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ABSTRACT

This dissertation summarizes the development of novel synthetic methods
involving organometallic reagents and their application in the total synthesis of the
natural product eupomatilone 2. These newly discovered reactions include the palladium-
catalyzed cross-coupling of allyl acetates with organosiloxanes and the diastereoselective
synthesis of cis- and trans-o-methylene-y-lactones utilizing Baylis-Hillman adducts as
precursors. Another important aspect of the research is the application of some of the
methods in total synthesis of eupomatilone 2.

The new synthetic methodologies involving organometallic reagents developed in
this dissertation are important transformations in modern organic synthesis. Mild reaction
conditions, tolerance of various organic functional groups, and high selectivity are
advantages of these methodologies. The ability to recycle the catalytic system in some
cases is another attractive feature for PEG-involved methods. The short and efficient
strategy for the synthesis of eupomatilone 2 could serve as a catalyst for research in this

arca.
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Chapter 1. Introduction

1.1 Transition-Metal Catalyzed Reactions

1.1.1 Introduction

Cross-coupling reactions, now accessible via a variety of organometallic reagents,
provide important fundamental synthetic methods (Figure 1.1). In 1972, Kumada and
Tamao' and Corriu” independently reported that reactions of organomagnesium reagents
with alkenyl or aryl halides were catalyzed by Ni(Il) complexes. Kochi® reported that
Fe(IIT) could be used for cross-coupling Grignard reagents with 1-halo-1-alkenes and that
Li,CuCly catalyzed the coupling of haloalkanes. The palladium catalyzed reaction of
Grignard reagents was first reported by Murahashi®, the synthetic utility of which was
then demonstrated by Negishi’ using the reactions of organic derivatives of aluminum,
zinc, and zirconium. Since that time, many other organometallic reagents have proven to
be highly useful as nucleophiles for cross-coupling reactions. These include the use of
organolithium by Murahashi,® organostannane by Migita’ and Stille,® 1-alkenylcopper(I)

by Normant,” and organosilicon by Hiyama.'®
y g y Hiy

oo M ~. X - -

52 AR Pd (cat 7 N
[ |T s oT |T Pdlea) NN,
Sy - Se s \\::'_// \\::-_//
M = SnRj (Stille-Migita-Kosugi) X =1, Br, Cl, OTf

BR, or B(OR), (Suzuki-Miyaura)
SiR(3.n)Fn (Hiyama)
Si(OR)3 (Tamao-Ito)

Figure 1.1: Cross couplings of organometallic reagents

1



1.1.2 Mechanism of the Cross-Coupling Reaction

A general catalytic cycle for the cross-coupling reaction of organometallics,
which involves oxidative addition - transmetalation - reductive elimination sequences, is
depicted in Figure 1.2. Although each step involves other processes including ligand
exchange, intermediates 1 and 2 have been characterized by isolation or spectroscopic

11, 12

analysis. It is significant that the great majority of cross-coupling reactions catalyzed

by Ni(0), Pd(0), and Fe(I) are rationalized in terms of this common catalytic cycle.

Oxidative addition'"

of 1-alkenyl, 1-alkynyl, allyl, benzyl, and aryl halides to a
palladium(0) complex affords a stable trans-a-palladium(II) complex (1). The reaction
proceeds with complete retention of configuration for alkenyl halides and with inversion
for allylic and benzylic halides. Alkyl halides having f-hydrogen are rarely useful
because the oxidative addition step is very slow and may compete with f-hydride

elimination from the a-organopalladium(II) species. However, it has been recently shown

that iodoalkanes undergo the cross-coupling reaction with organoboron compounds.'*

Oxidative addition is often the rate-limiting step in the catalytic cycle. For the
halogenated precursor the relative reactivity decreases in the order of I > OTf> Br >> C1.
Aryl and 1-alkenyl halides activated by the proximity of electron-withdrawing groups are
more reactive to the oxidative addition than those posscssing donating groups. A very
wide range of palladium(0) catalysts or precursors can be used for cross-coupling

reactions.



RIR?2 R2X
Pd(0)

2
RZ_Pd(”)_R1 R -Pd(ll)-X
2 1

A

MX R'™M

Figure 1.2: Mechanism of palladium-catalyzed coupling of organometallic reagents



Pd(PPhs), is most commonly used, but PdCIy(PPhs), and Pd(OAc),, along with PPhs or
other phosphine ligands, are also efficient since they are stable to air and readily reduced
to active Pd(0) complexes with organometallics or phosphines used for the cross-
coupling.'” Palladium complexes that contain fewer than four phosphine ligands or bulky
phosphines such as tris(2,4,6-tri-methoxypheny1)phosphine are, in general, highly
reactive for the oxidative addition because of the ready formation of coordinate

unsaturated palladium species.'®

Reductive elimination of organic partners from 2 regenerates the palladium(0)

17-19
complex.'”’

The reaction takes place directly from cis-2, but trans-2 reacts only after
isomerizing to the corresponding cis-complex (Figures 1.3 and 1.4). The order of
reactivity is diaryl- > (alkyl)aryl- > dipropyl- > diethyl- > dimethylpalladium(II),
suggesting participation by the n-orbital of aryl group during the bond formation (Figure
1.3)."® Although this mechanistic step has not been examined for 1-alkenyl- or I-
alkynylpalladium(II) complexes, a similar effect is observed in the reductive elimination

of related platinum(IT) complexes.?

trans cis

Figure 1.3: Reductive elimination: nondissociative-nonassociative mechanism



L L

I -L I
Me-PId-Me Me—Pd-Me
L |
I\I/Ie L I\I/Ie
L-Pd-Me L—PdMe Me-Me + Pd(0)sL,
L

Figure 1.4: Reductive elimination: Dissociative mechanism

The thermolysis of cis-(dialkyl)palladium(II)-L,, which is an intermediate in
alkyl-alkyl coupling, is inhibited by excess phosphine (L), Hence the rection is
considered to be initiated by the rate-limiting dissociation of phosphine ligand (L)
producing a three-coordinated cis-(dialkyl)palladium(II)-L complex (dissociative
mechanism, Figure 1.4)."* Thus, the effect of phosphine ligands is comparable to the

order of ease of their dissociation: dppe << PEt; < PEt,Ph < PMePh, < PEtPh, < PPhs.

On the other hand, cis-alkenyl- and cis-arylpalladium(II) complexes, which are
intermediates in most of cross-coupling reactions, directly eliminate organic partners
from the four-coordinated complex (nondissociative-nonassociative mechanism, Figure

1.3)."

Although the mechanism of oxidative addition and reductive elimination
sequences are reasonably well understood and are presumably fundamentally common
processes for all cross-coupling reactions of organometallics, less is known about the
transmetallation step because the mechanism is highly dependent on metal and the

conditions used for coupling. The transmetalation between 1-hexenylboronic acid and

5



palladium(II) acetate was first reported by Heck.”' The in situ preparation of (E)- or (Z)-
1-alkenylpalladium(II) species and its addition to ethyl acrylate readily proceed at room
temperature while retaining their original configurations (Figure 1.5).* Before this
observation, Davidson and Triggs reported the dimerization of phenylboronic acid with
Na,PdCl, catalyst (Figure 1.6),” although it still remains uncertain as to whether the

reaction proceeds through a transmetallation or some other processes.

1.1.3 Organoboron Compounds in Coupling Reactions
1.1.3.1 Introduction

Organoboron compounds are highly electrophilic but the organic groups on boron
are weakly nucleophilic which limits the use of organoboron reagents in ionic reactions.
The coordination of a negatively charged base to the boron atom is an efficient method
for increasing nucleophilicity of the remaining organic groups on boron.** However,
intermolecular transfer reactions analogous to the Grignard reaction with carbonyl groups
are relatively rare. Fortunately, organoboron compounds, even organoboronic acids and
esters, have sufficient reactivity to participate in transmetallation reactions.
Transmetallations to silver(l),” magnesium(II),26 zinc(11),%” aluminum(II),” tin(IV),*
copper(I),” and mercury( II)’! halides have been extensively studied. In 1978, Negishi
reported that iodobenzene selectively couples with the 1-alkynyl group on lithium I-
hexynyl( tributyl)borate through a palladium-catalyzed addition-elimination sequence

(Heck-type process). :



BuCH=CHB(OH), + Pd(OAc), + CH,=CHCO,Et BuCH=CHCH=CHCO,Et
Figure 1.5: Coupling of ethyl acrylate with vinyl boronic acid

2PhB(OH), + Na,PdCl, —— Ph-Ph
Figure 1.6: Dimerization of phenylboronic acid

The cross-coupling of organoboron compounds, involving transmetallation to
palladium(II) halides, was found to proceed smoothly only when activated by base. This
reaction has proven to be quite general for a wide range of selective carbon-carbon bond

forming reactions.

Although a variety of organometallic reagents undergo cross-coupling reactions,
much attention has been focused on the use of organoboronic acids since they are
generally thermally stable and inert to both water and oxygen, thus they can be handled

without special precautions.

Over the past twenty years, the palladium-catalyzed coupling of aryl-, vinyl-,
alkyl-, and alkynylboron reagents (including boranes, boronic esters and boronic acids)
with aryl, alkyl and vinyl bromides, iodides and triflates has been studied extensively.*?
Rather surprisingly, few studies™ focused on the use of organoboron reagents as
nucleophiles in palladium-catalyzed allylic reactions have been reported. In 1982, Suzuki
reported the coupling of alkenylboranes with 3,4-epoxy-1-butene.*® In 1984, his group
applied an intramolecular coupling reaction of allyl halides with an alkenylborane as the

34a

key step to successfully synthesize humulene.*® Allyl phenoxides,*** allyl acetates,”” allyl



carbonates,” and allyl phosphates39 have also been utilized in the coupling reaction with
organoborane reagents. Two recent articles initiated a breakthrough in this field. The first
one’*" reported the coupling of arylboronic acids with allyl bromides under basic
conditions in refluxing benzene (58 - 91% yield), while the second one** described the
reaction of phenylboronic acid with allylic acetates under basic conditions in water at
room temperature using a resin-supported palladium catalyst (45-99% yield). Later,

Balme extended the reaction utilizing various Pd catalytic systems and solvents.*

Unlike other organometallic reagents, organoboron compounds were thought to
be less likely to participate in the catalytic cycle of cross-coupling reaction since they are
inert to the organopalladium(II) halides (1) such as PdC1,, PdCl,(PPhs),, or PhPdI(PPh;)s,.
However, there was some experimental evidence for the transmetallation to the transition
metals. The reaction of organoboranes with organomercurials proceeds under neutral
conditions when Hg(OAc),, Hg(OR),, or HgO is used.*' It had also been reported that the
addition of sodium hydroxide or other bases exerts a remarkable effect on the
transmetallation rate of organoboron reagents with metallic halides, such as mercuric,”"*!
silver,25 auric,42 and platonic halides.* Thus, the transmetallation of borane reagents with

transition-metal complexes does proceed, but the choice of suitable bases and ligands on

transition-metal complexes is essential.



1.1.3.2 Synthesis of Organoboron Reagents

1.1.3.2.1 From Organolithium or Magnesium Reagents

The classical synthesis of aryl- and I-alkenylboronic acids or their esters from
Grignard reagents or lithium reagents and trialkyl borates is an efficient method for
preparing relatively simple boron compounds in large quantities (Figure 1.7).** However,
the application of these classical procedures for preparing organoboronic acids or esters
can suffer from contamination by small a mounts of the opposite stereoisomer, or due to
bis-alkylation leading to the borinic acid derivatives, or even the formation of
trialkylboranes. A recent useful variant utilizes organolithium reagents and triisopropyl
borate, followed by acidification with HCl to give alkyl-, aryl-, 1-alkynyl-, and 1-
alkenylboronic esters in high yields, often over 90%.* Triisopropyl borate has proven to

be the best of available alkyl borates in these reactions.

Very recently, arylboronic esters have been directly obtained from aryl halides via
the cross-coupling reaction of (alkoxy)diboron (Figure 1.8).%® The reaction tolerates

various functional groups such as ester, nitrile, nitro, and acyl groups.

1.1.3.2.2 Hydroboration of Alkenes and Alkynes
The addition of dialkylboranes such as 9-borabicyclo-[3.3.1]nonane (9-BBN),

disiamylborane, or dicyclohexylborane to 1-alkenes gives mixed alkylboron

compounds.”” The reaction is essentially quantitative, proceeds through a cis anti-



+

H;0
ArMgX + B(OMe); — — = ArB(OH),

CH,=CHMgBr + B(OMe); —=— CH>=CHB(OR),

RLi + B(OPri); R-B(OPr); _HCl . R.B(OPr),

R = alkyl, aryl, 1-alkenyl, and 1-alkynyl

Figure 1.7: Preparation of organoboron reagents from Grignard or lithium reagents

| ~~X  (RO),B-B(OR), . B(OR),
= PdCl,(dppf) |//
X

X KOAc
DMSO, 80 °C

Figure 1.8: Preparation of organoboron reagents from aryl halides with diboron
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Markovnikov addition from the less hindered side of double bond, and can tolerate
various functional groups. The 9-alkyl-9-BBN derivatives thus obtained are particularly
useful for the transfer of primary alkyl groups by the palladium-catalyzed cross-coupling
reaction since the 9-alkyl group participates quite effectively in the catalytic reaction

cycle (Figure 1.9).

The use of the hydroboration reaction is especially valuable for the synthesis of
stereodefined or functionalized alkenylboronic acids and their esters. The general, and
most convenient, method involves the hydroboration of a terminal alkyne with

catecholborane to produce a 1-alkenylboronic ester.*”**

The hydroboration of alkynes
with dihaloboranes (HBCl,-SMe, or HBBr,'SMey), followed by hydrolysis to
vinylboronic acids or alcoholysis to boronic esters*”** have been used for the same
purpose. However, a recent and more convenient variant is the in situ preparation of
HBCI, in a hydrocarbon solvent from BC1; and HSiEt3.50 The reagent exhibits extremely
high reactivity to alkenes and alkynes allowing the hydroboration to proceed at -78 °C.
Disiamylborane is also one of the mildest and selective hydroboration reagents for
functionalized alkynes, but its use for the cross coupling can be more difficult than that of
boronic acids or their esters. Hydroboration of terminal alkynes with 9-BBN leads to the
formation of significant quantities of dihydroboration products. However,

dihydroboration of I-alkynes, followed by deboration with benzaldehyde provides 9-[(E)-

l-alkenyl]-9-BBN derivatives in high yields with high #rans selectivity (Figure 1.10).”"
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, 9-BBN
RCH=CH, — = }B—CHzCHzR’

Figure 1.9: Addition of 9-BBN to 1-alkenes

H
RiC=CH + HBY, R1\%\BY2
H
_0
e 0
~
Y, = Br,®SMe, 2ROH_ v, = (0R),

H
Yo = <—9—9HCH3> = (Sia),
CHsCH; /2

e

Figure 1.10: Hydroboration of terminal alkynes
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1.1.3.2.3 Haloboration of Terminal Alkynes

2,2-Diorgano-l-alkenylboronates are made by bromoboration of a terminal alkyne
to form a f-bromo-1-alkenylboronic ester;”” this is followed by the palladium-catalyzed
displacement of the f-halogen using organozinc reagents which proceeds with retention

of configuration (Figure 1.11).%

Haloboranes add to terminal alkynes in a cis anti-Markovnikov manner; however,
the bromoboration of acetylene itself provides the trans adduct which gives the
corresponding (E)-1-alkenylborates by the reaction with organozinc halides (Figure
1.12).>* The addition of tribromoborane to acetylene gives the cis-adduct which then

isomerizes to the trans-isomer during isolation.

1.1.4 Organosilicon Compounds in Coupling Reactions

1.1.4.1 Introduction
The preeminence of palladium-catalyzed, cross-coupling reactions among
methods of carbon-carbon bond formation arises from the highly successful development

8e, 55

of the Stille-Migita-Kosugi coupling reactions of organostannanes and the Suzuki-

- - - 33a,33b
Miyaura coupling reactions of organoboranes.”

Both employ organometals that can
be synthesized by several methods and are nonreactive in the absence of a catalyst. These
characteristics are conducive to their application in the synthesis complex molecules

wherein controlled bond construction and functional group compatibility are vital.

However, certain drawbacks to these methods, including the toxicity and high molecular

13



H H
_ . 1.BBry R \H\ _ PdCly(PPhs), R1\H\ .
R,.CZ=CH ——M I~~~ | = |
1 2.Pr,0 B(OPr'), RyZnX B(OPr'),

Br R2
Figure 1.11: Haloboration of terminal alkynes
H H
_ . 1.BBr Br%  PdCl,(PPhs), R1\H\ .
HC=CH ——=> Z “B(OPr), ——————=> = "B(OPr'
2.1Pr,0 ! (OPr): R4ZnX ! (OF2

Figure 1.12: Preparation of (E)-1-alkenylborates

weight associated with tin and the limited stability and coupling efficiency of

organoboranes.

The pioneering work of Hiyama demonstrated that organosilanes, when suitably
functionalized and in the presence of a nucleophilic activator, can undergo cross-coupling
reactions using palladium catalysis.'” This discovery stimulated investigations that
revealed the utility of chloro- and fluorosilanes® and alkoxysilanes” as cross-coupling
partners with a variety of electrophiles. A common limitation of the aforementioned
silicon based coupling reactions is the harsh conditions (high temperatures and long
reaction times) that are usually necessary. Because of the small electronegativity
difference between silicon and carbon, the nucleophilic component in these reactions is
relatively weak, transmetallation is the rate-limiting step in these cross-couplings. In
addition, the ideal silicon moiety should be

(1) low molecular weight;

(2) easily synthesized;

14



(3) stable toward many reaction conditions;

(4) readily activated and converted to harmless byproducts.

1.1.4.2 Mechanism

10,56 Denmark,58 Deshong,59 and others® have shown

Results from Hiyama,
palladium-catalyzed, fluoride-promoted reactions of silicon derivatives to be viable
alternatives to the Stille and Suzuki coupling methodologies. The commonly accepted

mechanism, initially proposed by Hiyama and Hatanaka, involves three steps (Figure

1.13).%

The first step involves oxidative addition of the aryl halide to the palladium(0)
complex. In the second step, transmetallation of the arylpalladium complex with the
anionic arylsilicate occurs. Finally, the cross-coupled product is produced and the
palladium(0) catalyst regenerated through reductive elimination of the
bis(aryl)palladium(II) species. The key intermediate in the process, and the distinguishing
feature of silicon-based couplings, is the pentacoordinate arylsilicate anion.®* This species
is formed by treatment of the corresponding tetracoordinate silane with an activating

anion, typically fluoride.

It is notable that experimental evidence shows pentacoordinate silicates to be
much more reactive than the corresponding tetracoordinate silane.®* These results are

supported by calculations, which show the positive charge on the central silicon atom is

15



ArX

Ar-Ar
rAr Pd(0)
Ar-Pd(Il)-Ar' Ar-Pd(ll)-X
A
R5SiF RR
+ Ar—Si} AFSIR; +
X £ R

Figure 1.13: Mechamism of Pd-catalyzed couplings of organosilanes with aryl halides
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maintained, or even increased, by coordination of the fifth ligand.63’ %% This holds true,
even with the addition of anionic ligands such as fluoride, hydroxide, or hydride.* The
residual positive charge on silicon, in addition to lengthening the silicon—ligand bonds,

accounts for the higher reactivity of the pentacoordinate silicon species.*®

1.1.4.3 Synthesis of Siloxanes

Like the corresponding preparations of Stille and Suzuki reagents, the synthesis of
siloxanes falls into one of two categories. The first, being of an aryl Grignard or
aryllithium reagent with a silicon electrophile (Figure 1.14). The trend in reactivity
observed is that the organolithium reagents are more reactive than the corresponding
Grignard reagents. However, this method fails for aryl halides bearing electrophilic
substituents (i.e., esters and ketones).®> An additional limitation is over addition of the
organometallic reagent to silicon, displacing more than one ethoxy group.®® The study
revealed, however, that strict control of the reaction temperature suppressed the
formation of di- and tri-arylated siloxanes. A wide range of substituted siloxanes were

synthesized using Grignard and organolithium reagents.

The second method involves silylation of aryl iodides by triethoxysilane
((EtO);SiH) in the presence of a palladium catalyst.”” This method offers the advantage
of tolerating a larger range of functional groups. Unfortunately, good yields are obtained
only when electron-rich aryl iodides and bromides are used. Similar chemistry recently

developed by Masuda et al. addresses this issue.®® This silylation of aryl halides employs

17



1. Mg
2. Si(OEt)4, THF, A
3. H,O

70%

@Br \ @Si(OE%
Me / Me

75%
1. Li,-78 °C
2. Si(OEt)4, -78 °C
3. H,0, -78 °C then 25 °C

Figure 1.14: Preparation of arylsiloxanes from Mg and Li reagents
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a rhodium catalyst and, allows for the preparation of an even wider range of substituted
siloxanes (Figure 1.15). These conditions work for substrates bearing electron-
withdrawing substituents such as the ester, as well as those that possess ortho-substitution,

such as 2-iodoanisole.

1.2 Baylis-Hillman Reaction

1.2.1 General

Carbon-carbon bond formation is one of the most fundamental reactions in
organic chemistry. The development of efficient and selective methods for the
construction of carbon-carbon bonds has been and continues to be a challenging and

exciting endeavor in organic synthesis.

Several carbon-carbon bond-forming reactions have been discovered and their
applications in organic chemistry have also been well-documented in the literature. The
most important ones include the aldol reaction,” ’° Reformatsky reaction,”' Claisen

72 g 73,74 75 . 76,
rearrangement, ~ Friedel-Crafts reaction, Grignard reaction, ~ Diels-Alder reaction,
77 \Wiggs .78 .79 . .33 re o .

Wittig reaction,”” Heck reaction,”” Suzuki coupling,” and the Grubb’s ring closing
metathesis.*”® Very recent developments in organic chemistry have clearly established
that atom economy, selective (chemo-, regio-, and stereo-) transformations and catalytic
processes have become essential requirements for the development of any efficient

. . -
synthetic reaction.**
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Br Si(OEt)s
/©/ + H-Si(OE), _[Rh(cod)(MeCN),IBF, /©/
EtO,C EtsN EtO,C

BuyNI
90%
! Si(OEY)
@ + H-Si(OEY, _IRN(cod)(MeCN)IBF, @ 3
OMe EtsN OMe
87%

Figure 1.15: Preparation of arylsiloxanes from Rh-catalyzed silylation
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The Baylis-Hillman reaction is an efficient carbon-carbon bond forming reaction.
It involves the coupling of activated alkenes with carbon electrophiles in the presence of
a tertiary amine. It has all the basic properties that an efficient synthetic method should
have i.e. it is selective (chemo, regio, diastereo and enantio),*® economical in atom
count,® requires mild conditions, and provides synthetically useful multifunctional

molecules.

1.2.2 Definition and Origin

The Baylis-Hillman reaction, originating from a German patent,®’ may be broadly
defined as "a reaction that results in the formation of a carbon-carbon bond between the
a-position of activated alkenes and carbon electrophiles containing electron-deficient sp’
carbon atom under the influence of a suitable catalyst, particularly a tertiary amine,

producing multifunctional molecules"” (Figure 1.16).

The Baylis-Hillman reaction involves three components: an activated alkene, an
electrophile and a tertiary amine. Research over the last decade has resulted in
considerable expansion of the reaction in terms of all the three essential components.
Though Baylis and Hillman originally used DABCO (diazabicyclo[2.2.2]octane) (3),
pyrrocoline (4), quinuclidine (5), 3-HQD (6), and 3-quinuclidone (7) as catalysts (Figure

1.17), DABCO (1) has become the catalyst of choice.*”!

A variety of activated alkenes such as alkyl vinyl ketones,”** alkyl (aryl)

95-97 93,98 101, 102

acrylates, acrylonitrile, vinyl sulfones,” acrylamides,'® allenic esters, vinyl
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X XH
)]\ + EWG tert. amine R EWG
- T TR

R = aryl, alkyl, heteroaryl; R'= H, COOR, alkyl
X=0, NCOOR, NTs, NSO,Ph

EWG = electron withdrawing group: COR, CHO,
CN, COOR, PO(OEt),, SO,Ph, SO3Ph, SOPh etc.

R

Figure 1.16: Baylis-Hillman reaction

P g A Ao g

3 4 5 6 7

Figure 1.17: Common bases in Baylis-Hillman reaction
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105, 106

sulfonates,'” vinyl phosphonates,104 and acrolien couple with a number of carbon

electrophiles to provide a wide range of multifunctional molecules (Figure 1.18).
However, the activated alkenes having a-substituents such as crotononitrile,'”” '*®

. . 10 . . .1 109 .
crotonic acid esters,'”’ and less reactive alkenes such as phenylvinyl sulfoxide'”” require

high pressure to participate in this reaction.

Aldehydes®”* have been the primary source of electrophiles; thus, various
aliphatic, aromatic, and hetero-aromatic aldehydes have been extensively employed in

110-112

obtaining interesting Baylis-Hillman adducts. Also a-keto esters, nonenolizable 1,2-

diketones,106 aldimine derivatives,m'115 ﬂuoroketones,116 and activated alkenes'!"1?°
have also been employed as electrophiles in this reaction. However, simple ketones
require high pressure to undergo Baylis-Hillman reaction.'” '’ In the absence of an
added electrophile, the activated alkenes such as vinyl ketones, acrylonitrile, acrylic
esters efc. themselves can act as electrophiles in these Baylis-Hillman processes. Vinyl
ketones and acrylonitrile undergo Michael type dimerization under the catalytic influence

of DABCO to provide the corresponding dimmers (Figure 1.19)."*!

1.2.3 Mechanism

The mechanism of the reaction is believed to proceed through the Michael-
initiated addition-elimination sequence. The most generally accepted mechanism of the
reaction is illustrated in Figure 1.20 (Path I), using the reaction between methyl acrylate
(as an activated olefin) and benzaldehyde (as an electrophile) under the catalytic

influence of DABCO (3), as a model case.*® ! 122124
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COOMe
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R
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Figure 1.18: Scope of Baylis-Hillman reactions
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_EWG=CN_ w“

NC CN DABCO iy \Hz
v\ﬂ/ ] H R »
DABCO
Z=Ts, COOMe,
PPh,, SO,Ph
EWG = COR PPh SO,
R = aryl, alkyl DABCO j)j\ N
EWG R COOR; R
EWG
i W DABCO R,00C
OH R’] R2 EWG = COOR _
Ry EWG . DABCO | COR, ' R, R; = aryl, alkyl
Re Ry &Ry = CN, 0
polyfluorinated CHO
groups o 5
OH Ewa
" )CJ)\ 3-HaD
,\Fjﬂ\m EWG  R{ “Me
DABCO, 5Kbar

R4 = Me, Et

Figure 1.19: Scope of electrophiles in Baylis-Hillman reactions
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it
OMe o

Figure 1.20: Mechanism of Baylis-Hillman reaction
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The first step in this catalytic cycle involves the Michael-type nucleophilic
addition of the tertiary amine to the activated alkene to produce a zwitterionic enolate A,
which makes a nucleophilic attack onto the aldehyde in an aldol fashion to generate
zwitterion B. Subsequent proton migration and release of the catalyst provide the desired
multifunctional molecule. In the case of reactive activated alkenes (such as alkyl vinyl
ketones), Michael-type dimers are formed as side products because they themselves act

as electrophiles (Figure 1.20, Path II).

1.3 Indium Mediated Reactions

1.3.1 Introduction

Even though indium, named for the luminous indigo line in its spectrum, was
discovered in 1863 by Reich,'® it has only recently emerged as one of the metals of
interest in organic synthesis. The low natural abundance of indium may have been a
deterrent in explorations involving this metal. Indium, however, enjoys a superior
position among other metals as far as its chemical behaviour is concerned and this can be

attributed to the following properties:

1. Indium metal is unaffected by air or oxygen at ambient temperature, this being a
major advantage over most of the other metals;

2. Indium is practically unaffected by water, unlike other metals such as Li, Na, etc;

3. The first ionization potential of indium (5.8 eV) is on par with the alkali metals,
for example, lithium or sodium (~ 5 eV), and quite low when compared to zinc

27



(9.4 eV), tin (7.3 eV) and magnesium (7.6 eV). Indium is therefore an ideal
candidate for single electron transfer (SET) reactions;

4. Indium exhibits low heterophilicity in organic reactions, which makes it a suitable
reagent for mediating C—C bond-forming reactions where it can tolerate oxygen
and nitrogen functionalities. In addition, indium reagents display low
nucleophilicity, thus permitting chemoselective transformations at groups with
similar reactivity;

5. Most importantly, the element is without any apparent toxicity, whereas lead and

tin reagents are highly and moderately toxic, respectively.

In the late 1980s, Araki and co-workers introduced indium metal for the first time in
the Barbier reactions.'* Since then, indium has been used to mediate a range of reactions
which are synthetically useful, amongst which, the carbon—carbon bond-forming reaction
occupies a pivotal position. Indium mediated carbon—carbon bond-forming reactions can
be broadly classified into the following categories:

(1) Allylation reactions

(2) Palladium-catalyzed reactions

(3) Propargylation reactions

(4) Reformatsky reactions

(5) Aldol reactions

(6) Miscellaneous reactions
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1.3.2 Indium Mediated Allylation Reaction

Indium-mediated allylation reactions in highly polar organic solvents such as THF
or DMF proceed through an indium sesquihalide, AllylsIn, X5 (8).'*’ Further treatment
with KI or KBr enables the isolation of dialkylindium halides. In reactions under aqueous
conditions, the existence of allylindium (9) as a transient, but discrete, intermediate was

established by Chan and Yang (Figure 1.21).'*®

1.3.2.1 Allylation Reactions of Compounds with Carbon-Oxygen Multiple Bonds

A variety of ketones and aldehydes undergo indium-mediated allylation in DMF
to afford the homoallylic alcohols in good yields. Allylic iodides and bromides are
equally reactive, but the reactivity of allyl chloride is markedly diminished. Even the less
reactive allylic phosphates react with carbonyl compounds in the presence of indium and
indium iodide, but ester and cyano groups are not susceptible to allylation under these
conditions. It is worthy to note that substrates with active hydrogen such as ethyl
acetoacetate and salicylaldehyde can be allylated using indium in good yields. With a, /-
unsaturated aldehydes, the addition takes place in a 1,2-fashion (Figure 1.22)."* Indium
can also mediate the allylation of aldehydes and ketones in water.'*’ The indium-
mediated allylation of aldehydes and ketones in ionic liquids has no significant advantage
over similar reactions in conventional solvents.'*’ Enantioselectivity can also be induced

in indium-mediated reactions using external chiral ligands."'
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Figure 1.21: Indium sesquihalide and transient allylindium

OH

CHO :
O - e O
OH
)\/ ) I
. CHO + )\A N
N Br )\)><\

0,
i) In, DMF, 1h, rt 75%

Figure 1.22: Allylation of salicylaldehyde and a, f-unsaturated aldehyde
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In general, allylation of an aldehyde with a y-substituted allylic indium reagent
occurs regioselectively at the y-position to afford the y-homoallylic alcohol in the absence
of a sterically-bulky substituent at the carbonyl or allyl bromide. Loh succeeded in
synthesizing the a-homoallylic alcohol via indium-mediated allylation without the use of

a sterically-hindered substituent (Figure 1.23)."**

Interestingly, the solvent plays an
important role in determining the regioselectivity in these reactions. While water (10 M)

and water/dichloromethane (10 m/10 m) exhibit excellent a-selectivity, DMF, ethanol,

THF and water (0.5 m) show exclusive y-selectivity.

1.3.2.2 Allylation Reactions of Compounds with Carbon-Nitrogen Multiple Bonds

Aldimines can be allylated in a simple Barbier-type reaction using allyl bromide
and indium powder in THF to afford the homoallylic amines.'* A variety of other C-N
multiple bonds containing compounds such as hydrazones derived from aromatic

aldehydes and ketones,'**

oxime ethers derived from 2-pyridinecarboxaldehyde and
glyoxylic acid," pyridinium salts,"*® and activated nitriles,"’ all react with allylindium

compounds (Figure 1.24).

1.3.2.3 Allylation Reactions of Compounds with Carbon-Carbon Multiple Bonds

and Other Functional Groups

Hydroxyl-bearing cyclopropenes undergo clean allylindation with allylindium
reagents in both organic and aqueous media, in which chelation of the hydroxyl group to

indium plays a central role (Figure 1.25)."*® The allylindation of non-activated carbon—
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H,O (10M) 85% (99:1)
i) In, Solvent

Figure 1.23: Preparation of a-homoallylic alcohol via indium-mediated allylation
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Figure 1.24: Allylation reactions with carbon-nitrogen multiple bonds
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carbon double bonds of norbornenols proceeds with high regio- and stereoselectivity to
afford the allylated products, together with iodinated and oxygenated products.”*” The
product distribution can be controlled by changing the reaction solvent. In these reactions,
the regio- and stereochemistry of the addition of the indium reagents is highly regulated

via chelation with the neighbouring hydroxyl group (Figure 1.26).

The reaction of allylic indium sesquihalides to allenols has been found to proceed
with high regio- and stereoselectivity.'** The reaction of unactivated terminal alkynes
with allyl bromide and indium in THF at room temperature produces the 1,4-dienes via
regioselective addition.'"' Acetals and ketals undergo indium-mediated allylation and
propargylation reactions with various allyl or propargylbromides in aqueous media to
provide the corresponding homoallylic (and allenylic) or homopropargylic alcohols,
respectively, in moderate to good yields.'* Allylindium, prepared from allyl bromide and
indium metal in THF, reacts with terminal epoxides at room temperature to afford the
corresponding bishomoallyl alcohols in excellent yields and with good regioselectivity

(Figure 1.27)."

1.4 Scope of This Thesis

This thesis focuses on two newly discovered novel synthetic methods involving
organometallic catalysts and reagents. The novel synthetic methods include: (a)
palladium-catalyzed cross couplings of allyl acetates and Baylis-Hillman acetate adducts

with organosiloxanes; and (b) diastereoselective synthesis of cis and trans a-methylene-y-
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Figure 1.26: Allylindation of non-activated carbon—carbon double bonds of norbornenols
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Figurel.27: Allylation with other functional groups
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lactones. Another important part is the application of some of the methods in the total
synthesis of eupomatilone 2. A brief description of palladium-catalyzed cross coupling
reactions, organoboron and organosilane reagents in organic synthesis, Baylis-Hillman
chemistry, and indium metal in organic synthesis has been presented in this chapter

because they are fundamental to the new chemistry discussed in this thesis.
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Chapter 2. Palladium Catalyzed Cross Couplings of Allyl
Acetate and Baylis-Hillman Acetate Adducts with

Organosiloxanes

2.1 Introduction

The palladium-catalyzed cross-coupling reaction of organosilicon reagents with
organic halides in the presence of fluoride ion (pioneered by Hiyama) has emerged as a
viable and powerful alternative to the analogous boron and tin-based reactions.”® Recent
reports from different laboratories have demonstrated that simple organosilicon
compounds bearing a single oxygen substituent can serve effectively as donors in

°7% Treatment of aryltrimethoxysilane with

palladium-catalyzed cross-coupling reactions.
an equivalent amount of tetrabutylammonium fluoride (TBAF) results in the in situ
formation of hypervalent fluorosilicate anion (Figure 2.1).”> '***> Subsequent coupling

of the organosilicate with aryl halide or triflate (or other electrophiles) in the presence of

a Pd(0) catalyst affords the cross-coupled product.

Compared to many other organometallic reagents, organic silicon compounds
have the advantages of (1) low molecular weight, (2) high stability, (3) ease of activation,
and (4) ready conversion to harmless byproducts. In view of the strong similarities
between boron and silicon, the cross-coupling reactions of allyl acetate and Baylis-

Hillman acetate adducts with silicon reagents was explored using palladium catalysis.
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Figure 2.1: Coupling of siloxanes with electrophiles.

Herein, the newly developed palladium-catalyzed coupling reactions of organosiloxanes

with allyl acetate and Baylis-Hillman acetate aducts are described.

2.2 Results and Discussion

2.2.1 Optimization of Reaction Conditions

The coupling reaction of cinnamyl acetate and phenyltriethoxysilane was chosen
as a model to define the optimum reaction conditions (Table 2-1). When the reaction was
performed in THF/H,O (20:1) in the presence of 3 mol % of Pd,(dba); and 2 equivalent
of KF at 50 °C for five hours, only 23% yield of desired coupling product was obtained.
When the catalyst was changed to Pd(OAc),, it proved even less effective. Only trace
quantities of the desired product were formed. Encouraging results were achieved when
KF was replaced by tetrabutylammonium fluoride as the silane activator. Treatment of
cinnamyl acetate (0.5 mmol) with phenyltriethoxysilane (0.65 mmol) in the presence of 3
mol % of Pd,(dba); and two equivalents of TBAF in THF yielded 65% of the desired

cross-coupled product.
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Table 2-1: Optimization of reaction conditions

WOAC R 5 L eag) ‘A/\‘ N O
Base
Solvent
Entry Catalyst” Base® Solvent T (°C)/ t(h) Yield (%)°
1 Pdy(dba)s KF THF/H,0° 50/5 23
2 Pd(OAc), KF THF/H,O° 50/5 trace
3 Pdy(dba);  n-BwNF THF 50/2 65
4 Pd,(dba); n-BusNF Toluene 50/2 68
5 Pdy(dba); n-BwNF  BmimBF, 50/6 N.R.
6 Pdy(dba);  n-BusNF PEG rt/3 87
7 Pd(OAc);  n-BuNF PEG rt/3 87
8 Pd(OAc)™  n-BuyNF PEG rt/3 83
9 Pd(OAc),™  n-BuyNF PEG rt/3 80

3 mol % of Pd,(dba); was used. 5 mol % of Pd(OAc), was used.

®2 equivalent of base was used.

“Ratio of THF / H,O was 20/ 1.

4Isolated yields.
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To increase the yield of the desired product, other conditions were evaluated. In
toluene, a slightly better yield (68%) of desired product was obtained. Due to the great
interest in non-conventional solvents, the reactions were also carried out in an ionic liquid,
1-butyl-3-methylimidazolium tetrafluoroborate (bmimBF,4) (Table 2-1, entry 5).
Unfortunately, no reaction occurred in bmimBF,4. However, polyethylene glycol (PEG)
was found to be a suitable solvent for the reaction. When PEG-600 was used, an excellent
yield was obtained using Pd,(dba); as catalyst at room temperature. Due to the fact of
PEG is not miscible with diethyl ether, we attempted to recycle the expensive catalyst.
However, Pd,(dba); totally lost its activity after the product was extracted from the PEG
system. Fortunately, Pd(OAc), produced similar yield as Pd,(dba); and, more importantly,
the catalytic system could be recycled at least two more times without significant loss of
its activity. For example, The second and third subsequent reactions afforded the desired

product in 83% and 80% respectively.

On the basis of the results summarized in Table 2-1, the optimal reaction
conditions for coupling of phenyltriethoxysilane with allyl acetate were found to be 5 mol

% of Pd(OAc), and two equivalents of TBAF in PEG-600 at room temperature.

2.2.2 Coupling of Allyl Acetates with Organosiloxanes

With an optimal set of reaction conditions established, the scope of the reaction
was then surveyed employing a variety of arylsiloxane derivatives and the results are

summarized in Table 2-2. The yields of arylated products were generally excellent with
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Table 2-2: Coupling of cinnamyl acetate with various organosiloxanes

Yield
Entry Alyl acetate Organosiloxane Product
(%)
OO
X Si(OEt)3 O O
2-201
A
2 W OAc /O/ cl 83
2-202
AN
o —
; WQAC /©/ 9
2-203
©/\/v/
A
4 WOAC 2 Si(OEt) 30°
2-204
o
> OMe ol
MeO
2-205
X S
6 o . /\ ©/\/\I|/\/) .
s~ TSi(OEt)
2-206
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Table 2-2 (Continued)

Entry Allyl acetate Organosiloxane Product Yield (%)
AN
Ohc Si(OEt)s
7 ©/\)\Me ©/ 87
2-207
Ph
Ohc Si(OEt), X
o O :
2-208
onc Si(0E¢)
OO :
2-209

*Isolated yield;
® Reaction was kept at 50 °C.
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siloxanes having methyl and methoxy substituents on the phenyl group (Table 2-2,
entries 3 and 5). Heteroarylsiloxane gave 47% moderate yield (Table 2-2, entry 6). For
vinylsiloxane, however, no reaction occurred at room temperature. A 30% yield was
obtained when the reaction was kept at 50 °C. This coupling reaction also worked well
with siloxanes having chlorine on the phenyl group. A variety of allyl acetates coupled

with phenyltriethoxysilane and the results were summarized in Table 2-2 (entries 7-9).

The coupling reaction worked well with (£)-4-phenylbut-3-en-2-yl acetate (Table
2-2, entry 7) and (£)-1,3-diphenylallyl acetate (Table 2-2, entry 8). The regioselectivity
of the coupling reaction was excellent. Only one isomer was obtained in both cases.

Interestingly, cyclohex-2-enyl acetate also gave a moderate yield (Table 2-2, entry 9).

2.2.3 Coupling of Baylis-Hillman Acetate Adducts with Organosiloxanes
The Baylis-Hillman reaction provides molecules possessing hydroxyl, alkene, and
electron-withdrawing groups in close proximity, which makes it valuable in a number of

** The synthesis and reaction mechanism have been discussed

stereoselective processes.
in Chapter 1. Because the product of Baylis-Hillman reaction is a multi-functionalized

allyl alcohol, the cross-coupling reaction of organosiloxane reagents with acetates of

Baylis-Hillman adducts was investigated.

The optimized conditions afforded 85% yield of the desired product when methyl

3-acetoxy-3-phenyl-2-methylenepropanoate coupled with phenyltriethoxysilane (Figure
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2.2). Interestingly, 3 mol % Pd,(dba); gave better result with 91% yield. So Pd,(dba);

was used in the coupling reactions instead of Pd(OAc),.

The generality of the reaction of various Baylis-Hillman acetate adducts, prepared
based on literature procedures from methyl acrylate and representative aldehydes, with
phenyltriethoxysilane was surveyed. The results are summarized in Table 2-3 (entries 1-
9). Notably, the reaction is only slightly influenced by the substituents and their
substitution patterns on the aromatic ring in the Baylis-Hillman adducts, although
reagents containing electron-donating groups gave a slightly higher yields. Baylis-
Hillman acetate adducts prepared from heteroaryl and aliphatic aldehydes also readily

participated in the reaction.

OAc O O

OMe 4 Si(OEl)s _[Pd] O Xy~ “OMe
TBAF
PEG O

Catalyst: Pd(OAc), 85%
Pdy(dba); 91%

Figure 2.2: Selection of catalyst
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Table 2-3: Coupling of various Baylis-Hillman Acetate adducts with different

organosiloxanes
OAc O O
R OMe *+ R—Si(OEt); % R/\ﬁj\OMe
PEG R
Entry R R’ Product S?Z l)d E/Z
1 Phenyl Phenyl 2-301 92 93/7
2 p-Chlorophenyl Phenyl 2-302 91 99/1
3 p-Tolyl Phenyl 2-303 89 95/5
4 Naphthyl Phenyl 2-304 87 94/6
5 2-Furyl Phenyl 2-305 78 99/1
6 p-Methoxyphenyl Phenyl 2-306 94 99/1
7 2-Chlorophenyl Phenyl 2-307 86 92/8
8 n-Octyl Phenyl 2-308 85 90/10
9 p-Nitrophenyl Phenyl 2-309 62 96/4
10 Phenyl p-Tolyl 2-310 86 97/3
11 Phenyl p-Chlorophenyl 2-311 92 98/2
12 Phenyl 2-Thiofuryl 2-312 70 93/7
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The reaction is highly stereoselective. The stereochemistry of the products was
established by comparing NMR shift values of olefinic and methylene protons with
literature values. The ratio of E/Z isomers was determined by "HNMR analysis. The ratio

was normally found to be greater than 90/10 even for aliphatic Baylis-Hillman adducts.

The results of coupling Baylis-Hillman adducts with various
organotriethoxysilanes are summarized in Table 2-3 (entries 10-13). Aryl and
heteroarylsilanes all participate in this reaction and yields are good to excellent. The
results demonstrated that the electronic character of the substituents on the aromatic ring
has little affect on the reaction yields. Heteroarylsiloxanes afford lower yields than

arylsiloxanes.

2.3 Conclusions

An efficient palladium-catalyzed coupling reaction of aryltrialkoxysilanes with
various allyl acetates and Baylis-Hillman acetate adducts has been developed. PEG was
shown to be an effective solvent and the Pd(OAc), catalyst could be recycled at least two
times without loss of its activity. The reaction conditions are mild and the reaction yields
are good to excellent. For the couplings of Baylis-Hillman acetate adducts with
organosiloxanes, the stereoselectivity is excellent with the £ isomer formed as the major

product.
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2.4 Experimental Section

Nuclear magnetic resonance (‘H and >C NMR) spectra were recorded on a 250
MHz Bruker or 300 MHz Varian spectrometer in CDCl; unless otherwise noted.
Chemical shifts are reported in parts per million (9) relative to TMS. Coupling constants
(J values) are reported in hertz (Hz), and spin multiplicities are indicated by the following
symbols: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br s (broad singlet).
Thin-layer chromatography (TLC) was performed with the compounds being identified in
one or more of the following manners: UV (254 nm), iodine, or PMA. Products were
purified by flash chromatography using silica gel (60 A, 230-400 mesh) with hexanes /
ethyl acetate as eluent. Elemental analyses were performed by Atlantic Microlabs Inc.,

Norcross, GA.

All glassware was oven dried at 120 °C and flushed with dry nitrogen. All
reactions were carried out under a nitrogen atmosphere. Organotriethoxysilanes,
tetrabutylammonium fluoride (TBAF, 1.0 M solution in THF), Pd(OAc), and Pd,(dba);

were purchased from Aldrich and used as received.

2.4.1 General Experimental Procedure for The Synthesis of Baylis-Hillman
Acetate Adducts

The Baylis-Hillman alcohols were prepared from aldehydes and methyl acrylate
in the presence of tertiary amine DABCO. At room temperature, the aldehyde (13.5

mmol, 1 equiv.) was added to a stirred mixture of methyl acrylate (20 mmol. 1.3 equiv.)
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and DABCO (2.0 mmol, 0.13 equiv.) under an air atmosphere. The reaction mixture was
stirred until the reaction was complete (monitored by GC). After completion of the
reaction, methylene chloride (30 mL) was added. The solution was washed first with 30
mL of HCI (10%) and then with 30 mL of water. The solvent was removed under vacuum.

Alpha-hydroxylated acrylic esters were isolated by flash chromatography.

The Baylis-Hillman acetate adducts were prepared by mixing the relevant Baylis-
Hillman alcohol with acetic anhydride in pyridine. The products were purified by flash
chromatography and identified by comparison of their spectroscopic properties with those

of samples prepared according to known procedures.***’

2.4.2 General Procedure For The Cross-Coupling Reactions Utilizing Allylic

Acetates

To a solution of 1.0 mmol of the allylic acetate, 0.05 mmol of Pd(OAc),, and 2.0
mmol of arylsiloxane in 3 mL of PEG-600 was added 2.0 mmol of TBAF via syringe.
The reaction mixture was degassed to remove oxygen and then flushed with nitrogen.
The reaction mixture was stirred at room temperature for 5 hours and then extracted with
diethyl ether (4 x 10 mL). The combined organic layer was dried over anhydrous Na;SO4
and then concentrated in vacuo. Purification of the residue by flash chromatography
yielded the cross-coupled adduct. The spectral data of the individual compounds are

reported below.
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2.4.3 General Procedure For The Cross-Coupling Reactions Utilizing Baylis-
Hillman Acetate Adducts

To a solution of the acetate of a Baylis-Hillman adduct (0.5 mmol),
organosiloxane (0.65 mmol), 3 mol % of Pd,(dba); in 3 ml of PEG-600 was added 2.0 ml
of TBAF in THF (1.0 m, 1.0 mmol) via syringe. The system was evacuated and then
purged with nitrogen gas. The reaction mixture was stirred at the indicated temperature
for 4-8 h. After completion of the reaction (monitored by TLC), the mixture was
extracted with Et,O (4 x 5 mL), and the combined organic layer was dried over
anhydrous MgSQOj, and the mixture concentrated using a rotary evaporator. Purification
of the residue by flash chromatography yielded the desired product. The spectral data of

the individual compounds are reported below.

2.4.4 Analytical data

2-201
'H NMR (CDCls): 6 7.36 — 7.16 (m, 10H), 6.45 (d, 1H, J=15.9 Hz), 6.35 (dt, 1H, J; =
6.3 Hz, J, = 15.9 Hz), 3.53 (d, 2H, J = 6.3 Hz); >°C NMR (CDCL): & 147.3, 140.1, 137.4,

131.0, 129.2, 128.6, 128.5, 127.1, 126.1, 126.0, 39.3. Anal. Calcd. for C;sHj4: C, 92.74;

H, 7.26; Found: C, 92.69; H, 7.22.
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2-202
'H NMR (CDCls): § 7.36 — 7.13 (m, 9H), 6.44 (d, 1H, J= 16.2 Hz), 6.28 (dt, 1H, J, = 6.6
Hz, J,=16.2 Hz), 3.48 (d, 2H, J = 6.6 Hz); *C NMR (CDCls): § 138.5, 137.2, 131.9,
131.4, 130.0, 128.5, 127.2, 126.1, 38.6. Anal. Calcd. for C;sHysCl: C, 78.77; H, 5.73;

Found: C, 78.71; H, 5.77.

2-203
'H NMR (CDCls): & 7.35 — 7.08 (m, 9H), 6.43 (d, 1H, J=15.6 Hz), 6.32 (dt, 1H, J, = 6.3
Hz, J,=15.6 Hz), 3.49 (d, 2H, J = 6.3 Hz), 2.31 (s, 3H); *C NMR (CDCl3):  137.5,

137.0, 135.6, 130.8, 129.5, 129.1, 128.5, 128.4, 127.0, 126.1, 38.9, 21.0. Anal. Calcd. for

Ci6Hig: C, 92.26; H, 7.74; Found: C, 92.25; H, 7.71.
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2-204
'"H NMR (CDCls): § 7.20-7.40 (m, 5 H), 6.45 (d, 1H, J = 15.6 Hz), 6.24 (dt, 1H, J; =
15.6 Hz, J, = 6.4 Hz), 5.92 (m, 1H), 5.10 (m, 2 H), 2.9 (t, 2H, J = 6.4 Hz); *C NMR
(CDCLy): & 136.5, 130.8, 128.5, 127.0, 115.6, 37.0. Anal. Calcd. for C;;Hya: C, 91.61; H,

8.39; Found: C, 91.48; H, 8.31.

OCHs

2-205
'HNMR (CDCly): § 7.35 — 7.13 (m, 7H), 6.87 — 6.83 (m, 2H), 6.42 (d, 1H, J = 15.9 Hz),
6.33 (dt, 1H, J; = 6.1 Hz, J, = 15.9 Hz), 3.77 (s, 3H), 3.47 (d, 2H, J = 6.1 Hz); °C NMR
(CDCLy): § 158.0, 137.4, 132.1, 130.6, 129.6, 129.5, 128.4, 127.0, 126.0, 113.8, 55.2,

38.4. Anal. Calcd. for C;cH60: C, 85.68; H, 7.19; Found: C, 85.71; H, 7.13.
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2-206

'"H NMR (CDCls): 5 7.38 — 7.16 (m, 6H), 6.95 (m, 1H), 6.87 (m, 1H), 6.52 (d, 1H, J=
15.6 Hz), 6.37 (dt, 1H, J; = 6.6 Hz, J> = 15.6 Hz), 3.74 (d, 2H, J = 6.6 Hz); °C NMR
(CDCLy): & 131.3, 128.5, 128.3, 128.1, 127.3, 126.2, 123.8, 29.7. Anal. Calcd. for

Ci3Hi2S: C, 77.95; H, 6.04; Found: C, 77.81; H, 6.02.

T

2-207

'"H NMR (CDCls): § 7.38 — 7.15 (m, 10H), 6.39 (m, 2H), 3.63 (m, 1H), 1.46 (d, 3H, J =
7.2 Hz); *C NMR (CDCls): § 145.6, 137.5, 135.2, 128.7, 128.5, 128.4, 127.9, 127.3,

127.0, 126.5, 126.2, 126.1, 42.5, 21.2. Anal. Calcd. for C;¢Hy6: C, 92.26; H, 7.74; Found:

C, 92.15; H, 7.67.
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2-208

'H NMR (CDCls): 6 7.37 — 7.17 (m, 15H), 6.46 (d, 1H, J = 15.9 Hz), 6.36 (dt, 1H, J; =
6.3 Hz, J, = 15.9 Hz), 3.55 (d, 1H, J= 6.3 Hz); >°C NMR (CDCL): & 140.1, 137.4, 131.0,

129.2, 128.6, 128.5, 127.1, 126.2, 126.1, 39.3. Anal. Calcd. for C;His: C, 93.29; H, 6.71;

Found: C, 93.31; H, 6.65.

2-209
'"H NMR (CDCls): § 7.33 — 7.15 (m, 5H), 5.91 — 5.85 (m, 1H), 5.74 — 5.68 (m, 1H), 3.43
~3.38 (m, 1H), 2.12 — 1.50 (m, 6H); °C NMR (CDCl3): & 146.6, 130.2, 128.3, 128.2,

127.7,125.9, 41.9, 32.6, 25.0, 21.2. Anal. Calcd. for C,H4: C, 91.08; H, 8.92; Found: C,

91.03; H, 8.82.
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2-301
"H NMR (CDCls) & 7.94 (s, 1H), 7.18 — 7.34 (m, 10H), 3.95 (s, 2H), 3.72 (s, 3H); "°C

NMR (CDCls) & 168.5, 140.9, 139.3, 135.2, 130.5, 129.1, 128.7, 128.5, 128.4, 127.8,

126.0, 52.0, 33.1. Anal. Calcd. for C7H60,. C, 80.93; H, 6.39; Found: C, 80.87; H, 6.40.

2-302
'H NMR (CDCls): & 7.87 (s, 1H), 7.16 — 7.30 (m, 9H), 3.92 (s, 2H), 3.75 (s, 3H); "°C

NMR (CDCl3): 6 168.4, 139.6, 139.0, 134.5, 133.7, 131.2, 130.5, 128.8 128.6, 127.8,

126.2,52.2, 33.1. Anal. Calcd. for C;7H,5Cl1O,: C, 71.20; H, 5.27; Found: C, 71.02; H,

5.32.
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'H NMR (CDCls): § 7.92 (s, 1H), 7.11 — 7.30 (m, 9H), 3.97 (s, 2H), 3.74 (s, 3H), 2.33 (s,

2-303

3H); °C NMR (CDCl3): & 168.8, 141.1, 139.4, 139.0, 132.4, 129.6, 129.3, 128.5, 127.9,
126.0, 52.1, 33.1, 21.3. Anal. Calcd. for C;3H;30,: C, 81.17; H, 6.81; Found: C, 81.36; H,

6.64.

2-304

'H NMR (CDCls): 5 8.35 (s, 1H), 8.0 - 6.9 (m, 11H), 3.77 (s, 2H), 3.74 (s, 3H), 2.23 (s,
3H);5 *C NMR (CDCls): § 168.2, 139.7, 139.1, 133.4, 133.3, 132.7, 131.5 128.9, 128.5,
128.3, 128.1, 126.5, 126.2, 126.0, 125.9, 125.2, 124.6, 52.1, 33.5. Anal. Calcd. for

C21Hi304: C, 83.42; H, 6.00; Found: C, 83.32; H, 6.06.
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2-305

'"H NMR (CDCly): § 7.58 (s, 1H), 7.49 (d, 1H, J=2.1 Hz), 7.20 — 7.25 (m, 5H), 6.60 (d,
1H, J = 3.3 Hz), 6.45 (dd, 1H, J; = 2.1 Hz, J> = 3.3 Hz), 4.14, (s, 2H), 3.73 (s, 3H); 1°C
NMR (CDCls): § 168.5, 151.3 144.4, 139.4, 128.3, 128.2, 127.2, 126.7, 125.9, 115.8,

112.0, 52.0, 33.3. Anal. Calcd. for C5H405: C, 74.36; H, 5.82; Found: C, 74.53; H, 5.68.

@)

O N OMe
MeO O

2-306

"H NMR (CDCl): § 7.90 (s, 1H), 7.34 (d, 2H, J = 9 Hz), 7.20 — 7.32 (m, 5H), 6.85 (d, 2H,
J=9Hz), 3.98 (s, 2H), 3.78 (s, 3H), 3.74 (s, 3H); '°C NMR (CDCL): 5 168.9, 160.1,
147.4, 140.8, 139.4, 131.1, 128.5, 128.1, 127.8, 127.7, 126.0, 114.0, 55.2, 52.0, 33.1.

Anal. Calcd. for C;gH;303: C, 76.57; H, 6.43; Found: C, 76.72; H, 6.35.
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2-307

'H NMR (CDCls): & 7.96 (s, 1H), 7.12 — 7.44 (m, 9H), 3.81(s, 2H), 3.75(s, 3H); "°C

NMR (CDCLy): & 168.0, 147.4, 139.2, 137.8, 134.1, 134.0, 132.9, 129.7, 129.6, 128.5,
127.9, 126.6, 126.1, 52.1, 33.2. Anal. Calcd. for C;7H;5ClO,: C, 71.20; H, 5.27; Found: C,

71.07; H, 5.21.

n-Octyl” ™ OMe

2-308

"H NMR (CDCls): 8 7.15 — 7.28 (m, 5H), 6.95 (t, 1H, J= 7.5 Hz), 3.67 — 3.69 (m, 5H),
2.27(q, 2H, J=7.2 Hz), 1.23 — 1.47 (m, 12H), 0.88 (t, 3H, J = 6.6 Hz); °C NMR
(CDCly): 6 168.2, 144.5, 139.8, 130.6, 128.3, 128.2, 125.9, 51.7, 32.3, 31.8, 29.4, 29.3,
29.2,29.0, 28.7, 22.6, 14.1. Anal. Calcd. for C19H»30,: C, 79.12; H, 9.78; Found: C,

78.93; H, 10.03.
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A &

'"H NMR (CDCls): § 8.20 (d, 2H, J =9 Hz), 7.93 (s, 1H), 7.50 (d, 2H, J= 9 Hz), 7.14 —

2-309

7.31 (m, 5H), 3.92 (s, 2H), 3.79 (s, 3H); °C NMR (CDCl;): & Anal. Calcd. for

Ci17H15NO4: C, 68.68; H, 5.09; N, 4.71; Found: C, 68.43; H, 4.93; N, 4.62.

O N OMe

'"H NMR (CDCls): § 7.91 (s, 1H), 7.08 — 7.35 (m, 9H), 3.91 (s, 2H), 3.73 (s, 3H), 2.30 (s,

2-310

3H); *C NMR (CDCls): & 168.8, 140.7, 138.2, 135.5, 135.3, 130.9, 129.2, 128.7, 128.5,
127.7,52.0, 32.7, 21.0. Anal. Calcd. for CigH30,: C, 81.17; H, 6.81; Found: C, 81.34; H,

6.73.
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2-311
'"H NMR (CDCls): § 7.93 (s, 1H), 7.32 (m, 5H), 7.23 (d, 2H, J = 8.4 Hz), 7.10 (d, 2H, J =
8.4 Hz), 3.90 (s, 2H), 3.74 (s, 3H); *C NMR (CDCly): 5 168.3, 141.2, 137.9, 135.1,
131.9, 130.2, 129.2, 129.0, 128.8, 128.6, 52.1, 32.5. Anal. Calcd. for C;-H;5ClO: C,

71.20; H, 5.27; Found: C, 71.43; H, 5.40.

(0)]

2-312
'"H NMR (CDCLy): & 7.88 (s, 1H), 7.33 — 7.41 (m, 5H), 7.14 (m, 1H), 6.93 (m, 1H), 6.84
(m, 1H), 4.01 (s, 2H), 3.80 (s, 3H); °C NMR (CDCls): & 170.9, 140.9, 130.4, 129.6,
129.2, 128.9, 128.6, 128.3, 126.8, 124.6, 123.6, 52.2, 28.1. Anal. Calcd. for C15H;40,S: C,

69.74; H, 5.46; Found: C, 70.02; H, 5.33.

61



Chapter 3: Synthesis of cis and trans a-Methylene-y-lactones

3.1 Introduction

a-Methylene-y-lactone derivatives have attracted attention over the years, since
they are important functional components in a wide range of natural products.'*® The o-
methylene-y-lactone moiety, due to its propensity for Michael-type addition reactions,
may play an important role in the biological activity of many naturally occurring
products.'*” A variety of methodologies have been developed to synthesize a-methylene-
y-lactones; the most common method involves the reaction of allylic derivatives with
carbonyl compounds.'*® This chemistry has been used successfully employing allyl

148a -

148b
tin,

148c 148d

derivatives of zinc, chromium, " and indium. ™" Recently, substituted
allylborates were also used for the synthesis of a-methylene-y-lactones.'*” However, the
reported procedures generally result in the generation of cis-a-methylene-y-lactones.
Paquette and Andino used organoindium chemistry to produce 3:2 ratio of cis and trans

substituted a-methylene-y-lactones.'**¢

Liu utilized a tungsten-promoted, intramolecular
alkoxycarbonylation to prepare a frans-a-methylene-y-lactone.”’ However, available
syntheses of trans-o-methylene-y-lactones remain limited. In this chapter, we describe

straightforward methods for preparing both trans- and cis-a-methylene-y-lactones using

Baylis—Hillman adducts as precursors.
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The Baylis—Hillman reaction is one of the most versatile carbon—carbon bond-
forming reactions in modern organic synthesis. It has drawn considerable attention in the
past few decades due to its atom economy, mild reaction conditions, and functional group
compatability.* '*! As part of our general interest in Baylis—Hillman chemistry, our lab
recently developed a cross-coupling reaction of Baylis—Hillman adducts with
bis(pinacolato)diboron that produces 3-substituted-2-alkoxycarbonylallylboronates;'**
these boronates readily react with aldehydes in the presence of a silica supported BF;
catalyst'>® to form highly functionalized homoallylic alcohols in excellent yields (Figure

3.1).

3.2 Results and Discussion

The homoallylic alcohols 3-2 obtained in this reaction are useful due to the
presence of multiple functionalities in close proximity. We felt that these alcohols would
be excellent precursors to certain biologically important heterocycles. As part of our
investigation, we attempted to brominate the syn-homoallylic alcohol with carbon
tetrabromide and triphenylphosphine. Surprisingly, the reaction did not produce the
expected brominated intermediate, but yielded the corresponding trans-o-methylene-y-

lactone (Figure 3.2).

R Pd,(dba)s, 50°C  Lewis acid, rt R
toluene

OAc O ?: BB :[é OH
)Tm RCHO )\Hk(om

Figure 3.1: Synthesis of homoallylic alcohol
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Rl

OH _—_— Br
OMe _CBry/PPhy " ; OMe
R 5 + R
o) R O
o)

Figure 3.2: Synthesis of trans-a-methylene-y-lactone

The trans stereochemistry was somewhat surprising in light of the earlier
studies.'*®!* Several homoallylic alcohols were synthesized using the one pot cross-
coupling /allylboration reaction (Figure 3.1), and then treated with CBr4 and PPh; at
room temperature. Trans-o-methylene-y-lactones were produced in moderate to good
yields (Table 3-1). The reaction yields were quite good when electron withdrawing
groups were present on the aromatic ring. However, the presence of electron donating
groups inhibited the formation of the lactone, and bromination products were isolated
instead (Table 3-1, entry 10). Homoallylic alcohols derived from aliphatic Baylis—
Hillman adducts also gave the corresponding trans-a-methylene-y-lactones along with a

small quantity of the brominated byproducts (Table 3-1, entry 2).

The reaction does not appear to be limited to the use of CBr4/PPh; as the
bromination reagent. Indeed, a good yield of the lactone was obtained utilizing NBS
(Table 3-1, entry 5). In contrast, lactonization of 3-2 using p-toluenesulfonic acid (PTSA)
produced the expected cis-a-methylene-y-lactones 3-5 in isolated yields ranging from

94% to 99%. (Figure 3.3 and Table 3-2)."**
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Table 3-1: Synthesis of rans-a-methylene-y-lactones™™*

R

OH R ' Br
OMe _CBry/PPh; " ; OMe
R 5 + R
R O R O

O
3-2 3-3 3-4

Entry R R’ 3-3 34
1 Phenyl Phenyl 56 (3-301) 0
2 Phenyl Methyl 49 (3-302) 17
3 p-Nitrophenyl Phenyl 68 (3-303) 0
4 p-Nitrophenyl p-Tolyl 71 (3-304) 0
5¢ p-Nitrophenyl p-Tolyl 66 (3-304) 0
6 p-Nitrophenyl p-Methoxyphenyl 70 (3-305) 0
7 p-Nitrophenyl 1-Napthyl 52 (3-306) 0
8 p-Nitrophenyl p-Chlorophenyl 63 (3-307) 0
9 p-trifluoromethylphenyl Phenyl 67 (3-308) 0
10 p-Methoxyphenyl p-Tolyl 0 59

* Unless otherwise noted reactions were carried out at rt for 15 hr in the presence of 1.5 equivalents of

CBr4 and PPh; in CH,Cl, to obtain 3;

® Isolated yields;

¢ Reaction carried out in the presence of 1.5 eq. of NBS in CH,Cl, for 12 hr.

65



OH o PTSA R
R © o

R" O
3-2 3-5

Figure 3.3: Synthesis of cis-a-methylene-y-lactone

Table 3-2: Synthesis of cis-a-methylene-y-lactones®

Entry R R’ 3-5°
1 Phenyl Phenyl 98 (3-501)
2 Phenyl Methyl 96 (3-502)
3 p-Nitrophenyl Phenyl 97 (3-503)
4 p-Nitrophenyl p-Tolyl 97 (3-504)
5 p-Nitrophenyl p-Methoxyphenyl 99 (3-505)
6 p-Nitrophenyl 1-Napthyl 94 (3-506)
7 p-Nitrophenyl p-Chlorophenyl 95 (3-507)
8 p-trifluoromethylphenyl Phenyl 96 (3-508)

* Reactions carried out at rt overnight in the presence of 10 mol % p-toluenesulfonic acid in
dichloromethane;

" Isolated yield.
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3.3 Mechanism

Although a detailed mechanistic study has not been undertaken for the formation
of trans-o-methylene-y-lactones, we believe that the reaction does not proceed via a
brominated intermediate. We base this conclusion on a series of experiments in which the
brominated product isolated from the reaction of methyl 4-hydroxy-3-methyl-2-
methylene-4-phenylbutanoate (see entry 2, Table 3-1) was allowed to react with CBry4
/PPh; under the same reaction conditions used for lactone formation. None of the
expected a-methylene-y-lactone formed. Additional experiments were carried out in
which the same butanoate was allowed to react separately with CBr4 and PPhs. Again,
none of the lactone formed. It is possible that triphenylphosphine reacts with the
brominating agent to form dibromotriphenylphosphorane 3-6, which would then be
expected to react with the 4-hydroxy substituent in 3-2 to form a benzylic phosphonium
intermediate 3-7 (Figure 3-4). An intramolecular cyclization of 3-7 via a Mitsunobu-like
substitution (or via a benzylic cation'>*) would result in the formation of the

thermodynamically more stable trans lactone 3-3.

® Oy _OCH R
Ph _ OH PhsPO g R..
[N E——
Ph—PS " R OMe o)
| YBr R
Ph R O R
3-6 3-2 3-7 3-3

Figure 3.4: Mechanism for the synthesis of cis-a-methylene-y-lactone
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3.4 Conclusion

In conclusion, we have utilized syn-homoallylic alcohols, prepared via a one pot
cross-coupling /allylboration reaction, to synthesize cis- and trans-a-methylene-y-
lactones. The methods are quite straightforward; by simply changing the ring closing
reagent one can diastereoselectively obtain either the cis or trans, bioactive a-methylene-

y-lactones.

3.5 Experimental Section

Nuclear magnetic resonance ('H and '*C NMR) spectra were recorded on a 250
MHz Bruker or 300 MHz Varian spectrometer in CDCl; unless otherwise noted.
Chemical shifts are reported in parts per million (9) relative to TMS. Coupling constants
(J values) are reported in hertz (Hz), and spin multiplicities are indicated by the following
symbols: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br s (broad singlet).
Thin-layer chromatography (TLC) was performed with the compounds being identified in
one or more of the following manners: UV (254 nm), iodine, or PMA. Products were
purified by flash chromatography using silica gel (60 A, 230-400 mesh) with hexanes /
ethyl acetate as eluent. Elemental analyses were performed by Atlantic Microlabs Inc.,

Norcross, GA.

All glassware was oven dried at 120 °C and flushed with dry nitrogen. All
reactions were carried out under a nitrogen atmosphere. All chemicals were purchased

from Aldrich and used as received.
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3.5.1 General experimental procedure for the synthesis of Baylis-Hillman

acetate adducts

The synthesis of Baylis-Hillman acetate adducts was described in the

experimental section of Chapter 2.

3.5.2 Synthesis of Silica Gel Supported BF; Catalyst

Silica gel was dried for 24 hours at 300 °C, then stirred under a N, atmosphere
with a mixture of the BF; etherate diluted in 100 ml of toluene at. The catalyst slurry was

stirred for 2 hours, then dried slowly on a rotary evaporator at 50 °C.

3.5.3 General experimental procedure for the synthesis of homoallylic

alcohols

In a typical reaction, the corresponding Baylis—Hillman acetate adduct 3-1 (1.0
mmol) and bis(pinacolato)diboron (1.1 mmol) were dissolved in 5 mL of toluene. The
palladium catalyst Pd,(dba)s (3 mol %) was then added and the mixture stirred for 3 h
under a nitrogen atmosphere at 50 °C [For Baylis—Hillman adducts derived from aliphatic
aldehydes, the time was increased to 6 h.]. After cooling to 0 °C, the aldehyde (1.2 mmol)
and silica supported BF; catalyst (100 mg) were added and the mixture stirred at room
temperature for the indicated time. The mixture was then filtered to remove the solid
catalyst. The filtrate was concentrated under reduced pressure and homoallylic alcohol 3-

2 was isolated by silica gel chromatography using hexanes/ethyl acetate (3:1) as eluent.
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3.5.4 General experimental procedure for the synthesis of trans-a-methylene-

y-lactones

The homoallylic alcohol 3-2 (1.0 mmol) was dissolved in dichloromethane (5 mL)
and the solution cooled to 0 °C. Carbon tetrabromide (1.5 mmol) and triphenylphosphine
(1.5 mmol) were added sequentially, and the reaction mixture allowed stirring at room
temperature overnight under a nitrogen atmosphere (reaction monitored by TLC). After
completion of the reaction, the solvent was removed and the product was isolated and
purified by flash chromatography using hexanes/ethyl acetate (4:1) as eluent. The

analytical data of all trans-a-methylene-y-lactones are shown below.

3.5.5 General experimental procedure for the synthesis of cis-a-methylene-y-

lactones

The homoallylic alcohol 3-2 (1.0 mmol) was dissolved in dichloromethane (5 mL)
and the solution cooled to 0 °C. p-Toluenesulfonic acid (0.1 mmol) was then added, and
the reaction mixture allowed to stir at room temperature overnight under a nitrogen
atmosphere (reaction monitored by TLC). After completion of the reaction, the solvent
was removed and the product was isolated and purified by flash chromatography using
hexanes/ethyl acetate (4:1) as eluent. The analytical data of all trans-a-methylene-y-

lactones are shown below.
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3.5.6 Analytical Data

3-301
'"H NMR (CDCL): 8 7.39 — 7.14 (m, 10H), 6.42 (d, 1H, J = 3.1 Hz), 5.43 (d, 1H, J=3.1
Hz), 5.37 (d, 1H, J = 7.7 Hz), 4.04 (m, 1H); *C NMR (CDCL): 5 169.3, 139.8, 138.2,
138.1, 129.1, 128.6, 128.4, 127.9, 125.4, 123.9, 85.8, 55.3. Anal. Calcd. for C;7H405: C,

81.58; H, 5.64; Found: C, 81.63; H, 5.52.

@ Me

0]
3-302
'H NMR (CDCls): 6 7.41 — 7.30 (m, 5H), 6.28 (d, 1H, J=3.0 Hz), 5.57 (d, 1H, J=3.0
Hz), 4.88 (d, 1H, J=7.7 Hz), 2.94 (m, 1H), 1.30 (d, 3H, J = 6.8 Hz); °C NMR (CDCls):
8 169.9, 140.3, 138.2, 128.6, 125.7, 120.8, 85.7, 43.2, 15.7. Anal. Calcd. for C;;H,,0,: C,

76.57; H, 6.43; Found: C, 76.43; H, 6.50.
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3-303

'H NMR (CDCls):  8.21 (d, 2H, J = 8.7 Hz), 7.43 — 7.35 (m, 5H), 7.21 — 7.17 (m, 2H),
6.48 (d, 1H, J= 3.3 Hz), 5.49 — 5.47 (m, 2H), 3.98 (m, 1H); °C NMR (CDCl;): § 168.7,
148.0, 145.2, 144.1, 138.9, 137.0, 129.5, 128.5, 128.4, 126.1, 124.9, 124.0, 84.3, 55.5.
Anal. Calcd. for C;7H3NOg4: C, 69.15; H, 4.44; N, 4.74; Found: C, 69.02; H, 4.42; N,

4.65.

3-304

'H NMR (CDCls): 6 8.20 (d, 2H, J = 8.5 Hz), 7.38 (d, 2H, J = 8.5 Hz), 7.23 (d, 2H, J =
7.8 Hz), 7.08 (d, 2H, J = 7.8 Hz), 6.45 (d, 1H, J=3.3 Hz), 5.48 (d, 1H, J= 3.3 Hz), 5.46
(d, 1H, J=9.3 Hz), 3.95 (m, 1H), 2.39 (s, 3H); *C NMR (CDCls): & 168.8, 147.8, 147.3,
145.2,139.1, 138.2, 133.7, 130.0, 128.4, 126.0, 124.6, 123.9, 84.4, 55.1, 21.0. Anal.

Calcd. for C;gHsNOy4: C, 69.89; H, 4.89; N, 4.53; Found: C, 69.76; H, 4.87; N, 4.41.
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3-305

'"H NMR (CDCL):  8.20 (d, 2H, J = 8.7 Hz), 7.37 (d, 2H, J= 8.7 Hz), 7.11 (d, 2H, J =
6.6 Hz), 6.93 (d, 2H, J = 6.6 Hz), 6.45 (d, 1H, J = 3.1 Hz), 5.47 (d, 1H, J=3.1 Hz), 5.42
(d, 1H, J= 8.7 Hz), 3.91 (m, 1H), 3.84 (s, 3H); *C NMR (CDCls): & 168.8, 159.5, 147.9,
147.4, 1452, 139.3, 129.7, 128.6, 126.0, 124.5, 123.9, 114.8, 84.5, 55.3, 54.9. Anal.

Calcd. for C;gH sNOs: C, 66.46; H, 4.65; N, 4.31; Found: C, 66.42; H, 4.59; N, 4.23.

3-306

'"H NMR (CDCls): § 8.16 (d, 2H, J = 8.4 Hz), 7.96 — 7.90 (m, 2H), 7.62 — 7.35 (m, 7H),
6.48 (d, 1H, J=3.0 Hz), 5.77 (br, 1H), 5.46 (d, 1H, J= 3.0 Hz), 4.76 (br, 1H); '"H NMR
(CDCLy): & 169.9, 147.2, 143.5, 136.2, 133.4, 131.7, 131.6, 129.3, 128.4, 126.9, 126.7,
126.5, 126.3, 126.1, 126.0, 124.9, 124.5, 121.8, 80.7, 45.9. Anal. Calcd. for Co;H;sNOy:

C, 73.03; H, 4.38; N, 4.06; Found: C, 72.89; H, 4.32; N, 3.97.
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3-307

'H NMR (CDCls): & 8.21 (d, 2H, J = 8.8 Hz), 7.39 (m, 4H), 7.16 (d, 2H, J = 8.5 Hz), 6.48
(d, 1H, J=3.3 Hz), 5.49 (d, 1H, J= 3.3 Hz), 5.44 (d, 1H, J= 8.3 Hz), 4.0 (m, 1H); °C
NMR (CDCls): § 168.3, 148.0, 144.8, 138.6, 135.5, 134.4, 129.8, 126.1, 125.0, 124.0,
84.7, 54.7. Anal. Calcd. for C;7H;,CINOy: C, 61.92; H, 3.67; N, 4.25; Found: C, 62.01; H,

3.59; N, 4.11.

F3C

O

O
O

3-308

'H NMR (CDCl): 6 7.61 (d, 2H, J = 8.4 Hz), 7.42 — 7.17 (m, 7TH), 6.46 (d, 1H, J=3.3
Hz), 5.47 (d, 1H, J=3.3 Hz), 5.44 (d, 1H, J = 8.4 Hz), 3.99 (m, 1H); *C NMR (CDCl;):

8 169.0, 147.4, 142.2, 139.3, 137.4, 129.3, 128.5, 128.3, 125.8, 125.7, 125.6, 125.5, 124.5,

84.8,55.5. Anal. Calcd. for C1gsH3F50,: C, 67.92; H, 4.12; Found: C, 67.89; H, 4.01.
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3-501
'H NMR (CDCls): 6 7.12 — 6.72 (m, 10H), 6.52 (d, 1H, J=3.0 Hz), 5.83 (d, 1H, J= 8.3
Hz), 5.57 (d, 1H, J = 3.0 Hz), 4.67 (m, 1H); >C NMR (CDCl): § 137.9, 136.2, 136.0,
129.2, 128.0, 127.8, 127.3, 125.7, 124.7, 82.5, 51.6. Anal. Calcd. for C,;H;405: C, 81.58;

H, 5.64; Found: C, 81.43; H, 5.54.

3-502
'"H NMR (CDC13): § 7.39 — 7.32 (m, 3 H), 7.18-7.15 (m, 2 H), 6.35 (d, 1H, J= 2.9 Hz),
5.61 (d, 1H, J= 8.1 Hz), 5.56 (d, 1H, J=2.9 Hz), 3.45 (m, 1 H), 0.81 (d, 3 H, J= 7.3 Hz);
13C NMR (CDCLy): & 170.4, 140.0, 136.0, 128.3, 125.8, 121.7, 82.3, 38.9, 15.3. Anal.

Calcd. for C;,H1,0,: C, 76.57; H, 6.43; Found: C, 76.43; H, 6.36.
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3-503

'"H NMR (CDCL): § 7.96 (d, 2H, J = 8.8 Hz), 7.11 — 7.05 (m, 5H), 6.79 — 6.75 (m, 2H),
6.58 (d, 1H, J=2.9 Hz), 5.94 (d, 1H, J = 8.4 Hz), 5.67 (d, 1H, J = 2.9 Hz), 4.79 (m, 1H);
3C NMR (CDCL): § 169.8, 147.3, 143.5, 137.0, 136.0, 128.9, 128.6, 127.9, 126.7, 126.0,

123.0, 81.2, 51.4. Anal. Calcd. for C;7H3NOg4: C, 69.15; H, 4.44; N, 4.74; Found: C,

69.23; H, 4.31; N, 4.55.

O,N

{5

O
0

3-504

'H NMR (CDCls): 6 7.98 (d, 2H, J = 8.7 Hz), 7.07 (d, 2H, J = 8.7 Hz), 6.90 (d, 2H, J =
8.1 Hz), 6.65 (d, 2H, J= 8.1 Hz), 6.55 (d, 1H, J= 3.0 Hz), 5.93 (d, 1H, J= 8.1 Hz), 5.65
(d, 1H, J=3.0 Hz), 4.74 (m, 1H), 2.21 (s, 3H); *C NMR (CDCls):  170.0, 147.3, 143.6,
137.6, 137.2, 132.7, 130.1, 129.7, 128.7, 126.7, 125.8, 123.0, 81.2, 50.9, 20.9. Anal.

Calcd. for C;gHsNOy4: C, 69.89; H, 4.89; N, 4.53; Found: C, 69.79; H, 4.77; N, 4.50.
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3-505
'"H NMR (CDCL): 8 7.99 (d, 2H, J = 8.7 Hz), 7.09 (d, 2H, J = 8.7 Hz), 6.69 (d, 2H, J =
9.0 Hz), 6.62 (d, 2H, J = 9.0 Hz), 6.54 (d, 1H, J = 2.7 Hz), 5.94 (d, 1H, J= 8.7 Hz), 5.63
(d, 1H, J = 2.7 Hz), 4.76 (m, 1H), 3.67 (s, 3H); *C NMR (CDCls): & 169.9, 158.8, 147.1,
143.7, 1372, 129.9, 127.6, 126.7, 125.6, 122.9, 113.7, 81.2, 55.0, 50.5. Anal. Calcd. for

CisH5NOs: C, 66.46; H, 4.65; N, 4.31; Found: C, 66.52; H, 4.61; N, 4.27.

O,N
0
0
3-506

'H NMR (CDCls): 6 8.07 (d, 1H, J = 8.1 Hz), 7.80 (d, 1H, J = 8.1 Hz), 7.72 — 7.50 (m,
5H), 7.14 (t, 1H, J = 7.5 Hz), 6.83 (m, 3H), 6.73 (d, 1H, J=3.0 Hz), 6.16 (d, 1H, ] = 8.4
Hz), 5.77 (d, 1H, J = 3.0 Hz), 5.68 (m, 1H); *C NMR (CDCls): § 170.1, 147.2, 143.5,
136.2, 133.4, 131.7, 131.6, 129.3, 128.4, 126.9, 126.7, 126.5, 126.3, 126.1, 126.0, 124.9,
122.5,121.8, 80.7, 45.9. Anal. Calcd. for C5;H;sNOy4: C, 73.03; H, 4.38; N, 4.06; Found:

C, 72.94; H, 4.25; N, 3.85.
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3-507
'"H NMR (CDCls): & 8.02 (d, 2H, J = 8.8 Hz), 7.12 (d, 2H, J = 8.8 Hz), 7.08 (d, 2H, J =
6.6 Hz), 6.76 (d, 2H, J = 6.6 Hz), 6.56 (d, 1H, J=2.8 Hz), 5.98 (d, 1H, J = 8.4 Hz), 5.66
(d, 1H, J= 2.8 Hz), 4.83 (m, 1H); °C NMR (CDCls): & 169.5, 147.3 143.2, 136.9, 134.6,
133.6, 130.2, 128.6, 126.7, 126.1, 123.2, 80.8, 50.5. Anal. Calcd. for C,7H;,CINOy: C,

61.92; H, 3.67; N, 4.25; Found: C, 62.05; H, 3.65; N, 4.21.

FsC

{ §

O
O

3-508

'"H NMR (CDCls): § 7.35 (d, 2H, J = 8.8 Hz), 7.09 — 7.06 (m, 3H), 6.96 (d, 2H, J = 8.8
Hz), 6.76 — 6.71 (m, 2H), 6.54 (d, 1H, J= 2.9 Hz), 5.88 (d, 1H, J = 8.3 Hz), 5.62 (d, 1H,
J=2.9Hz),4.72 (m, 1H); *C NMR (CDCls): § 170.2, 140.3, 137.4, 136.0, 129.0, 128.4,
127.7, 126.2, 125.5, 124.8, 124.7, 81.6, 51.6. Anal. Calcd. for C1gH;3F305: C, 67.92; H,

4.12; Found: C, 67.85; H, 4.01.
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Chapter 4: The total synthesis of Eupomatilone 2

4.1 Introduction

As noted in Chapter 3, the a-methylene-y-lactone moiety is widely found in
naturally occurring compounds. Eupomatilones (1-7) are structurally novel lignans, first
isolated in 1991 by Carrol and Taylor from shrubs of eupomatia bennettii and are
charactarized by a biaryl system with a substituted y-lactone ring system attached to one
of the aryl rings (Figure 4.1).">° Three synthetic approaches to eupomatilone-6 (4-3) (in
which the olefin on the lactone moiety is hydrogenated) have been reported; however
there are no reports relating to the syntheses of eupomatilones that contain an a-
methylene-y-lactone.'*® In Chapter 3 we reported that functionalized homoallylic alcohols
could be cyclized to form a-methylene-y-lactones. These results encouraged us to carry
out the total synthesis of eupomatilones to explore the application of the new reactions. In
this chapter the total synthesis of eupomatilones-2 (4-1) was realized using Baylis-

Hillman adducts as synthetic precursor and the method described in Chapter 3.

OMe OMe OMe
MeO O MeO MeO O
MeO MeO : MeO .
(0] 9] 0]
1% 1 Y
MeO OMe 0 e}
OMe o—/ o—/
eupomatilone 2 eupomatilone 5 eupomatilone 6
41 4-2 4-3

Figure 4.1: Eupomatilones 2, 5, and 6
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4.2 Results and Discussion

The synthesis began with the reaction of arylboronic acids 4-6 and 2-bromo-3,4,5-
trimethoxy benzaldehyde ,4-5, which was easily synthesized from commercially
available 3,4,5-trimethoxy benzaldehyde ,4-4, in the presence of 4 mol % of
PdCI,(PPhs); catalyst.””” The cross-coupling was achieved without using external ligand
and KF was used as base in aqueous toluene solvent at 70 °C for 18 hr to obtain biaryl

aldehydes 4-7 in good yields (Figure 4.2).

The eupomatilone’s lactone ring was initially constructed by the addition of 3-
methyl-2-methoxycarbonyl allylboronate 4-9 to the biaryl aldehyde 4-7. Allylboronate 4-
9 was prepared by using Baylis-Hillman acetate adduct 4-8 and bis(pinacoloto)diboron in
the presence of a palladium catalyst as shown in Figure 4.3. Since the allylboronates are
moisture sensitive and can be difficult to purify, allylboronate 4-9 was used directly in
the preparation of 4-10. A variety of conditions were employed but the reaction yields
were poor presumably due to steric factors and the presence of the electron donating

methoxy groups on the aromatic ring of the aldehyde 4-10.

Since the boronate-based coupling reactions generated only modest yields of the
desired products, we investigated the use of indium moderated reactions developed by
Paquette and others."”® Allylbromide 4-12 was synthesized from Baylis-Hillman adduct
4-11."° Bromination using N-bromosuccinamide and triphenylphosphine in DCM at
room temperature occurred regioselectively to afford the thermodynamically favored Z-
isomer with allylic rearrangement.
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OMe

Br B(OH),
MeO CHO 5 MeO O
+ —-
MeO MeO OMe MeO CHO
OMe OMe
6

4-5, 929 4-
% MeO OMe
OMe
’ a 4-7, 74%

MeO CHO
MeO

OMe

4-4

Reagents and conditions: (a) NBS, CHCl;, reflux, 2h; (b) PdCl,(PPhs), (4 mom %),
Toluene:H,O (10:1), KF (2 eq.), 70°C, 18h.

Figure 4.2: Synthesis of compound 4-7
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4-8

OAc O AN OMe
a borcord
OMe e -

MeO

TS

MeO OMe
O OH

MeO OMe

4-10

Reagents and conditions: (a) Bis(pinacoloto)diboron (1.1 eq.), Pd,(dba);
(3 mol %), Toluene, 50 °C, 5 h; (b) Sc(OTf); (10 mol %) rt, 3 days, 12%;
(c) BF;5 on SiO, (100 mg), rt, 3 days, 15%; (d) 90 °C, 3 dyas, 19%.

Figure 4.3: Synthesis of homoallylic alcohol utilizing allylboronate
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Allylation of biarylaldehyde 4-7 with 4-12 was most efficiently carried out with
powdered indium metal in mixture of water and tetrahydrofuron (1:1) solvent.'”* The
homoallylic alcohol 4-10 formed as the desired syn isomers (95:5) (minor amounts of the
anti isomers were observed, however, they were easily separated from the desired
product). Cyclization of alcohol 4-10 was achieved under mild acidic conditions (PTSA,
CH,Cl,) to form final product 4-1 (Figure 4.4). "H-NMR and C-NMR spectra of 1

proved identical with that of published for eupomatilone 2.'>

4.3 Conclusion

In conclusion, we have successfully completed the synthesis of eupomatilone 2
using Suzuki coupling and allylation reactions as the key steps. Although no reports have
appeared describing the biological activity of eupomatilone 2, our short and efficient

strategy could serve as a catalyst for research in this area.

4.4 Experimental Section

Nuclear magnetic resonance (‘H and >C NMR) spectra were recorded on a 250
MHz Bruker or 300 MHz Varian spectrometer in CDCl; unless otherwise noted.
Chemical shifts are reported in parts per million (8) relative to TMS. Coupling constants
(J values) are reported in hertz (Hz), and spin multiplicities are indicated by the following
symbols: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br s (broad singlet).
Thin-layer chromatography (TLC) was performed with the compounds being identified in

one or more of the following manners: UV (254 nm), iodine, or PMA.

83



OH O
OMe

a

—

411

OMe
MeO

OH

MeO I OMe

OMe
OMe

4-10, 68%

MeO

0O

/%LOMG —b>

Br
4-12, 78%

OMe
MeO O
MeO
0]
o
MeO OMe

OMe
4-1, 94%

Reagents and conditions: (a) NBS, PPh;, rt, 12 h; (b) In,
THF:H,0 (1:1), 2h; (c) PTSA (10 mol%), DCM, rt, 12 h.

Figure 4.4: Synthesis of eupomatilone 2 (continued)
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Products were purified by flash chromatography using silica gel (60 A, 230-400
mesh) with hexanes / ethyl acetate as eluent. Elemental analyses were performed by

Atlantic Microlabs Inc., Norcross, GA.

All glassware was oven dried at 120 °C and flushed with dry nitrogen. All
reactions were carried out under a nitrogen atmosphere. All chemicals were purchased

from Aldrich and used as received.

4.4.1 Synthesis of Biarylaldehyde 4-7

Bromoaldehyde 4-5 (2.75g, 10.0 mmol) and 3,4,5-trimethoxyphenylboronic acid
4-6 (2.54g, 12.0 mmol) were weighed and transferred to a 50 ml round-bottomed flask
equipped with a magnetic stir bar and 20.0 mL of toluene. KF (1.74g, 30 mmol),
PdCl,(PPhs),; (28 1mg, 0.4 mmol) and 2.0 mL of water were added to the reaction mixture.
The reaction mixture was allowed to stir under N, for 18 h at 70 °C. The reaction mixture
was transferred to a separatory funnel and diluted with ethyl acetate and water. The
aqueous layer was extracted with ethyl acetate (3 x 50 mL), and the combined organic
layer was washed with 20 mL of water and 20 mL of brine, dried over anhydrous MgSOQOy,
and filtered. The filtrate was removed by rotary evaporation under reduced pressure. The
resulting residue was subjected to flash column on silica gel to give 2.68g (74%) light
yellow solid biarylaldehyde 4-7: "H NMR (CDCls):  3.70 (s, 3H), 3.87 (s, 3H), 3.89 (s,
3H), 3.94 (s, 3H), 3.97 (s, 3H), 4.02 (s, 3H), 6.56 (s, 1H), 6.74 (s, 1H), 7.35 (s, 1H), 9.70
(s, 1H); >C NMR (CDCls):  55.9, 56.0, 60.6, 60.8, 61.0, 104.4, 104.9, 108.2, 126.1,

129.6, 134.0, 137.3, 137.5, 147.3, 150.8, 152.5, 152.9, 153.2, 190.9.
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4.4.2 Procedure For The Preparation of Allylboronates 4-9 Followed By
Allylation with Biarylaldehyde 4-7

To a mixture of Baylis-Hillman acetate adduct 4-8 (172 mg, 1.00 mmol) and
bis(pinacolato)diboron (279 mg, 1.10mmol) in toluene (4.0 mL) was added 3 mol % of
Pd,(dba); and the mixture stirred at 50 °C under nitrogen atmosphere. After completion
of the reaction (monitored by TLC), the reaction mixture was cooled to 0 °C and
biarylaldehyde 4-7 (362 mg, 1.00 mmol) and 100 mg BF;-SiO, were added. The reaction
mixture was allowed to stir at room temperature for 3 days, quenched with 10 mL of
saturated aqueous NaHCO3, and extracted with ether (3 x 10 ml). The combined organic
layers were dried over anhydrous MgSQy, concentrated under vacuum, and purified by
column chromatography to obtain the homoallylic alcohol 4-10 15% as a colorless oil:
'H NMR (CDCl3):  1.04 (d, 3H, J= 7.0 Hz), 2.88 (m, 1H), 3.09(brs, 1H), 3.61 (s, 3H),
3.64 (s, 3H), 3.80 (s, 3H), 3.85 (s, 3H), 3.88 (s, 6H), 3.98 (s, 3H), 4.71 (m, 1H), 5.17 (s,
1H), 5.95 (s, 1H), 6.40 (d, 1H, J= 1.5 Hz), 6.44 (d, 1H, J= 1.5 Hz), 7.01 (s, 1H); "°C
NMR (CDCls): 6 14.0, 41.9, 51.8, 55.6, 55.9, 60.6, 61.1, 72.7, 105.7, 106.7, 108.0, 125.6,

127.1, 131.6, 136.1, 137.2, 140..6, 143.3, 150.2, 152.6, 152.8, 160.1.

4.4.3 Synthesis of Allylbromide 4-12

To a solution of Baylis-Hillman adduct (1.30 g, 10.0 mmol) and NBS (2.67 g,
15.0 mmol) in 10 mL of dry DCM was added triphenylphospine (3.93 g, 15.0 mmol
dissolved in 10 mL of DCM) dropwise over five minutes at -5 °C. This produced a clear

yellow solution that was stirred for 16 h at 25 °C before being diluted with pentane (50
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mL) and poured into a 50 mL of chilled mixture of H,O and brine (1:1). The aqueous

layer was separated and extracted with Et,;O (3 X 10 mL). The combined organic layer
was dried over anhydrous MgSO, and concentrated in vacuo, and the resulting crude
product was purified by silica gel chromatography (5:1 hexane-ether), giving 1.51 g (78%)
known allylbromide 4-12."°° 'H NMR (CDCls) & 7.07 (q, 1H, J = 6.9 Hz), 4.23 (s, 2 H),
3.79 (s, 3H), 1.91 (d, 3H, J = 6.9 Hz); *C NMR (CDCl5): 8 169.5, 143.3, 130.1, 52.1,

23.9,14.5.

4.4.4 Indium Mediated Allylation

To a mixture of allylbromide 4-12 (212 mg, 1.1 mmol) and biarylaldehyde 4-7
(362 mg, 1 mmol) in THF (5.0 ml) and water (5.0 ml) was added indium (1.1 mmol, 126
mg of 100 mesh powder) and the resulting mixture was stirred for 2 h. The reaction was
quenched with saturated aqueous NH4Cl then extracted with dichloromethane. The
organic layer was dried over anhydrous MgSQOy, filtered and concentrated. Purification by

silica gel column chromatography afforded 324 mg (68%) homoallylic alcohol 4-10.

4.4.5 Synthesis of Eupomatilones 2 (4-1)

Homoallylic alcohol 4-10 (477 mg, 1.00 mmol) was stirred overnight in CH,Cl,
(5.0 ml) with 17.0 mg (10 mol %) of p-TSA. The reaction was then quenched with
saturated aqueous NaHCOs (5.0 mL) and extracted with ether (3 x 5 ml). The combined
ether layers were washed with brine (5.0 ml), dried over anhydrous Na,SO, and

concentrated to give 417 mg (94%) the eupomatilone 2 (4-1): 'HNMR (CDCls):  0.85 (d,
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3H,.J=17.5 Hz), 2.87 (m, 1H), 3.70 (s, 3H), 3.85 (s, 3H), 3.87 (s, 3H), 3.88 (s, 3H), 3.90
(s, 3H), 3.93 (s, 3H), 5.52 (d, 1H, J= 7.2 Hz), 5.56 (d, 1H, J=2.0 Hz), 6.24 (d, 1H, J =
2.0 Hz), 6.36 (d, 1H, J= 1.5 Hz), 6.47 (d, 1H, J= 1.5 Hz), 6.69 (s, 1H); °C NMR
(CDCLy): 5 16.6, 38.1, 55.9, 60.6, 61.1, 79.0, 104.4, 104.7, 106.3, 107.3, 121.7, 127.5,
129.7, 130.8, 137.1, 140.7, 141.7, 151.0, 152.7, 152.8, 169.8. HRMS (EI) for Ca4H,30s:

Exact Mass (M+Na)": 467.1682; Found (M+Na)": 467.1665.

88



References

89



(a) Tamao, K.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc. 1972, 94,
4374; (b) Tamao, K.; Kiso, Y.; Sumitani, K.; Kumada, M. 1972, 94, 9268;
(c) Tamao, K.; Zembayashi, M.; Kiso, Y.; Kumada, M. J. Orgamnomet.
Chem. 1973, 55, C91; (d) Hayashi, T.; Konishi, M.; Fukushima, M.; Mise,
T.; Kagotani, M.; Tajika, M.; Kumada, M. J. Am. Chem. Soc. 1982, 104,
180; (e) Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; Higuchi, T.;
Hirotsu, K. J. Am. Chem. Soc. 1984, 106, 158; For a review, see: ()
Kumada, M. Pure Appl. Chem. 1980, 52, 669.

Corriu, R. J. P.; Masse, J. P. J. Chem. Soc., Chem. Commun. 1972, 144.

(a) Tamura, M.; Kochi, J. K. J. Am. Chem. Soc. 1971, 93, 1487; (b)
Tamura, M.; Kochi, J. K. Synthesis, 1971, 303; (c) Neumann, S. M.; Kochi,
J. K. J. Org. Chem. 1975, 40, 599; (d) Kwan, C. L.; Kochi, J. K. J. Am.
Chem. Soc. 1976, 98, 4903; For a review, see: (¢) Kochi, J. K. Acc. Chem.
Res. 1974, 7, 351.

Yamamura, M.; Moritani, I.; Murahashi, S. J. Organomet. Chem. 1975, 91,
C39.

Aluminum: (a) Negishi, E.; Baba, S. J. Chem. Soc., Chem. Commun.
1976, 596; (b) Baba, S.; Negishi, E. J. Am. Chem. Soc. 1976, 98, 6729;
Zinc: (c) Negishi, E.; King, A. O.; Okukado, N. J. Org. Chem. 1977, 42,
1821; (d) King, A. O.; Okukado, N.; Negishi, E. J. Chem. Soc., Chem.
Commun. 1977, 683; (e) Negishi, E.; King. A. O.; Okukado, N. J. Org.
Chem. 1977, 42, 1821; King, A. O.; Negishi, E. J. Org. Chem. 1978, 43,
358; Zirconium: (f) Negishi, E.; Van Horn, D. E. J. Am. Chem. Soc. 1977,

90



10.

99, 3168; (g) Van Horn, D. E.; Negishi, E. J. Am. Chem. Soc. 1978, 100,
2252; (h) Negishi, E.; Takahashi, T.; Baba, S.; Van Horn, D. E.; Okukado,
N. J. Am. Chem. Soc. 1987, 109, 2393; For reviews, see: (i) Negishi, E.
Aspects of Mechanism and Organometallic Chemistry; Brewster, J. H.,
Ed.; Plenum Press: New York, 1978; p 285; (j) Negishi, E. Acc. Chem.
Res. 1982, 15, 340; (k) Negishi, E. Current Trends in Organic Synthesis,
Nozaki, H., Ed.; Pergamon: Oxford, 1983; p 269.

Murahashi, S.; Yamamura, M.; Yanagisawa, K.; Mita, N.; Kondo, K. J.
Org. Chem. 1979, 44, 2408.

(a) Kosugi, M.; Simizu, Y.; Migita, T. Chem. Lett. 1977, 1423; (b) Kosugi,
M. Hagiwara, 1.; Migita, T. Chem. Lett. 1983, 839.

(a) Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1979, 101, 4992; (b) Scott,
W. J.; Crisp, G. T; Stille, J. K. J. Am. Chem. Soc. 1984, 106, 4630; (c)
Scott, W. J.; Stille, J. K. J. Am. Chem. Soc. 1986, 108, 3033; (d)
Echavarren, A. M.; Stille, J. K. J. Am. Chem. Soc. 1987, 109, 5478; For a
review, see: (e) Stille, B. J. Angew. Chem., Int. Ed. Engl. 1986, 25, 508.
Alexakis, N. J. A.; Normant, J. F. Tetrahedron Lett. 1981, 22, 959.

(a) Hatanaka, Y.; Hiyama, T. J. Org. Chem. 1988, 53, 918; (b) Hatanaka,
Y.; Hiyama, T. J. Org. Chem. 1989, 54, 268; (c) Hatanaka, Y.; Matsui, K.;
Hiyama, T. Tetrahedron Lett. 1989, 30, 2403; (d) Hatanaka, Y.; Hiyama,
T.J. Am. Chem. Soc. 1990, 112, 7793, For a review, see: (¢) Hatanaka, Y.;

Hiyama, T. Synlett 1991, 845.

91



1.

12.

13.

14.

15.

16.

17.

General reviews: (a) Kochi, J. K. Organometallic Mechanisms and
Catalysis; Academic: New York, 1978; (b) Heck, R. F. Palladium
Reagents in Organic Syntheses, Academic: New York, 1985; (c) Hartley,
F. R.; Patai, S. The Chemistry of Metal-Carbon Bond; Wiley: New York,
1985; Vol. 3. (d) McQuillin, F. J.; Parker, D. G.; Stephenson, G. R.
Transition Metal Organometallics for Organic Synthesis;, Cambridge
University Press: Cambridge, 1991; (e) Tamao, K. Comprehensive
Organic Synthesis, Trost, B. M., Fleming, 1., Pattenden, G., Eds.;
Pergaman: New York, 1991; Vol. 3, p 435; (f) Hegedus, L. S.
Organometallics in Organic Synthesis, Schlosser, M., Ed.; Wiley: New
York, 1994; pp 383.

Aliprantis, A. O.; Canary, J. W. J. Am. Chem. Soc. 1994, 116, 6985.
Stille, J. K.; Lau, K. S. Y. Acc. Chem. Res. 1977, 10, 434.

Kramer, A. V.; Osborn, J. A. J. Am. Chem. Soc. 1974, 96, 7832.

(a) McCrindle, R.; Ferguson, G.; Arsenault, G. J.; McAlees, A. J.;
Stephanson, D. K. J. Chem. Res. (S) 1984, 360; (b) Amatore, C.; Jutand,
A,; M'Barki, M. A. Organometallics 1992, 11, 3009; (c) Ozawa, F.; Kubo,
A,; Hayashi, T. Chem. Lett. 1992, 2177; (d) Amatore, C.; Jutand, A.;
Suarez, A. J. Am. Chem. Soc. 1993, 115, 9531; (¢) Amatore, C.; Carre, E.;
Jutand, A.; M'Barki, M. A. Organometallics 1995, 14, 1818.

Farina, V.; Krishnan, B. J. Am. Chem. Soc. 1991, 113, 9585.

Gillie, A,; Stille, J. K. J. Am. Chem. Soc. 1980, 102, 4933.

92



18.

19.

20.

21.

22.

23.

24.

25.

(a) Ozawa, F.; Ito, T.; Yamamoto, A. J. Am. Chem. Soc. 1980, 102, 6457,
(b) Ozawa, F.; Ito, T.; Nakamura, Y.; Yamamoto, A. Bull. Chem. Soc. Jpn.
1981, 54, 1868; (¢) Ozawa, F.; Kurihara, K.; Yamamoto, T.; Yamamoto,
A. Bull. Chem. Soc. Jpn. 1985, 58, 399; (d) Ozawa, F. Hidaka, T.;
Yamamoto, T.; Yamamoto, A. J. Organomet. Chem. 1987, 330, 253; (e)
Ozawa, F. Kurihara, K.; Fujimori, M.; Hidaka, T.; Toyoshima, T.;
Yamamoto, A. Organometallics 1989, 8, 180.

(a) Yamamoto, A. Organotransition Metal Chemistry-Funclemental
Concepts and Applications; Wiley: New York, 1986; (b) Ozawa, F.;
Yamamoto, A. Chem. Soc. Jpn. 1987, 773.

Stang, P. J.; Kowalski, M. H. J. Am. Chem. Soc. 1989, 111, 3356.

Dieck, H. A,; Heck, R. F. J. Org. Chem. 1975, 40, 1083.

Satoh, Y.; Serizawa, H.; Miyaura, N.; Hara, S.; Suzuki, A. Tetrahedron
Lett. 1988, 29, 1811.

Davidson, J. M.; Triggs, C. J. Chem. Soc. A, 1968, 1324.

(a) Onak, T. Organoborane Chemistry, Academic: New York, 1975; (b)
Mikhailov, B. M.; Bubnov, Yu. N. Organoboron Compounds in New
York, 1988.

(a) Gardner, J. H.; Borgstrom, P. J. Am. Chem. Soc. 1929, 51, 3375; (b)
Snyder, H. R.: Kuck. J. A,: Johnson, J. R. J. Am. Chem. Soc. 1938, 60,
105; (c) Johnson, J. R.; Van dampen, M. G.; Grummitt, O. J. Am. Chem.
Soc. 1938, 60, 111; (d) Brown, H. C.; Verbrugge, C.; Snyder, C. H. J. Am.
Chem. Soc. 1961, 83, 1002.

93



26.

27.

28.

29.

30.

Kondo, R; Murahashi, S. Tetrahedron Lett. 1979, 1237.

(a) Srebnik, M. Tetrahedron Lett. 1991, 32, 2449; (b) Oppolzer, W.;
Radinov, R. N. Helv. Chim. Acta 1992, 75, 170; (c) Oppolzer, W.;
Radinov, R. N. J. Am. Chem. Soc. 1993, 115, 1593; (d) Agrios, K. A_;
Srebnik, M. J. Organomet. Chem. 1993, 444, 15; (e) Langer, F.; Waas, J.;
Knochel, P. Tetrahedron Lett. 1993, 34, 5261.

(a) Koster, R.; Benedikt, G. Angew. Chem. 1962, 74, 589; (b) Binger, P.;
Koster, R. Angew. Chem. 1962, 74, 652; (c) Stefani, A. Helu. Chim. Acta
1973, 56, 1192; (d) Giacomelli, G.; Menigagi, R.; Caporusso, A. M.;
Lardicci, L. J. Org. Chem. 1978, 43, 1790.

George, T. A.; Lappert, M. F. J. Chem. Soc., Chem. Commun. 1966, 463.
(a) Yamamoto, Y.; Yatagai, H.; Moritani, I. J. Am. Chem. Soc. 1975, 97,
5606; (b) Yamamoto, Y.; Yatagai, H.; Sonoda, A.; Murahashi, S. J. Chem.
Soc., Chem. Commun. 1976, 452; (c) Miyaura, N.; Itoh, M.; Suzuki, A.
Tetrahedron Lett. 1976, 255; (d) Miyaura, N.; Itoh, M.; Suzuki, A.
Synthesis 1976, 618; (e) Yamamoto, Y.; Yatagai, Maruyama, K.; Sonoda,
A.; Murahashi, S. J. Am. Chem. Soc. 1977, 99, 5652; (f) Sasaki, N.;
Miyaura, N.; Itoh, M.; Suzuki, A. Tetrahedron Lett. 1977, 173; (g)
Miyaura, N.; Yano, T.; Suzuki, A. Bull. Chem. Soc. Jpn. 1980, 53, 1471,
(h) Campbell, J. B.; Brown, H. C. J. Org. Chem. 1980, 45, 549; (i) Brown,
H. C.; Campbell, J. B. J. Org. Chem. 1980, 45, 550; (j) Brown, H. C.;

Molander, G. A. J. Org. Chem. 1981, 46, 645.

94



31.

32.

33.

34.

(a) Ainley, A. D.; Challenger, F. J. Chem. Soc. 1930, 2171; (b) Torsell, K.
Acta Chem. Scand. 1959, 13, 115; (c) Kuivila, H. G.; Muller, T. C. J. Am.
Chem. Soc. 1962, 84, 377; (d) Matteson, D. S.; Bowie, R. A. J. Am. Chem.
Soc. 1964, 87, 2587; (e) Matteson, D. S.; Allies, P. G. J. Am. Chem. Soc.
1970, 92, 1801; (f) Larock, R. C.; Brown, H. C. J. Organomet. Chem.
1971, 26, 35; (g) Buhler, J. D.; Brown, H. C. J. Organomet. Chem. 1972,
40, 265; (h) Larock, R. C.; Brown, H. C. J. Organomet. Chem. 1972, 36,
1; (i) Matteson, D. S.; Allies, P. G. J. Organomet. Chem. 1973, 54, 35; (j)
Larock, R. C. J. Organomet. Chem. 1973, 61, 27.

A part of this work was previously reviewed: (a) Suzuki, A. Acc. Chem.
Res. 1982, 15, 178; (b) Suzuki, A. Pure Appl. Chem. 1985, 57, 1749; (¢)
Miyaura, N.; Suzuki, A. J. Synth. Org. Chem. Jpn. 1988, 46, 848; (d)
Miyaura, N.; Suzuki, A. J. Synth. Org. Chem. Jpn. 1993, 51, 1043; (e)
Suzuki, A. Pure Appl. Chem. 1991, 63, 419; (f) Suzuki, A. Pure Appl.
Chem. 1994, 66, 213.

For reviews see: (a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457;
(b) Suzuki, A. J. Organometal. Chem. 1999, 576, 147; (c) Stanforth, S. P.
Tetrahedron 1998, 54, 263.

(a) Miyaura, N.; Yamada, K.; Suginome, H.; Suzuki, A. J. Am. Chem. Soc.
1985, 107, 972; (b) Moreno-Manas, M.; Pajuelo, F.; Pleixats, R. J. Org.
Chem. 1995, 60, 2396; (c) Uozumi, Y.; Danjo, H.; Hayashi, T. J. Org.

Chem. 1999, 64, 3384; (d) A palladium-catalyzed phenylation of allylic

95



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

acetates using tetraphenylborate anion has also been reported: Legros, J-
Y.; Fiaud, J-C. Tetrahedron Lett. 1990, 31, 7453.

Miyaura, N.; Tanabe, Y.; Sugmome, H.; Suzuki, A. J. Organomet. Chem.
1982, 233, C13.

Miyaura, N.; Suginome, H.; Suzuki, A. Tetrahedron Lett. 1984, 25, 761.
Sasaya, F.; Miyaura, N.; Suzuki, A. Bull. Korean Chem. Soc. 1987, 8, 329.
Kobayashi, Y.; Ikeda, E. J. Chem. Soc., Chem. Commun. 1994,1789.
Tanigawa, Y.; Nishimura, K.; Kawasaki, A.; Murahashi, S. Tetrahedron
Lett. 1982, 23, 5549.

Bouyssi, D.; Gerusz, V.; Balme, G. Eur. J. Org. Chem. 2002, 2445.
Honeycutt, J. B.; Riddle, J. M. J. Am. Chem. Soc. 1959, 81, 2593.

(a) Honeycutt, J. B.; Riddle, J. M. J. Am. Chem. Soc. 1960, 82, 3051; (b)
Larock, R. C.; Brown, H. C. J. Am. Chem. Soc. 1970, 92, 2467; (c) Larock,
R. C.J. Organomet. Chem. 1974, 67, 353; (d) Larock, R. C. J. Organomet.
Chem. 1974, 72, 35.

Brown, H. C.; Hebert, N. C.; Snyder, C. H. J. Am. Chem. Soc. 1961, 83,
1001.

(a) Gerrard, W. The Chemistry of Boron; Academic: New York, 1961; (b)
Muetterties, E. L. The Chemistry of Boron and its Compounds,; Wiley:
New York, 1967; (c) Nesmeyanov, A. N.; Sokolik, R. A. Methods of
Elemento-Organic Chemistry, North-Holland: Amsterdam, 1967; Vol. 1;
(d) Koster, R. Houben-Wey Methoden der Organischen Chemie; Georg
Thieme: Verlag Stuttgart, 1984; (e) Matteson, D. S. The Chemistry of the

96



45.

46.

47.

48.

49.

50.

51.

52.

53.

Metal-Carbon Bond; Hartley, F., Patai, S., Eds.; Wiley: New York, 1987;
Vol. 4, p 307 and ref 12.

(a) Brown, H. C.; Cole, T. E. Organometallics 1983, 2, 1316; (b) Brown,
H. C.; Bhat, N. G.; Srebnik, M. Tetrahedron Lett. 1988, 29, 2631; (¢)
Brown, H. C.; Rangaishenvi, M. V. Tetrahedron Lett. 1990, 49, 7113,
7115.

Ishiyama, T.; Murata, M.; Miyaura, N. J. Org. Chem. 1995, 60, 7508.
Brown, H. C. Organic Syntheses via Boranes;, Wiley: New York, 1975
and ref 12.

(a) Brown, H. C.; Gupta, S. K. J. Am. Chem. Soc. 1971, 93, 1816; (b)
Brown, H. C.; Gupta, S. K. J. Am. Chem. Soc. 1972, 94, 4370; (c) Lane, C.
F. Tetrahedron 1976, 32, 981.

(a) Brown, H. C.; Ravindran, N.; Kulkarni, S. U. J. Org. Chem. 1980, 45,
384; (b) Brown, H. C.; Campbell, J. B. J. Org. Chem. 1980, 45, 389; (¢c)
Brown, H. C. Bhat, N. G.; Somayaji, V. Organometallics 1983, 2, 1311.
Soundararajan, R.; Matteson, D. S. J. Org. Chem. 1990, 55, 2274.
Colberg, J. C.; Rane, A.; Vaquer, J.; Soderquist, J. A. J. Am. Chem. Soc.
1993, 115, 6065.

General review for haloboration: (a) Suzuki, A. Pure Appl. Chem. 1986,
58, 629; (b) Suzuki, A,; Hara, S. J. Synth. Org. Chem., Jpn. 1985, 43, 100;
(c) Hara, S. J. Synth. Org. Chem., Jpn. 1990, 48, 1125.

Satoh, Y.; Serizawa, H.; Miyaura, N.; Hara, S.; Suzuki, A. Tetrahedron
Lett. 1988, 29, 1811.

97



54.

55.

56.

57.

58.

(a) Hyuga, S.; Chiba, Y.; Yamashina, N.; Hara, S.; Suzuki, A. Chem. Lett.
1987, 767; (b) Hyuga, S.; Yamashina, N.; Hara, S.; Suzuki, A. Chem. Lett.
1988, 809; Mazal, C.; Vaultier, M. Tetrahedron Lett. 1994, 3089.

(a) Mitchell, T. N. Metal Catalyzed Cross-Coupling Reactions; Diederich,
F., Stang, P. J., Eds.; Wiley-VCH: Weinhein, Germany, 1998; Chapter 4;
(b) Farina, V.; Krishnamurthy, V.; Scott, W. J. 1998, 50, 1.

Hiyama, T. Metal Catalyzed Cross-Coupling Reactions; Diederich, F.,
Stang, P. J., Eds.; Wiley-CH: Weinhein, Germany, 1998; Chapter 10.

(a) Tamao, K.; Kobayashi, K.; Ito, Y. Tetrahedron Lett. 1989, 30, 6051; (b)
Mowery, M. E.; DeShong, P. J. Org. Chem. 1999, 64, 1684; (c) Mowery,
M. E.; DeShong, P. J. Org. Chem. 1999, 64, 3266; (d) Mowery, M. E.;
DeShong, P. Org. Lett. 1999, 1, 2137; (e) Lee, H. M.; Nolan, S. P. Org.
Lett. 2000, 2, 2053.

(a) Denmark, S. E.; Wu, Z. C. Org. Lett. 1999, 1, 1495; (b) Denmark, S. E.;
Choi, J. Y. J. Am. Chem. Soc. 1999, 121, 5821; (c) Denmark, S. E.;
Neuville, L. Org. Lett. 2000, 2, 3221; (d) Denmark, S. E.; Wang, Z. G.
Synthesis 2000, 999; (e) Denmark, S. E.; Wehrli, D.; Choi, J. Y. Org. Lett.
2000, 2, 2491; (f) Denmark, S. E.; Wehrli, D. Org. Lett. 2000, 2, 565; (g)
Denmark, S. E.; Yang, S. M. Org. Lett. 2001, 3, 1749; (h) Denmark, S. E.;
Pan, W. T. Org. Lett. 2001, 3, 61; (i) Denmark, S. E.; Sweis, R. F. J. Am.
Chem. Soc. 2001, 123, 6439; (j) Denmark, S. E.; Wang, Z. G. J.
Organomet. Chem. 2001, 624, 372; (k) Denmark, S. E.; Wang, Z. G. Org.
Lett. 2001, 3, 1073; (1) Denmark, S. E.; Pan, W. T. J. Organomet. Chem.

98



59.

60.

61.

62.

63.

64.

65.

66.

67.

2002, 653, 98; (m) Denmark, S. E.; Yang, S. M. J. Am. Chem. Soc. 2002,
124, 2102.

(a) Brescia, M. R.; DeShong, P. J. Org. Chem. 1998, 63, 3156; (b)
Mowery, M. E.; DeShong, P. J. Org. Chem. 1999, 64, 3266; (c) Mowery,
M. E.; DeShong, P. Org. Lett. 1999, 1, 2137; (d) Mowery, M. E.;
DeShong, P. J. Org. Chem. 1999, 64, 1684; (e) DeShong, P.; Handy, C. J.;
Mowery, M. E. Pure Appl. Chem. 2000, 72, 1655;

(a) Shibata, K.; Miyazawa, K.; Goto, Y. Chem. Commun. 1997, 1309; (b)
Kira, M.; Zhang, L. C. In Chemistry of Hypervalent Compounds; Akiba,
K.-y., Ed.; Wiley-VCH: New York, 1999; p 147; (c) Hiyama, T.;
Shirakawa, E. In Cross-coupling Reactions; Vol. 219, 2002; p 61.
Hatanaka, Y.; Goda, K.; Hiyama, T. J. Organomet. Chem. 1994, 465, 97.
Chuit, C.; Corriu, R. J. P.; Reye, C. In Chemistry of Hypervalent
Compounds; Akiba, K.-y., Ed.; Wiley-VCH: New York, 1999; p 81.
Gordon, M. S.; Carroll, M. T.; Davis, L. P.; Burggraf, L. W. J. Phys.
Chem. 1990, 94, 8125.

Deiters, J. A.; Holmes, R. R. J. Am. Chem. Soc. 1990, 112, 7197.
Manoso, A. S.; DeShong, P. J. Org. Chem. 2001, 66, 7449.

Manoso, A. S.; Ahn, C.; Soheili, A.; Handy, C. J.; Correia, R.; Seganish,
W. M.; DeShong, P. J. Org. Chem. 2004, 69, 8305.

Murata, M.; Suzuki, K.; Watanabe, S.; Masuda, Y. J. Org. Chem. 1997, 62,

8569.

99



Murata, M.; Ishikura, M.; Nagata, M.; Watanabe, S.; Masuda, Y. Org. Lett.
2002, 4, 1843.

Mahrwald, R. Chem. Rev. 1999, 99, 1095.

Heathcock, C. H. The Aldol Addition Reaction in Asymmetric Synthesis;
Morrison, J. D., Ed.; Academic Press: New York, 1984; Vol. 3, Part B, p
111.

Furstner, A. Synthesis 1989, 571.

Ziegler, F. E. Chem. Rev. 1988, 88, 1423.

Friedel-Crafts Chemistry; Olah, G. A., Ed; Wiley: New York, 1973.
Olah, G. A.; Krishnmurti, R.; Prakash, G. K. S. Comprehensive Organic
Synthesis; Trost, B. M., Fleming, 1., Eds.; Pergamon: New York, 1990;
Vol. 3, p 293, and references cited therein.

Walborsky, H. M. Acc. Chem. Res. 1990, 23, 286.

Oppolzer, W. Angew. Chem., Int. Ed. Engl. 1984, 23, 876.

Helmchen, G.; Karge, R.; Weetman, J. Modern Synthetic Methods,
Scheffold, R., Ed.; Springer, Berlin, 1986; Vol. 4, p 261.

Maryanoff, B. E.; Rietz, A. B. Chem. Rev. 1989, 89, 863.

Meijere, A. de; Meyer, F. Angew. Chem., Int. Ed. Engl. 1994, 33, 2379.
Grubbs, R. H.; Pine, S. H. Comprehensive Organic Synthesis; Trost, B. M.,
Ed.; Pergamon: New York, 1991; Vol. 5, Chapter 9.3.

Furstner, A. Angew. Chem., Int. Ed. Engl. 2000, 99, 3012.

Current Trends in Organic Synthesis; Scolastico, C., Nocotra, F., Eds;
Plenum: New York, 1999.

100



83.

84.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Comprehensive Asymmetric Catalysis; Jacobsen, E. N., Pfaltz, A.,
Yamamoto, H., Eds; Springer: Berlin, 1999; Vols. 1-3.

Larock, R. C. Comprehensive Organic Transformations: a guide to
functional group transformations; VCH: New York, 1989.

Trost, B. M. Science 1991, 254, 1471.

Trost, B.M. Science, 1983, 219, 245.

Baylis, A.B.; Hillman, M.E.D.; German Patent 2155113, 1972 , Chem.
Abstr. , 1972, 77, 34174q.

Drewes, S. E.; Roos, G. H. P. Tetrahedron 1988, 44, 4653.

Basavaiah, D.; Dharma Rao, P.; Suguna Hyma, R. Tetrahedron 1996, 52,
8001.

Ciganek, E. Organic Reactions; Paquette, L. A., Ed.; Wiley: New York,
1997; Vol. 51, p 201.

Langer, P. Angew. Chem., Int. Ed. 2000, 39, 3049.

Basavaiah, D.; Gowriswari, V. V. L. Tetrahedron Lett. 1986, 27, 2031.
Amri, H.; Villieras, J. Tetrahedron Lett. 1986, 27, 4307.

Basavaiah, D.; Bharathi, T. K.; Gowriswari, V. V. L. Synth. Commun.
1987, 17, 1893.

Fort, Y.; Berthe, M. C.; Caubere, P. Tetrahedron 1992, 48, 6371.
Drewes, S. E.; Emslie, N. D. J. Chem. Soc., Perkin Trans. 1 1982, 2079.
Hoffmann, H. M. R.; Rabe, J. Angew. Chem., Int. Ed. Engl. 1983, 22, 795.
Basavaiah, D.; Gowriswari, V. V. L. Synth. Commun. 1987, 17, 587.
Auvray, P.; Knochel, P.; Normant, J. F. Tetrahedron Lett. 1986, 27, 5095.

101



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

Kundu, M. K.; Mukherjee, S. B.; Balu, N.; Padmakumar, R.; Bhat, S. V.
Synlett 1994, 444.

Tsuboi, S.; Takatsuka, S.; Utaka, M. Chem. Lett. 1988, 2003.

Tsuboi, S.; Kuroda, H.; Takatsuka, S.; Fukava, T.; Sakai, T.; Utaka, M. J.
Org. Chem. 1993, 58, 5952.

Wang, S.-Z.; Yamamoto, K.; Yamada, H.; Takahashi, T. Tetrahedron
1992, 48, 2333.

Amri, H.; El Gaied, M. M.; Villieras, J. Synth. Commun. 1990, 20, 659.
Hill, J. S.; Isaacs, N. S. Tetrahedron Lett. 1986, 27, 5007.

Strunz, G. M.; Bethell, R.; Sampson, G.; White, P. Can. J. Chem. 1995, 73,
1666.

Hill, J. S.; Isaacs, N. S. J. Chem. Res. (S) 1988, 330.

van Rozendaal, E. L. M.; Voss, B. M. W.; Scheeren, H. W. Tetrahedron
1993, 49, 6931.

Ando, D.; Bevan, C.; Brown, J. M.; Price, D. W. J. Chem. Soc., Chem.
Commun. 1992, 592.

Basavaiah, D.; Bharathi, T. K.; Gowriswari, V. V. L.Tetrahedron Lett.
1987, 28, 4351.

Basavaiah, D.; Gowriswari, V. V. L. Synth. Commun. 1989, 19, 2461.
Grundke, C.; Hoffmann H. M. R. Chem. Ber. 1987, 120, 1461.
Perlmutter, P.; Teo, C. C. Tetrahedron Lett. 1984, 25, 5951.

Yamamoto, K.; Takagi, M.; Tsuji, J. Bull. Chem. Soc. Jpn. 1988, 61, 319.
Takagi, M.; Yamamoto, K. Tetrahedron 1991, 47, 8869.

102



116. Golubev, A. S.; Galakhov, M. V.; Kolomiets, A. F.; Fokin, A. V. Bull.
Russ. Acad. Sci. 1992, 41,2193.

117. Basavaiah, D.; Gowriswari, V. V. L.; Bharathi, T. K. Tetrahedron Lett.
1987, 28, 4591.

118. Basavaiah, D.; Gowriswari, V. V. L.; Dharma Rao, P.; Bharathi, T. K. J.

Chem. Res. (S) 1995, 267.

119. Drewes, S. E.; Emslie, N. D.; Karodia, N. Synth. Commun. 1990, 20, 1915.
120. Amri, H.; Rambaud, M.; Villieras, J. Tetrahedron Lett. 1989, 30, 7381.
121. (a) Basavaiah, D.; Gowriswari, V.V.L.; Bharathi, T.K.; Tetrahedron Lett.,

1987, 28, 4591; (b) Basavaiah, D.; Gowriswari, V.V.L.; Dharma Rao, P.;

Bharathi, T.K.; J. Chem. Res. (S), 1995, 267.

122. Hill, J. S.; Isaacs, N. S. J. Phys. Org. Chem. 1990, 3, 285.

123. Bode, M. L.; Kaye, P. T. Tetrahedron Lett. 1991, 32, 5611.

124. Fort, Y.; Berthe, M. C.; Caubere, P. Tetrahedron 1992, 48, 6371.

125. Bailar, J. C.; Emele’us, H. J.; Nyholm, R. S.; Trotman-Dickenson, A. F.

Comprehensive inorganic chemistry, Pergamon: New York, 1973; Vol. 1.

p 1065.
126. Araki, S.; Ito, H.; Butsugan, Y. J. Org. Chem. 1988, 53, 1833.
127. Araki, S.; Shimizu, T.; Johar, P. S.; Jin, S.-J.; Butsugan, Y. J. Org. Chem.

1991, 56, 2538.

128. Chan, T. H.; Yang, Y. J. Am. Chem. Soc. 1999, 121, 3228.
129. Li, C.J.; Chan, T. H. Tetrahedron Lett. 1991, 32, 7017.
130. Gordon, C. M.; Ritchie, C. Green Chem. 2002, 4, 124.

103



131.

132.

133.

134.

135.

136.

137.

138.

139.

(a) Loh, T.-P.; Zhou, J.-R. Tetrahedron Lett. 1999, 40, 9115; (b) Loh, T.-
P.; Li, X.-R.; Yin, Z. Org. Lett. 1999, 1, 1855; (c) Loh, T.-P.; Zhou, J.-R.;
Yin, Z. Tetrahedron Lett. 1999, 40, 9333.

Loh, T.-P.; Tan, K.-T.; Yang, J.-Y.; Xiang, C.-L. Tetrahedron Lett. 2001,
42, 8701.

(a) Beuchet, P.; Le Marrec, N.; Mosset, P. Tetrahedron Lett. 1992, 33,
5959; (b) Jin, S.-J.; Araki, S.; Butsugan, Y. Bull. Chem. Soc. Jpn. 1993, 66,
1528; (¢) Chan, T. H.; Lu, W. Tetrahedron Lett. 1998, 39, 8605.

Kumar, H. M. S.; Anjaneyulu, S.; Reddy, E. J.; Yadav, J. S. Tetrahedron
Lett. 2000, 41, 9311.

Bernardi, L.; Cer¢, V.; Femoni, C.; Pollicino, S.; Ricci, A. J. Org. Chem.
2003, 68, 3348.

Loh, T.-P.; Lye, P.-L.; Wang, R.-B.; Sim, K.-Y. Tetrahedron Lett. 2000,
41, 7779.

(a) Fujiwara, N.; Yamamoto, Y. Tetrahedron Lett. 1998, 39, 4729; (b)
Fujiwara, N.; Yamamoto, Y. J. Org. Chem. 1999, 64, 4095.

(a) Araki, S.; Nakano, H.; Subburaj, K.; Hirashita, T.; Shibutani, K.;
Yamamura, H.; Kawai, M.; Butsugan, Y. Tetrahedron Lett. 1998, 39,
6327; (b) Araki, S.; Shiraki, F.; Tanaka, T.; Nakano, H.; Subburaj, K.;
Hirashita, T.; Yamamura, H.; Kawai, M. Chem. Eur. J. 2001, 7, 2784.
Araki, S.; Kamei, T.; Igarashi, Y.; Hirashita, T.; Yamamura, H.; Kawai, M.

Tetrahedron Lett. 1999, 40, 7999.

104



140.

141.

142.

143.

144.

145.

146.

147.

148.

Araki, S.; Usui, H.; Kato, M.; Butsugan, Y. J. Am. Chem. Soc. 1996, 118,
4699.

(a) Ranu, B. C.; Majee, A. Chem. Commun. 1997, 1225; (b) Fujiwara, N.;
Yamamoto, Y. J. Org. Chem. 1997, 62, 4095.

Kwon, J. S.; Pae, A. N.; Choi, K. I.; Koh, H. Y.; Kim, Y.; Cho, Y. S.
Tetrahedron Lett. 2001, 42, 1957.

Yadav, J. S.; Anjaneyulu, S.; Ahmed, M. M.; Reddy, B. V. S. Tetrahedron
Lett. 2001, 42, 2557.

Horn, A. H. Chem. Rev. 1995, 95, 1317-1350.

Corriu, R. J. P.; Chuit, C.; Reye, C.; Young, J. C. Chem. Rev. 1993, 93,
1371.

Yoshioka, H.; Mabry, T. J.; Timmermann, B. N. Sesquiterpene Lactones;
University of Tokyo Press: Tokyo, 1973.

(a) Kupchan, S. M.; Fessler, D. C.; Eakin, M. A.; Giacobbe, T. J. Science
1970, 168, 376; (b) Kupchan, S. M.; Eakin, M. A.; Thomas, A. M. J. Med.
Chem. 1971, 14, 1147; (c) Cassady, J. M.; Suffness, M. In Anticancer
Agents Based on Natural Product Models; Cassady, J. M., Douros, J. D.,
Eds.; Academic: New York, 1980; Vol. 7, p 201-269.

(a) Lambert, F.; Kirschleger, B.; Villieras, J. J. Organomet. Chem. 1991,
406, 71; (b) Nokami, J.; Otera, J.; Sudo, T.; Okawara, R. Organometallics
1983, 2, 191; (c) Drews, S. E.; Hoole, R. F. A. Synth. Commun. 1985, 15,
1067; (d) Mendez-Andino, J.; Paquett, L. A. Adv. Synth. Catal. 2002, 344,
303.

105



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

(a) Kennedy, J. W. J.; Hall, D. G. J. Am. Chem. Soc. 2002, 124, 898; (b)
Ramachandran, P. V.; Pratihar, D.; Biswas, D.; Srivastava, A.; Reddy, M.
V.R. Org. Lett. 2004, 6, 481; (c) Kennedy, J. W. J.; Hall, D. G. J. Org.
Chem. 2004, 69, 4412.

Chen, C.-C.; Fan, J.-S.; Shieh, S.-J.; Lee, G.-H.; Peng, S.-M.; Wang, S.-L.;
Liu, R.-S. J. Am. Chem. Soc. 1996, 118, 9279.

Basavaiah, D.; Rao, A. J.; Satyanarayana, T. Chem. Rev. 2003, 103, 811.
(a) Kabalka, G. W.; Venkatiah, B.; Dong, G. J. Org. Chem. 2004, 69,
5807; (b) Kabalka, G. W.; Venkatiah, B.; Dong, G. Tetrahedron Lett.
2005, 46, 4209; (c) Kabalka, G. W.; Venkatiah, B. Tetrahedorn Lett. 2005,
46, 7325.

Wilson, K.; Clark, J. H. Chem. Commun. 1998, 2135.

Yu, S. H.; Fergusaon, M. J.; McDonald, R.; Hall, D. G. J. Am. Chem. Soc.
2005, 727, 12808.

Carroll, A. R.; Taylor, W. C. Aust. J. Chem. 1991, 44, 1615.

(a) Huthinson, J. M.; Hong, S.-P.; MlIntosh, M. C. J. Org. Chem. 2004, 69,
4185; (b) Hong, S.-P.; McIntosh, M. C. Org. Lett. 2004, 4, 19; (c) Gurjar,
M. K.; Cherian, J.; Ramana, C. V. Org. Lett. 2004, 6, 317; (d) Coleman, R.
S.; Gurrala, S. R. Org. Lett. 2004, 6, 4025.

Molander, G. A.; George, K. M.; Monovich, L. G. J. Org. Chem. 2003, 68,
9533.

(a) Mendez-Andiono, J.; Paquette, L. A. Adv. Synth. Catal. 2002, 344, 303;
(b) Mendez-Andiono, J.; Paquette, L. A. Org. Lett. 2000, 2, 1263; (c)

106



Hirayama, L. C.; Gamsey, S.; Knueppel, D.; Steiner, D.; DeLaTorre, K.;
Singaram, B. Tetrahedron Lett. 2005, 46, 2315.

159. (a) Encyclopedia of Reagents for Organic Synthesis; Paquette, L. A., Ed.;
Wiley: New York, 1995; (b) Breotemsteom, B.; Liebaria, A.; Delgado, A.
Tetrahedron Lett. 2004, 45, 1511.

160. Roush, W. R.; Brown, B. B. J. Org. Chem. 1993, 58, 2151.

107



APPENDIX: NMR Spectra of Representative Compounds
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250 MHz '"H NMR of compound 2-209
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62.5 MHz 13C NMR of compound 2-209
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250 MHz 'H NMR of compound 3-302
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