organic layers were washed with brine, dried over anhydrous Na,SQO,
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and concentrated. 3.3a was obtained (20.8 mg, 83%) as colorless oil after flash
chromatography on silica (2:1, n-Hexane/EtOAc). [a]p?? = -28.2 (¢ = 0.2, CHCl3); *H
NMR (400 MHz, CDCl3):  7.72 — 7.70 (m, 4H), 7.45 — 7.36 (m, 6H), 7.00 (d, J = 8.6
Hz, 2H), 6.62 (d, J = 8.6 Hz, 2H), 6.06 (ddd, J = 10.2, 5.5, 2.0 Hz, 1H), 5.87 (dd, J =
10.2, 3.1 Hz, 1H), 4.35 — 4.28 (m, 1H), 4.04 — 3.98 (m, 1H), 3.95 — 3.87 (m, 2H), 3.81
(dd, J = 8.2, 3.9 Hz, 1H), 2.89 (s, 6H), 2.88 — 2.77 (m, 1H), 2.64 (dd, J = 13.7, 6.7 Hz,
1H), 1.83 (d, J = 8.9 Hz, 1H), 1.08 (s, 9H); *C NMR (100 MHz, CDCls): 6 149.28,
135.64, 133.03, 129.89, 129.83, 129.70, 129.49, 127.70, 126.20, 112.90, 74.85, 71.86,
63.44, 62.16, 40.78, 37.09, 29.69, 26.89; HRMS (ESI) calcd. for [CgH110s]

502.2777; found 502.2770.

4-Methyl-(2,3-dideoxy-4-hydroxyl-6-O-(phenylmethyl)-a-D-arabino-hex-2-

enopyranosyl) N,N-dimethylaniline (3.3b)

A solution of cyclic carbonate 3.1b (13.1 mg, 0.05 mmol, 1 equiv.) in DMF (1.0 mL),
was degassed and refilled with Ar. To a vial containing aniline 3.2a (9.0 mg, 0.05
mmol, 1 equiv.), [Ir(dtbbpy)(ppy)2]PFs (0.46 mg, 0.00005 mmol, 0.01 equiv.)
Pd(PPh3)4 (2.89 mg, 0.00025 mmol, 0.05 equiv.), XPhos (11.9 mg, 0.025 mmol, 0.5
equiv.), the cyclic carbonate solution was added in dropwise under Ar. This solution
was allowed to stir overnight, under blue LED irradation at room temperature. Water
(5.0 mL) was added and the product was extracted with ethyl acetate (5.0 mL X 3).
The combined organic layers were washed with brine, dried over anhydrous Na,SO,
and concentrated. 3.3b was obtained (11.1 mg, 63%) as colorless oil after flash
chromatography on silica (2:1, n-Hexane/EtOAc). [a]p?? = -41.6 (¢ = 1.0, CHCIl3); *H

NMR (400 MHz, CDCly): 6 7.51 — 7.25 (m, 5H), 7.09 (d, J = 8.5 Hz, 2H), 6.64 (d, J =
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8.6 Hz, 2H), 6.04 (ddd, J = 10.2, 5.5, 2.0 Hz, 1H), 5.90 (dd, J = 10.2, 3.1 Hz, 1H),
459 (d, J = 4.6 Hz, 2H), 4.40 — 4.36 (m, 1H), 4.10 — 4.03 (m, 1H), 3.94 — 3.88 (m,
1H), 3.82 — 3.66 (m, 2H), 2.96 — 2.90 (m, 1H), 2.90 (s, 6H), 2.69 (dd, J = 13.7, 6.6
Hz, 1H); *C NMR (75 MHz, CDCls): § 148.88, 138.27, 133.07, 129.99, 128.40,
128.35, 127.72, 127.59, 126.18, 113.06, 77.20, 74.87, 73.61, 70.82, 70.26, 62.69,

37.64; HRMS (ESI) calcd. for [C2H2sNO3]" 354.2069; found 354.2062.

4-Methyl-(2,3-dideoxy-4-hydroxyl-6-O-(methyl)-a/f-D-arabino-hex-2-

enopyranosyl) N,N-dimethylaniline (3.3c)

A solution of cyclic carbonate 3.1c (9.30 mg, 0.05 mmol, 1 equiv.) in DMF (1.0 mL),
was degassed and refilled with Ar. To a vial containing aniline 3.2a (9.0 mg, 0.05
mmol, 1 equiv.), [Ir(dtbbpy)(ppy)2]PFs (0.46 mg, 0.00005 mmol, 0.01 equiv.)
Pd(PPh3)4 (2.89 mg, 0.00025 mmol, 0.05 equiv.), XPhos (11.9 mg, 0.025 mmol, 0.5
equiv.), the cyclic carbonate solution was added in dropwise under Ar. This solution
was allowed to stir overnight, under blue LED irradation at room temperature. Water
(5.0 mL) was added and the product was extracted with ethyl acetate (5.0 mL X 3).
The combined organic layers were washed with brine, dried over anhydrous Na,;SO4
and concentrated. 3.3c was obtained (9.9 mg, 71%, a:f = 3:1) as colorless oil after

flash chromatography on silica (2:1, n-Hexane/EtOAC).

a-anomer (7.4 mg, 53%): [a]p? = -36.2 (c = 0.21, CHCls); 'H NMR (400 MHz,
CDCls): 6 7.08 (d, J = 8.6 Hz, 2H), 6.69 (d, J = 8.6 Hz, 2H), 6.03 (ddd, J = 10.3, 5.5,
2.0 Hz, 1H), 5.88 (dd, J = 10.2, 3.2 Hz, 1H), 4.41 — 4.36 (m, 1H), 4.04 — 3.97 (m, 1H),

3.92 — 3.87 (m, 1H), 3.71 — 3.57 (m, 2H), 3.43 (s, 3H), 2.98 — 2.92 (m, 1H), 2.92 (s,
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6H), 2.85 — 2.68 (m, 1H), 1.89 (d, J = 8.5 Hz, 1H); *C NMR (100 MHz, CDCls): &
149.43, 129.92, 128.43, 126.07, 125.71, 112.92, 74.89, 72.64, 70.61, 62.73, 59.42,

40.80, 37.95; HRMS (ESI) calcd. for [C16H23NOsNa]* 300.1576; found 300.1570.

p-anomer (2.5 mg, 18%): [o]o? = -2.5 (c = 0.89, CHCl3); *H NMR (400 MHz,
CDCls): 6 7.10 (d, J = 8.5 Hz, 2H), 6.68 (d, J = 8.4 Hz, 2H), 5.96 (ddd, J = 10.2, 5.6,
2.1 Hz, 1H), 5.83 (dd, J = 10.1, 1.4 Hz, 1H), 4.39 — 4.34 (m, 1H), 3.83 — 3.76 (m, 1H),
3.76 — 3.67 (m, 1H), 3.67 — 3.55 (m, 2H), 3.43 (s, 3H), 2.91 (s, 9H), 2.99 — 2.93 (m,
1H), 2.75 (dd, J = 13.6, 7.6 Hz, 1H), 1.36 (d, J = 10.4 Hz, 1H); **C NMR (100 MHz,
CDCl3): 6 149.42, 133.35, 130.44, 126.83, 124.84, 112.56, 76.55, 76.02, 73.04, 63.04,

59.45, 40.71, 40.19; HRMS (ESI) calcd. for [C16H24NOs]" 278.1756; found 278.1755.

4-Methyl-(2,3-dideoxy-4-hydroxyl-6-O-(acetyl)-a/p-D-arabino-hex-2-

enopyranosyl) N,N-dimethylaniline (3.3d)

A solution of cyclic carbonate 3.1d (10.7 mg, 0.05 mmol, 1 equiv.) in DMF (1.0 mL),
was degassed and refilled with Ar. To a vial containing aniline 3.2a (9.0 mg, 0.05
mmol, 1 equiv.), [Ir(dtbbpy)(ppy)2]PFs (0.46 mg, 0.00005 mmol, 0.01 equiv.)
Pd(PPh3)4 (2.89 mg, 0.00025 mmol, 0.05 equiv.), XPhos (11.9 mg, 0.025 mmol, 0.5
equiv.), the cyclic carbonate solution was added in dropwise under Ar. This solution
was allowed to stir overnight, under blue LED irradation at room temperature. Water
(5.0 mL) was added and the product was extracted with ethyl acetate (5.0 mL X 3).
The combined organic layers were washed with brine, dried over anhydrous Na,SO,
and concentrated. 3.3d was obtained (6.1 mg, 40%, «:f = 1.5:1) as colorless oil after

flash chromatography on silica (2:1, n-Hexane/EtOAC).
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a-anomer (3.7mg , 24%): [a]p?® = -29.4 (c = 0.19, CHCI3); *H NMR (400 MHz,
CDCls): 6 7.09 (d, J = 8.6 Hz, 2H), 6.69 (d, J = 8.6 Hz, 2H), 6.05 (ddd, J = 10.3, 5.5,
2.0 Hz, 1H), 5.93 (dd, J = 10.2, 3.2 Hz, 1H), 4.45 — 4.39 (m, 2H), 4.36 (dd, J = 11.7,
4.9 Hz, 1H), 4.25 (dd, J = 11.6, 7.4 Hz, 1H), 4.08 —4.00 (m, 1H), 3.88 — 3.83 (m, 1H),
2.92 (s, 6H), 2.70 (dd, J = 13.8, 6.4 Hz, 1H), 2.11 (s, 3H); *C NMR (100 MHz,
CDCls): 6 171.05, 149.46, 133.33, 129.86, 125.87, 125.61, 112.88, 74.88, 69.84,
64.16, 62.23, 40.78, 37.50, 20.98; HRMS (ESI) calcd. for [C17H2sNO4Na]* 328.1525;

found 328.15109.

p-anomer (2.4 mg, 16%): [a]p?? = -35.9 (c = 0.14, CHCl3); 'H NMR (400 MHz,
CDCl3): 6 7.10 (d, J = 8.4 Hz, 2H), 6.68 (d, J = 8.4 Hz, 2H), 5.97 (ddd, J = 10.1, 6.0,
2.2 Hz, 1H), 5.84 (dd, J = 10.3, 1.3 Hz, 1H), 4.37 —4.21 (m, 3H), 3.83 — 3.75 (m, 1H),
3.75-3.70 (m, 1H), 3.00 — 2.84 (m, 7H), 2.76 (dd, J = 13.7, 6.9 Hz, 1H), 2.10 (s, 3H);
3C NMR (75 MHz, CDCls): ¢ 167.38, 147.90, 133.52, 130.41, 126.70, 124.77,
112.52, 75.34, 72.42, 67.91, 64.12, 40.69, 40.13, 20.96; HRMS (ESI) calcd. for

[C17H2sNO4Na]* 328.1525; found 328.1520.

4-Methyl-(2,3-dideoxy-4-hydroxyl-6-O-(tert-butyldiphenylsilyl)-a-D-arabino-hex-

2-enopyranosyl) N,N-dimethylaniline (3.3¢)

A solution of cyclic carbonate 3.1e (14.3 mg, 0.05 mmol, 1 equiv.) in DMF (1.0 mL),
was degassed and refilled with Ar. To a vial containing aniline 3.2a (9.0 mg, 0.05
mmol, 1 equiv.), [Ir(dtbbpy)(ppy).]PFs (0.46 mg, 0.00005 mmol, 0.01 equiv.)
Pd(PPhs), (2.89 mg, 0.00025 mmol, 0.05 equiv.), XPhos (11.9 mg, 0.025 mmol, 0.5
equiv.), the cyclic carbonate solution was added in dropwise under Ar. This solution

was allowed to stir overnight, under blue LED irradation at room temperature. Water
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(5.0 mL) was added and the product was extracted with ethyl acetate (5.0 mL X 3).
The combined organic layers were washed with brine, dried over anhydrous Na;SO4
and concentrated. 3.3e was obtained (16.0 mg, 85%) as colorless oil after flash
chromatography on silica (2:1, n-Hexane/EtOAc). [a]p” = 22.3 (¢ = 0.31, CHCl5); *H
NMR (400 MHz, CDCls): 6 7.09 (d, J = 8.4 Hz, 2H), 6.70 (d, J = 8.5 Hz, 2H), 6.10 —
6.01 (m, 1H), 5.88 (dd, J = 10.2, 3.2 Hz, 1H), 4.39 — 4.32 (m, 1H), 3.98 — 3.93 (m,
1H), 3.92 — 3.73 (m, 3H), 2.95 — 2.87 (m, 7H), 2.72 (q, J = 7.6, 6.8 Hz, 1H), 0.92 (s,
9H); 3C NMR (100 MHz, CDCls): § 149.38, 132.91, 129.87, 126.27, 125.99, 112.94,
74.79, 71.96, 62.86, 62.21, 40.82, 37.84, 25.92, -5.33; HRMS (ESI) calcd. for

[C21H3sNO3Si]* 378.2464; found 378.2470.

4-Methyl-(2,3,6-dideoxy-4-hydroxyl-a-L-arabino-hex-2-enopyranosyl) N,N-

dimethylaniline (3.3f)

A solution of cyclic carbonate 3.1f (20.5 mg, 0.05 mmol, 1 equiv.) in DMF (1.0 mL),
was degassed and refilled with Ar. To a vial containing aniline 3.2a (9.0 mg, 0.05
mmol, 1 equiv.), [Ir(dtbbpy)(ppy).]PFs (0.46 mg, 0.00005 mmol, 0.01 equiv.)
Pd(PPh3)4 (2.89 mg, 0.00025 mmol, 0.05 equiv.), XPhos (11.9 mg, 0.025 mmol, 0.5
equiv.), the cyclic carbonate solution was added in dropwise under Ar. This solution
was allowed to stir overnight, under blue LED irradation at room temperature. Water
(5.0 mL) was added and the product was extracted with ethyl acetate (5.0 mL X 3).
The combined organic layers were washed with brine, dried over anhydrous Na,SO,
and concentrated. 3.3f was obtained (5.7 mg, 46%) as colorless oil after flash
chromatography on silica (2:1, n-Hexane/EtOAc). [o]p? = -10.0 (c = 0.49, CHCIs);

'H NMR (400 MHz, CDCls): 9 7.10 (d, J = 8.4 Hz, 2H), 6.70 (d, J = 8.4 Hz, 2H), 6.01
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—5.97 (m, 1H), 5.83 — 5.80 (M, 1H), 4.64 — 4.61 (m, 1H), 4.31 — 4.28 (m, 1H), 3.98 —
3.88 (m, 1H), 2.95 — 2.86 (m, 7H), 2.75 — 2.67 (m, 1H), 0.95 (d, J = 6.7 Hz, 3H); **C
NMR (100 MHz, CDCls): § 147.67, 133.06, 130.38, 127.63, 120.22, 112.59, 76.18,
73.35, 65.02, 40.73, 40.45, 16.90; HRMS (ESI) calcd. for [CisHzNO,]* 248.1651;

found 248.1646.

1-[4-Methyl-(2,3-dideoxy-4-hydroxyl-6-O-(tert-butyldiphenylsilyl)-a-D-arabino-

hex-2-enopyranosyl)] phenyl pyrrolidine (3.3g)

A solution of cyclic carbonate 3.1a (20.5 mg, 0.05 mmol, 1 equiv.) in DMF (1.0 mL),
was degassed and refilled with Ar. To a vial containing aniline 3.2b (10.3 mg, 0.05
mmol, 1 equiv.), [Ir(dtbbpy)(ppy)2]PFs (0.46 mg, 0.00005 mmol, 0.01 equiv.)
Pd(PPh3)4 (2.89 mg, 0.00025 mmol, 0.05 equiv.), XPhos (11.9 mg, 0.025 mmol, 0.5
equiv.), the cyclic carbonate solution was added in dropwise under Ar. This solution
was allowed to stir overnight, under blue LED irradation at room temperature. Water
(5.0 mL) was added and the product was extracted with ethyl acetate (5.0 mL X 3).
The combined organic layers were washed with brine, dried over anhydrous Na,;SO4
and concentrated. 3.3g was obtained (15.6 mg, 59%) as colorless oil after flash
chromatography on silica (2:1, n-Hexane/EtOAc). [o]p? = -31.6 (¢ = 0.45, CHCl5);
'H NMR (400 MHz, CDCls): § 7.73 — 7.67 (m, 4H), 7.44 — 7.37 (m, 6H), 6.98 (d, J =
8.4 Hz, 2H), 6.47 — 6.40 (m, 2H), 6.05 (ddd, J = 10.2, 5.5, 2.0 Hz, 1H), 5.87 (dd, J =
10.2, 3.1 Hz, 1H), 4.33 — 4.28 (m, 1H), 4.02 — 3.96 (m, 1H), 3.96 — 3.85 (M, 2H), 3.85
—3.78 (m, 1H), 3.23 (t, J = 8.1 Hz, 4H), 2.82 (dd, J = 13.6, 7.6 Hz, 1H), 2.64 (dd, J =
13.6, 7.0 Hz, 1H), 1.98 (t, J = 8.1 Hz, 4H), 1.83 (d, J = 9.0 Hz, 1H), 1.08 (s, 9H); *C

NMR (75 MHz, CDCls): ¢ 146.65, 135.61, 133.09, 129.90, 129.74, 129.68, 129.62,
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127.69, 126.14, 111.68, 74.95, 71.88, 63.48, 62.17, 47.65, 37.85, 31.57, 26.90, 25.43;

HRMS (ESI) calcd. for [C33H4NO3Si]" 528.2934; found 528.2939.

1-[4-Methyl-(2,3-dideoxy-4-hydroxyl-6-O-(tert-butyldiphenylsilyl)-a-D-arabino-

hex-2-enopyranosyl)] phenyl morpholine (3.3h)

A solution of cyclic carbonate 3.1a (20.5 mg, 0.05 mmol, 1 equiv.) in DMF (1.0 mL),
was degassed and refilled with Ar. To a vial containing aniline 3.2c (11.1 mg, 0.05
mmol, 1 equiv.), [Ir(dtbbpy)(ppy)2]PFs (0.46 mg, 0.00005 mmol, 0.01 equiv.)
Pd(PPh3)4 (2.89 mg, 0.00025 mmol, 0.05 equiv.), XPhos (11.9 mg, 0.025 mmol, 0.5
equiv.), the cyclic carbonate solution was added in dropwise under Ar. This solution
was allowed to stir overnight, under blue LED irradation at room temperature. Water
(5.0 mL) was added and the product was extracted with ethyl acetate (5.0 mL X 3).
The combined organic layers were washed with brine, dried over anhydrous Na,;SO4
and concentrated. 3.3h was obtained (17.4 mg, 64%) as colorless oil after flash
chromatography on silica (2:1, n-Hexane/EtOAc). [a]p?? = -16.8 (¢ = 1.1, CHCl3); *H
NMR (400 MHz, CDCl3): 6 7.77 — 7.69 (m, 4H), 7.47 — 7.38 (m, 6H), 7.06 (d, J = 8.5
Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 6.09 (ddd, J = 10.2, 5.6, 2.0 Hz, 1H), 5.89 (dd, J =
10.2, 3.2 Hz, 1H), 4.40 — 4.30 (m, 2H), 4.08 — 3.89 (m, 2H), 3.89 —3.84 (m, 4H), 3.10
(dd, J = 5.7, 3.9 Hz, 4H), 2.93 — 2.81 (m, 1H), 2.67 (dd, J = 13.7, 6.2 Hz, 1H), 1.84
(d, J = 9.0 Hz, 1H), 1.10 (s, 9H); *C NMR (125 MHz, CDCls): § 149.77, 135.59,
132.84, 129.94, 129.71, 129.57, 127.78, 127.69, 126.39, 115.83, 74.67, 71.89, 66.92,
63.50, 62.16, 49.55, 37.61, 29.68, 26.84; HRMS (ESI) calcd. for [CasHaiNO3SiNa]*

566.2703; found 566.2710.
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4-Methyl-(2,3-dideoxy-4-hydroxyl-6-O-(tert-butyldiphenylsilyl)-a-D-arabino-hex-

2-enopyranosyl)] N-methyl-N-phenylaniline (3.3i)

A solution of cyclic carbonate 3.1a (20.5 mg, 0.05 mmol, 1 equiv.) in DMF (1.0 mL),
was degassed and refilled with Ar. To a vial containing aniline 3.2d (12.1 mg, 0.05
mmol, 1 equiv.), [Ir(dtbbpy)(ppy).]PFs (0.46 mg, 0.00005 mmol, 0.01 equiv.)
Pd(PPh3)4 (2.89 mg, 0.00025 mmol, 0.05 equiv.), XPhos (11.9 mg, 0.025 mmol, 0.5
equiv.), the cyclic carbonate solution was added in dropwise under Ar. This solution
was allowed to stir overnight, under blue LED irradation at room temperature. Water
(5.0 mL) was added and the product was extracted with ethyl acetate (5.0 mL X 3).
The combined organic layers were washed with brine, dried over anhydrous Na;SO4
and concentrated. 3.3i was obtained (20.0 mg, 71%) as colorless oil after flash
chromatography on silica (2:1, n-Hexane/EtOAc). [o]p? = -53.3 (¢ = 0.08, CHCl5);
'H NMR (400 MHz, CDCls): 6 7.71 — 7.68 (m, 4H), 7.42 — 7.35 (m, 6H), 7.24 — 7.22
(m, 3H), 7.05 — 7.05 (m, 2H), 6.96 — 6.87 (m, 4H), 6.08 (ddd, J = 10.1, 5.6, 2.1 Hz,
1H), 5.90 (dd, J = 10.2, 3.2 Hz, 1H), 4.39 — 4.34 (m, 1H), 4.05 — 3.98 (m, 1H), 3.97 —
3.84 (m, 2H), 3.81 (dd, J = 8.2, 3.9 Hz, 1H), 3.25 (s, 3H), 2.87 (dd, J = 13.6, 8.4 Hz,
1H), 2.66 (dd, J = 13.8, 6.0 Hz, 1H), 1.82 (d, J = 9.0 Hz, 1H), 1.08 (s, 9H); *C NMR
(75 MHz, CDCl3): 6 149.09, 147.37, 135.64, 135.59, 132.85, 131.30, 130.01, 129.73,
129.07, 127.71, 126.48, 121.15, 120.65, 119.58, 74.64, 71.95, 63.51, 62.19, 40.21,
37.79, 29.69, 26.91; HRMS (ESI) calcd. for [CasHaNO3NaSi]" 586.2753; found

586.2760.

1-[4-Methyl-(2,3-dideoxy-4-hydroxyl-6-O-(tert-butyldiphenylsilyl)-a-D-arabino-

hex-2-enopyranosyl)] phenyl indoline (3.3j)
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A solution of cyclic carbonate 3.1a (20.5 mg, 0.05 mmol, 1 equiv.) in DMF (1.0 mL),
was degassed and refilled with Ar. To a vial containing aniline 3.2e (12.7 mg, 0.05
mmol, 1 equiv.), [Ir(dtbbpy)(ppy).]PFs (0.46 mg, 0.00005 mmol, 0.01 equiv.)
Pd(PPh3)s (2.89 mg, 0.00025 mmol, 0.05 equiv.), XPhos (11.9 mg, 0.025 mmol, 0.5
equiv.), the cyclic carbonate solution was added in dropwise under Ar. This solution
was allowed to stir overnight, under blue LED irradation at room temperature. Water
(5.0 mL) was added and the product was extracted with ethyl acetate (5.0 mL X 3).
The combined organic layers were washed with brine, dried over anhydrous Na;SO4
and concentrated. 3.3] was obtained (12.9 mg, 45%) as colorless oil after flash
chromatography on silica (2:1, n-Hexane/EtOAc). [o]p? = -61.7 (c = 0.26, CHCl5);
'H NMR (400 MHz, CDCls): 6 7.75 — 7.67 (m, 4H), 7.45 — 7.35 (m, 6H), 7.16 — 7.03
(m, 7H), 6.74 — 6.70 (m, 1H), 6.09 (ddd, J = 10.1, 5.5, 2.1 Hz, 1H), 5.91 (dd, J = 10.2,
3.1 Hz, 1H), 4.40 — 4.36 (m, 1H), 4.03 — 3.99 (m, 1H), 3.93 (t, J = 8.4 Hz, 2H), 3.89 —
3.85 (m, 1H), 3.84 — 3.80 (m, 1H), 3.10 (t, J = 8.4 Hz, 2H), 2.88 (dd, J = 13.8, 8.4 Hz,
1H), 2.68 (dd, J = 13.8, 6.0 Hz, 1H), 1.83 (d, J = 9.0 Hz, 1H), 1.09 (s, 9H); *C NMR
(100 MHz, CDClg): 6 149.06, 147.35, 135.63, 135.58, 133.50, 132.86, 131.29,
130.01, 129.73, 129.07, 126.46, 121.15, 120.63, 119.55, 74.64, 71.92, 63.49, 62.18,
40.21, 37.76, 29.69, 26.89, 26.75; HRMS (ESI) calcd. for [C37H4103NaSi]* 598.2753;

found 598.2741.
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Chapter 4:

Synthesis of Indolizines: Intramolecular C-N Bond

Formation under Metal-Free Conditions

**This chapter has been published in "Intramolecular C-N Bond Formation under
Metal-Free Conditions: Synthesis of Indolizines”, Chem. Asian J., 2015, 10, 853-
856." Reproduced with permission from ref 1. Copyright 2015 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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4.1 Introduction

4.1.1 N-Containing Heterocycles in Nature

As part of our long-standing interest in medicinal chemistry as well as allylic
systems, we decided to extend our study of allylic chemistry to non-sugar system for

pharmaceutical applications.

Most of the top marketed drugs contain N-containing heterocycles.” Besides their
biological and pharmaceutical activities, they are also found in agrochemicals, making
them desirable compounds and driving interest in their synthetic developments. Of the
N-heterocycles, one core structure is the indolizine structure, which is a 10z electron,
conjugated system. This core structure exists in some natural products with fused

rings and the reduced derivatives could be found in nature too (Figure 4.1).2

MeO OH
amoamine A cycloshermilamine D homofascaplysin B lamellarin D

Figure 4.1 Indolizine-bearing natural products

Being bioisosteres of indoles, they exhibit numerous bioactivities, for example
antibacterial, anticancer, anti-cholinergic, anti-fungal, anti-histaminic, anti-
inflammatory, anti-tubercular, cytotoxic, CNS depressant and herbicidal activities, as

well as acting as aromatase and phosphodiesterase inhibitors (Figure 4.2).%*
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CN
NMe, OAc HO, Ph
7 = OHC._~ NG
SN / // Ph 2 = Ph
2 - SN
<N / Me 7 S 7
° o Ph Ph
anti-histaminic anti-inflammatory antioxidant anti-tubercular

Figure 4.2 Indolizine compounds and their bioactivities

The discovery of indolizines dates back to 1890 by an Italian chemist, Angeli.*’
Scholtz later reported the first synthesis, with the product reported to possess both
characteristics of pyrroles and indoles, while being a chemical and structural isomer
of indole and isoindole.’ This was validated by Diels and Alder through reduction and
subsequent reaction with cyanogen bromide.*’ The fused heterocycle is made up of an
electron-rich pyrrole and an electron-poor pyridine with a bridging C-N bond (Figure

4.3).°

©
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Figure 4.3: Structural numbering of atoms on indolizines
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4.1.2 Strategies to Obtain Indolizines

The first synthesis was carried out by Scholtz by heating 2-methylpyridine and
acetic anhydride at high temperatures to give 1,3-diacetylindolizine, which upon
hydrolysis yielded indolizine.> To date, strategies to obtain indolizines can be
generalised under four major categories: Tschitschibabin reaction, condensation, 1,3-
dipolar cycloaddition and 1,5-dipolar cycloaddition, all of which proceeding via
pyridine annulation.® There is also another less common but feasible method, which is

via pyrrole annulation.?

Tschitschibabin first discovered the named reaction and it has been later developed
as one of the most general synthetic method to synthesise indolizines.” He first formed
the quaternary pyridinium salts using a-halocarbonyl compounds, followed by
intramolecular Aldol-type condensation under basic conditions (Scheme 4.1). Base
might not be necessary depending on the properties of the pyridinium salt. This
method is efficient in preparing 2-substituted indolizines but the incorporation of

bulky substituents at C1 and C3 retards the reaction.

1
R1 X\HJ\R2 R R1
3 -H,0
N R | X O 2 = N= R2
| _N ~ _N /
N @ R2

R3 R3
Scheme 4.1 Tschitschibabin reaction

Borrows later applied the Tshitchibabin reaction using a-halodiketones and a-

haloketoesters to yield acyl and alkoxy carbonyl substituted indolizines.? Bragg and
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Wibberley then synthesised a series of indolizines and the formation of the quaternary

salt could be done in situ without isolation (Scheme 4.2).°

t

0}
Br O._OE
O.__OEt (0]
N OEt
X — | Jee
| /N® Br = // Ph
N ;\ N

Ph

0]

Scheme 4.2 Indolizine synthesis without isolation of quaternary salt intermediate

Diels later on used pyridine and acetylene dicarboxylate, which underwent
intermolecular condensation to obtain the substituted indolizines (Scheme 4.3a).1°
Interestingly, an investigation by Acheson and Robinson revealed that the pyridine
basicity was related to their reactivity towards acetylene dicarboxylate, whereby low
pK, (1.90) drove the indolizine formation. However, any further decrease in pK, value

led to no reaction while higher pK, (5.2), on the other hand, resulted in quinolizine

(Scheme 4.3b).*
a O
@ OMe
Etzo = - O
s N/
MeO OMe OOMe
>_<— A
— MeO
|‘\ o) 6] | _N Q OMe
_N @f\(
o)
0~ “OMe o)
OMe
o]
MeOH N
E—— N_/
X OMe
o)
MeO OMe
(b) N.R.
) pK,<1.45 o) Me

o]
OMe 0
~ P = R? = = X
= R'=CN | X R'=H OMe
N 7 OMe pK,=1.9 _N pK,=5.2 N~ O
0 oM
0 e

MeO MeO
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Scheme 4.3 Reaction of pyridine with acetylene: formation of pyridinium ylide and

subsequent condensation

Acheson then utilised pyridine N-oxide and acetylene dicarboxylate and the
intermediate condensed upon sublimation (Scheme 4.4).*? Further treatment with base
led to ester hydrolysis and decarboxylation, forming the 1-substituted indolizine. 2-
Pyridyllithium and 2-chloromethyloxirane was later applied by Melton and Wibberley
to furnish indoliziniumchloride intermediate, which gave the unsubstituted indolizine

after subjecting to treatment with base (Scheme 4.5).*2

200 °C
_0.05-0.5torr
/ N = /
sublnmahon N CaCO3 N /
OMe

Scheme 4.4 Reaction of pyridine N-oxide and acetylene dicarboxylate

0
L
|\ A m NaOH | PO
/N /g A N /

Scheme 4.5 Formation of unsubstituted indolizine

Apart from condensation, 1,3-dipolar cycloaddition is also a common method to
access the pyrrole ring.** This is achieved by applying pyridinium ylides to a variety
of dipolarophiles. The advantage of this method lies in its simplicity with only two
steps: addition and rearomatisation. The first application of this approach was
conducted by Boekelheide and Fahrenholtz using alkyne substrate, whereby a

subsequent dehydrogenation occurred in the presence of Pd/C to give the indolizine.™
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Other applications include using azomethine and dimethyl fumarate'® and
diphenylthiirene-S,S-dioxide.”® By utilising alkynes, or pyridinium salts with
carboxylate or ester functionalities, dehydrogenation catalyst was not required for
rearomatisation (Scheme 4.6)."> ¥ With the installation of nitro, halo or alkoxy
leaving group for alkenes substrates, elimination would occur in place of
dehydrogenation (Scheme 4.7)."® Without these leaving groups, an oxidant was
required for the rearomatisation, such as MnO,,* tetrakis(pyridine)cobalt(ll)

dichromate? and chloranil.?*

@ ) §

|~ | R3——R* 2 —

N.© R’ N o R! _RT="R _ 3

/(-DY - > Y <N y R
R2 R2 R2

Scheme 4.6 1,3-Dipolar cycloaddition using alkynes as dipolarophiles

2
o R
Xy X Br
| N rt * HE= NaOH a—
> R2 CH3CN, reflux <N /

Scheme 4.7 1,3-Dipolar cycloaddition and subsequent eliminations

Miller demonstrated the multicomponent synthesis by having a one-pot
Sonogashira coupling/1,3-dipolar cycloaddition through a ynone intermediate
(Scheme 4.8).2% In another example by Boruah, the isolation of ylide or usage of salt
is not necessary in the application of multicomponent synthesis.”® The ylide
intermediate was formed in situ by applying pyridine, alkyne and a-haloketone, which
then underwent the 1,3-dipolar cycloaddition under microwave conditions (Scheme

4.9).
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1) Pd(PPhs),Cly, Cul
NEts, THF, rt T

2)@ o s N7
/N\)J\RS S R3

Scheme 4.8 One-pot Sonogashira coupling/1,3-dipolar cycloaddition

3
R2 _ A
AN 0] Al,O - 2
DS SR -
_N R microwave
R3 conditions R’
o

Scheme 4.9 Multicomponent synthesis

During the investigation of this type of cycloaddition, it was found that N-
allylpyridinium ylide could act as 1,3-dipoles and 1,5-dipoles, yielding 1,3-dipolar
cycloaddition and 1,5-dipolar cycloaddition indolizine products (Scheme 4.10),

paving the road for further investigation into other types of cycloadditions.?*

CO,R? )
N = 1,3-dipolar COR? 4 5.dipolar COR
R Y/ cycloaddltlon cycloaddltlon = N=
K N
R3
CO,R?

Scheme 4.10 N-Allylpyridinium ylide reaction

The 1,5-cycloaddition approach was later adopted in the synthesis of
benzindolizines and azaindolizines (Scheme 4.11).°

RIS R NG
o N —
aN~ NO, N"® NO, piperidine
e

1 X 17 R-+—
R )Ii R NN NO,
o
O,N NO,

O,N NO;
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X
N9 HNCTZSHO ©® e HB N AT o N
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/@XQ@J\W /ggkw N \J
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Scheme 4.11 1,5-Cycloadditions

The retrosynthesis of indolizine ring could also be disconnected at the pyridine ring,
leaving the pyrrole ring intact. One way to form the pyridine ring is by
cycloisomerisation (Scheme 4.12).2° Typically, the substituted pyrrole undergoes a 6-

endo-dig cycloisomerisation.

N R
N InCl; or GaCls ~

N toluene, 80 °C NN
Scheme 4.12 Cycloisomerisation

Larock explored the addition of pyrrole to alkyne and subsequent intramolecular

arylation, proceeding via an alkenylpyrrole intermediate (Scheme 4.13).2%

Cul, KO'Bu, DMSO, 110 °C R

U :

o a0 Co %
2 N /
R _

OH R?

Scheme 4.13 Addition/intramolecular arylation

Zou reacted pyrrole with alkyne and bromoalkane to obtain the trisubstituted

indolizine ring in a multicomponent one-pot reaction (Scheme 4.14).%
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[e) R1 O
H O K,COs, DMF ,50°C  R'” NZF > =3R
¢ o e 7
R2

E

Scheme 4.14 Multicomponent one-pot reaction

Kim’s group investigated the Aldol condensation to obtain indolizine ring
(Scheme 4.15).?® They also further explored the cascade reaction, Knoevenagel

condensation and subsequent intramolecular aldol cyclisation (Scheme 4.16).%°

oTf

R1J\ o 1. NaH, THF, rt _
N 2. PhNTf, N//
A
\ / R

Scheme 4.15 Aldol condensation

=R
R1% o . P piperidinium acetate . N\//
N E” E EtOH, 120 °C R?
RE ) H .

Scheme 4.16 Knoevenagel condensation/intramolecular aldol cyclisation

In spite of these methodologies, an efficient and simpler method to synthesise
multisubstituted indolizines is still highly sought after. The generation of
multisubstituted indolizines would allow for in-depth studies of structural activity
relationship. Hence, more in-depth research into C-H bond activation for formation of

indolizines was conducted.
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4.2 Results and Discussion

4.2.1 Condition Optimisation

Founded on our previous understanding of allylic cations, we believe that a metal
catalyst is required to activate the Michael acceptor to drive the cyclisation. However,
contrary to our belief, a serendipitous discovery on that such metal activation was
unnecessary was made. When applying (E)-3-(4"-methylphenyl)-1-(pyrid-2’-yl)prop-
2-enone (4.1a) in the absence of metal catalyst, the desired product could be furnished.
In this reaction, acetic anhydride was utilised as our electrophilic reagent and

indolizine 4.3a was obtained in a high yield.

This result was very encouraging as the typical harsh reagents and metal catalysts
for C-H activation were not necessary, making this approach a green and economical
option. Toxicity from trace amounts of reagents could be avoided, hence making it a
suitable method for synthesising drug analogues. We then initiated our investigation
into this reaction by a careful examination of the reaction conditions (Table 4.1). It
appeared that reaction temperature had a significant impact on the reaction. At 80 °C,
there was low conversion of starting material 4.1a and only trace amount of the
product 4.3a was formed, even at prolonged reaction time of 24 h (entry 1). As we
increased the temperature to 110 °C, the yields also improved and the starting material
was consumed in 10 h (entries 2 and 3). However, when the temperature was
increased beyond 110 °C, the reaction efficiency decreased due to decomposition

(entry 4).
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Next, we screened a variety of solvents. When using polar solvents (entries 3 and
9-11), the yields increased. The highest efficiency was observed with 1, 2-
dichloroethane, in which the reaction went to completion and product 4.3a had an
isolated yield of 92% (entry 11). Other solvents, such as ethereal, acidic and non-polar

solvents, resulted in lower yields (entries 7, 8, 12 and13).

Table 4.1 Reaction optimisation®

A C A e oS

Ve \ 7
4.1a 4.2a 4.3a
Entry Solvent Temp. (°C) | Yield® (%)
1 CH3;CN 80 trace
2 CH3CN 100 56
3 CH3CN 110 93
4 CH3CN 120 89
5 CH,CI, 110 70
6 Hexane 110 30
7 THF 110 25
8 Toluene 110 75
9 CHCl3 110 95
10 DMF 110 90
11 Cl,CH,CH,Cl, 110 97(92)
12 1,4-dioxane 110 10
13 acetic acid 110 70
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% Unless otherwise specified, all reactions were carried out using substituted
pyridine 4.1a (0.5 mmol, 1 equiv.), acetic anhydride 4.2a (1.0 mL) in 5.0 mL of
solvent. ® 'H NMR vyields obtained using 1,3,5-trimethoxybenzene as reference;

isolated yield in parentheses.

To confirm that the additives such as metal catalysts are not necessary in the
reaction, we then screened the additives (Table 4.2). When transition metal, Lewis
acid or base was introduced, there was no improvement in the reaction and the yield
decreased instead (entries 1-6). Hence, the optimised reaction was fixed to be using

CH3CN as the solvent and heating at 110 °C.

Table 4.2 Screening reaction additives®

o Me
A 6 O dditives AcO A
| + 2
=N )LOJJ\ CI,CH,CH,Cl, b
110 °C N\ /
Me
4.1a 4.2a 4.3a
Entry Additives Yield® (%)
1 Pd(OAC); (5 mol %) 60
2 PdCl; (5 mol %) 68
3 FeCl; (10 mol %) 31
4 EtsN (1 equiv.) N.R.
5 TsOH (0.5 equiv.) 85
6 BF;-Et,O (0.5 equiv.) 32

% Unless otherwise specified, all reactions were carried out using substituted
pyridine 4.1a (0.5 mmol, 1 equiv.), acetic anhydride 4.2a (1.0 mL) in 5.0 mL of

CI,CH,CH.Cl,. ® *H NMR vyields using 1,3,5-trimethoxybenzene as reference.
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4.2.2 Substrate Scope

We proceeded to synthesise a variety of chalcones for the substrate screening using
Singh’s procedure.*® Aldol condensation was conducted by subjecting 2-
acetylpyridine to substituted aldehydes, under basic conditions, achieving the desired
chalcones (Scheme 4.17). Through reacting 2-pyridinecarboxaldehyde with the
corresponding Grignard reagents and subsequent oxidation by MnO,, a,f-unsaturated

compounds 4.1k and 4.1m could be obtained (Scheme 4.18).

o o
R cHo —KOH
- M YR MeOHMH,0 gefi_ Y T R
LN LN R
1a-1j, 11

1a R = 4-methylphenyl, R'=H, R" = H
1b R = phenyl, R'=H,R"=H

1¢ R = 4-bromophenyl, R'= H, R"
1d R = 2-trifluoromethylphenyl, R’
1e R = 1-naphthalenyl, R'= H, R"
1f R = 2-naphthalenyl, R' = H, R"
19 R = phenyl, R' = methyl, R" = H

1h R = naphthalen-1-yl, R' = methyl, R" = H
1i R =2-pyridinyl, R"'=H,R"=H

1j R=2-phenylvinyl, R'=H, R"=H

1l R = phenyl, R' = H, R" = 5-methyl

,R"=H

ITTITT

Scheme 4.17 Syntheses of chalcones using Singh’s method

? R MgBr
X | AN Z R Mn02 | X =~ "R'

_N R’ _N R ~-N R
1kR=H, R = Me
1mR=R'=Ph

Scheme 4.18 Grignard reaction and subsequent oxidation

The chalcones were subjected to the optimised reaction conditions to test the
functional group tolerance of the reaction (Table 4.3). The results showed that

electron-donating and electron-withdrawing substituents were tolerated on the phenyl
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ring (4.3a—f). However, electron-donating group on the phenyl ring resulted in higher
yields (4.3a) as compared to unsubstituted phenyl ring (4.3b). In contrast, the
efficiency of reaction was lowered in the presence of electron-withdrawing group
(4.3d). An advantage of this reaction is that halogen-containing aryl substrate could
be tolerated, which is advantageous as the bromoaryl substituted indolizine can later
serve as a precursor in Pd-catalysed cross-coupling reactions for further
functionalisations (4.3c). Chalcones with increased substituents can be synthesised in
excellent yields as well (4.3g—i). As this reaction did not require a transition metal
catalyst, reactions with chalcones bearing heteroatoms can proceed smoothly without
the concern of deactivating the catalyst by chelation (4.3j and 4.3m). Alkyl
substituted chalcones can also be applied successfully (4.3k and 4.3l), with the
notable example of 5-phenyl-1-(2-pyridinyl)-penta-2,4-diene-1-one having excellent
regioselectivity. Substituents on the pyridine ring did not have an adverse effect on

the reaction as well (4.39).

Other electrophilic reagents (such as trimethylacetic anhydride, isovaleric
anhydride and propionic anhydride) could also yield the corresponding indolizines
(4.3n—p). However, in the presence of other electrophilic reagents like iodomethane,
acetic chloride, 4-methylbenzenesulfonic anhydride, TMSOTT, benzoic anhydride and
triflic anhydride, the starting material decomposed or there was no observable

reaction.
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Table 4.3 Substrate scope of indolizines?

o) OCOR;
N Ry 6 0 Cl,CH,CH,Cl, N =
. * R)J\OJ\R 110 °C S N
Z R, 3 3
R
4.1a-m 4.2a-d 4.3a-q
OAc
PAc OAc OAc
= N = N=
X SN/ SN/
CF3
Br
4.3a 4.3b 4.3c 4.3d
92% 81% 73% 48%
OAc
OAc OAc OAc
= N= _
= — = - -
N/
N Y N Y N /
4.3e 4.3f 4.3g 4.3h
95% 95% 98% 98%
OA
PAC ¢ OAc OAc
= — = — OAc
= N e
. _N / . _N / / = — N /
N SN / X
7 N—
o D - /
= Ph
4.3i 4.3j 4.3k 4.3l 4.3m
99% 82% 75% 70% 72%
OCOCH,CH3 OPiv OCOCH,CH(CHs), OAc
= N = N =
/ / d -
N N 7 N / s _N_/
4.3n 4.30 4.3p 4.3q

95%

55%

60%

88%

% Isolated yields.
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4.2.3 Plausible Mechanism

The following reaction pathways are proposed to explain the formation of
indolizines (Scheme 4.19). There are three possible pathways: the first two proceeds
via the activation of chalcone through coordination of the electrophilic reagent to the
carbonyl group to generate z-allylic cationic intermediate 1. One of them would then
proceed via electrocyclisation to give intermediate V111 while the other proceeds by
nucleophilic attack of the pyridyl N, resulting in quaternary pyridinium intermediate
I1. Deprotonation is then driven by the regeneration of aromaticity to form indolizine
4.3b. The third proposed mechanism proceeds via Michael addition to form enolate
IV, the alkoxide ion then attacks the acetic anhydride and subsequent deprotonation
occurs to achieve 4.3b. However, based on the experimental results, Route 11 is likely
to be the preferred route. Firstly, in the absence of acetic anhydride, no product
formation was observed, indicating that acetic anhydride plays a crucial role in
driving the reaction forward, hinting that Routes | or Il are more probable.
Furthermore, 5-endo-trig ring closure in Route 111 is Baldwin disfavoured. It is likely
that the cationic species formed provides a driving force for the ring closure, making
it an exception for Baldwin’s rule. Another piece of supporting information is from
the screening of additives, in which the addition of Pd catalysts has led to slight
decrease in yields. In the case of Route I, the addition of Pd catalyst would not have
any effect on the electrocyclic reaction while for the case of Route II, the
coordination of Pd to N would retard the nucleophilic attack of pyridyl N to allylic
cation, hence leading to decrease in reaction efficiency. Hence, Route 11 is likely to

be the plausible mechanism based on the observed experimental results.
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Scheme 4.19 Proposed mechanisms for cyclisation reaction
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4.3 Conclusion

In summary, we have reported a metal-free method to achieve intramolecular C-N
bond formation via C-H bond activation and successfully applied it to synthesise
indolizines in moderate to excellent yields. This method offers the advantages of
being mild, green and simple to carry out, with easily accessible starting materials. In
addition, indolizines with substituents at different ring-positions, electron-
withdrawing and electron-donating can also be achieved, which would greatly aid the
structure-activity relationship studies of these bioactive compounds. This serves as
precedent for the synthesis of this group of biologically active compounds,
particularly when considering their manufacturing strategies in pharmaceutical
companies, eliminating the possibility of trace metal contents and making them safe

for consumption.
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4.4 Experimental Section

General: All reagents and solvents were obtained from commercial suppliers (Sigma-
Aldrich, Merck, Strem and Alfa Asear) and used without further purification unless
stated. Evaporation of organic solutions was achieved by rotary evaporation with a
water bath temperature below 40 °C. Product purification by flash column
chromatography was accomplished using silica gel 60 (0.010-0.063 mm).
Chromatograms were visualised by fluorescence quenching with UV light at 254 nm
or by staining using a basic solution of potassium permanganate. Technical grade
solvents were used for chromatography and were distilled prior to use. NMR spectra
were recorded at room temperature on 400 MHz Bruker DPX 400 NMR
spectrometers. The residual solvent signals were taken as the reference (7.26 ppm for
'H NMR spectra and 77.0 ppm for *C NMR spectra in CDCls). Chemical shift (5) is
reported in ppm, coupling constants (J) are given in Hz. The following abbreviations
classify the multiplicity: s = singlet, d = doublet, t = triplet, m = multiplet or
unresolved. HRMS (ESI) spectra were recorded on a Waters Q-Tof premier ™ mass

spectrometer.

Preparation of chalcones (4.1a-{):

Chalcones 4.1a-j were prepared in accordance with literature reported by Singh and

co-workers with minor modifications.*°
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4.1a R = 4-methylphenyl, R' = H

4.1b R = phenyl, R'=H

4.1¢ R = 4-bromophenyl, R' = H

4.1d R = 2-trifluoromethylphenyl, R' = H
4.1e R = 1-naphthalenyl, R' = H

4.1f R = 2-naphthalenyl, R'=H

4.1g R = phenyl, R' = methyl

4.1h R = naphthalen-1-yl, R' = methyl
4.1i R = 2-pyridinyl, R'=H

4.1j R = 2-phenylvinyl, R'=H

Potassium hydroxide (0.1 M solution, 0.7 mL, 0.7 mmol, 0.19 equiv.) was added to a
solution of 2-acetylpyridine (2-propionylpyridine) (3.65 mmol, 1 equiv.) and aldehyde
(7.3 mmol, 2 equiv.) in methanol (17 mL) at 0 °C. The reaction mixture was warmed
to room temperature and stirred at this temperature until completion of the reaction
(TLC). Methanol was evaporated and the residue was suspended in water (15 mL).
The mixture was extracted with CH,ClI, thrice. The organic phase was dried over
Na,SO;,, filtered and concentrated under reduced pressure. The product was isolated

by column chromatography.

General procedure to prepare chalcones (4.1k and 4.1m):
(0]
? MgBr OH
@H J WR MnO, WR
+ - —_—
N N _N
Z R Z 4.1k

Preparation of 3-substituted-1-(pyridin-2-yl)prop-2-en-1-ols:

To a flame-dried 50-mL round bottom flask was added 2-pyridinecarboxaldehyde
(0.19 mL, 2 mmol, 1 equiv.) to THF (10 mL). The solution was cooled to 0 °C and a
0.5 M 1-propenyl magnesium bromide or cis-1,2-diphenylvinyl magnesium bromide

solution in THF (5 mL, 2.5 mmol, 1.25 equiv.) was added via syringe. The reaction
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mixture was warmed to 25 °C over two hours. The reaction mixture was then diluted
in diethyl ether and quenched with saturated aqueous NH4CI. The organic layer was
washed twice with water (10 mL) and dried over magnesium sulfate. The solution was
filtered and concentrated by rotary evaporation to afford the desired product as clear

oil which is directly applied to the next step.
1-(2-Pyridinyl)-2-buten-1-one (4.1k)

MnO, (869.4 mg, 10 mmol, 5 equiv.) was added into the flask charged with 1-(2-
pyridinyl)-2-buten-1-ol (298.2 mg, 2 mmol, 1 equiv.) and dichloromethane (20 mL).
The mixture was stirred at room temperature overnight and filtered. After evaporation
of the solvents, chalcone 4.1k was obtained (120.6 mg, 82%) after purification by
silica gel chromatography (5:1, n-hexane/EtOAc), mixture of E/Z = 6:1. 'H NMR
(400 MHz, CDCly): ¢ 8.66 — 8.64 (m, 1H, both isomers), 8.08 — 8.06 (m, 1H, both
isomers), 7.89 — 7.78 (m, 1H, both isomers), 7.59 — 7.51 (m, 1H, both isomers), 7.44 —
7.41 (m, 1H, both isomers), 7.25 — 7.16 (m, 1H, major isomer), 6.58 — 6.50 (m, 1H,
minor isomer) 2.23 (d, J = 7.2 Hz, 3H, minor isomer), 1.99 (d, J = 7.2 Hz, 3H, major
isomer); BC NMR (100 MHz, CDCI3): ¢ 191.13, 189.31, 154.69, 154.05, 148.70,
146.12, 145.4, 136.88, 126.66, 126.52, 126.05, 123.69, 122.79, 122.37, 18.67, 16.29;

HRMS (ESI) calcd. for [CoH1oNO]" 148.0762; found 148.0760.
3-Phenyl-1-(pyridin-2-yl)prop-2-en-1-one (4.1m)

MnO; (869.4 mg, 10 mmol, 5 equiv.) was added into the flask charged with 3-phenyl-
1-(pyridin-2-yl)prop-2-en-1-ol (422.2 mg, 2 mmol, 1 equiv.) and dichloromethane (20

mL). The mixture was stirred at room temperature overnight and filtered. After



133 I Chapter 4

evaporation of the solvents, chalcone 4.1m was obtained (330.3 mg, 79%) after
purification by silica gel chromatography (6:1, n-hexane/EtOAc). *H NMR (400
MHz, CDCls): § 8.57 (d, J = 4.8 Hz, 1H), 8.06 (d, J = 7.6 Hz, 1H), 7.77 — 7.72 (dt, J =
7.6, 1.2 Hz, 1H), 7.35 — 7.30 (m, 2H), 7.28 — 7.24 (m, 7H),7.17 — 7.09 (m, 3H); **C
NMR (100 MHz, CDCI3): ¢ 199.58, 153.65, 149.69, 141.31, 138.08, 136.81, 135.75,
131.16, 128.73, 128.66, 128.25, 128.01, 127.82, 126.85, 126.61, 123.66; HRMS (ESI)

calcd. for [C14H1,NO]" 210.0919; found 210.0922.
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General cyclisation procedure (4.3a—Q):

o OCOR
R, o o o~
X + - = R1
T R o R, N
R2 R2
4.1a-m 4.2a-d 4.3a-q
OAc
OAc OAc OAc
= — = —
N P = N= SN / = N=
X N/ N/
CF3
Br
4.3a 4.3b 4.3c 4.3d
OAc
OAc OAc OAc
P _
= N= = N —
N/
N/ N/ s N
4.3e 4.3f 4.3g 4.3h
OAc
OAc OAc OAc
N — = — OAc
ay Y
O T o AL o
N SN Y/ N
7 N—
o O - /
= Ph
4.3i 4.3j 4.3k 4.31 4.3m
OCOCH,CH, OPiv OCOCH,CH(CHs), OAc
2 = N= y N
s N/ s N/ 74 \ / s N/
4.3n 4.30 4.3p 4.3q

Anhydride 4.2 (1 mL) and CI,CH,CH.CI, (5 mL) were added into a Schlenk tuble

charged with chalcone 4.1 (0.5 mmol). The mixture was stirred at 110 °C for 10 h,
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then cooled down to room temperature, diluted with ether (50 mL) and washed with
H,O (50 mL). The aqueous layer was extracted twice with ether (20 mL) and the
combined organic phase was dried over Na,SO,. After evaporation of the solvents the
residue was purified by silica gel chromatography or thin layer chromatography

(TLC) (n-hexane/EtOAC).
1-(Acetyloxy)-3-(4-methylphenyl)indolizine (4.3a)

Following general procedure, 4.3a was obtained as pale yellow oil (122.0 mg, 92%):
'H NMR (400 MHz, CDCl5): 6 8.15 (d, J = 7.20 Hz, 1H), 7.46 (d, J = 8.00 Hz, 2H),
7.28 (m, 3H), 6.81 (s, 1H), 6.35 (dd, J = 6.40 Hz, 9.20Hz, 1H), 6.43 (dt, J = 1.20 Hz,
7.20Hz, 1H), 2.42 (s, 3H), 2.38 (s, 3H); *C NMR (100 MHz, CDCls): § 169.35,
137.11, 129.56, 128.84, 128.07, 127.08, 122.74, 122.03, 121.60, 116.21, 116.19,
110.70, 106.27, 21.20, 20.84; HRMS (ESI) calcd. for [C17H1sNO,]" 266.1180; found

266.1180.
1-(Acetyloxy)-3-(phenyl)indolizine (4.3b)

Following general procedure, 4.3b was obtained as pale yellow oil (101.7 mg, 81%):
'H NMR (400 MHz, CDCls): ¢ 8.18 (d, J = 7.20 Hz, 1H), 7.56 (d, J = 7.20 Hz, 2H),
7.47 (t, J = 8.00 Hz, 2H), 7.35 (t, J = 7.70 Hz, 1H), 7.29 (d, J = 9.20 Hz, 1H), 6.84 (s,
1H), 6.65 (m, 1H), 6.44 (dt, J = 1.60 Hz, 7.60 Hz, 1H), 2.38 (s, 3H); *C NMR (100
MHz, CDCls): 6 169.43, 131.87, 128.97, 128.19, 127.33, 127.28, 123.08, 122.07,
121.66, 116.54, 116.34, 110.95, 106.63, 20.95; HRMS (ESI) calcd. for {C1sH14NO,]"

252.1025; found 252.1023.

1-(Acetyloxy)-3-(4-bromophenyl)indolizine (4.3c)
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Following general procedure, 4.3c was obtained as pale yellow oil (120.5 mg, 73%):
'H NMR (400 MHz, CDCls): 6 8.10 (d, J = 7.20 Hz, 1H), 7.57 (d, J = 8.80 Hz, 2H),
7.40 (d, J = 8.40 Hz, 2H), 7.30 (d, J = 8.80 Hz, 1H), 6.83 (s, 1H), 6.66 (m, 1H), 6.45
(dt, J = 1.20 Hz, 7.60 Hz, 1H), 2.37 (s, 3H); *C NMR (100 MHz, CDCls): § 169.24,
132.03, 130.63, 129.41, 127.32, 123.34, 121.31, 120.91, 120.63, 116.71, 116.32,
111.21, 106.72, 20.82; HRMS (ESI) calcd. for [CieH13BrNO,]" 330.0130; found

330.0130.
1-(Acetyloxy)-3-(2-trifluoromethylphenyl)indolizine (4.3d)

Following general procedure, 4.3d was obtained as pale yellow oil (76.6 mg, 48%):
'H NMR (400 MHz, CDCl,): 6 7.84 (d, J = 8.00 Hz, 1H), 7.63 (t, J = 7.60 Hz, 1H),
7.55 (t, J = 7.60 Hz, 2H), 7.47 (d, J = 7.20 Hz, 1H), 7.30 (d, J = 9.20 Hz, 1H), 6.82 (s,
1H), 6.65 (m, 1H), 6.38 (dt, J = 1.20 Hz, 7.60 Hz, 1H), 2.36 (s, 3H); *C NMR (100
MHz, CDCls): ¢ 169.23, 133.39, 131.88, 131.17, 130.87, 130.27, 128.81, 126.82,
125.06, 122.46, 121.88, 116.75, 116.50, 116.09, 110.69, 108.36, 20.90; HRMS (ESI)

calcd. for [C17H13F3NO,]" 320.0898; found 320.0898.
1-(Acetyloxy)-3-(naphthalen-1-yl)indolizine (4.3¢)

Following general procedure, 4.3e was obtained as pale yellow oil (143.0 mg, 95%):
'H NMR (400 MHz, CDCl5): 6 7.95 (d, J = 8.00 Hz, 2H), 7.65-7.37 (m, 7H), 6.96 (s,
1H), 6.68 (m, 1H), 6.34 (dt, J = 1.20 Hz, 7.60 Hz, 1H), 2.42 (s, 3H); *C NMR (100
MHz, CDCls): ¢ 169.37, 133.95, 132.23, 129.08, 128.93, 128.61, 126.96, 126.75,
126.21, 125.81, 125.63, 122.63, 122.46, 119.75, 116.42, 116.19, 110.52, 108.21,

21.01; HRMS (ESI) calcd. for [CooH1sNO>]* 302.1181; found 302.1181.
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1-(Acetyloxy)-3-(naphthalen-2-yl)indolizine (4.3f)

Following general procedure, 4.3f was obtained as pale yellow oil (143.0 mg, 95%):
'H NMR (400 MHz, CDCl5): 6 8.28 (d, J = 7.20 Hz, 1H), 8.01 (d, J = 0.8 Hz, 1H),
7.93 (d, J = 8.40 Hz, 1H), 7.87 (m, 2H), 7.68 (dd, J = 2.00 Hz, 8.40Hz, 1H), 7.51 (m,
2H), 7.33 (d, J = 9.20 Hz, 1H), 6.96 (s, 1H), 6.68 (m, 1H), 6.48 (dt, J = 1.20 Hz, 7.60
Hz, 1H), 2.40 (s, 3H); *C NMR (100 MHz, CDCls): 6 169.40, 133.68, 132.51,
129.25, 128.64, 127.94, 127.79, 127.52, 126.55, 126.54, 126.32, 126.12, 123.34,
122.05, 121.70, 116.73, 116.42, 111.15, 107.04, 20.96; HRMS (ESI) calcd. for

[C20H16N02]+ 302.1181; found 302.1181.
1-(Acetyloxy)-2-methyl-3-(phenyl)indolizine (4.39)

Following general procedure, 4.3g was obtained as pale yellow oil (129.9 mg, 98%):
'H NMR (400 MHz, CDCls): § 7.92 (d, J = 7.20 Hz, 1H), 7.45 (m, 4H), 7.34 (m, 1H),
7.18 (d, J = 9.20 Hz, 1H), 6.60 (m, 1H), 6.30 (dt, J = 1.20 Hz, 7.60 Hz, 1H), 2.39 (s,
3H), 2.18 (s, 3H); *C NMR (100 MHz, CDCls): ¢ 169.52, 130.79, 129.62, 128.66,
127.25, 125.75, 122.00, 121.27, 119.55, 116.38, 115.02, 114.82, 109.73, 20.34, 8.69;

HRMS (ESI) calcd. for [C17H16NO,]" 266.1181; found 266.1183.
1-(Acetyloxy)-2-methyl-3-(naphthalen-1-yl)indolizine (4.3h)

Following general procedure, 4.3h was obtained as pale yellow oil (154.4 mg, 98%):
'H NMR (400 MHz, CDCl5): § 7.96 (m, 2H), 7.60 (m, 2H), 7.51 (m, 1H), 7.41 (m,
2H), 7.32 (d, J = 7.20 Hz, 1H), 7.26 (d, J = 8.80 Hz, 1H), 6.64 (m, 1H), 6.26 (dt, J =
1.20 Hz, 7.60 Hz, 1H), 2.45 (s, 3H), 2.06 (s, 3H); **C NMR (100 MHz, CDCly): &

169.75, 134.03, 132.66, 129.91, 129.03, 128.60, 128.44, 126.74, 126.19, 125.82,
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125.73, 122.34, 122.30, 117.85, 116.43, 116.40, 115.20, 109.70, 20.70, 8.96; HRMS

(ESI) calcd. for [Co1H1gNO>]" 316.1338; found 316.1339.
1-(Acetyloxy) -2,3diphenylindolizine (4.3i)

Following general procedure, 4.3i was obtained as green solid (161.9 mg, 99%): *H
NMR (400 MHz, CDCls): & 7.92 (d, J=7.20 Hz, 1H), 7.34-7.13 (m, 11H), 6.63-6.59
(m, 1H), 6.35-6.31 (m, 1H), 2.23 (s, 3H); *C NMR (100 MHz, CDCl3); & 169.9,
132.6, 130.59. 130.57, 129.7, 128.8, 128.1, 127.6, 126.4, 124.4, 122.8, 121.6, 119.9,
117.1, 115.8, 110.7, 20.5; HRMS (ESI) calcd.for [CxH1sNO,]" 328.1338; found

328.1338.
1-(Acetyloxy) -3-(2-pyridyl)indolizine (4.3j)

Following general procedure, 4.3j was obtained as yellow solid (103.4 mg, 82%): 'H
NMR (400 MHz, CDCls): 6 9.92 (d, J = 7.20 Hz, 1H), 8.56 (m, 1H), 7.65 (td, J = 2.00
Hz, 8.4Hz, 1H), 7.59 (d, J = 8.00 Hz, 1H), 7.35 (d, J = 9.20 Hz, 1H), 7.29 (s, 1H),
7.04 (m, 1H), 6.80 (m, 1H), 6.64 (dt, J = 1.20 Hz, 7.60 Hz, 1H), 2.38 (s, 3H); *C
NMR (100 MHz, CDCl3): ¢ 169.22, 152.30, 148.28, 136.26, 127.66, 126.30, 125.46,
120.41, 119.71, 119.18, 118.37, 115.45, 111.66, 107.41, 20.98; HRMS (ESI) calcd.

for [C15H13N20,]" 253.0977; found 253.0978.
(E)-Acetic acid 3-styryl-indolizin-1-yl ester (4.3Kk)

Following general procedure, 4.3k was obtained as yellow solid (103.9 mg, 75%): *H
NMR (400 MHz, CDCls): ¢ 8.00 (d, J = 7.20 Hz, 1H), 7.49 (d, J = 7.20 Hz, 2H), 7.35
(t, J = 7.60 Hz, 2H), 7.25 (m, 3H), 7.09 (s, 1H), 6.97 (d, J = 16.00 Hz, 1H), 6.66 (m,

1H), 6.56 (dt, J = 1.20 Hz, 7.60 Hz, 1H), 2.36 (s, 3H); *C NMR (100 MHz, CDCly): 6
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169.19, 137.70, 128.74, 128.16, 127.12, 125.98, 125.82, 123.73, 121.37, 120.43,
116.63, 116.38, 114.87, 111.56, 104.15, 20.95; HRMS (ESI) calcd. for [C1gH1NO,]"

278.1181; found 278.1185.
1-(Acetyloxy) -3-(methyl)indolizine (4.3l)

Following general procedure, 4.31 was obtained as yellow oil (66.2 mg, 70%): 'H
NMR (400 MHz, CDCl,):  7.58 (d, J = 7.20 Hz, 1H), 7.27 (d, J = 8.80 Hz, 1H), 6.60
(m, 1H), 6.57 (s, 1H), 6.50 (td, J = 1.20 Hz, 7.20 Hz, 1H), 2.45 (s, 3H), 2.37 (s, 3H);
B3C NMR (100 MHz, CDCl3): ¢ 169.59, 125.55, 121.30, 120.86, 116.45, 115.75,
114.67, 110.06, 105.52, 20.75, 11.38; HRMS (ESI) calcd. for [Cy1iH1oNO,]*

190.0868; found 190.0869.
1-(Acetyloxy) -3-(N,N-dimethylamino)indolizine (4.3m)

Following general procedure, 4.3m was obtained as yellow oil (78.5 mg, 72%): *H
NMR (400 MHz, CDCls): 6 7.76 (d, J = 7.20 Hz, 1H), 7.18 (d, J = 8.80 Hz, 1H), 6.51
(m, 1H), 6.42 (td, J = 1.20 Hz, 7.20 Hz, 1H), 6.40 (s, 1H), 2.73 (s, 6H), 2.33 (s, 3H);
3C NMR (100 MHz, CDCls): 6 169.50, 132.37, 124.80, 120.25, 117.46, 115.79,
114.77,109.71, 94.87, 43.98, 20.91; HRMS (ESI) calcd. for [C12H1sN20,]" 219.1134;

found 219.1136.
Propionic acid 3-(4-methylphenyl)indolizin-1-yl ester (4.3n)

Following general procedure, 4.3n was obtained as yellow oil (132.6 mg, 95%): *H
NMR (400 MHz, CDCls): ¢ 8.14 (d, J = 7.20 Hz, 1H), 7.45 (d, J = 8.40 Hz, 2H), 7.27
(m, 3H), 6.82 (s, 1H), 6.63 (m, 1H),6.41 (td, J = 1.20 Hz, 7.20 Hz, 1H), 2.67 (q, J =

7.60 Hz, 2H), 2.42 (s, 3H), 1.33 (t, J = 7.60 Hz, 3H); *C NMR (100 MHz, CDCly): 6
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172.88, 137.17, 129.65, 129.00, 128.17, 127.26, 122.82, 122.09, 121.68, 116.33,
116.18, 110.76, 106.39, 27.62, 21.29, 9.35; HRMS (ESI) calcd. for [CigHi1gsNO,]"

280.1338; found 280.1339.
Trimethylacetic acid 3-(4-methylphenyl)indolizin-1-yl ester (4.30)

Following general procedure, 4.30 was obtained as yellow oil (84.5 mg, 55%): *H
NMR (400 MHz, CDCl,): ¢ 8.14 (d, J = 7.20 Hz, 1H), 7.45 (d, J = 8.40 Hz, 2H), 7.27
(m, 3H), 6.83 (s, 1H), 6.63 (M, 1H),6.41 (td, J = 1.20 Hz, 7.20 Hz, 1H), 2.42 (s, 3H),
1.44 (s, 9H); BC NMR (100 MHz, CDCls): ¢ 176.80, 137.07, 129.58, 128.98, 128.08,
127.41, 122.72, 122.01, 121.60, 116.19, 116.03, 110.68, 106.32, 39.20, 27.33, 21.23;

HRMS (ESI) calcd. for [CxH2NO,]* 308.1651; found 308.1650.
Isovaleric acid 3-(4-methylphenyl)indolizin-1-yl ester (4.3p)

Following general procedure, 4.3p was obtained as yellow oil (92.1 mg, 60%): *H
NMR (400 MHz, CDCl5): 6 8.13 (d, J =7.20 Hz, 1H), 7.44 (d, J = 8.40 Hz, 2H), 7.26
(m, 3H), 6.80 (s, 1H), 6.60 (M, 1H), 6.42 (td, J = 1.20 Hz, 7.20 Hz, 1H), 2.51 (d, J =
7.20 Hz, 2H), 2.41 (s, 3H), 2.31 (m, 1H), 1.10 (d, J = 6.80 Hz, 6H); **C NMR (100
MHz, CDCls): ¢ 171.48, 137.17, 129.63, 128.97, 128.17, 127.16, 122.84, 122.11,
121.68, 116.34, 116.21, 110.74, 106.42, 43.31, 26.02, 22.51, 21.28; HRMS (ESI)

calcd. for [CyH22NO,]" 308.1651; found 308.1653.
1-(Acetyloxy)-3-phenyl-5-methylindolizine (4.3q)

Following general procedure, 4.3q was obtained as yellow oil (116.7 mg, 88%): *H
NMR (400 MHz, CDCl3): 6 7.99 (d, J = 0.8 Hz, 1H), 7.58 (dd, J = 8.4, 1.2 Hz, 2H),

7.48 (t, J = 7.6 Hz, 2H), 7.35 (t, J = 7.2 Hz, 1H), 7.24 (dd, J = 9.2, 0.4 Hz, 1H), 6.80
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(s, 1H), 6.53 (dd, J = 8.4, 1.2 Hz, 1H), 2.38 (s, 3H), 2.19 (d, J = 1.2 Hz, 3H); *C
NMR (100 MHz, CDCls): 6 169.3, 132.0, 128.8, 128.1, 127.2, 127.0, 122.0, 121.5,
120.1, 119.8, 118.8, 115.7, 106.0, 20.8, 18.5; HRMS (ESI) calcd.for [CaoH2:NO,]*

266.1181; found 266.1183.
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