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Abstract

Gold catalysis has become an important tool to achieve highly chemosefeeiii activation.
Exceptional reactivity and selectivity are often encountered under mild reaction conditions.
These properties have made gold(l) complexes suitable catalystsrf@ndous applications in

the total synthesis of natural products. The first chapter will highlight a number of total syntheses

using gold catalysis as a key step

The second chapter will cover our application of the gokHtalyzed 6endodig
carbocylization for the synthesis of bridgehesubstituted scaffolds and its use toward the
synthesis of PPAP natural products. This research has opened our eyes to the utility of

biphenylphosphine ligands, particularly JohnPhos, in getdialysis.

The reactivity and selectivity exhibited by gold(l) complexes is modulated by the nature of the
ancillary ligand. Recent research rationalizes the impact of these ligands on the divergent
reactivity observed between cationic and carbenoid intermediateésdedire to favor the -6
endodig pathway has led us toward the discovery of another example of the diagonal reactivity
that NHC carbene and biphenylphosphine ligands can bring to go&délysis Chapter three

will explain the development of a selectiyeld-catalyzed synthesis of fused carbocycles

Our selective divergergynthesis of fused carbocycles, combined with the Didtker reaction,

has brought new synthetic opportuniti€hapter four will describe our approach toward the
synthesis of varies polycyclic diterpeneelated frameworks. Starting with unique linear
precursor , we havepatevepopedssa fMmew tilmeamesynth
polycyclic compounds related to the terpenoid family. The facile modulation of the linear
precursor and the use of different dienophiles during the iDA&der reaction could enable the

synthesis of diverse polycyclic analogues based on three principal frameworks.

The gold(l}catalyzed synthesis of fused carbocycles reached some limitationg dur study.
Regioselective control was found to be substantially more challenging, with terminal alkynes or

alkynes bearing a sterically and electronically neutral methyl substituent. In chapter five, we will



discuss how the complementarity of silvergBtalysis to gold(l) catalysis enabled the selective
divergent synthesis of three different fused carbocycles from a unique precursor. Moreover,
copper(l) catalysis has given access to ten@éodig pathway on terminal alkynes without the

formation of avinylidene intermediate.
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Chapter 1

Gold(l)-Catalysis as a Highly Chemoselective LewjsAcid in Total
Synthesis of Complex Natural Products

1.1 Introduction

Complexity and selectivity are two words that perfectly reflect the modern goals of
synthetic chemistry. The synthesis of extremely complex architectural structures is now routine
in acadent laboratories, and organic chemists design novel and powerful catalytic tools to
achieve mechanistically complex and selective transformatioRecent methodological
advancements in organocatalysis, photocatalysis, and -oatdyzed transformations hav
enabled new reactivity and disconnections that allow shortened, robust, and efficient synthetic
routes. The important impact of metaltalyzed transformations on the fatmon of carbon
carbon bonds irthe art of total synthesis can be demonstratedhbywork of recent Nobel
laureates: one for ruthenivoatalyzed olefin metathesis and the other for palladgiatalyzed
crosscoupling reactions. While catalysis has focused primarily on the chemistry of these main
transition metals, almost all metals arelvn to be active in a catalytic transformation. Gold is
one of the last metals to undergo extensive investigation and emerged rapidly as one of the most
powerful catalytic tools in organic chemisfrythe reason for the extended neglect of gold
catalysisis difficult to understand, considering that since the beginning of civilizaggbeh has
accompanied mankind in a variety of dayday activitess Go | d 6 s  eandosoc@lmalues
hinge on its prestige and durability. Some of the oldest andbmeasttiful art pieces are made of
gold. Due to its durability, rarity, divisibility, antungibility, gold was an early form of currency
for many civilizations. Moreover, recentometry systems are still based on the gold standard,

which tends to accentuate its stability and value in our mind.

After more than a decade of extensive investigation, homogeneous gold cdtalysis
allowed unprecedented access to highly chemoselegiewis acid reactivit Gold
complexes, with their high oxidation potentials, are far less prone to redox chemistry. Thus,
gold(l) processes are found to proceed with greater selectivity and under milder reaction

conditions than other transition metal conxgle®


http://en.wikipedia.org/wiki/Fungibility

Introduction

Additionally, gold(l) processes can kenducted at lower temperatures and in the presence of
water and air. Superior catalytic activity exhibited by gold complexgsl@éwis acid reactivity

andits potential to stabilize cationic intermediates t@nrationalized by relativistic effects.
Otheriabnor mal 0 el ectronic properties, including
the large ionization potentials, and other physical pr@sersuch as its color also can be
explained by relativistic effect®Relativistic effectsn chemistry can be attributed qualitatively to

the high speed of the electrons as they move near a heavy nucleus. The consequent mass increase
will lead to an enerdge stabilization and radial contraction of the s and p orbitals. The
contraction of these orbitals brings a better shielding of the nucleus, thus leading to an energetic
destabilization and expansion of d and f orbitals. These two relativistic effectsgaifcant

only in some heavy metals botach a maximum in the periodic table with the electronic
configuration of gold. This electronic perturbation resulta much smaller band gaps (2.38 eV)

than with other metals, allowing blugsible light to beabsorbed angroduce its golden color.

The relativistic contraction of the 6s orbital provides an explanation for the supexoidity of

gold complexes, while energetic destabilization and expansion of the 5d orbital allows the
delocalization ofelectronic density into carbdmsed orbitals of sufficiently low energy,
particularly into an empty orbital of a carbocatiorhis provides a rationalization for the
carbenoid behavior often observed with gold complexes, and this effect depends higidy on
nature of the ligand on the gold complex. Another consequence of the relativistic effects on gold
complexes resides in its preference to adopt a linear, bicoordinate geometry. This last effect has
provided spectacular ligand impacts on the outcome hef d¢atalyzed reactions but has
significantly increased the difficulty for asymmetric induction during the development of

enantioseledte transformations.

1.2 Gold(l)catalysis in total synthesis of natural products

In the past decade, gold catalysis Hzeen billed as one of the most important
breakthroughs in organic synthe$iue to their selectivity, efficiency, robustness, and
versatility, gold complexes are suitable catalysts for important applications in the total synthesis
of natural products.In fact, hese highly chemoselective Lewjsacid catalysts, which
demonstrate reactivity under very mild conditiotiderate the presence of variodanctional

groups, minimizing protecting group manipulatisn
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Moreover, gold catalysts allow a rapittrease in molecular complexity and induce a high level

of atom economyComplex mechanistic cascades and chemoselecfativation allow unique
disconnections that often result in shorter and more efficient simtloeites.The following

section will highlight a number of total syntheses using homogeneous gold catalysis as the key
step and will illustrate the wide utility of these catalyStgntheses that are closely related to the
work described in this thesisilivbe presented firstfollowed by syntheses that undergo a
mechanistically complex gold catalyzed cascade and finally syntheses where highly
chemoselectivgp-actvation is needed. A brief overview of essential concepts will reveal the

synthetic potentiabf gold catalysis in the description of the presented examples.

1.3 GoldCatalyzed Conigene and related reactian

Gold catalysts act as soft Lewis acids arddivate alkynes to allownucleophilic
additions. Cyclic enol ethers were found to be great nucleophilic paramersillow mild
formation of carbofcarbon bonds. Toste and coworkers developed a gold catalyzed version of
the Coniaene reaction and extended the reaction scopdyloesiol ether$. The utility of this
new transformation was demonstrated by his group during the asymmetric synthesis of two
Lycopodium alkaloids: lycopladine A and fawcettimine. Lat¢icolaou and coworkers used a
gold(l)-catalyzed Coni#ne cyclizatiorof a silyl enol ether(.01) to construct [3.2.2bicyclic
enone 1.02 in their route toward platencinOn the other hand, enamines are not often used in
gold catalysis, but Dake developed an equivalent strategy for the synthesis of fawcettimine.
Cyclic enamine 1.03 was used as the nucleophilic partner and the transformation was catalyzed
by a platinum cmplex® Although this carbocyclization tolerates the formation of a quaternary
center at the ring junction, onlhé synthesis ofyclopentene is reported, limiting the synthetic

utility of these transformations.
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TiPSO I 2% [PhsPAu|CI, O
2% AgBF,

% Tol/MeOH
. 1.02
101 cI>SEM 30 min SEMO
94 %
Nicolaous total synthesis platencin

oTBS OH
~_ 10% [Ph;PAu|Cl, o
0, R % R = CH, fawcettimine \
Me DCM/MeOH s, CH,OBn lycopladine N
| 40 °C M 06 Me

1.05 | A H
95 % lycopladine

o
EtHN_ _S EtHN_ S _~
\ﬂ/ ~TN PtCl,, toluene Tl’ N
o NS —_— o “/
1.03 90 °C 1.04
Me 87 % Me

Dake total synthesis of fawcettimine

N
Me
H o

OH
fawcettimine

1
Toste total synthesis of lycopladine and fawcettimine

Schemel.01Total synthesis of platencin, lycopladine, and fawcettimine-@sodendedig
gold(l)-catalyzed carbocyclization (Conene)

Zhang and coworkers recently designed a cascade for the synthesis of three different
drimanetype sesqiterpernes. When diynes 1.07) were submitted to IPgold(l) complex, a 5
endodig heterocyclization took place between the carboxylic acid and the first alkyne. This
afforded cyclic enol etherl(08), which is well set up to undergo a second cyclizatidre 6
exadig carbocyclization allowed the formation of decalin compouddd, a common
intermediate in the synthesis of the three natural prod&tkefme 1.0 Interestingly, the

presence of a strorgrdonor NHC ligand IPr) on the gold complex wasecessary to achieve

kuehneromycin A antrocin  anhydromarasmone

the transformation with moderate yield.

HOR\_OH 5% IPrAuCl
= P 5% AgSbF6
3eq. BnOH

) DCM, rt, 54%

.07

Scheme 1.0Z otal synthesis of antrocin and related members viseeadwdig gold(l)-catalyzed
heterocyclization/&xadig carbocyclization cascade by Zhang

The last syrtesis that inspired our work is based on the related platinum catalyzed
process. A readily available enaminyne precurddt( allows the stereoselective synthesis of
the tetracyclic core1(13 of the alkaloid nakadomain R. An N-acyliminium ion (.11),
generated in situ upon addition of an enamide on an activated alkyne, triggers &Criftel
type cyclization leading to a formal [3+2] cycloaddition. The final two rings were formed by ring

closing metathesis (RCM), using Grubb's first and second gemecatalysts.
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R
o

Meo,c L\

BOC. 18% PtCl,
</ |l toluene
o,
1.10 S0%

Bs

nakadomarin A

Scheme 1.03 otal synthesis of nakadomarin A via a platinum catalyzed formal [3+2]
cycloaddition by Zhai

1.4 Goldcatalyzed mechanistically complex reaction cascade

The next syntheses will highlight mechanistically complex cascades initiated by gold
catalysis. Uporp activation of an alkyne, highly reactive cationic intermediates are generated.
These can be designed to undergo further known cationic processes ard fegycyclic
structures relevant to the synthesis of natural products. Toste reported an early example of this
concept for the synthesis of ventricoséhatfter the initial 6exodig cyclization of enynel(.14),
the tertiary carbenium 1(19 undergoes astereoselective seminacolic rearrangement
delivering cyclobutanonel(16 in high yield. The final angular triquinane system was then

addressed via a second ring expansion.

5 °
"oA.n 3% PhiPAuCl, T A ) A H
3% AgSbFq ><“,
N H
1.14 N 87% [ 1.15 /AuL 1.16 ventricosene

Scheme 1.04 otal synthesis of ventricosene via a gold@djalyzed 1,6 enyne
cycloisomerizatiom/senrpinacolic rearrangement cascade by Toste

An illustration of mechanistically complex cationic cascades was reported by Malacria
during the synthesis of capanelfed gold catalyzed rearrangemetunverts propargyl acetate
(1.17) into acetoxyallene (.18, which is activated by the same catalyst to generate cationic
intermediate 1.19. Electrocyclic Nazaroz cyclization of intermediaté.19 delivers gold
carbenoid intermediatd 20, which undegoes a cyclopropanation with the tethered alkene. The
resulting productX.2]) isolated in 90% vyield was finally elaborated into the linear triquinane

capanellene.
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N\
TBSO > <

1

17 0:(0

l1,3-shift

TBSO

(o)

LAu,

[JohnPhosAuNCMe|SbF6

TBSO

\ >

1.18 )’°

TBSO
T H H ii
90% 1.21
o

cyclopropanation T

N\
@Eﬁ Nazarov
—_—
\
o

OTBS
HH
o AuL
1.19 + \r 1.200?0

Me
capanellene

Scheme 1.09 otal synthesis of capanelle via 1,3 propargyl acetati/Slaizarov
cyclization/cyclopropanation cascade by Malacria

Propargyl acetates also can be mild synthetic alternatives to diazo compounds and

participate in a cyclopropanation reaction. Professor Nevado developed an enantioselective

intermolecular cyclopropanation of vinyl gold carbendid?4) which was the result of a geld
catalyzed 1,2 acetate shift of propargyl pivaloate2Z) followed by a homdCope
rearrangement After in situ hydrolysis and equilibration, the thermodynathjc favored
ketone (.26 could be isolated in 68% vyield and over 90% ee. CyclohepterioB6 s an

advanced intermediate in the formal enantioselective synthesis of frondosins A

OMe OPiv

X 2.5 mol% (S)-MeO-DTBM-

1.22 BIBHEPAUZ)CIZ
5 mol% AgSbF6

OMe

R
'

DCE, rt, MeOH

P then NaOMe, MeOH
123 68%, 90%ee

OMe

s ®
| R
] OPiv | meo” 4\ o
Au —_— RO —_—
- ’ (1
1.23 1.25 1.26

OMe
MeO | i:
frondosin A

Scheme 1.0 otal synthesis of frondosin A via 1,2propagyl acetati/ shiermolecular
cyclopropanation/hom&ope rearrangement by Nevado

Echavarren, a pioneering researcher in golcitalyzed cycloisomerizations of enynes,

used a pendant carbonyl to a-gj@yne to trap the cationic intermediate2@) generated after the
first carboricarbon bond. The addition of the oxygen to the tertiary carbocdti@®) (ed to
cyclic oxocarbeniumi(.30, which underwent a Prins type cylization to afford oxatricytl81)

containing a bridged furan ring. Thisrfnal [3+2] dipolar cycloaddition built the tricyclic core

during the enantioselective synthesis of englerin A and orientdfoMAa 6 s gr ou p

same key step for the synthesis of englerif® s substrate was analogous to enyhe?)

without the protected tertiary alcohol.

repor
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These studies revealed the synthetic importance of ftimstional group. Substratel.@?)
undergoes a more selective and efficient gold catalyzed process and the resulting tertiary alcohol
in tricycle (.31 furnishes a good synthetic handle to finish the synthesis of both natural

products.

Z Me, OTES
TES0.A”  0on o $
[IPrAuNCPh]|SbF, =
N I A o)
1.27 58% 1.31%
l Me  OH

AuL

mQ

Me TESO Me AuL
TESO,, _ -,
OH O — =
+ H 4, o/
1.28 1-33'&

OH (-)-englerin A o

Scheme 1.07otal synthesis of)-englerin A via 1,&enyne cycloisomerization/Prins type
cyclization cascade by Echavarren

1.5 Highly chemoselective Lewis acgactivation of alkyne

The last examples are mechanistically less complex, but the chemoselectivities
encountered are of paramount importance for the transformatgucbédvanced intermediates
that are surrounded kg high density of functional groups. The high chemoselectivity not only
allows selective transformation of complex molecules containing various functional groups, but
also reduces the use of multiple protecting groups. A Claisen rearrangement was usegeto m
two fully functionalized units for the total synthesis of azadiraCtifhe Claisen rearrangement
of propargylic enol etherl(32)could be achieved thermally, under microwave irradiation, at 185
°C, but the notably mild conditions render the gold catalyzed method much more robust and

atiractive in preparative terms.

CO,Me

OHO s _OBn

[(PhyPAu);0|BF,
HO' 0/\\\ LOPMP 80%

MeO,C ’-_5 R
2 o ~OBn
1.32
o

OMe

Scheme 1.0 otal synthesis of azadiractin via 3,3 sigmatropic rearrangement by Ley
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The total synthesis of bryostatin 16 by Trost and his coworkers provides more evidence
of the high chemoselectivity which can be achieved via gold catalyBisspite the gold
catalyzed step being late in the synthesis and the fact that macraty#eig crowded with
oxygen functionalities and unsaturated moieties, only one protecting group is needed. Since the
product (.35 is highly sensitive to acid, the selective®dodig cyclization, which forms the C
ring of bryostatin 16, is accomplished irbaffered solution allowing the isolation of sensitive

macrocycle 1.35 in good yield.

MeO,C™ N

20% Ph;PAuCl
20% AgSbFg
NaHCO3,
DCM, MeCN
73%

© 1) Piv,0, DMAP

j 2) TBAF
"otBs 32% over 2 steps

(0]

cO,Me

Scheme 1.09otal synthesis of bryostatin 16 vieeGdodig gold(l)-catalyzed
hydroalkoxycyclization by Trost

Transformations that form polycyc furans and pyrans play an important role in total
synthesis, as these motifs are frequently found in biologically active natural pritistseen
in Scheme 1.09after the initial carboiwxygen bond, an enol moiety is obtained. Under acidic
conditions another heterocyclization can happen, and thus an alkyndecaynthetically
equivalent to a ketone in a spiroketalization process. The use of robust alkynes brings
unambiguous synthetic advantages: first, as an easy modular disconnection and asexovay;
to avoid the need for protection and activation, which are strategies typically encountered in
carbonyl chemistry. During the formal synthesis of azaspiracid, the useabdkyare in (.36
instead of a ketone as the precursor for the ketal functionality eliminates the risk of alkene
isomerization and/or conjugatidh After a 6exodig heterocyclization to furnish cyclic enol
(1.37), anacidpromoted spiroketalization, followed by the lasfsdimethyl ether, afforded the
desired tetracyclic corel(38. The diastereoselectivity in the ketal formation is based on

thermodynamic control.
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PMBo Mo H y 8% AuCl ~ OMe H
A o = o i <
"OH \\ S = OTBDPS 8% PPTS PMBO ~
136  Me o MeOH ) T

H

‘s
H
PMBO g™ - H
° [o] s _OTBDPS
75% 1.38
Me' o

H

Scheme 1.1 otal synthesis of azaspiracid via gold¢Btalyzed spiroketalization Byorsyth

The goldcatalyzed additions of oxygen nucleophiles to carbarbon multiple bonds is
a significant synthetic strategy for generating polyheterocycles, in particular cyclic spiroketals.
Even two goldcatalyzed spiroketalizations were applied ay lsteps in the formal total
synthesis of okadaic acid®s¢heme 1.11%° Cyclic ether 1.39 enables the formation of 5,6
membered ring spiroketaE{D), while linear precursorl(4]) allowed selective formation of the
6,6membered ring spiroketaA(B). For cyclic ether 1.39, even under acifree conditions,
parts of the anisylidene group were deprotected. Butintlsgu cleavage, based on the Lewis
acidity of the gold catalyst, had no negative effect on the catalysis and subsequent full
deprotection wh additional tosic acid furnishes spiroketal4()in good yield. For the second
ketal precursor, 1;anti- and 1,3syntriols (1.41) and (.42 were obtained as epimers during
their synthesis and both of them were subjected to the gold catalyst. The relative configuration
was found to be important for the selectivity of the reaction. Whilaiietriol (1.41) delivered
the desired spiroketall (43 as the exclusive product, three different products were obtained in
the case osyndiol (1.42. For this precursor, the major pathway derived from an initexd®

dig cyclization and both epimers of the spirokefa#l) wereobtained in aatio of7.6:1.

OBn
MP
1) 20% AuCl, DCM PMBO

OH f o
Y OBn OH OH
o 2) TsOH-H,0, MeOH 10% AuCl

P =
. 0o N e : - ) o H
39 ~OPMB TGS e W
: 81% over 2 steps . . THF,0°C  p. Me 1
"OH 65% .

o 0

/-
=z

OBn OH OH

10% AuCl
THF,0°C  Me Me |

ks

42

Scheme 1.1Formal synthesis of okadaic acid via gole¢htalyzed spiroketalizatiohy Forsyth
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The most recent application of spiroketalization in a highly complex environment was
presented by the Furstner group duringsitethesis of the antimitotic macrolide Spirastrellolide
F methyl estef! After macrocyclization via an alkyne metathesis to access compauts), @
two-step procedure allows formation of the second spiroketal moiety of the desired compound
and deliversin 50% yield, the macrocycld .46. Like the goldcatalyzed step of the azaspiracid
synthesis $cheme 1.1)) addition of acid and heating were necessary for the addition of the
sterically-hindered secondary alcohol. Interestingly, in this case, a Budhyze ligand was the

best choice for addressing the desired selectivity in the gold catalyzed heterocyclization.

BnO M
1) 5% [JohnPhosAu- o

(o]
NCMe]SbF, L
_ —» oo
2) 5% PPTS, tol. 80 °C &

50% over 2 steps o
7, Me
"TBSO
TBSO™ o

1.45 1.46

CJ

Scheme 1.1 otal synthesis of spirastrelloide F methyl ester via a golt{talyzed
carbocyclizaion by Furstner
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Chapter 2

Polycyclic Polyprenylated Acylphloroglucinols

2.1 Introduction to PPAPschemical structures and biological activities

Polyprenylated polycyclic acylphloroglucineols (PPAPs) are a large family of natural
products, which includes more than 200 memibeas have been discovered to date. Most of
thesecompoundswere isolated from plants and trees from Clusiaceae (Guttifexdajnily of
plants that includes more than 37 genera and 1600 spetfes.family of natural products
possesses a wide range of biological activities like antibiotic, antisepticHIaftianti-
inflammatory, antineurodegenerative, antioxidant, anticance antidepressant properties.
Although few bicyclo[3.2.1]octan®,4,8trione central core are found like enaiemone2R.1)
and ialibinone A 2.12, most of these compounds have highly oxygenated and densely

functionalized bicyclo[3.3.1]nonar&4,93trione core.

2.01
papuaforin A papuaforin B hyperpapuanone scrobiculactone A
anticancer/antibaterial type A type B antibacterial

2.07 2.08
nemorosone clusianone hyperforin garsubellin A
anticancer/antibaterial/  jp¢icancer/anti-HIV ~ antidepressant/antibacterial/  anti-neurodegenerative
antioxydant antimalaria
o
OH
o
)
l,H
2.11 2.12
hyperibone K plukenetione A enaiemone B ialibinone A
anticancer anticancer antibacterial antibacterial/anticancer

Figure 2.01Structures of selected PPAPs along with their reported biological activities
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The bicycle framework is usually decorated with prenyl, geranyl and acyl side chains. In
some of these compounds furtlogclization takes place between theiketone and the pendant
olefinic groups, forming secondary ring systems on the bicyclic core and leading to
adamantanes, dihydrofurano or pyrdosed cyclic substructures as found in compou2d31(

2.02, 2.03, 2.082.09, 2.10and 2.12) Hyperibone K 2.09 and its regioisomer pluketione A

(2.10 are examples of rare adamantanataining natural produc?s.

Based on the position of the acyl group relative to the quaternary center on the bicyclic
core and on the proged biosynthesis, the members of the PPAP family have been categorized
into three classes: type A, type B and type C. Type A structures, exemplified by nemorosone
(2.05, are the most common and comprise more than a hundred known structures. This family
bears the acyl group at the bridgehead position adjacent to the quaternary centers. Type B
compounds, such as clusiang@eD6), are approximately half as prevalent as those of type A and
the acyl group is located at theposition to theb-hydoxyenone. Typ C structures are the least
common and bear the acyl group at the opposite bridgehead position relative to the quaternary
center Figure 2.09. The question if the structure of type C has been correctly determined is still
under debaté.After all, this ype of PPAP does not derive from the same biosynthetic
intermediate as type A ari8l Their broadbiological activities combined with their unique and
challenging structural features have made some cktheolecules prestigious target in the

field of total synthesis afomplexnatural products.

type A type B type C

R,t;! éR1 3‘%
RiRj0 RiYo

R;=H, Me, prenyl or homoprenyl

R, = Me or homoprenyl

Rj3 =iPr, iBu, sBu, Ph, 3-(OH)Ph, 3-4(OH),Ph
Ry =Me

Figure 2.02Type A, B, C PPAPs

type B

nemorosone clusianone

St John's wort Hypericum perforatunextracts) was used by the anci€rteeks as a
remedy for many skin injuries, burns and neuraldgiiese herbal extractse currently used in
some countries for the treatment of mild depression, anxiety, and sleep disorders, especially for
children. Hyperforin 2.07), the active ingredignin StJ ohndés wort , i's also

antibacterial properties and has recently bepromising candidate for the treatment of carfcer.
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Another important target of the type A scaffold is garsubelli2 8§, a natural product noted

for its activities against neurodegenerative diseases. In fact, recent studies have shown that
garsubellin A 2.08 induces the biosynthesis of acetylcholine, a neurotransmitter that, at low
concentrations, can |Sinpld PRABsreAdlsa interésting, suttsas d i s e
nemorosone 4.05, which exhibits antimicrobial, cytotoxic, and antioxidant activities, while

clusianone Z.06) a type B PPAP, is known for its atiV activity.®

2.2 Biosynthesis of PPAPs

PPAPs are biosynthetically derivedom less complex monocyclic polyprenylated

acylphloroglucinols (MPAPSs)2(15, which are found in many plants from the Myrtaceae and
Cannabinaceae families. MPAPs are reported to show antimicrobial, antifungal, and antifeedant
activity.’ MPAPs are derivives of acylphloroglucinols2(14) which contain an acyl group and

two or three 3methyt2-butenyl (prenyl) side chains. The acylphloroglucinol moiety could be
constructed biosynthetically via a polyketide pathway, with the attachment of on€akyl

grop and three malomyCoA groups to furnish polyketide2(13.° An enzymeassisted

Dieckmann condensation and aromatization produce acylphloroglucinols derivativ@s (

OH O

o o
(o]
R =Ph, iPr, N 3—)malonyl-CoA /lirL R aromatization /@\/‘LR DMAPP
—_— —_—
nBu, sBu R™ "SCoA o o o n HO OH PT

_ 0 SCoA 2.13 2.14
acyl-CoA (acylphloroglucinols )

a-acids (2.24)

(type ©)

Scheme 2.0Biosynthesis of type A, B and C PPAPs

Further electrophilic substitution reactions on acylphloroglucinol moiety with dimethylallyl
diphosphate (DMAPP), involving prenyltransferase enzyme, result in the formation of

acylphloroglucinol MPAPsZ.15 and later in Hacids precursor2(16). CuestaRubio proposed
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a mechanism for the cyclization of MPAPs to type A and type B PPAPSs via a comauits
intermediate Z.16).** The dimethylallyl pyrophosphate (DMAPPmake a carbogarbon bond

with oneprenyl unit of the geminal dipnyl groups of thé-acids resulting in one of two stable
tertiary carbocation intermediate2.17) and @.19. Addition of the C1 enol moiety on the
carbocationZ.17) would give type A PPAP2(18 and the addition of the C5 enol would result

in type BPPAPs 2.19. Type C PPAPs may be made biosynthetically from a different set of
MPAPs @.21) having a quaternary center attached to the acyl group instead of a prenyl group.
Reaction with prenyl pyrophosphate (DMAPP) will lead to a tertiary carbocattermediate
(2.22 and the resulting addition of C3 from the cationic intermediate would result in type C
PPAP @.23. Interestingly, MPAB arean a-acid Q.15 and areconverted during the brewing
process into an isa-acids(2.24), the compound that i€sponsible for the flavor and bitter taste

of beer?

2.3 Previous synthetic works towards PPAP

The complex molecular framework of PP&\lombined with their promising therapeutic
potential has drawn attention from several research gfoMasy groups, including our own,
havesucceeded in completing the total synthesis of several PPAPs. Considering the enormous
work done in the scientific community to this end, and the fact that most strategies and
methodologies developed for the constmetiof the bicycle[3.3.1]Jnonane system have been
reviewed, only landmark examples highlighting the progressive achievements toward this large

family of natural products will be present&d.

In 1999, Professor K. C. Nicolaou and his teaare the first group to report a synthetic
route towards garsubellin 2208 employing a selenocyclization approadcieme 2.0p™
This first route counts 24 synthetic steps and lead to an advanced interm2@3te At first
glance, this intermedia seemed more complex than the natural product targeted, however, all
the necessary synthetic handles to complete the synthesis were installed. No further reports using
this strategy have been reported to date. In 2005, Nicolaou awdrkers disclosedraacid
catalyzed Michael/Aldol sequence to rapidly access the bicyclic scaffold of PPAPs and
cogeners? Treatment of cyclib-ketoester Z.26 and methacrolein with triflic acid afforded the
annulation product as a mixture of diastereoisiomers, both afhwtould be converted into

bridged triketone 2.27) as a single diastereoisomer in the subsequent oxidation step-using
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Dess Martin periodinane (DMP). This process gives an overall yield of 51% over two steps and
allowed the simultaneous geagon of the two bridgehead quaternary centers. Treatment of the
bicyclic triketone 2.27)with KHMDS and phenylselenide bromide, followed by oxidation with
m-CBPA and subsequent elimination, gave an enone which was readily converted into-an eight
memberd ring lactam 2.28. This interesting rearrangement is mediated by an ;OsO
dihydroxylation and the resulting scaffold is found in some natural products such as

perforatumone.29.'*"

TBDPSO__O
o
PhO,S
H

2.25

o, W
04},/<

o

garsubellin A 2.08 perforatumone 2.28
(o] (o]
\nJ o 1)KHMDS, PhSeBr j
RR_ preonl 2 mecid 5
2) DMP 3)0s0, DMAP "
51% over 2 steps ° 48% over 3 steps HO P
2.26 2.27 2.28a

Scheme 2.0Nicolaou's intermediate andichael/aldol/ring expansion oxydation strategy

In 2001, Iwasawa published an interesting tungstdalyzed 6-endadig
carbocyclisation between a silyl enol ether and a substituted alkyne to access the bridged bicyclic
ketone 2.30) in 70% vyield*® This transformation passes through a vinylidene intermediate
(2.299, limiting the substitution of the alkyne to iodide and hydrogen. This work was not
relevant for its synthetic access to PPAPs, but was an important foundation for our work
described herein. Athis work is closely related to ours, the mechanism will be discussed in

greater detail in the following chapter.

! OTBS o
TBSO |0 W(CO)sTHF, H,0 A e
OEt THF, 70% I > !
o OEt o OEt
2.29 2.29a 2.30

Scheme 2.03wasawa's methodology: tungsteatalyzed éendaedig carbocyclization

The first tandem bond or mi ng di sconnection was repor
employing an Effenberger cyclizatioS¢heme 2.04'" This strategy has become one of the

most popular approaches for this class of molecules and some total syntheses using this strategy
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will be discussed in the next section. Stolz et al. demonstrated that it was possible to form the
bicyclic skeleton 2.32 in 84% vyield using an excess of enol eth2r3) with malonyl
dichloride as the limiting reactarih order to access PPAPs, an esx of valuable enol ether
(2.33 was not favorable and therefore they modified the procedure to use only one equivalent of
enol ether2.33) It is important to underline that, even the intermediat@3) does not possess

the bridgehead substituent, theyclo[3.3.1]Jnonane2.34) core was only isolated in a modest
yield of 36%. Interestingly, the cyclisation was diastereoselective and ordytiisomer at the

prenyl side chain was formed, which turned out to be real synthetic advantage for the
constriction of PPAPs. The lower yield shows that the cyclizatiomase difficult when the

gemdimethyl moiety igoresent on the enol ether riy33 2.349

OTBS

OMe
@ KOH H20 KOH HZO
Et,0 84% BnEt;NCl

2.31 36%

2.33
Scheme 2.04toltz's approach: the Effenberger cyclization

In 2002, Shibasaki and amorkers reportedgsynthetic studies towards the synthesis of
naturally occurring PPAPStheme 2.05' Their approach utilized a ofot Michael addition
elimination between 1;8iketone 2.35) and cis-chloroacrylate, which did not give the desired
bicycle ©.38) but instead the bicyclic lacton€.86). ¥ A subsequent sequence of six steps
afforded the aldehyde (37), which was further transformed into the desired bicyclic compound
(2.38. An aluminum(lllymediated aldol cyclization followed by an oxidation ansbasequent
elimination furnished enone2.38. Deprotection of the diol and a Wacker type cyclization
provides the tricyclic furan2(39. The advanced intermediat2.40 was obtained from a Stille

coupling and was only missing one prenyl side chain.

o
Cl O

o o o
J BuOK, then LiCloa 'S X o, Mo [ § | — »
< i > O —_—

o..©° . then DMAP and 12-Crown-4 24% over 6 steps

) 235 A 60% 2.36

A

1) ALO3, tol.

2) DMP, DCM

3) DBU, DCM g 1) LIOH,THF/H,0 1) I,, CAN, MeCN

50% over 3 steps 2) Na,PdCk,, TBHP 2) PdCL,(dpf),, DMF

AcOH, H,0
2.38 54% over 2 steps SnBus

2.39 29% over 2 steps

Scheme 2.055hibasaki's approach: Michael/Dieckman/aldol strategy
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The construction of PPAPs framework using an intramolecular [3+2] cycloaddition
between an allene and a nitrile oxide was reported by Young andr&ers Scheme2.06).*
Treatment of compound (2.41) with phenyl isocyanate and triethylaminénduces the
cycloadditionand created the bridged bicylic framework. The synthesis was further carried out

by reductive cleavage of the isoxazoli2ed@) to afford enamine43.

(0]

O OMe OMe Raney-Ni OMe
PhNCO Et3N H,,MeOH
40% quant.

A NH,
2.41 2.42 2.43

Schene 2.06Young's approach: an allermtrile oxyde [3+2] cycloaddition

George Kraus and his group published three distinct strategies to quickly access the
bicyclo[3.3.1]nonane coreScheme 2.0¥?° In 2003, they showed that it is possible to make the
bridged bicyclic ring system using a mangaressliated oxidative free radical cyclizatioA
simpleb-keto esterZ.44) was converted into bicycloalken®2.45 via an intramolecula8-endo
trig carbogclisation using manganese acetate and copper acetate. Treatment of bicycloalkene
(2.45 with NBS led to the dibromide intermediate.46). Further addition of NBS gave a
tribromide intermediatevhich was transformed into bromoenorz4{) in the presencef
agueous acetic acid at 115 °C. In 200ty employed an additieelimination strategy using
diacetoxyvinyl sulfone as a double Michael acceptor to form the bicyclic ring sy2téh A
subsequent treatment of bicycloalka2e4@ with sodium amalgangave compound2(50. In
2008, Kraus reported aariginal strategy to access an advanced intermediate towards the
synthesis of papuaforin £2.01). The key bonds were made by a Michael addition of methyl
acrylate tob-ketoester Z.51) followed by a Birch eduction cyclization to afford bicyclic diol
(2.52 in 85% vyield. The diol 2.52 was oxidized and the resulting diketone was readily
converted to the corresponding silyl enol ether. The latter was treated with NBS in refluxing
carbon tetrachloride to fuish a-bromoenone 2.53 which, after two steps, was converted to
hemiacetal Z.54). The last compoun@.54) is the most advanced intermediate towards the

synthesis of papuaforin published by this grou(®.01)
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o o
o o Mn(OAc),, Br o
é{oa Lu©Ac), _NBS Dhv,NBS
60% 85% 2) AcOH agq.
X o OEt Br o Br

2.44 2.45 2.46 %% OEt

Kraus' approach, radical manganes acetate cyclization

) t-BuOK OAC 1) Ac,0, DMAP 2. 0f1 A i
- apuaforin :
\@LOE +BuCOCl L5 o _ ) NaHg MeoH pap i
2) t-BuOK, THF 54% over 2 steps
248 45% over 2 steps OEt OEt

2 49 2 50
Kraus' approach, Michael/aldol cascade

1) t-BuOK OMe 1) PCC, DCM
2) TIPSOT, KH
2) Na, NH3, tBuOH 3) NBS, AIBN, CCI4 5“/
| "' 65% over 3 steps OMe °
2.51

85% over 2 steps over 2 steps
2 53

Kraus' approach, Michael/Birth reduction cycllzatlon

Scheme 2.00verviewoKr aus 6approaches

In 2003, Grossman et al. reported the construction of the bicyclo[3.3.1]nonane ring core
of PPAPs 2.58 via an intramolecular aldakaction ofcis-enal @.57).?* The bridged bicyclic
ring precursor Z.57) was prepred via a four steps sequence. First, a reaction of alkynylation
between dxetoester 2.55 and alkynyltributyltin in the presence of Pb(OAgave compound
(2.56. An acidmediated acetal deprotection of acefab@) followed by asynhydrosilylation
using Ca(CO) complex produceé&-a-silyl enealdehyde.57). Finally, an acidmediated aldel
cylisation provided the bridged bicycl2.$9.

Eto. ,OEt
I SiEty @

o o =A °||° o\| o Ny OH

X BusSn—= OBt Xy —> X HCl aq.
OMe — 3 OMe —— SiEt,

Pb(OAc)4, 48% 58% over 3 steps 2%

(o} OMe

2.55 2.56 2.58
Scheme 2.0&r o s smané s approach: the al kynyl ation/ al

Mehta and coworkers investigated four different strategies for the formation of
bicyclo[3.3.1]Jnonane core, however only two approaches will be highlightedtially, they
were using a palladium(Hyatalyzed Kende cyclisation. Starting fromppinene 2.59), this
approach was the first reported enantiospecific synthesis of a fully advanced intermediate of a
PPAP family member. In subsequent work, Mehta and/aders used a DIBAIH mediated
reduction of a ring fused lacton2.§3 to initiate a thermodynamicaHlgontrolled retrealdol

aldol cascade to generate the advanced bicyclic interme@#&4 (n 45% over two steps.
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In order to accessn higher oxidation state bridged bicycle, Metha also investigated the

Effenberger cyclizatiorf

1) LDA, TMSCI

N (o]
—_—— >=/ 2) Pd(OAc),
|

30% over 2 steps

2.59 2.60
Mehta's approach: a palladium-catalyzed Kende Cyclization

1) DibalH

1) KOH, MeOH 2) PCC,DCM

2), NaOAc, Ac,0
140 °C
61% over 2 steps

2.63

Mehta's approach: a DIBAL-H mediated retro-aldol/aldol cyclization

Scheme 2.0®Dverview of Mehta's approaches

2.4 Total synthesis of PPAPs

A decade after Nicolaou had reported the synthesis of thefdiltgt functionalized

advanced synthetic intermedia®25), five research groups have succeeded in synthesizing only
three PPAPs. Early efforts relied on the formal annulation of a-ttassn bridge onto a
polyfunctionalized cyclohexanone derivative to afford the bicyclic framework. The highly
oxygenated framewk and the two bridgehead quaternary carbons revealed some difficulties in
using this linear and modular strategy. Long and tedious functional group manipulations are
often needed to access these complex bicyclic frameworks from asioy#ified model sgtem

and the adjustment of the desired oxidation state can bewimalgd. However, the latest
versions of this strategy appear promising, while recent efforts have decreased the number of
steps compared to earlier attempts. Moreover, this syntheticgstratier the opportunity to

further incorporate almost any side chain that may be required, at any position, in order to access
a variety of analogues using the same approach. The second general strategy is the alkylative
dearomatization of substituted piods. At first glance, this strategy appears more attractive as
higher overall yields are observed axlthis approach idosely related to theatura pathway
Furthermore, the biomimetic dearomatization strategy could take advantage of the hidden
symmetry within the targett molecule to drastically shorten the number of synthetic stEps

only issue is that these convergent syntheses are more limited in the number of different
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analogues easily accessible with #eme synthetic strategy. However, recent develofsmen
have allowedthe synthesis of more members of the family and the challenging structure of
hyperforin(2.07) has beemadesuccessfully twice already h€ target that initially captured the
attention ofthe synthetic community was garsubellif208), independently attained in 2005 by

the groups of professor Shibasaki and professor Danish&f$R/A year later, the group of
Simpkins reported a formal synthesis using the popularized Effenberger cyclization. In the
following years, nemoroson@.05), clusianone4.06 and hyperfori2.07) emerged as popular
synthetic targets;lusianong2.06 is atthe top of the list with seven syntheses reported. In this
section, we will cover almost all the total syntheses published to date with the exception of those
of garsubellin A(2.09.

2.5 Total synthesis of PPAPs: firslynthetic strategy

After the landmark study by Stolz, the Effenberger cyclization became one of the most

popular strategies to access PPAP natural produditstee different groups have reped the
synthesis of clusianongsing this method. Simpkins was the most active researchigisifield

and report the synthesis of nemorage05 as well as an enansioselective synthesis of
clusianong2.06).2**"Each group started their synthesis with a sequence originally developed by

Stork and Danheiser to access cylohexen@rsy or (2.70).%*

[¢] -

2.651

Cl)j\/u\cl

BF; Et,0, then DMAP
35%

Ph)L

—>
Et;N, THF
65%

CN

2.65 |

Marazano total synthesis of clusianone (2.06), Effenberger cyclization

(o] OTBS
X o
—_ —_—
64% over 3 steps 19 % over 3 steps H ome 17% over 6 steps
2.70 | 27 | 2.72
Simpkins total synthesis of nemerosone (2.05), Effenberger cyclization nemorosone
Scheme 2.1Resume dEffenberger cyclizgon for the total synthesis ofusianone 2.06 and
nemorosone.05
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After the formation of corresponding silgnol ether 2.66), 2.68 or (2.71), the key
Effenberger cyclization with malonyl dichloride was performed.
Marazano reported trehortest synthesis and the oalynelation with prenyl substituents at both
bridgehead carbons, which led to bicy@e59).%*° For the othersfunctionalization of the second
bridgehead carbon was performed after the formation of tbgclb[3.3.1]Jnonanone core.
Enantioselective synthesef PPAPs had also been reported using the Effenberger cyclization
strategy $cheme 2.11l While Simpkins developed a late asymmetric prenylation of the
advanced intermediat@.67), Coltart employed an asymmetacalkylation of chiral cyclicN-

aminocarbamate derived hydrazon2§9® to install the prenyl unf®

__ 1)LDA, THF,
prenyl bromide MeMgBr, Et,O —>
‘z 2) p-TsOH, H,0 2) PCC, DCM -
)\(_ ¥o acetone N 74)\ 57 % over 2 steps 21% over 5 steps
(o]

2.73 74% over 2 steps 2. 65

Coltart's enantioselective total synthesis of clusianone (2.06), Effenberger cyclization

\S
prenyl bromide 0 >
Ph  Ph X
N H H 74 % over 3 steps
N N OMe
Ph LiLi Ph 2.76
65%, 50%ee 25%, 98% ee

clusianone

Simpkins' enantioselective total synthesis of clusianone (2.06), Effenberger cyclization

Scheme2.110verview of the successful Effenberger cyclization for the enantioselective total
synthesis of clusianon2.06)

Professor Shibasaki has been one ofrtiosst prolific contributors in this area, with the
synthesis of the two mosthallenging targets, garsubellin &.08 and hyperforin(2.07)
(Scheme 2.12nd2.13.%“®Wwhile the publication of both syntheses was a landmark in the field
of PPAP synthesi s, Shi bas acklie® s cossyructindy essioh s hi c
polysubstituted cyclohexanone, in particular due to the necessary substitution of both
bridgeheads, and due to the robustness of the annelation method required to tolerate a sterically
hindered environment. In the case of garsubellir2 A8, a fifteen stegequence was necessary
to access dien@(79, which upon treatment with"®generation Hoveyd&rubbs catalyst, gave
the corresponding bridgehead ketdffeA subsequentlal y1 i ¢ oxi datselennmusi ng
oxidation procedure and followed bydaprotection of the MOMther afforded cyclohexenone
(2.80. This advanced intermediat2.80 was converted to garsubellin .08 in five further

steps in 11% overall yield.
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1) LDA, TMEDA
acetaldehyde >

2) martin sulfurane
92% over 2 steps

\

16 % over 6 steps

64 % over 3 steps

2.08
OMOM garsubellin A

Scheme 2.1Ring closing metathesis for the total synthesis of garsubellh08) (by Shibasaki

Nearly thirty years after its initial isolation, a fifty step asymmetric synthesis of
hyperforin (2.07) was disclosedy Shibaski (Scheme 2.18'®° The synthesis began with an
asymmetric DielsAlder reaction between silyl enol eth&.§1) and oxazolidinone acrylamide,
promoted by cationic irdrpybox complex2.82), to affordpolysubstituted cyclohexan.83 in
excellent yield and enantiomeric (93%, 96% e.e.). The latter compound was converted to
cyclohexanone?.84) after a saes of functionalgroup manipulationgnd protectionsDespite
the lengthy synthetic sequence that merely introduced an additional isopropyl group, the six step

trangormation of @.84) to (2.85 proceeded with 58% overall yield.

OTIPS OTIPS
o O OTMs
OTIPS FeBr;, AgSbF¢ OTIPS WOTMS  ————
- =
o P o A 81% over 6 steps N 58% over 6 steps A
&N 212 N~2 (\N ° Mowo” kﬁk mowmo™ k’k
EtOPh4 4-PhOEt ° 2.83 2.84 2.85
93%, 96% ee
—>’ )\/ &\\( - . MOMO
9% over 6 steps 64 % over 4 steps

87% over 5 steps

2.07

ent-hyperforin

Scheme 2.13ntramolecular aldol reaction for the total synthesis ofkyperforin .07) by
Shibasaki

Sixteen more steps were necessary to installllyl and prenyl side chains and to form
the bicyclic core 2.87) via an aldol reaction.From this advanced intermediat2.88, they

concluded the first synthesis efithyperforin €.07) in twenty-oneadditional steps.
24



Polycyclic Polyprenylated Acylphloroglucinols

Although itmay seem as a synthetic tour de force, the presence of numerous protecting groups

and tedious oxidation state manipulations plagues the practicality of this synthesis.

The last synthesispased on the bridegehead annelation of ayfpottionalized
cyclohexanone derivative, possessed a significantly redugaber of steps to achieve its target.
While the synthesis developed by Plietker seems limited to alkyl groups on the bridgehead
substituents, it is a short and higielding synhetic approach which is quite generally applicable
towards transtype B PPAPs Scheme 2.1%4%° The key step consists of a Dieckman
condensation of a congested cyclohexandh84( to construct fully substituted bridgehead
scaffolds bearing the corregkidation state. The Dieckman precursd®f was assembled via
a tandem Michael addition/Knoevenagel condensation. This modular synthetic approach enabled
the total synthesis of three natural produ@93, (2.97 and .99 and two nomatural
produds (2.95 and @.96).

MeOJJ\/u\/lLOMe o o o J 1) Cul, MeMgBr, LiCl
o MeO oMe 1) NaH, MeLi, THF_ Me0” ™ TMSCI, THF -~
MeMgCl, MeOH _ 2) NaH, THF > 2) Buy,N[Fe(COy3(NO)]
0- 60 °C prenyl bromide t-amylateOK + [~ N-Mes
| 501 86% 2.92 | 57% over 2 steps Mes” P;‘/'
: X" 0CO,Me 6

81% over 2 steps

2.95 2.96 2.03 2.97 2.98
epi-clusianone :  regio-hyperpapuanone hyperpapuanone hyperibone L oblongifolin A

Scheme 2.1Dieckmann condensation for the total synthesis of five different PPAPs by Plitker

2.6 Total synthesis of PPAPs: second synthetic strategy

The second general synthetic strategy is the alkylateeromatization of substituted
phenols, a biomimetic symetic approach which has allowtte shortest synthesis of clusianone
(2.06 to date, completed by Professor Pot@oThis strategy was initiated by Professor
Danishefsky, another prolific contrilartto this area, with the synthesis of garsubelli(2A8)
clusianong2.06) and nemorosong2.05). 2° While Danishesfky used the same synthetic strategy
for all three targets, only the syntheses of clusian@r@)(and nemoroson@.05, which used
differentiation of norconventional carbanionswill be presented Scheme 2.15 %°*° The
divergent synthesis starts with 3jbnethoxyphenol 2.99, which undergoes a double

palladium(O)catalyzed allylation followed by a cross methathesis reaction 2umitiethylbut2-
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ene. A further monodemethylation afford dearomatigedidiprenyllated product2.100 in

33% vyield over three steps. The common intermediatdp that served as the branching point

for the two naturally occurring PPAPs wasnstructed by an iodir@duced cyclization method
developed by this research group during the synthesis of garsubeflio@\ Due to the lack of

the furanefused ring that provides further rigidity to the molecule, this transformation was less
selectve on monocyclic compoun®.00Q and led to the desired bicycle in a moderate 32%
isolated yield. It is important to note that, a more selective transformation was carried out during
the synthesis of garsubellin /£.08.%°° Finally, the Danishefsky groupas able to generate,
exploit and differentiate neoonventional carbanions and finish both syntheses from a common
intermediate Z2.102. Six more steps were needed to correctly add the acetophenone and the
prenyl side chains in order to access clusiar{@r@)and £ven more steps were needed to add

these two substituents in an inverse order and access nema@£ane

S 4
Y
(o] OMe ]2’ KI
—» |
| ,I KHCO;
Me 33 % over 3 steps I THF, ELO W 40 % over 2 steps

2.99 2.100 32% 2.101c

1) LDA, THF o

“ " er o O
PhCHO “A‘
S EE—
_——
2) DMP, DCM H , © 21 % over 4 steps

o
2.102 57 % over 2 steps 2103

LDA, TMSCI
then I,
51%

nemorosone

Scheme 2.1®Differention of norconventioml carbanions for the divergent synthesis of
clusianone 2.06 andnemorsoned.05 by Danishefsky

Inspired by biosynthetic considerations, Porco conceived an ingewmiodishighly
expedient synthetic approach to the synthesis of PPARs.this approach, an alkylation
dearomatization/annulation strategy was developetireztly access the bicyclic core structure
of the PPAPs from clusiaphenone(109. The reaction between las-Michael acceptor and
clusiaphenone B(2.106) led to an annulated product, which was readily methylated with
TMSCHN; and isolated in 54% vyield over tvateps.
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Conversion of the aldehyde in tekempound 2.107) into the remaining prenyl side chain was

executed through a four steps sequence and finalized the synthesis of clu&adpne

4
O/_ﬁ
OAc

1) KHMDS, THF

2) TMSCHN,
54% over 2 steps

52 % over 4 steps'

clusianone \\ 2.06

clusiaphenone B

Scheme 2.1&\lkylative dearomatization/annulation reaction for the synthesis of clusianone
(2.06 by Porco

Three years later, using the same synthetic approach, Porco-amatkers achieved an
enantioselective synthesis of thdamantaneontaining PPAP natural product, hyperibone K
(2.09 (Scheme 2.1¥?™® An asymmetric dearomatization/alkylation sequence was investigated
under phas#ransfer conditions in the presence of a cinchona alkaloid as the chirality inducer.
Dimeric dnchona alkaloid (chiral PTC) was identified as the most effective catalyst, which, in
combination with heptanoate aldehyde, furnished adamaraliEl)(in 71% yield and 90%.e
This asymmetric transformation leads to bicyclic intermediat&1Q), which is the epimer of
bicyclic (2.107). This epimeric aldehyde2(110 is well oriented to undergo another carbon
carbon bond formatio and generatethe adamantane rin@.(L1). Two additional steps were

required to install the last vinyl moiety and finidle synthesis of hyperibone(R.09).

o

|
0
Can)Lo ;

CsOH, H,0
chiral PTC
71%, 90% ee

MgBr
1) LDA, >=/

2) Sc(0OTH);
50% over 2 steps

Scheme 2.1Alkylative dearomatization/annulation reaction for the enantioselective synthesis of
hyperibone KZ%.09 by Porco

In order to access the isomeric adamantane natural product pheketi(2.10, Porco
had developed a simelective dearomatization/annulation of a clusiaphenone B derivative

(2.112.%° A methyl ether protected clusiaphenoné2BL12 was employed with the intention
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that the alkylatiordearomatization sequence would take place at the C5 and C1 rather tlean at th
C5 and C3It was found that the masked hydroxyl group at C5 disfavors cardédon bond
formation at C3. Thus, treatment of compou@dL{2 with LIHMDS in the presence of asi
Michael acceptor afforded the monoalkylated dearomatized prd@uti3 in 90% vyield.
Exposure of intermediaté2.113 to concentrated HCI eventually led to the production of
adamantane2(119 in 75% vyield as a single diastereoisomer. The synthespu&etione A
(2.10)was completed almost in the same way as hyperibof2e0Q)with the addition of the last

vinyl side chain.

|
O OAc

KHMDS, THF
90%

MgBr
1) CeCl3,>=/

2) TMSCHN,
40% over 2 steps

Scheme 2.1&Ikylative dearomatization/annulation reaction for the synthesis of pluketione A
(2.10 byPorco

Recently, Shair reported a short and elegant enantioselective synthesis of hyperforin
(2.07 (Scheme 2.19 This last synthetic approach could be seen as a combination of the two
general synthetic strategies. While they did not perform the detratien of a symmetric
aromatic intermediate, they exploited the latent symmetry of intermeddt&g( which ako
allowed them to incorporatsome elements of modularity during the synthesis. After two
alkylations of cyclohexadien&.(117), the bicyclicbridgehead scaffold2(101) was obtained via
the Lewis acid mediatedpeningof epoxide(2.118. After oxidation and functional groups
manipulation, intermediate2(120) is set up for an allyl radical addition. Protection of the
vinyligous ester moiety &rded intermediate2(121) which is only missing the acyl bridgehead
group. Contrary to Danishefskyand Simpkinssynthesis functionalization of the bridgehead
carbon was accomplished in a gu& reaction and subsequent deprotection delivieypérforin
(2.07) over 14 steps from cyclohexadien2.1(1l7. Due to the adjacent quaternary center,
functionalization of this last bridgehead carbon remains the biggest challenge in the synthesis of
PPAPs.
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MeO OMe om
— e
MeO - . o \ OMe \ oM
e = 0 TMSOT o ¢
— > —
73% over 2 steps H 79%
OMe Me H
2.118

2.117 TESO TESO 2.118 TESO 2.119
o

[
CeFsO(S)CO

—»
20% over 4 steps

TESO TESO

2.120 2.121

Scheme 2.1Enantbselective total synthesis of hyperforthQ) by Shair

2.7 Previous work towards the synthesis of PPAPSs in the Barriault lab

Numerous synthetic effortsave been made to achieve Hyamthesisof PPAPS resulting
in innovative synthetic strategies aocess the bridged bicyclic core anchew methodologies
for sterically hindered € bond forming reactions. Comparing the structural similarities
between the PPAPs, one could deduce that the wide range of biological properties of these
compounds arise dm small variations. Their common bicyclic framework can be viewed as a
tridimensional structure that helps to arrange the corresponding tethers in the accurate
orientation. As this remarkable structwaetivity relationship is still misunderstood, the
dewelopment of a general and efficient synthetic strategy to prepare most members of the family

and elaborate a naturahnatural library of compounds is of paramount importance.

Prior to the work on gold(igatalysis, our group tackled the synthesis of a be¥nd the
PPAP family,garsubullin A(2.09, using a Prindinacol approachScheme 2.2p0 A former
group member, Mélina Girardin, synthesized the tricycle bridged core of garsub&li8)via
an ingenious PrinRinacol cascad®. The acetal 2.129 was exposed to tin(IV) chloride to
afford the bicyclo[3.3.1]Jnonane2.l25 in 78% yield. After acetal opening, the resulting
oxocarbenium2.123 undergoes a Prins cyclization leading to the tertiary carboc&itga4.
The latter rearranges to compouri1@y via a sempinacolic rearrangement. This domino
process quickly delivers the tricyclic core of garsubellif2208. This strategy is particularly
adapted for garsubellin A2(08, but was not of general applicability to generate liloyclic
scaffdd for the whole PPAPs family.

29



Polycyclic Polyprenylated Acylphloroglucinols

SnBu3

N T N

2.122 2.123 2.124 2.124 2.124

1) a. Hg(OAc),, H,O/THF
b. NaBH,, NaOH, H,0

o 2) TPAP,NMO, DCM
2.125 41% over 2 steps 2.126

o

OH

garsubellin A

Scheme 2.2Prins-Pinacol strategy towardthetricyclic bridge coreof garsubellin A

The discovery of a novel gold{tatalyzed benzannulation by Christiane GiBs&d (Ph.
D. student) which generatefunctionalized tetrahydronaghalenes developed irour group an
interest forthe field of gold catalysi€® Rapidly, the Barriault groupypothesized that gold(l)
catalysis could be very useful in producing stericaliydered bridged bicylic scaffoldS¢heme
2.20) . Taking advantage of t he tripldbpms, weyenvisibnedo h o s p
a goldl)-catalyzed eendadig carbayclization of cyclic silyl enol ethers to synthesize bicyclic
bridgehead ketorse Initial work done by Geneviéve Bétournay (honors student), revealed that
the gold(l}catalyzed carbocyclization of silyl enol eth&.1279 gave the desired product
(2.1283 in 18% yieldunder microwave conditiorinterestingly, allene2.129 was isdated in
78% yield . The major producdf the reaction, compoun(®.129, was the result of a formal
sigmatropic shift of the alkyne.

tBu tBll SbFy
+
b —Au- NCM—]

TBSO %Et Q <
o (5 mol% LlaAu+)
DCM pnv, 50 °C

2.127a 2 128a 2.129
18% 78%

Schene 2.21Preliminary result in the synthesis of bridged carbocycles via a geatd(glyzed
6-endadig carbocyliation

2.8 Catalyst and reaction condition optimization

With this result in our hands, we next examined various catalyst, solvent and reaction
conditions. The results are shownTiable 2.01% Treatment of silyl enol ethd.1273 with 5
mol % of triphenylphosphinegold(l) chloride and 10% of water in DCM at room temperature
gave the bridged ketor{2.1283 in low conversion (30%)eftry 1). The major byproduct was
the ketoneZ.131) resultingfrom the hydrolysis of silyl enol ethe2.(273.
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The side product2(130Q was also isolated in significant quantity. The latter is the result of a
competing triple bond hydration. The replacement of triphenylphosphine by trietegiphe
dramatically improved the chemoselectivity (30:1) and the conversion (76%Gjy (2).
Moreover the choice of ligand, solvent and counterions seemed to be play a key role in the
reaction selectivitydntries 3-8). After considerablexperimentation, we found that the use of
(acetonitrile)[(2biphenyl)ditert-butylphosphine]gold(l) hexafluoroantimonatd_1aAu+) (5
mol%) in acetone afford the desired prod@:1283 in 90%isolated yieldentry 8).%2

W 7
TBSO o
OEt 5 mol /o cat.
solvent rt

2.127a 2 128a 2.130 2.131
Entry Catalyst Solvent Temps Conversion! Mixture'
2.128 : 2.130
1 Ph;P-AuCl / AgBF, DCM / H,0 7h 30 % 8.0: 1.0
2 Et;P-AuCl /AgBF, DCM 7h 76 % 30:1.0
3 Et;P-AuCl /AgSbF¢ DCM 6h 78 % 14:1.0
4 Et;P-AuCl /AgOTf DCM 6h 100% 25:1.0
5 DCE 4h 100% 1.0:5.0

tBu :tBll SbFg |

N o, .

6 3 —Au-NCM:I Toluene 4h 88 % 37:1.0

7 O < ACN 4h 100 % 45:1.0
LlaAu+

8 Acetone 3h 100 % 30:1.0

1: Conversion and mixture determined by 'H-NMR

Table 2.010ptimization of the éendadig carbocylization toward thgynthesis of bridged
carbocycles

Surprisingly, the air stable BoPhosGold(l) complex(L1aAu+), developed by
Echavarren and eaorkers, gave mainly the hydration produ2tl3Q in dichloroethanegntry
5). It is important to outline that the question of the reproducibility of this transformation could
be an interesting issue. Indeed at the time that this researatomaswe were not aware of the
importantaspecof the wateland we did not try to use dry or wet dichloromethane to observe the
impact on the chemoselectivitgr{try 5). However, this aspect will become important for more
challenging gold(l) catalyzed reactions (see chapters 4 and 5). Various solvents are suitable for

this transformation, but additional experiments demonstrated that acetone was the optimal
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solvent for this process and 2 mol% of catalyst can be used without diminishing the conversion.
With efficient and mild reactiogonditions in hand, we examined the scope and limitations of
the reaction.

tBu tBu SbF,~
+
—Au- NCM—]

| | | | R
o TBSO ! o
1) NaH, THF TBSOTH, \ ﬂ
EtOCO,Et _EtN,DCM__ OEt (2 mol% LlaAu+) - OEt
© 2) Cs,COs, acetone 80 959, acetone or MeCN, rt”
R 68-98%
2.132 1 2.128
2 X X =Bror OMs 2133a 2127
85-100% for 2 steps tB“ fBu ShFg
Rq —Au-NCM?I
Il I I
O 1) KH, THF o |lo TESO R o
Ry MeOCOMe g, e I KH THE ole (2 mol% LlaAu+) R ﬁ onte
2) CsCOs;, acetone ii) TESC1 acetone or MeCN, rt ‘
— o, 0,
21320 (R 2.133b 60-74 % 2.127 68-98% 2.128

X X =Br or OMs
85-100% for 2 steps

Schene 2.22Two synthetic sequences, R1 and R2 substigibn the bridged carbocycles

The preparation of thieridged carbocyless presented ischeme2.22 The synthesisf
silyl enol ether 2.127 began with commercially available cycloalkane @.1323, which
underwent an acylation with sodium hydride and diethylcarbonate in refluxing THF. The
installation of the propargyl unit was accomplished using watg reaction conditions, cesium
carbonate in acetone at room temperature. The conversion of ke2ah&3g to the
corresponding silyl enol etheR.(27) was performed usintert-butyldimethylsilyl triflate and
triethylamine in dichloromethane. In ordergynthesize the substrate with the corresponithg
tetheed we started the synthesis with readily availadsubstituted cyclohexanon.{39.
The ketone Z2.1330h was also prepared via an acylation reaction and nucleophilic addition to
propargylbromide. An excess of potassium hydride in refluxing THF with dimethylcarbonate
already present was necessary to effectively trap the kinectic enolate before thermodynamic
equilibrium. The formation of silyl enol ethe2.027 proved to be more difficulotperform. It
was necessary to use potassium hydride in refluxing THF for the deprotonation fotigwesl
addition of triethylsilyl chloride to obtain the desired enol ett?td?. Having established a
concise route to prepare the silyl enol eth@rs27) embedded witliR1l andR2 substituents, the
mechanism and scope of thelsdadig carbocyclization was then investigated.
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2.9 Scope and mechanism of the gold{datalyzed éendodig carbocyclization

for the synthesis obridged carbocyclg

A cursory inspection of the mechanism reveals that the Aaff)ocyclization can
operate via four distinct pathways. In path A, @&n@ledig carbocyclization generates
intermediate Z.139 which upon protodeauration and hydrolygises the desired compound
(2.128. Conversely, a competititve-éxo digcyclization can lead to compound®.130Q and
(2.143 via vinyl gold(l) intermediates2(140 and @.142 respectively (path B and C)t was
suggested that the formation of the setary product Z.130 comes from an intramolecular
addition of the ester instead of an intermolecular addition of water on the alipady, the
interaction of the triple bond and the gold{ftalystcan result into the formation of a vinylidene
complex (2.137, which undergoes a -&nidodig carbocyclization to give the
bicyclo[3.3.1]Jnonanone2(139 where the alkyne substituent has migrated to the internal carbon.
Deuteration of vinyl gold(l) species can determine effectively which mechanism betwheh pat
and D is in operation during our gold@atalyzed carbocyclization. Even the cyclization
tolerates alkyl and aryl functionalities for tR2 substituent without migration, we did not rule
out the possibility of the reaction occurring via pathway Dwaswill see later, this pathway can

be accessible when a good migratory group is present on the triple bond, such as an iodide.

AuL

TR
24 2 ° / o 0
Ry HO g, L;;\‘l-; path D path A
AuL* OEt ¢ ondo- d,g OEt vmylndene 6-endo- dlg -Au L* °E‘

2. ]39 2.138 2.1 2 135 2 128

L- Au
TBSO TBSO OR o
_»
complexatlon

2.127 2.134 2.136 2.129

R4
o
o TBSO TBSO 5-exo-di R
R, z Ry R, -ex0-dig 5-exo-dig 1
AuL*t path C path B Au L*

2.130 2.141 2. 140 2 142 2.143

Scheme 2.2®roposed mechanistic pathwstpr the gold(l}catalyzed carbocyclization

Although several methods have been developed to consatmbn bridgedarbocyles
of-medium sized ringamost of them are specific to a particular scaff@dnsequently, the first
variation in the scope that we perfted was the size of theing templde (Table 2.03. With
silyl enol ether 2.127h, (2.1279 and @.1279, we demonstrated that bicyclo[2.3.1]octanone
(2.128D, bicyclo[4.3.1]decanone2(1289, and bicyclo[5.3.1Jundecanon®.1289 could be
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accessed efficiently via thegold(l)-catalyzed carbocyclization with 85%, 82% and 98%
respectively(entries 1, 2and3). These results demonstrated unequivodaify bridged bicyclic
frameworks of various sizes could be generated efficientlythdy method. Interestingly,
cyclization on ring sizes of odd number (5 & 7) required acetonitrile as solvent instead of
acetone in order to obtain better chemoselectivity. As previous work in the field of gold(l)
catalysis focused primarily on terminal alkynes, we next examined the substdtitioa triple

bond. To our delight, methyl and phenyl substituents were well tolerated and yielded to the
bicyclic ketone 2.128¢ and @.127# in 92% and 8% respectively.

tB -
R tBu N u SbF

ll P — Au- NCMq+

O
RO |0 ‘_.@ R
W, : Wl =,
OEt (2 mol% LlaAut+) y
acetone or MeCN, rt o

H

n o” OEt
2.127 2.128
Entry 1 2 3 4 5 6
H H H H Me Ph
\ N\ o It Il Il Il
TBSO'\ O TBSO u TBSO| o TBSO |0 TBSO |0 TBSO |0
Substrate H OEt H H H
H OEt o OEt a OEt OEt OEt
2.127b 2.127¢ 2.127d 2.127a 2.127e 2.127fF
Solvent acetonitrile acetonitrile acetone acetone acetone acetone
Time 12h 25h 1h 3h 6h 7h
(o) o (o) (o) o
H H H H H H H H H Me
Product
\ \ \
o’ OEt o’ OEt o’ OEt o’ OEt o’ OEt
2.128b 2.128¢ 2.128d 2.128a 2.128e
Yield% 85% 82% 98% 90% 92%

Table 2.02Scope of the-endadig carbocyclization: R1 substifoh

In the context of its application to the total synthesis of natural polycyclic polyprenylated
acetylphloroglucins (PPAPS), we further probed the scope of this transfommath substrates
possedsag tetrasubstituted enol ether to affdsitycles with two bridgehead quaternary centers
(Table 2.03. With this goal in mind, we used methyl and allyl substituents, as is found in natural
PPAP, and isolated the corresponding bicyclo[3.3.1]nonarbh28g and €.128hH in 91% and

87% vyields respectively. In ordér increase the steric environment during the catalytic process
and push the limits of ourcarbocyclization we prepared various substrates possessing both

substituents a1 andR2 positiors.
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Gratifyingly, the cyclization worked as well as anticipatedtfies 3and4). Even the addition of

a strong electron withdrawing group at thera position of the aromatic ring did not affect the
regioselectivity éntry 6). The results displayed ihable 2.03show he attractive aspect of this
method, which relies on the ability to easily construct bicyclo[m.n.1l]alkanones, bearing two

bridgehead quaternary carbon centargler mild reaction condition

tBu _tBu SbF,
R4 5
N P —Au- NCMq
OR = OTES if R, = alkyl | (o]

OR=OTBS if R,=H RO [0 o= Ry ﬁ o R, R
Rz ome (2mol% LlaAu+) R, OMe
acetone or MeCN, rt o ‘ - o7 ome
2.127 73-98% 2.128 2.128
Entry 1 2 3 4 5 6
H H Me Ph Ar, Ar,
I I Il Il Il Il
TESO |o TESO |o TESO |o TESO |o TESO |o TESO |o
Substrate JMe ome ome Me oMe N ome M oMe Me oMe
2.127g 2.127h 2.127i 2.127j 2.127k 2.1271
Solvent acetone acetone acetonitrile acetone acetone acetone
Time 6h 6h 40 h 15h 15h 25h
OMe
o N o) o
Me H H ! @
Product @ % Me e
07 OMe o’ ~OoMe o7 ~oMe o/ “OMe o7 “ome o7 “OMe
2.128g 2.128h 2.128i 2.128j 2.128k 2.1281
Yield% 91% 87% 94% 92% 88% 83%

Table 2.03Scope of the-endaedig carbocyclization: R1 and R2 substituted bicyclic ketone

The cyclization using propargylic iodide and bromide suct2d{nm) and @.1279 was
then investigatedScheme 2.24and 2.25. Treatment of the iodide derivativ@.{27m under
standard conditions produced the desired ket@nE28n), along with an isomeriproduct in
ratio of 2.1:1 (91% vyield). In our original communication, we identified the side product as
being ketoneq.143m). However, further experimentalidences confirmed that this compound
was misassigned and the correct structure is that of compaur89().> It formation could be
explained by the generation of the vinylidene intermed&t4g and migration of the iodide to
the internal carbon. Aftecarboncarbon bond formation and protodeauration, the bicyclic
(2.139n) can be isolated. Thereforéhe competitive path B, resulting from &-exodig

cyclization was never observed for these bridged bicyclic scaffolds.
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tB tBu -
| u\:: SbFs
P —Au—NCMII
Il o o)
T8O |O & )< H I H
H okt (2 mol% LlaAu+) A |
acetone, rt

o o’ “OMe o’ OMe i o
2.127m 91% (2.1 : 01) 2.128m 2139m  ~  2.143m

T -AuL+
OTBS

HA ! H /A AuL H i
TBSO |0 = AuL
o7 OMe o7 ~OoMe

2.144 2.145 2.146
Schene 2.24Gold(l)-catalyzed éendaedig carbocyclization of iodoalkyne

The effect of the solvent on these competing pathways was then investigated. The
replacement of acetone by benzene as solvent gave similar results, whdeuhence of the-
acid pathway is slightly enhancednfry 2). Surprisingly, the use of chloroform gave great
selectivity for the desired vinyl iodide€.A28n), while in MeOH the vinylidengathway was

preferentially followedfavoring the formation ofimyl iodide @.139n) (entries 3and4).

tBu_ tBu -
| N SbFg

| | P —Au—NCM:I (o] o
2 mol%
TBSO |O e R : R

R Okt (2 mol% LlaAu+) I

solvant, rt o o7 ~ome o7 ome

2.127m,n 2.128m,n 2.139m,n
Entry R Substrate Solvant Yield Mixture

2.128 : 2.139

1 H 2.127m acetone 91% 21:1.0

2 H 2.127m benzene 88% 29:1.0
3 H 2.127m CHClL, 85% 125:1.0

4 H 2.127m MeOH 68 % 1.0:1.2

5 Me 2.127n acetone 88% 1.2:1.0
6 Me 2.127n benzene 83% 2.6:1.0
7 Me 2.127n CHCl; 92% 10.3:1.0

8 Me 2.127n MeOH 73 % 1.0:2.3

Table 2.04Gold(l)-catalyzed éendedig carbocyclization of iodoalkynes

The formation of a quaternary center during the cyclization had no effect on whether the

solvent favoreda competitive pathwaye(tries 58), but the enhancement of steric hindrance
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seemed to slow down the cyclization of the clags&cid intermediateTo our delight, the
Au(l)-catalyzed cyclization of the bromoalkyn2 1279 gave the vinyl brmide .1289 with
both bridgehead substituents in 93% vyield as the sole isoBweheihe 2.2p This last

satisfactory result concluded our preliminary investigation on model compounds.

tBu JBu SbF4
= +
Br F — Au=NCMe|
o
Il

TBSO |0 @ Me Br
Me OEt (2 mol% L1aAu+)=
acetone, rt
OMe

93% o
2.1270 2.1280

Scheme 2.2%50ld(l)-catalyzed éendedig carbocyclization of bromoalkyne
Owing to the mild and efficient reaction conditiome were thrilled to apply the Augl)

catalyzed cyclizatiortoward thetotal synthesis of complex PPAPScheme 2.26 One can
recognize thaan intermediate such a2.{47 could act as a common bridehead ketone for the
modular synthesis of various PPAPs such as papuafor2i08) @nd nemoroson& (095. This b-
ketoenol 2.147 could come from an allylic oxidation of a well substitutsdloalkene 2.149.

This latter compound could be obtained via our gold@kplyzed éendaedig carbocyclization
between an alkyne and a silyl enol ether. The compo2rid9 could be derived from a-4
methyl cuprate addition and enolate trapping wittieéined aldehyde. Finally, the synthesis of
enone 2.150 would follow a synthetic sequence developed by Storke and Danheiser for the

synthesis of multfunctional cyclohexenone.

1@ It 2 3,0
. . Rz
2.05 2.01 2147 R | 2.147 | 2.148

nemorosone papuaforin A
Gold(I)-Catalyzed

Carbocyclization
TESO

&—— o = ——— RZ\S:t‘\R%://

2.152 I 2.151 I 2.150 2.149

Scheme 2.2®ur gold(l)}catalyzed retrosynthetic analgf the PPAP family

2.10 Synthesis of an advanced intermediate towards synthesis of PPAPS

We started our synthesis with a sequence developed by Storke and Danheiser for the

synthesis of polfunctionalized cyclohexenoneS¢heme 2.2y** Treatment of commercially
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available diketone2(152 with sulfuric acid in refluxing methanol gives the corresponding
vinylogous ester, which is subsequently allylated by deprotonation with LDA and treatment of
the resulting enolate withllyl bromide. The addition of methyllithium to the vinylogous ester
(2.15) led to a [1,3]ketone transposition. Two subsequent alkylations installed the first

guaternary center in 58% yield over two steps.

OMe o
o 1) H,S0,, 1) LDA, THF, Mel, ,
d MeOH, reflux _ MeLl 78 °C . / b
o 2) LDA, THF, o o HCl/H20 2) LDA, THF, -78 °C, 4
2.152 allyl bromide, -78 °C 95% propargyl bromide, TMS
) |

78% for 2 steps 58% for 2 steps |

2.151 2. 153 2.154
i) MeMgBr, Cul cat. o O OH
THF-DMS (7:1) ) 1)
ii) O o / /
H or not ™S T™MS
2.155 | 2.156 |
88% trace
Scheme 2.2First synthetic route, failure of the om®t conjugate cuprate addition and
aldolisation

While we were not able to repeat the work of Shibasaki on sterically crowded enone
(2.159, we tried the ongot cuprate addition and enolat@agping on a less functionalized
intermediate(2.153.'%° Shibaski reported the transformation of enc2d %3 to ketone 2.157)
on a forty gram scale with a more than acceptable yield of 76%. We repeated this protocol and
we even modified ito facilitate the formation of the second cambzarbon bond, but we were
not able to efficiently replicatéhis manipulatiorand produce enough materitd continue the
synthesidurther. We succeededo the best of our capacitig protect the alcohoR(157) with
TIPSOTf and perform a moralkylation on ketone2.158 to access keton@.(59.

o

i) MeMgBr, OTIPS OTIPS
Cul cat., -10 °C LDA, THF,
THF- DMS (7 1) TIPSOTH, -78 °C
—» —»
ii) ZnClz, 2-6, lutidine
| 90% ] 62%
2.153 not reproductlble 2. 157 2.158 2. 159
(o}
0 on o
1) LDA, THF,
-78 °C, RX mutiples essays
—»
2) MeMgBr, Cul cat
| THF-DMS (7:1) or/and never observed
2.153 2.160 2. 161 2. 162 2. 163

Scheme 2.2&)nsuccessful functionalization of the carbon adjacent to the quaternary center
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The problem was the formation of the second cadaybon bond and ndthe additionof
the cuprateto the enone. Thusye decided to explore other avenues such as didahg-
controlledacylation ofa-monosubstituted keton2.060 (Scheme 2.28 With thecollaboration
of co-op student Gabriel Bellavance, we screened numerous conditions and unétytoaaer
observedacylation at the desired carbdh163. Even upon changing the nature of the base, the
kind of the electrophile or the solvent, we onlysetvedcompetition between @cylation
(2.160 andC-acylationon the thermodynamic side of the keto@e162. The thermodynamic
and Kkinetic reactivity of ketones can normally be controlled @monosubstituted
cycloalkenoneshowever the quaternary centseta to the carbonyl perturbs this simple analysis.
In our case, insertion of thgeemdimethyl on the cyclohexanone template prevents the carbon

carbon bond formation, which would generate the desired substituted cyclohexaiée (

Finally after muchdeliberation, we decided to defer the installation of this substituent
until after the cyclization and performirectly a dialkyaltion on enone2(153. The first
alkylation occurredwith LDA and Mel and the second thi LDA and propargyl bromide,
furnishing the enoneZ.164 in 68% yield over two steps and in a diastereoisomeric ratio bf 3:
in favor of the desired oné conjugate cuprate addition followed by the formation of the silyl
enol ether gave monocyclic intermedia2el@9 in good yield. Our gd(l) catalyzed éendaedig
carbocyclization provided the advanced bridged bicyclic intermediatéq in 84% vyield.

tBu_ tBu SbFg
5 +

b — Au-NCMe]

o o o)
OTBS
1) LDA, THF, Mel, 1) MeMgBr, Cul cat. g /
-78 °C - // THF-DMS (71) - // (2 mol% LlaAu+) > A
2) LDA, THF, -78 °C, 2) TBSCI, Et;N, Nal acetone W 2
| propargyl bromide, [ 85% (brsm) 84%

o,
68% for 2 steps 2164 2.165 2.166

2.153

Scheme 2.2%uccessful sequence towards the synthesis of an advanced bicyclic intermediate

With this developedynthetic sequence, we have stereoselectively accessed the bicyclic
advanced intermediat@..66 in eight steps and 33% overall yield. This accomplishment proves
the utility of the gold()catalyzed éndodig carbocyclization towards the total synthesfs
PPAP natural products. However, two major challenges remain to ovefobthe synthesis of
PPAPs: 1) the functionalization of bridgehead carbons adjacent to the quaternary center and 2)

the selective oxidation of the cyclic alkene.
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At this time, tke second challenge was brieflyvestigated but without any significant findings,
just the anticipated difficulties. As the application of our methodology to the synthesis of fused
carbocycles was more than interesting, megearch was guided towards a better understanding
of gold(l) catalysis and my synthetic endeavor towards papuafori2.@®l)(ends with the
advanced intermediat@.166. However, Gabriel Bellavanceisceededvith a similar approach

to synthesize more thdaur members of the PPAP family.

o fo)

__ o

~— TS - :
J : INLAY - X :

: H :

Schene 2.30X-ray of bridged bicyclic keton (166) and unaddressed challenges

2.11 Summary of the gold(Bcatalyzed synthesis of bridged carbocycles

| n summary, we have develnehaldto generate | d
bicyclo[m.3.1]alkenones using JohnPlymd(l) complex [L1aAu+) as catalyst. The attractive
features of this method reside in its ability to construct carbon brdgetium rings of various
sizes and to install two quaternary carbon eentadjacent to the bridgehead ketone. This
methodology has enabled us to synthesize an advanced intermediate in our efforts towards the
natural product papuaforin &.01)
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Chapter 3

Selective Divergent Synthesis of Fused Carbocycleis a Gold(l)-
Catalyzed Carbocyclization

3.1 Introduction tothe cycloisomerization of 1 &nynes

By virtue of their unique ability to chemoselectively activate cairbarbon triple bonds
as soft Lewis acids combinedith its ability to stabilize cationidntermediates gold(l)
complexes are highly efficient catalysts for the discovery of novel selective transformations.
Gold(l)-catalyzed reactions offer milder reaction conditions and better selectivity than previously
developed transition metal catalyz&é@nsformations, thus allowing greater functional group
tolerance. One of the most studied branches of research in this fast growing field is the
cycloisomerization of enynésThe impressive structural diversity that can be generated and the
significart increase in molecular complexitpring enormous synthetic potential to this
transformatiorf. One of the greatest challenges in developing cycloisomerization reactions is
achieving selectivity betweeall the possiblanechanistic pathwaysPathwaydivergence is a
fascinating aspeadf the cycloisomerization reactiorthat has helped to better understand the
mechanistic subtleties of gold{tatalyzed reactions and has also provideerfect platform for

the design ohew ligands

The remarkable diversity of cyclic structures that can be accessed from a common 1,6
enyne precursor activated by a soft Lewis acid is highlighted by the large number of possible
resonance structures and intermediatascessible (Scheme 3.01).* Hypothetically,
cyclopropane, cyclobutane, cyclopentane, cyclohexane and even cycloheptane can be generated
through this process. The activation of the triple bond of eny9d)(by a soft Lewis acid will
induce a carbogarbon bond formation via a compiee 5-exadig or 6-endadig pathway. The
5-exadig cyclization of substrate3(01) gives metal stabilized homoallylic catioB.@3. The
resulting cationic intermediate can be depicted by three major resonance3@#s8.04 and
(3.05. The filledd orbital of the metal can participate in back bonding to stabilize the cationic
charge resulting in cyclopropylcarben2,04) or thepositive charge can be centered on the alpha

carbon in ionic representatioB.(5).
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Both of these reaction intermediates can be trappedsitbsequent reaction.Further skeletal
rearrangements of3(03, (3.049 and @.05 lead to three different dienes as illustrated by
intermediateg(3.006, (3.09 and B.10. Opening of cyclopropyl 305 can generate another

homoallylic carbocation,3(17), where the carbocycle is now a -sipembered ring. Products

resulting from this mechanistic intermediate are often believed to be the resultesfad@dig

cyclization since they are similar to the products obtained fr@rendocyclic pathway such as

intermediate 3.16. The 6endoadig cyclization generates cationic intermedia8el(), which

can also be represented as a cyclopropyl carlifd).(However products resulting from this

pathway are generally less common in the literature and appear limited to specific substrates.
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Scheme 3.0Possible intermediates in metzdtalyzed cycloisomerizations$ 1,6enynes

3.2 Bonding ingold(l)-catalysis

The reactivity and selectivity exhibited by gold(l) complexes is highly modulated by the

nature of the ancillary ligandRecent research rationalizes the impact of these ligands on the

divergent reactivity observed between cationic and carbenoid intermédiéiesiledge of the

nature of the bonding and the effect of the electronic properties of the ligand on the metal cente
in gold(l) intermediates such a8.03, (3.04 and B.05 are of paramount importander the
improvement ofthe selectivity of such catalyst3oste hassuggested that the reactivity in

gold(l)-coordinated carbenes are best accounted for by a continalgmg from a metal
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stabilized singlet carbene to a metabrdinated carbocatidnThe state of a given gold(l)
specieson this continuum is largely determined by the substrate functionality as well as the
electronic properties of the ancillary ligandhe bading situation in these carbenoid
intermediates has been depicted by thmegor resonance structures: a vinyl g@jchomoallylic
carbocation 3.03, a carbene with a gdldarbon double bond3(04) or a stabilized carbocation
with a gold carbon single bond 3(05. After conducting experimental and computational
studies, Toste has proposed a bonding model vitherearbori gold bond in these intermediates
is comprised, to varying degrees, of bathand " -bonding. However, the overall bond order is
generally less than or equal to 1 ahd” -bonding is the major contribution to the goleg¢Brbon
bond. The depictiorof a goldstabilized carbene with a gélcarbon double bond should not be
taken as an indication of a bond order of two, but rather a means to indicate thatapath

components of the bonding are preséingyre 3.01).

c-component n-component m-component
SN @8 = & @8 B
‘C) -
B Gy - :
3-center/4-electron s-bond metal-alkylidene n-bond : metal- llgand n-bond
+
LAu c-component LAu
-
)4.\ m-component
gold(I)-stabilized gold(I)-carbenoid
carbocation
bond order generally between 0.5-1.2

Figure 3.01A bonding model for triad ligardoldi carbene complexes

The ligand goldi carbene bonding triad can be divided into three compon€igsré
3.01). The G-bonding is mainly composed of a threenter/fourelectron hyperbond. This
situation results from the Pauli Exclusion Principle and the only vacant orbital on gold being the
6s. Thep-bonding consists of electron donation of two orthogonal d orbitals of gold into
p acceptor orbitals of the ligand and/or the carbene. Thesebtwds compete for electron
density and, therefore, have an indirect effect on each oftmer.bonding model for gold
stabilized carbenes shown Kigure 3.01 proposes that these intermediates possess highly

electrondeficienta-carbons that are stabildeto varying degrees, by badebnation from the
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metal to the vacant-prbital of the carbene. This electron deficiency reduces donation from the
filled sp? hybridized orbital of the carbene to the metal, therefore minimizingi gatdond-
bonding. Thus, this model suggests that the conversion of thegoid/intermediate3.03 into

a gold stabilized carben8.04) during a cycloisomerization reaction occurs with an electronic

enhancement of the gdldarbon” -bonding and a reduction dfé-component of the bond.

3.3 General ligad effects in gold(Ycatalysis

The bonding model shown iRigure 3.01 can be used to predict the effect of the
electronic propertie®f ancillary ligands on the reactivity of related gdjd¢omplexes. As a
consequence of the lineliscoordinategeometry of gold(l) complexes and of the resulting trans
effect, stronglys-donating ligands with neutral or lopracidity decrease theslonation of the
goldi carbonbond. This effecincreass its bond orderand consequently increasttee gold
carbon bond length. On the other hand, pheontribution to the goldarbon bond reaches a
maximum and thereby increases carbme reactivity. To date, the best family of ligands
possessing these electiorproperties are Meterocytic carbenes (NHC). The first NHC
Gold(l) complexes were synthesized by Nolan in 1999thadnolecular structure digand IPr
is presented irFigure 3.02% NHC ligands are stronglg-donating, only weaklyp-acidic and
their gold(l) complexes exhibit excellent carbetype reactivity such as in cyclopropanation
reactions. In contrasp-acidic ligands are expected to decrepsionation from the gold to the

carbon, thereby increasing carbocatippe reactivity.

© tBu\ o 0\

3 P-0

*e P
S T 0 O
C B
IPr Ph;P JohnPhos (PhO);P
carbene reactivity - - cationic reactivity
c—donating ligand n-acidic ligand

Figure 3.02Four ligands used to modulate the electronic property of gold(l) cormplex

A good example of g-acidic ligand is triphenylphosphite RhO}P) and gold(l)
complexes with this type of ligand will favor a more cationic pathway. Phosphine ligands, such
as triphenylphosphin@®Ph), fall between these two extrentes.
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Bulky biphenyl phosphinesased on Buchwaltype ligandsrepresentetty JohnPhosn Figure
3.02 promotemore cationic pathway than standard phosphifhés.these complexes, a weak
interaction between the metal and the second phenyl force theilggdiccarbon bond angle to
divert from the ideal angle of 180The geometric distortion of these complexes does not
influence thes-component of the bonding but could decrease orbital ovérdpeen the d
orbitals of the gold atom and the empty p orbital of the carlbbis structural feature decreases
the stabilization of the cationic chargg the gold(l) complexandthereby disfavorgarbemid
reactivity. This last hypothesis, which involgea complementgrreactivity between NHC
ligands and biphenydhosphine ligansl guided ughrough most bour research.

c) protodeauration

LAu(I)
H
3 01
3 22 3.21 3.20 3.19 3.18
product neutralization and catalyst regeneration a) complexation

molecular complexity

ity ... 6%““'- | b~ AuL
structural diversity O 3.04 03

gold retrodonation
skeletal rearrangement  cationic stabilization \_/ 3.02
carbene reactivity b) nucleophile addition

Figure 3.03Catalytic cycle othegold(l)-catalyzed cycloisomerization of ie@ynes

A recent study has demonstrated that the electronic properties of the ligand can also
impact the reaction kinetid¢3 A brief analysis of the catalytic cycle will uncover the complexity
associated with goldatalysis as well as demonstrate the importance of understanding the
mechanism of the reactiorMost goldcatalyzed reactions undergmough three principal steps
(Figure 3.03. The first step is (a) complexation of the golaidmplex to the alkyne to form-
complex B8.02. Kinetic preference is neither encountered in favor of the alkyne nor the alkene;
the chemoselective addition af nucleophile to &lynes but not to alkenes it based on a
preference in the coordination step but on significant differences in the reactivity of thgse two
complexesThe LUMOSs energy levels of alkyreare intrinsically lower than those of alkenes
(by ~0.5 eV). The second step is (b) the nucleophilic addition onto the activated compR2x (
generating a vinyl gold intermediat8.Q3. For cycloisomerization reactions, an intramolecular

alkene is used as the nucleophile. The vinyl gold interme(8a283.04) can be depicted by two
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extremeresonance forms which are representdéigure 3.03 Each form has been trapped with

an external nucleophile to furnish final producsl@ and .19.'>*° In addition, this step is

often accompanied by rearrangement of the skeleton where a significant further increase in
molecular complexity and structural diversity can be obtainedsome cases, the second step

(b) is the rate limiting sfe and electron deficient ligandn the catalyswill accelerate the
reaction by incrasing the electrophilic propertf the related complexThe final step is (c) the
neutralization of the cationic charge by a nucleophile or via proton elimination and
protodeauration, which liberates the product agknerates the active gold catalyst. Contrary to
what was initially assumed to be a fast process, protodeauration is often the rate determining
step™? It was recently demonstrated that an electron rich ligand would accelerate protodeauration
and consequely increase the rate of the reactidnlt is noteworthy that the electrophilic
activation and nucleophilic additions are rarely the rate limiting steps. However, they can be rate
limiting steps when weak nucleophiles are usadduring a cationic promed migration of

alkyls or hydrides, or when allenes are used as electrophiles. In the latepeasids; ligands

will accelerate the rate of the reaction by forming a more electrophilic corfiplex.

3.4 Ligand effect in the gold(Fcatalyzedcycloisomerization of 1,6 enynes

A staggering diversity of golddg¢atalyzed skeletal rearrangements haven lakgcovered
for substituted and tethered Jg6ynes with the product distribution generally appearing to be
substrate rather than catalystdependenf However, some ieresting ligand effects habeen
observed for the cycloisomerization of 1,6nynes In 2004, Echavarren reported the
cycloisomerization and methoxycyclization of -BBynesof terminal alkynes catalyzed by
triphenyphosphinegoldl) complexes $cheme 3.0p* Depending on the reaction conditions,
either skeletallyrearranged produgB.25) or methanctrapped product3.24) ould be isolated
in high yield from the same enyn&23.

Ph;PAuCI/AgSDF,
MeO’B  MeOH, rt, h or N I PnpAucyAgsbF, )
~ JohnPhosAuCl/AgSbF, DCM, rt, 25 min
E E MeOH, rt, 30 min EE 91%, e E
3.24 84-97% 3.23 3.25

Scheme 3.0Echavarren’s cycloisomerization and methoxcyclisation eEhyhe 8.23
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In 2005, Echavarren and-ewrkers described the synthesis of a series of new gold(l) complexes
equipped with Buchwaltlype phosphine¥’ These complexes enhantte catalytic activity; the
reaction time being up to eight times shorter in the case of the methoxycycl|izdtading
cyclopentene 3.24 over thirty minutes(Scheme 3.0 These bulky ligands increagbe
stability of these conipxes resulting in a much slower decay of the active spEcihese new
catalysts were also able to promote a novel process, which corresponded to a formal [4+2]
cycloaddition of alkenes with enynes or aryl alkynes to generate prodantaining an
hydrindane framework§cheme 3.0 After an initial carborcarbon bond formation via a 5
exadig cyclization, tertiary carbocatior8 27 underwent an intramolecular Friedetaftstype
cyclization with the diene moiety. The resulting allylic carboca(®@9 can be represented by
two resonance forms:329 and B.30. Consequently to the positive charge that is more

stabilized on the tertiary carbon; the bicyclic dieB&81) was isolated as a sole isomer.

=~ H + ]

(/ AuL AuL
A ||l 2% JohnPhosAucClI &
2% AgSbF,
DCM, rt, ;
326 E E 3.27E E 329 g E
tBu_ tBu
li —Au~Cl
AuL
—>
JohnPhosAuCl H 72 %
328 E 330 E E 331 € E

Scheme 3.0Ec hav agold(B—aataly;zed formal [4+2] cycloaddltlon

In order to prove th existence of extremearbene and cationieesonance fors) as
depicted by structusx3.35 and @.33, trapping experiments have been conducted on the 1,6
enynes 3.32) (Scheme 3.0%' In the case of carbenoi®.89), this intermediate must exhibit
reactivity that is similar to that of a free carbene, such as in cyclopropanation reactions. Thus, the
intermolecular trapping of the proposed cyclopropyl carbenoid interme@i&® (ith oefins
has been investigatedEchavarren has found that the golef#talyzed cyclization of enyne
(3.32), using triphenylphosphindPh) as the ligand, gave cycloproponation add@c2§) as the
major product in 66% vyieldefitry 1). Phosphite ligand(2,4-(tBu),PhO}P] and biphenyl
phosphine ligandohnPhosxhibited only modest selectivity in differentiating between skeletal
rearrangement and intermolecular cyclopropanation pathweayses 2and3).
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As mentioned previously, steric effects can be responsible of the cationic reactivity of the
electron richJohnPhosphosphine ligand. In contrast, canlo@ reactivity wasalmost the
exclusive pathway when strong-donnor NHC ligandiIMes was used and affded the

intermolecular cyclopropanation addu@&.38 in 93% vyield by trapping with norbornylene

(entry 4).
e ]
333 3.36 3.3

LAuCI/AgSbF 3 34

DCM, rt i
entry L 3.38 Ratio (3.36 : 3.37) Ph Ph
PPh, 66% 29% (1.0 : 1.2) H o " H
JohnPhos 34%  62% (1.1:1.0) Au
(2,4-(tBu),PhO);P  40%  52% (1.0 : 1.6) ———
IMes 93%  03% (1.0 : 00) e
3.38

BN -

E E
3.35

Scheme 3.04.igand effect in the cyclopropanation of a cyclopropyl carbene intermediate

Another interesting study is thatermolecular trappin@f 1,6-enynes carried out with
indole as nucleophile!® Rather than observing ligasttbpendent competition between the
nucleophilic addition and skeletally reanged producisEchavarren observed the competitive
formation of regicsomeric products arising frote trapping of either homoallyilic cationic
vinyl gold intermediate 3.40 or cyclopropylgold(l)-stabilized carbocatio(B3.42. Contrary to
the NHC IPr ligand which favor the formation of the cyclopropyl carbenoid addde4),
biphenylphosphinelohnPhe and phosphite ligand2(4-(tBu),PhO}P provided adduc(3.43,
resultingfrom the addition of indole to the homoallylic cati$140, as the major product.

NH

Ph || @ uL Z
N N
£J o (’ — 4
Ph
» LAuCl/AngF(, Nu T
339  DCM,rt 3.40 N 343

Ts
1 Nu
Nu
entry L Ratio (3.43 : 3.44)

Ph
1 JohnPhos 82% (04 : 01)
2 (2,4-(tBu),PhO)P 68% (10:01) X H
3 O Te ooy b —~—> — L

N 341 Ts 3.42 Y 3.44

Scheme 3.0%igand effect in the nucleophlllc trapping of cationic vinyl gddtQ) and
cyclopropyl carbene intermediats.42
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3.5 Competitive pathways=-&xo-dig vs 6endo-dig cyclization

While most recent efforts have trignl understand and control the divergent reactivity of
the intermediate resulting from theexodig pathway, the @ndadig pathway has not received
the same interest. Although this latter pathway has been encountered in the literature, the
narrow reaction scope and the limited influence of the ligand on the outcome of the reactions
seemed to restrict severely the use of this reaction in synthesis. However, soménigteres
examples exploiting the competitieendaedig pathwaycan be found in the gold{batalyzed
carbocyclization of 1/&nynes. Further intermolecular nucleophilic trapping studies on 1,6
enynes were carried out with internal alkynes by Echavafrenerestingly, the addition of the
nucleophile does not trap an intermediate in the formal [4+2] cycloaddition pathway; instead, the
indole adds onto an intermediate in the endocyclic pathway to afford cyclohéxdfle The
successful addition of indole nyne 8.45 is quite remarkable because without an external
nucleophile, compound3(49 is known to rapidly give tricyclic compoun@.47) via an initial
5-exadig cyclization Scheme 3.0p

tBu
tBu —@—ObPAuCl Ph

[ 2% Lava
5% AgSbF, N\ 2% AgSbF,

m DCM DCM, rt, .
£ e H E E L =JohnPhos (067 %) e E
3.46 345 LT ArOsP (90%) 3.47

72 %
Scheme 3.08&Nucleophilic traping of intermediate in the endocyclic pathway

The endocyclic pathway can also be accessed by changing the tether between the alkyne
and the alkene. Usually, the tether is used to facilitate the synthesis of the substrate and, at the
sametime, increase the rate of the cyclization via the Thongeld effect. The fact that the
tether has an incredible effect on the regioselectivity of the cyclization is more surprising.
Compounds .48 with a malonate linker allow the formatiof thhe famal [4+2] cycloadduct
(3.49 via the usual #xodig cyclization, while compound3(50 with a N-tosylamine tether
furnish cyclopropyl bicyle3.51).**® Moreover, the use of simple #AuCl in the presence of
AgOTT provides éendacdig cyclization product3.52 in 97% yield. The outcome of the reaction
with the Ntosylamine linker can be rationalized by stereoelectronic effects. The addition of
nitrogen in the tether is not, as it appears, so innocent; the eaitbagen bond possessas-

star orbital of lower energy compare to the orbital of the corresponding earbon
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carbon bond?® This empty orbital of lower energy can interact with the newly formed-gold
carbons-bond, as depicted in the transition state of then@ladig cyclization of compound
(3.59. Thus, stereolectronic effects stabilize the transition state of the endocyclic pathway and
therefore, changtne traditionally observed pathway.

5-exo O 6-endo
X | | 2 % JohnPhosAuCl 0 )ﬁ\ | | 2 %% JohnPhosAuCl
N

2% AgSbF . ’ 2% AgShF, - |

DCM, rt, 93% DCM, rt, 70% N
Ts 3.51

348 € E 349E F 3.50 Ts

TS 5-exo-dig TS 6-endo-dig

10354 Ay,
—— Q" °
*c-Nﬁ-\--‘\ Ph N [l 5% Ph;pauc,
° Yo C-Au )\L 5% AgOTf X
N

LA

o % N
stabilizing overlap 35078 DCM, rt, 97% T 3.5

AuL © C-Au

Scheme 3.05tereoelectronic effects favoring thedcedig over the Bexadig pathway

These last two examples as well as the development of our synthetically usefid 6
dig carbocyclization to access PPAP frameworks brought us to reflect on the rules that govern
these competitive cyclizations. The Baldwin rules are known to be a concise set of guidelines
attempting to rationalize the selectivity observed in competitive zgtains® Baldwin
postul ated that ring closures were favored to
enabl e the terminal at om t othe&dandhformatien. Similagly r e q u i
disfavored reactions are a consequencgewére distortion of bond angles and distances to reach
the optimal trajectories. Baldwin suggested that favorable trajectories are dependent on the
hybridization of carbons involved in the cyclization. For the addition on sp carbon, the
hybridization ofour interest, Baldwin proposed an acute angle of atfécki(e 3.04. He based
his model on the general predominancermdoring closures for diagai systems in comparison
to tetragonal systems. However, the acute angle of attack does not comply \eitiularoorbital
predictions, which suggest an obtuse angle of
orbital of the alkyné® According to higher level calculations, the obtuse angle is indeed the
preferred angle, although it varies accordioghe nucleophile and whether the transition state
(T.S.) is considered as an ear | y*?*Thus,S.betterU = ~
trajectory for the addition on the alkyne is provided by the obtuse approach, which is analogous
to the Burg-Dunitz trajectory for addition on a carbonyl.
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These findings also corroborate stereoelectronic considerations as the obtuse approach minimizes
i nteraction of t he Il ncoming n-orbital.e Wherh thése wi t |
considerations are put in the context of an intramolecular digonataiich, the obtuse angle of

attack would imply stereoelectronic preference foreketrajectory over thendotrajectory.

Original Digonal Acute X X
y o destabilizing interaction
. O Acute angle ¥
B KR “ A
—(;EY of attack o — —¥=
~ @ =60°
= 120°

B o  Obtuse angle
AR of attack o =y~ E
<~ o =120° 7 —858
B =60°
Figure3.04Bal dwi nés original and revised geometry

As the ring size incises, the obtuse angle of attack ireadaetype cyclization becomes more
favorable and starts to compete with #etype cyclization; this is the case férendodig

processes althouglb-exodig cyclizations are typically preferred. On the other hand,
thermodynamic considerations should favor thenfodig cyclization?® Thermodynamic
contributions are not negligible even when reactions proceed under kinetic .cémtfatt,
thermodynamic factors may relastereoelectronic requirementSerefore modifying kinetic
predi spositions of t he Bal dwin rul es. Based
contributions can effectively reduce the activation energy of a process, nbnistheless
inappropriate to compare the preference ofttehie ophi | ed6s tr aj eexdav®r i es
endd when their exothermicities are differéfitThis can effectively happen during the
formation of an aromatic simembered ring. Structural aspects have a tremendous impact on the
predisposition of a mecule to underg®-exo or 6-endodig cyclizations. Internal strain also

plays an important role in the case of fused ring systems. It is also noteworthy tGanite

dig cyclization will generally be preferred when the cyclization product contaimnabtstrain®>

While intrinsic stereoelectronic preferences éxodig ring closures can be overshadowed by
additional factors, such as polarization of theystem and thermodynamic effects, substrates
including these bias factors will not be discussethe following selected examples ckfdc

dig cyclizations®®
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3.6 Gold(l)catalyzed Conigene reaction

The representation of pentynyldimalona®6() in its enol formillustrates the close
proximity of the Coniaene reaction with theycloisomerization of 1;@&nynes(Figure 3.05.
The Coniaene reaction is an intramolecular thermal or Lewis acid catalyzed Ene reaction of
unsaturated ketones, in which the carbonyl functionality serves as the ene component, via its enol
tautomer,andthe | ef i ni ¢ moi ety ser ves aketoestdisevereusedp hi | e
in this reaction and later, the corresponding silyl enol ethers were used ddomadizer, thermal
Coniaene reactions usually require harsh condititiss the racemizatioof the product and/or
the isomerization of the exo olefin can occur, when it is not just the decomposition of the starting
material The t her mal version was discovered by Co

proposed to proceed via a concerted gelic transition staté®

a) THF, reflux

10 mol% NaH b) benzene, hv, reflux
R'=0Me (79%) 10 mol% CpCo(CO)2
R =Me (93%)

k) DCM, rt, 15 min
1 mol% Ph3zPAuCl, 1 mol % AgOTf
R =Me (94 %)

¢) NaH, Et,0,reflux
50 mol% (Et;N)Mo(CO)s
R =Me (62%)

i) DCM, rt
150 mol% EtAICl,
R = Me (90%)

o o

E
e i
R)ﬂl ) Condltlons > R%
. 3.61 X 3.62

e) dioxane, air, 50 C
10 mol% Ni(acac),, 20 mol% Yb(OTf);
gEN, DCM, 1t f) tBuOK, THF, 18-c-6, 67 C R =Me (79%)
ZnCl, 5 mol% Pd(dppe)
R = OMe (88%) R = Me (76%)

d) EN, DCM, rt
200 mol% TiCl,
R = Me (82%)

i) tBuOK, THF
10 mol% Cul
R = OMe (76%)
h) neat, 60 C
0.01 mol% In(OTf);

R = Me (93%)

Figure 3.05Resume of catalysts used fioe 5-exadig Coniaene cyclization of terminal alkyne
t et h eeteestersb

Recently, a number of metehtalyzed reactions thatre carried out under mild
conditions have been devised for the preparation of carbocyilpsré 3.05.%° On a simple
substrate such as pentynylmalonaB6(), catalytic deprotonation with sodium hydride in
refluxing THF allowed the transformation antfoaded the cyclopentene€8.62 in 79% yield
(condition a).?° Stoichiometric formation of aluminum, titanium or zinc enolates also produced

cyclization product 3.69 (condition d, g and }).2%%

Malacria and coworkers reported that
under photolysis conditions, in refluxing benzene, CpCo¢C@pmoted the xodig
carbocyclization of 3.61) (condition b).>*® Under basic conditions, a variety of other metals

such as Mo(ll), Cu(l) and Pd(0) alsota@lgzed the Coni® n e r e a eketoestar 3.64) f b
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(condition ¢, f and ).2°*" Milder reaction conditions were developed using Ni(ll)/Yb(lIl),

In(I11) or Au(l) catalysts ¢ondition e, h and R.>*"

In 2004, Toste's group reported the @hltatalyzed Conigne cyclization of varioub-
ketoesters for the synthesis of cyclopentenes via two modes of cyclizatmate8lig and 5

exodig carbocyclization $cheme 3.08°%

To their delight, triphenylphosphinegold(l) chloride
with silver triflate catalyzed the cyclization dfketoester §.61) and provided cyclopentene
(3.62 over 15 minutes in 94% yield with only 1% catalyst loading. ThenBedig cyclization
needed more catalyst loading (5%), but substitution at the end of the triple bond was well

tolerated affording cyclopentene8.66) or bicyclopentenes3(68 in good to excellent yields.

Scheme 3.0&old(l)-catalyzed Conigne reaction ob-ketoester and silylenol ethers

However, the Zexodig cyclization of norterminal alkynes produced less than 10% of the
desired cyclopenten8.64). Two years later, Toste andworkers reported that, with an increase

in catalyst loading, silyl enol etre(3.69 and .71) could be used as nucleophifeFinally in

2007, Lee and Lee demonstrated that heating enables-éle-dbg cyclization of internal
alkynes and isolated in modest yield bicy@er@), which had undgone arolefin isomerization

and conjugation to the ketofeToste has proposed that these reactions proceed via nucleophilic
addition of the enol moiety onto the goldégtivated alkyndScheme 3.0R They validated the
trans-addition mechanism usinglkyne @.79 to generate deuterium labeled cyclopentene

(3.81).
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