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ABSTRACT

Screening small molecule libraries is a powerful method for identifying
biologically active substancesCurrent compound libraries are typically comprised of a
large number of structurally similar compounds designed arbiaadtive core structures
of known molecules While the number destedcompounds are increasirtgere has been
a decline in drugliscovery success due ¢mly asmall region of chemical space being
representeth these compound libraries. In addition, newly discovered biologiggtsar
tend not to be modulated by currently known natural products and molecular scaffolds
Diversity-oriented synthesis (DOS) aims tmnstruct structurally novel and diverse
products in a highly efficient manner to generate smallecule libraries witha high
degree of structural diversity and functiofhere is a need for nesvganic methodologies

to accesshese atypical molecular scaffolds

The work presented here utilizes photochemical and titaneaiated
methodologies to access novel molecidaaffoldsin two distinct directions: 1) by
utilizing [2+2] photocycloaddition of pyridorenynes to access functionalized
cyclobutanoids capable of further modificationan®h3) devel oping a novel
arrest Kulinkovichde Meijere reaction torpducealkaloid building blocks with useful

functionality.

2-Pyridones are known to undergo phanitiated [2+2] and [4+4] cycloadditions
with themselves andther conjugatedp-systems. These transformations provide rapid
access to highly functionalidecyclobutanoid and cyclooctanodg®rivativescapable of
further manipulation to acces®mth known anchovel chemical spaceUtilizing [2+2]

photocycloaddition opyridones conjugated witlenyne partnerwe preparedoolycyclic



cyclobutanoidswith excellent regieand stereoselectivityFurther these products were

functionalizel to give complex tetracyclic molecular scaffolds.

The describe@dppoach to the 8-5 framework of the fusicoccane familgatures
a key intramolecular [44] photocycbaddition oftetheedpyridones. Intelligent design of
the tether and proper choice of solvent affords rapggmblyf the polycyclic framework
and sets the relative stereochemistry of five stereogenic cenfeng. strategyfor
construction of cyclooanoid natural producis part ofalong standingprogramto utilize

the powertll photochemicapropertiesof 2-pyridone.

A novel approach for rapid accessa structurally diverse array of amuketone
scaffolds employing a Kulinkovich-de Meijere reactio of inexpensive lactaralefin
building blockshas been developedrhe formation of cyclopropylamines from alkenes
and amides, the Kulinkovietle Meijere reaction, involves two carboarbon bone
forming steps. Strategic use of a tricyclic intermediai@n arrest the process if the second
step requires formation of a bridgehead double bdrids intramolecular transformation
resuls in formation ofcarbocyclic amino ketonbuilding blocks Further manipulation
providesaccesdo novelthreedimensional chemical space from these building blocks to
produce a spectrum of fused bicyclic scaffolds in a divergent yet predictable manner.
These products allowccess to complex molecular space that can serve as a platform for

medicinal and bideemical investigations.
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CHAPTER 1

SYNTHESIS OF MOLECUL AR SCAFFOLDS - AN OVERVIEW

1.1 Introduction and motivation

Small molecules have a rich history in both chemistry and biology driven by the
di scovery that natureds smal.l mol ecul es,
products, can modulate cellular function8. ma j or i ttya r @fere &dntifiatg
through studies utilizing small molecules as agonists or anitstgaf enzymatic activities
to probe the functional significance of biological molecules, e.g., prot€mesapplication
of small molecules as probdgpically progressedowards their use as therapeutic
candidates and ultimately drug®rganic synthesis is vital for the discovery of such small
molecules by targatriented synthesisof natural products and functiaviented
synthesi$ of natural product analoguedn addition to discovering small molecules of
interest, these syntheses have provided insight into conformational adéhgsistivity,®

biosynthesi$and the development of new synthetic methods.

A maj or ittay geeftmetidbGieslciuniéon channels, nuclear receptors
G-proteincoupled receptors andnzymes (e.g., deacetylases, kinases, and proteases,
etc.)”® Most of these targets contain pockets or groew@snnaturallyoccurring ligands
bind and affectcellular processes. n&ll molecules typically compete with the naturally
occurring ligands to modulatbe functionof the biemolecule However, ashift towards
molecular biology and genomltased target identification hessulted irtheidentification

of other types oproteomic target.g., norenzymes, resporise in human disease.



Non-enzymes are proteins involved in maintaining structural integrity,
assembly/disassembly of protein complexes, chaperoning, kudéceltransport,
transcription, translation, organizing signaling pathways and many other critical cellular
functions. In contrast tprocesses performed by enzymdtinover most norenzyme
activities ardypically carried out by proteiprotein interations (PPIspr proteirnucleic
acid(DNA or RNA) interactionswhich aretransient or stable contacts betwesslecules
of cellular pathways® These mol ecul es have been deemed
challenges of t@eting PPIs well documentéd®® There is arongoing effort to expand
the number of O6druggabl ed -enaymeseof iatereBfo i nc |
Unfortunately, natural products tend to onlgalate a limited set of target typasd do

not seem to modulate thesmrespecializednonenzyme)argets and processes.

A powerful method to identify compounds that modulate cellular fursi®high
throughput screening (HTS) of small molecule libraries. HTS works very well for
traditional 6druggabl ed target s Iguality of thebbrarsesi c c e s s
screened. Bficiencies in current compouriidraries andthe difficulty modulatingnew
biological targets havked to a decline in drudiscovery success. The identification of
active small molecules andew biological targets could be aided by screening more
functionally diverse compound libraries that represent a greater sample of the biologically
active chemical gace. Libraries tend to bedesigned aroundknown bioactive core
structureswhich results inonly a snall region of chemical space being represdnt A
1996 report found that59% of known drugstere 32 molecular framework%. More

recently, an analrs of known cyclic organic compounds indicated that only a small



number of molecular sdfolds are represented: 0.25% of the molecular frameworks were

found in50% of the known compounds.

There are four components of structural diversity; appendagesdiy; functional
group diversity, stereochemical diversity, and skeletal (molecular scaffold) diV&rBitg.
most important structural feature of a molecule, which would control its biological effect,
is the overall shape (scaffold) of the molecule. Since nature isdhmamsional, one
would expect snibmolecules to be more selective for their targets if they too were-three
dimensional(e.g., contain stereochemistry) Therefore, to a large extent the scaffold
dictates the biological propertiea small molecule and simplyaating analogs of known
biologically-active scaffolds does not always lead to more effeactrugs Changes in
scaffold almost always lead to drastic changes in molecular properties and biological
activity.!® In addition, the more complex a scaffold is the less promiscuous and more
selective it is for a specific targ€t.Natural products areapable of performing demanding
biological tasks due to their structural complexity, while their structural diversity allows

them to perform different, specialized tasks.

1.2 Diversity-oriented synthesis

One strategy to construct libraries containing staually diverse drudike
molecules is diversity oriented synthesis (DOS). DOS aims to construct structurally novel
and diverse products in a highly efficient manner to generate asmigtule library with
a high degree of structural diversity and fuoeti® Accessing large area$ ohemical
space simultaeouslycould ledto the discovery of new molecules capable of novel

biological functions. There are two main approaches to generating skeletal diversity: 1)



reagembased approach and 2) substtaased approacti. A reagentbased approads a
branching strategyusingcommon starting matergbith different reagentesmployed to
generate distinct skeletongn contrasta substratdased approads a folding strategy,
employingdi f f er ent st art i-eargc ondeetdedr i |atl rsu cwiutrha | 6 p
common reagents to create products with distinelies&ns.A DOS pathway may employ

both methods to access skeletal diversifyor example,a buildcouplepair strategy
employs both the substrate and reagent str&fe@jyiral building blocks are built followed

by intermolecular coupling of the building blocks and finally intramolecular coupling
reactions pair prencoded functional groups.A recent report by Mortonet al
demonstrated thability to create eighty distinct molecular scaffolds using a kpaliot

couple strateg¥? Recent advances in DOS pathways have utilized +oaitiponent
reactions, ring closing metathesis, cycloadditions, and tandem processes to access
structural diversity. This section will highlight a few select examplesretentDOS
methods Comprehensive reviews of DOS strategies and their development have been

published2>2

Diversity can be readily introduced using a matimponent reaction (MORas
each component participates in the reaction. A classie#thod to create diverse libraries
is the Ugimulti-componenteaction. The careful selection of functional groups can lead
to divergent chemical pathways, generating skeletal diversity. Andreana-aratkays
utilized a twestep method to access Zitketopiperazines,-azaspiro[4.5]decé,9-diene

3,8-diones, and thiopherderived tricyclic lactamsScheme 1.£°
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Schemel.l Multi-component reaction: lgcement of functional groups duriag Ugi
reaction produces skeletal diversity.

Tandem reactions can be used to generate complexusésian a single step with
simple starting materials. Several DOS pathways have used-elasigg/ringopening
metathesis protocol to generate complexity. Mombral. demonstrated the ability to
access distinct skeletal scaffolds by coupling bugdatocks with a Mitsunobu reaction,
followed by a cascade of metathesis reactions to produce scaffolds controlled by the

position of the functional groupScheme 1.22
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Schemel.2 Tandem reaction: ringlosing/ringopening metathessascadgenerates
eightydistinct scaffolds by varyinthe functional group positions.

Cycloaddition reactions are some of the most power and versatile methdiuks for
generation of complexityA cycloaddition creates two new signsg ponds, one or more
rings, and installes nany as four stereogenic centers. They are frequently used as key
transformations in total syntheses and have a rich history in DOS pathwdgscaurelle
and coworkers reported that careful choice of catalystesuit in selective 1;5and 1,4
triazole formation by intramoletar cycloaddition between alkynes and azidasheme

1.3%8

H H H
N
NH | CuPFe 5 [Cp*RuCl], CI: o
_—
~ PhMe, 60 °C Y 80 °C, 10 min Y
/ 16 hr \\\N3 N\
A \ N’N

(62%) (70%)

Schemel.3 Cycloaddition reaction: intramolecular alkyaeide cycloadditioproducts
controlled by the catalyst choice.



In the same way that targetiented synthesis and functiomiented synthesis of
natural products and analoguess a driving force for the development of organic
methodologies, so too is DOS emerging as an attractive approach to the development of
new transformations. The development of DOS pathways have gained momentum in both
the academic and industrial setngand chemical and biological settings for the
construction of small molecule libraries. The design of more focused DOS libraries will
be needed as new biological targets are identified and small molecules with diverse
physiochemical features are reqdireThere is a need for new methods to rapidly and

efficiently access diverse and atypioablecular scaffold libraries.

1.3 Setting the stage

An underepresented approach to DOS librarm® photochemical reactions,
despite photochemical reactiohbeing fully congruent with the philosophy of DG%®
Photochemical reactions, specifically cycloadditions, resultth@ rapid growth of
complexity and typically can handle additadnfunctionality capable of post
photochemical modificationsThe work presertd herein describea diversityoriented
synthesis approach to novel molecular scaffelidsphotochemical and metalediated
methods. In Chapter 2, the synthesis of tricyclic cjobutanoids via [2+2]
photocycloaddition of 2yridoneenynes is described, followed by #+4]
photocycloaddition approach to the construction of a natural cyclooctacaitbld,
Chapter 3. The 2-pyridonephotosubstrates can be synthesized converget, modular
fashionwith multiple diversity pointsavailable In Chapter 4, a novel method to construct

chiral, cyclic aminoketone building blocks from simple starting materials is demonstrated.



Following that,nitial studies on pogphotochemical modifations to rapidly access novel
threedimensional molecularscaffolds from highly functionalized cyclobutanes
presentedChapter 5. Finally, initial studiego utilize the cyclic aminoketone building

blocks to access novel thrdamensional chemicalpsice isdescribedChapter 6.
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CHAPTER 2

INTRAMOLECULAR 2-PYRIDONE-ENYNE PHOTOCYCLOADDITION

2.1 Introduction

Photochemical cycloadditiors a very power transformation, with great synthetic
potential. The first reported photochemical reaction appeared iii bg6-ritzsche, a [4+4]
photodimerization of anthracene to giaeimer, Scheme 2.% Over the past 1Byears
photochemistry has growro tinclude a variety of compounds including aromatics,

heteroaromatics, alkenes, carbonyl compounds and imines to name a few.

DO SR
[4+4] -~ e

Scheme2.1 Photodimerization of anthracene.

It hasbecomadncreasinglyclear that photocycloaddition is a powerful synthetic tool
for the construction of complex molecules. Hertia photocycloaddition capabilities of
2-pyridoneis introduced highlighting the most important features epgridone sdl and
crossphotocycloaddition with conjugated dienes and enynes. In addition, the ability to
synthesize highly functionalized cyclobutanes vig2a&2] photocycloaddition of 2
pyridoneenyneis demonstratednd the regioand stereoselectivityf the cydoadditionis

discussedScheme 2.2
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Scheme2.2 Synthesis of functionbl decoratectyclobutanoids.

2.2 General Principles of Photochemistry

An organic photochemical reactitypically involves thereaction ofa moleculen
an excited statewith a moleculdan the ground state.The moleculebecoms excited by
direct absorption of light doy thetransfer of energfrom anothemolecule. In order for
light to be absorbed, theolecule must have an empty and accessible orbital above a filled
orbital with aa accessibleenergy gap. Thevavelength oflight required to excite a
molecule or photosensitizerddgermined fronthe absorption spectra of the moleculée
functionalityof the organic molecule affects the electronic absorption bands, which can lie

in the far ultraviole{UV) to the visible region of the electromagnetic spectrum.

Upon absorption of ligh&n electronic transition occurs, typically théo p* (e.g.,
alkere) and n t@* (e.g., carbonyl)asan electron is excited to a higher orbital le¥édure
2.1la The electronic spin is maintained for this excited electron (e.g., singlet state) and
multiple relaxation pathways are available, includitgrational relaation, fluorescence
andpossible intersystem crossing (IC)the triplet staté In addition, molecular collision
with a ground state molecule can lead to a chemical transformation, e.g., newly formed

bonds.
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a)

ground state singlet excited state

MO of diene MO of diene

b)
LUMO - ground state HOMO - ground state

HOMO - excited state LUMO - excited state

Figure 2.1 Frontier orbital diagram of [4+4] photocycloaddition of-b@adiene. (a)
excitation of an electron and (HOMO/LUMO interactions of excited
molecule and grounstate molecule.

Frontier Molecular Orbital Theory (FMO¥igure 2.1 can be used to describe
interactions between the excited molecule and another molecule in the ground state, which
may or may not bédentical®> There are typically two energetically profitable frontier
orbital interactions: (1) interaction between the sirgggupiedp* orbital of the excited
molecule and the LUMO of the molecule in the ground state, and (2) interaction of the
singly-occupied n op orbital of the excited molecule and the HOMO of the molecule in
the ground statésigure 2.1b. These interactions are usually stresigvhenthe energes
of the interacting orbitalare similar Figure 2.1 depicts the [4+4] cycloaddition reaction

15



of two 1,3-butadiene moleculeshe concerted process hotochemicallyallowed but
thermally forbidden. See Chapter 3 for discussion of the consequence of orbital

symmetry.

Light Sources: As mentioned abovehe lightrequiredcan bedetermined by the
absorption spectrum of the molecule. The major absorption bangfddne is about
300 nm. The most common lightigsoes for preparativecale reactions are mercury vapor
lamps of low, medium, and highpressure. The mediupressure mercury vapor lamp
(used in thisstudy) emits primarily at 265, 310, and 365 nm. The light can be further
controlled by us of filters. The filters can be gladsased or soluticivasel.? For example,
if borosilicate glass (Pyré&X) is used, only wavelengths of 300 nm and longer will reach

the sample.

2.3 Historical Perspectiveof 2-pyridone photochemistry

About a century after the anthracene dimerization refg@yjor and Paudler
described théirst photoreaction of-pyridone? Initially they reported the phopsoduct
of 1-methyl2-pyridone201to be the [2+2photoadducR03 Scheme 2.3 A year later,
Paquette independently confirmed the product,coutectlysuggested that thiéd NMR

assignment was more consistent with a [4¢dis headto-tail product202°

D
N N0
| [2+2] [4+4]

203 201

Scheme2.3 [4+4] photodimerization of -methyt2-pyridone201
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In 1964, de Mayo reported the ability ofpgrone to also participate in [4+4]
photocycloaddition to afforddimeric products 205 and 206, that can undergo GO
expulsion to yield 1,3,5;%tramethylcycleoctatetraeneScheme2.4a® In the same year,
Corey and Streith reported the photoisomerizatio@Qffto give a 2azabicyclo-[2.2.0]
hex5-en-3-one 207 (or Dewarpyridone) in dilute solutionsScheme 2.48 2-Pyrones

were also shown to undergo photoisomerization to give a simélaaBpyrone structure.

a)
o) 0
/ﬁi hv ° Jy + >
0”0 co,
[4+4] 0 0 2
205 206

204

fl hy
—_—

47 ring closure

201 207

Dewar-pyridone

Scheme2.4 Additional photochemical examplés) 2pyrone[4+4] photodimerization
and(b) Dewarpyridone by photoisomerization offridone201

Nearly, tvo decades after the initial dis@ry by Taylor and Paudlecareful
analsis by Nakamura and agorkers led to the identification afl four [4+4] isomers, &
well asdetermining that formation of Dewdgryridone207 was concentration dependgent
Scheme 2.% He reported that the intramolecular isomerization was the major process at
concentrations below 0.(M, whereas the [4+4] photoadduct dominatesosicentrations

higher than 0.M. In addition, a solvent dependenze the isolated productsas also
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noted see Sectio.4.1 A simple method to differentiate tlvés products from thérans
products was reported by Nakamura, utilizing a facile thefa8] sigmatropic Cope
rearrangement of theis-1,5-cyclooctadienes to afford cyclobutan&sheme 2.5 Both

trans photoproducts are thermally stable under the condit({@é°C) used @ drive the

rearrangemerif
head-to-head head-to-tail
h = head A AL
t = tail 4 N7 A\
(0] (0] N _
X N N
Qh hv _ 7 _N 7 o 7 L o
N o) > fe} O O (0]
t " o
[4+4] cycloaddition /N N N N
201 c<0AM 208 209 \ 210 \ 211 \
hy | 4mring closure O\ y 0 , N o)
c<0.01M —N N N
H Q:I : : : :
- 0 Y N Y N Y N
QY 0" s O O trans O trans
H ’V
207 65°C | [3,3] 65 °C 65 °C
photoisomer

HH NR NR

ROA

212 213

Scheme2.5 [4+4] photocycloaddition of -inethyt2-pyridone201 nomenclature and
thermalrearrangment ofcis-photoadduct208and211

Sharp and Hammond reported mechanisticies of 2pyridone photochemistry,
identifying that a shofived singlet excited staie responsible for the [4+4] reaction of 2
pyridone. They estimated the lifetime of the intermediate to be less than 200 ps and also
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concluded that an unsensitizdinerization does not inve¢ a triplet intermediate. A
1985 study by Matsushima, on various &hd Nsubstitutedpyridones, proposed that a
pre-equilibrium association might be requireat the dimerization to occur. Due to the
shortlived excitation state, effective dynamic collisions within the excited state lifetime

might not occur without himolecular associatioft.

0
LR
215R=H N 201 R = Me
=
Path A Path B
k K

R
— N
O-—NH <=0
It 5
~ NH-—0O Oﬁg
~
N
o 7
J\/&o
N
216 R=H \ 210R = Me
R

trans head-to-tail

Figure 2.2 Matsushima's proposed bimolecular association fordimadtion of thdrans
headto-tail dimer.

The formation of thérans photoadductnay involvea hydrogerbond or dipole
dipole association, dependent ugloa substitution at position fhé¢ nitrogei, Figure 2.2
IR data indicated thaM-unsubs$ituted 2pyridone215exist as hydrogebond pairs in non

polar solvents but not in polar protic solvenisowever, hotodimerization of 2yridone

19



215 affords thetrans-adduct216 as the major product, suggesting that a hydrdgemd
interaction is notmportant for dimerization. M@&over,N-methylated Zoyridone201is
incapable of forming a prassociation via hydrogdronding but yields the same product
mixture. Studies indicated that a considerable digbf®le interaction was guiding the
associabn, explaining the tendency to form th@ns headto-tail adduct as the major

product!?

2.4 General trends in2-pyridone-photochemistry

Several comprehensive reviews of [4+4] photocycloaddition -pyritlone and
applications has been publishetf*®> This section Wl focus on the most important
features of Zyridone sel and crosgphotocycloadditions and the texsionto other

dienes (i.e., furan and enyne).

2.4.1 Solvent Effects

The solvent effect orsimple pyridme-pyridone photocycloadditions is weak. For
example, wen the [4+4] photodimerization @fmethyl2-pyridone201is conducted in
benzene only the hedd-tail photoadductsare formed, favoring thdrans isomer,
Table 2.1° Switching to ethanol does not have a significant effect on the product ratio.
However, when the reaom is done inwater or with micelles all four possible
diastereomers afermed?® In addition, there is an increase in the amourti®headto-
tail photoproduct. The product ratio can be further effected to fagdiormation of
4-alkyl-N-w-carboxyalkyl substituted pyridones by utilizing pyndepyridone alignment

in micelles!” The formation of Dewapyridone is not dependent on solvent effeitss,
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formation ismainly concentration dependent, but several substitution patterns have been

shown toalso effect photoisomerizatio”l® Depending solely on solvent choice to guide

selectvity is not the best method of choice, more reliable metledploysteric factors,

reaction temperature and/or tethering two molecules together, i.e., performing an

intramolecular photocycloadbn.

Table 2.1 Solvent effect on ratio d#+4] photoproducts for-inethyt2-pyridone201

head-to-tail

head-to-head

Solvent 217 (%) 218(%) 219 (%) 220(%)
benzene 60 40 0 0
ethanol 56 44 0 0
water 67 22 1 10
micelles 62 24 2 12
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2.4.2 2-Pyridone substitution effects

The [4+4] photocycloadtion of 2-pyridone can tolerate a variety of substituents
in different paitions on the ring an@ comprehensive review of examples has been
published* However, there are several known examples that do not undergo [4+4]
photodimerizationFigure 2.2 For example2-pyridone derivative221, 222, and223
readily unetrgo photoisomerization to a Dewgyridone derivative and can undergo cross
[4+4]-photocycloadditions with othgyridones!® In the case of a fused ring system (e.g.,
224), photodimerization did not occur, whereas when the C3 position was unsubstituted,
photodimerization occurred smoothly. The same effect was observed with and without a
methyl attached on the nitrogeloreover, anethyl group attached at the C4 positiaa

no effect on thability to photodimerizé®

OTBS o

N0 N0 N0 N0
H | | H
221 222 223 224

Figure 2.3 Examples of Zyridones that do not undergo photodimerization.

2.4.3 Intramolecular photocycloaddition: tether effects

In 1976 Nakamura reported the first intramolecular photbagddition of tethered
bis-2-pyridonest® The 2pyridones were connected at the nitrogen aitlallcarbon tether
and irradiated in the presence of benzophenone as a senditieeuse of a tether had an

effect on the cycloaddition pattermet products were geometrically controlled by the
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length of the tether, two and three carbdang affording [4+2] and [2+2] products

respectively.

2-carbon tether

= © 0 X hv N/
- " . \
N NF benzophenone o S N~=0
Q

(64%)
[4+2]-photoadduct

3-carbon tether

Cfo O@ hv
N N
N ININF benzophenone AR
H H
(60%) L0

[2+2]-photoadduct

Scheme2.6 Intramolecular photocycloaddition of tethered-Bipyridones.

The Sieburth group has conducted extensive studies on the influence of the tether
length, position, effect of functionality and substituents on the tetAemore detailed
discussion of te#r controland applicationtowards natural product synthesisll be

presented itChapter 3, a brief overviews given here.
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a b
) ﬁ @ | = Z | ) Tether | HH | HT | cis |trans
(0] N N O N OO0 N ,
~_ 5ot N,N X X
, ,3'-tether
N, N'-tether 33 X X X
3,6'
B Y N [ S
6,6' X X
N o = 07N N o X
ether = connected position of idone; HH = head-to-head;
3,6'_tether 6’6'_tether ‘ ;:eaoecuaree egss olecular stacking orientation of

Figure 2.4 Intramoleculaf4+4] 2-pyridone photoycloaddition: (a) most common
tether connectivitgnd (b)generakrends ofregio- and stereoselectivity of
three and four atortether connections.

Although, two pyridone molecules can be connected in a variety of different
position combinations, themost commonly employed connections are listied
Figure 2.3a. These points of junction have been shown to enforce-ragiboccasionally
stereoselectivity of prodtidormation. Figure 2.3b summarizes the genertakend for
selectivityof two molecules opyridone connected by a three four atom tether.Steric
interference by substituents on the photosubstrate play a roigtians selectivity and
product selectivity can be simplified if the [4+4] diene partner is symmetric, having no
distinct head otail (i.e., furan® In addition, tetherconnectivity can guide product

pathway, e.g., [2+2] vs [4+4$eeSection 2.9

2.4.4 Cross [4+4] photocycloaddions

In 1977, Naganalemonstrated the ability of@yridone to undergo cross [4+4]
photocycloaddition with 2nethyl2-triazole[1,5-a pyridine 225 to afford the cross
product226 and the 2pyridone photodimeR162! The product ratio could be altered to

favor the cross product by increasing the amour22&fin relation to the zyridone In
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the past 40 years;2yridone coss reactiity has been extended to includaphthalene,
furan?? 1,3-dienes (e.g¢yclopentadieng?>?* and enyné&> Over the past two decas the
Sieburth group habeen exploring both inte¥2® and intramolecul&??® versions of the

cross [4+4] photocycloaddition of@yridone.

N N
@ + = /N> hv 0] 7 + (0] 7
/ - O
A e suliN T~ _
H N\N/) N
215 226 216

225
0.3 M 0.3 M 29% 31%
0.3 M 0.9 M 47% 17%

Scheme2.7 Photocycloaddition of pyridone215and triazolepyridine 225,

2.5 2-pyridone-enyne photochemistry

In 2010, the Sieburth Group reported tingt intermolecular photocycloaddition of
2-pyridone with simple enynes to afford a rich mixture of produdesived from a
competition between [4+4] and [2+2] pathways, and furtoenplicated by an array of
regio- (headto-head and heatb-tail) and stegochemical isomer€. In addiion, the
initially formed 1,2,5cyclooctatriene products were unstable and readily underwent
[2+2] cycloaddition to give up to 70 racemic [2+2] adducts. Several dimers were isolated

by Svitlana Kulykand crystal structures were obtained to confirm their identity.

25



[2+2] dimers

g (.

(h)
=Z
hv
(1) + —_— = /
h
_ o (h)
N four
N AN isomers
(1) N—— \ /
[4+4] [2+2]

h = Head
t = Tail

Scheme2.8 Sv i t | a n mterKaldcuak pyralonrenyne photocycloaddition.

Simplification of the complex product mixtuveasachieveddy Svitlana Kulykby
connecting the enyne and tpgridone to give a single molecule and conducting an
intramoleculaphotoreactiorf® Tethering the enyne the C3 and C6 positions of the 2
pyridone via a threeatom tether, not only reduced the product diversity it also separated
the[2+2] and [4+4] pathwaysSScheme 2.9 Linkage ofthe enynevia theyne(226) leads
to [4+4] cycloadducts with a head-head regioselectivity, and formation bighly
strained allene produ2®7. In contrast, linkage of the enyne throughehe(229), gives

exclusively[2 + 2] product230.
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yne connection r

226 - 227 - 0 228 and other

[2+2] dimers

229

Scheme29 Sv i t | a n athafeddeperdénspyridorenyne photocycloaddition.

Thebridged 1,2,kcyclooctatriene produc(227) of [4+4] cycloaddition aréighly
unstable and underdarther reaction to give mixtures of thermal allaikene [2 + 2]
dimeric compounds.g, 228. Stabilization of thénighly strained allenesasachievedy
steric shielding withbulky groupsadjacent to the allepe.g.,232 By dowing downthe
dimerizationreaction, the shielding allowed for observatidotherstrainrelief pathways
including photeoxidative decarbonylation ([4+4] reaction), an ionic 1;Bydrogen shift

and an acid prooted Cope rearrangemeBtcheme2.103031
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Scheme2.10S v i t | a n acid-Batalyzgdkhgdsolysas andope rearrangement of
stabilized [4+4] photoaddu@t32

2.6 Results and

The substrate controlled formation of a functionally rich paticycyclobutanoid
presented the opportunity to study the daiiges and functional group tolerance of this
cycloaddition reaction. The cyclobutane unit is commonly found as a basic structural unit
in a wide range of naturally occurring compoun@diapter 5. To expand upon previous

work a group opyridone-enynesubstratesvere synthesizednd their ability to undergo

Discussion

[2 + 2] photocycloadditiorwas testedFigure 2.5

photosubstrateis describedndthe stereochemical outcome of {Re-2] cycloadditionis

discussed. Aliscusgn on scaling up this reaction using a phfitov reactor setups

presented

28
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X R yield (%)
X 236 | H cPr 81
X 0T N 237 | H | Ph 74
\EI\ N 238 | H | TMS| 53
N” 0 239 | Br | H 85
| 240 | Br | cPr 67

Figure 2.5 2-Pyridoneenyne substrates: C3 position, tether \gitleconnection.

2.6.1 Synthesis ofStarting Materials

The photosubstrat&86- 240(Figure 2.5 were assembled using a Williamson ether
synthesis protocolScheme 2.1}, with the respective chloromethyl pyridor#l2 or
bromomethyR44, Scheme 2.12reacting with the alkoxide dfydroxymehyl enynes248

T 251, Scheme 2.13

Y N X Y X =
m L. moﬁ/\R
l\|l O R THF [\|1 0
236 - 240

Scheme2.11 Williamson ether synthesis of pyridoeayne photosubstrat@86- 240.

Starting from hydroxymethyl pyridon241, conversion to chlorid242 could be
easily achieved using SOGh DCM, Scheme 2.12 The C5 bromide was installed using
NBS in DCM to give compoung43. Attempts to make the chloromettuging the same
SOCkb protocol met with slow conversion and lovelds. However, the bromi@4could

be easily accessed utilizing Appel conditi&ns
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N (0]
(> 95%) |
242
™
T (0]
241
Br
NBS \E\I\OH CBr4, PPh3 Br | AN Br
L . _—
DCM III 0] DCM N o
|
80% (69%)
(80%) 243 244

Scheme2.12 Synthesis oP-pyridonemethylhalides

The enyne coupling piners were assembled using Sgashira coupling of vinyl
iodide 246, prepared frommethyl malonicester 245 in a three step sequence, as
summarized inScheme 2.13 Sonogashira coupling of thenyl iodide 246 with
cyclopropylacetylene,phenylacetylene, andrimethylsilylacetylene provided enyne
alcohols248 249, and250, respectively. The hydrogen terminatad/ne251was easily

prepared by deprotection of the TMS group from comp@stl
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1. NaH, Et,0
EtO,C.__CO,Et  then CHIs o )H/AI LiAIH,
— " N
T 2. KOH/H,0 Et,O
EtOH
245 246 (90%)
(47%)
—R
_ Cu o HO P K2CO3
Pd(PPhs), R MeOH
piperidine R =TMS

248 R = c¢-Pr (98%)
249 R = Ph (99%)

0]

(59%)

250 R =TMS (64%)

Scheme2.13 Synthesis of enyne alcohdd8- 251

2.6.2 Photochemical Reaction

HO/\K\I

247

Z
HOW

251

With the fve enynepyridones236i 240in hand 0.02%M solutionsin CsDe (or

toluene) were preparethd transferred ttIMR spectrometer tubeS¢heme 2.1%having

a diameter of 3.2hm. Irradiation with light above 290 nfrusing a 450N medium

pressure mercury lamp i watercooled jackewith a Pyrex© filter, resulted in a clean

[2+2] cycloaddition, yielding the cyclobutanoid®b?2 - 256, respectively, as single

diastereomex The smooth cycloaddition of the C5 brominated substra@%and240

shows the versatiljtof thistransformation to handle increased functionalifire presence

of the bromine(255 and 256) adds an additional sitior further manipulations of this

tricyclic unsaturated piperidinoneby access to an electrophilic carbon tegnnot

previouslyaccessible.
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X R Yield (%)
X (#)-252| H | cPr 61
[a]
Xr o0 N h . (#)-253| H | Ph 55
m N, al ()-254| H | TMS| 42
N~ 0 CeDs N o (#)-255| Br | H 40
I (or PhMe) | (£)-256 | Br | cPr 58
236 - 240 [2+2] [a] - 1.6 : 1 ratio (trans:cis)

Scheme2.14 Photocycloadditions of enyfgyridone substrates.

2.6.2.10bservedStereochemistry of [2 + 2] adducts

The formation of these [2+2] adducts are notable for several reasons. In addition
to creatingtwo adjacent quaternary carbons and forming four stereogenic centers, the
cycloaddition occurs with retention of the alkene stereochemisitly the configuratn
of the alkene (E or Z) of the enyne being retained imévely formed[2+2] cycloadduct.

The Z alken&57 with the alkyne and ether bridges to each other gives a produ26g)
with the cis relationship retained while @ans relationship is retaimn 229 from the E

alkene2302°33
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SN o hv
| | r4 [2+2]
N Z

257
hv
AN
O A
N [2+2]
| N
229 (+)-230

Scheme2.15 Stereochemistry of the alkene is preserved in pyrigonyme [2 + 2]
photocycloadditions.

The stereochemical outcome of this transformation isantrast to the [2+2]
cycloaddition of enones with alkenes, which is typically accompanied by scrambling of the
alkene stereochemist?§. Enone photochemistry is largely tripléerived and bond
formation in enone [2+2] cycloadditions are often stepwise and reverSititerfie2.16),
leading to stereochemical isomerization within the products formed via a triplet

1,4-biradical®®

1, 4 biradical

Scheme2.16 Enone [2 + 2] photochemistry results in scrambling of the alkene geometry.
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In contrast, pyridone photochemistry is mostly singletived® suggesting thahis
[2+2] reaction proceeds via a singtirived trangion state. As shown iBcheme2.15,
a singlet process for the photocycloadditior267 would be consistent with the retention
of (Z) alkene geometry observed for this reaction as well as for the corresponding (E)

alkene229,

2.6.2.2Exception to stereochemicabutcome.

One exception to the observed stereochemical fidelity was found for
pyridore-enyne 237, which gave a 1.6 1 diastereomeric mixture of produc53
Scheme2.17. The loss of stereocontrol is possibly the consequences of a conjugated
phenyl group with the enyne functionality. It should be noted that isomerization of the
alkene in237is not observed during the photoreaction, suggesting that if the photoreaction
of 237involves triplet intermediates the photocycloaddition with the pyridone is faster than
isomerization, and that the resultitrgns-253 may isomerize t@is-253in a subsequent
secondary photochemical transformatiddote: The trangcis notation ofScheme 2.17

indicates the relationship between the alkyne and the tetrahydrofuran ring.

(55%)
237 (+)-trans-253 (1.6:1) (£)-cis-253

Scheme2.17 Exception to stereochemical outcome.
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Indeed, subjecting a purified sample ois-253 to identical photochemical
conditions resulted in a mixture wans-253andcis-253 in a ratio that changed over time,
Table 2.2 After six hours the 1.6 1 mixture observed for the initial cycloaddition
(Scheme2.17) was achieved. This is consistent with either photocleavage of the product
cyclobutane to reform starti27 followed by rapid rephotocycloaddition, or reversible
cleavage of the cyclobutane bond that is both propargylic and allylic. tyjhes of

photocleavage reaction has been described for related struétures.

Table 2.2 Equilibration of the phenylalkyne produ253

hv
Cads
cis-253 trans-253 cis-253
Time trans: cis (253)
0 hr 0:1
2 hr 1:1.6
4 hr 13:1
6 hr 16:1
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2.6.3 Reaction Scaleup: Photo-Flow Chemistry

The photoreactions were typically runn NMR spectrometer tubes
(=3.2mmdiameter) using the above mentioned reaction sesep gectior2.6.2. One
limitation of this transformation is the need for rather dilotaditions, which would
require a large amount of solvehiringscaling upof the reaction. As noted ifable 2.3
for the reaction 0236, increasing theeaction tube diameter from 318 to 15 mm results
in a 3fold increase in the time required for completion and a drop in the isolated yield of
252 by 8% One key drawback of scaling up an organic photoreaction is that the
penetrating light falls off rapidly with distance from thenligourcé®. The high absorption
of the substrate at the solutione s s e | interface essentially
light from penetrating to the bulk reactisalution. Longer irradiation times are needed to
drive the reaction to completion resulting in the formation of side products and over
irradiation of the product. This effect is seen when a larger diameter reaction tube is used,

Table 23, entry 2
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Table 2.3 Photoreaction scalep of 236using a flow reactor

r? 0
236
Tube Diameter Reaction Volume Time (hr) Yield
3.2mm 9 mL 4 61%
15 mm 31 mL 10.5 53%
3.2mm 80 mL 1.5 70% Flow

To overcome thiscalingup issue, a flow apparatus using 3.2 mm diameter PTFE
tubing wrapped around the light sourgas constructedsing a syringe pump (or HPLC
pump) to control the reaction flowThe flow setup allows for only a small amount of the
total reaction volme to be exposed to the light source by shortening the path length and
leading to a more uniform irradiation event. The total exposure time can be controlled by
the reaction flowrate Use ofthe flow apparatus led to a much improved process, allowing
the reaction volume to be dramatically increased and the overalliaticad time
substantially decreased. Moreover, under these conditions the yield of p&ffuct
increased by 99%4° An image of the NMR tube setup and the flow set can be seen in

Figure 2.8.
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Figure 2.6 Photochemical reaction setup. (a) NMR tubeugeaind(b) flow reactor
setup.

2.7 Conclusion

Photochemical reactions of enynes witpygidones can take the form of [4+4]
cycloadditiors or [2+2] cydoadditions, dependingnothe presentation of the enyne
Scheme 2.9 The product pathway can keadily contrdled by performing the reactidn
an intramolecular fashionThe [2+2] pathwayleads to funtonally rich polycyclic
cyclobutanoid products and metable for the retention of alkene geometry, suggesting a
singlet photochemical pathway. Moreover, this intramolecular cycloaddition
simultaneously forms two rings and creates four contiguous steteogetwo of which

are quaternary carbons.

The ability for the [2+2] cycloaddition to handle increased functionality, both on
the enyne and thpyridone was demonstratedThe robust nature of this transformation
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and multiple sites for diversity couldde to the development of polydic cyclobutane
libraries with rigid scaffolds and multiple points of biwlecule interaction. To that end,
the photoreaction wasiccessfully scaled up utilizing a phdtow reactor seup capable
of preparing gram qudities of the cyclobutanoid productBurther investigations of these

interesting molecular scaffolds are discusse@hapter 5.

2.8 Experimental

General Techniques

Instrumentation. For all compoundsH and**C NMR spectra were recorded on a Varian
Inova 300, Bruker Avance 400, Bruker Avance Il 500 or Bruker DRX 500 spectrometer.
Chemical shifts were measured relative to the residual solvent resonarieeafod 1°C

NMR. Coupling constants, J, are reportethéntz (Hz). The following abbreviations were
used to designate signal multiplici: singlet; d, doublet; t, triplet; g, quartet; dd, doublet

of doublet; ddd, doublet of doublet of doublet; dt, double of triplet; ddt, doublet of doublet
of triplet; dpent doublet of pentet; m, multiplet; br, broatR spectra were recorded an
JascdFT-IR 47000r ThermoFisheFT-IR Nicolet iS5 (iD5 ATR). Mass spectra were on

an Agilent QTOFHRMS at the Temple University Chemistry Department. A Thomas
Hoover UNFMELT capillary melting point apparatus was used for melting point
measurement; melting points are uncorrected. A CEM Discover System, Moed2BSP
microwave was used for microwave conditions. Reactions were monitored by TLC using
an ethyl acetate (EtOAc) / kanes, methanol (MeOH) / dichloromethane (DCM), or ethyl
acetate / dichloromethane as the solvent system unless otherwise stated. Glassware was

ovendried at 120 °C, assembled while hot, and cooled to ambient temperature under an
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inert atmosphere. Unleasted otherwise, reactions involving air sensitive reagents and/or

requiring anhydrous conditions were performed under an argon atmosphere.

Reagents and solventsReagents and solvents were purchased from Aldrich Chemical
Company, Fisher Scientific, i8m, Alfa Aesar, Acros Organics, TCI or Gelest Inc. Liquid

reagents such as tetramethylethylenediamine, triethylamine or diisopropylethylamine were
purified by distillation when necessary. Unless otherwise noted, solid reagents were used
without further mirification. Organolithium reagents were titrated using menthol £ 2,2
bipyridine.[44] Reaction solvents (THF, dichloromethane, DMF, and diethyl ether) were
taken fromtgl BGr 8bbsent Dispensing System |

distilled asdescribed in the literature.[45]

Chromatography. Silica gel (60 A, 170400 mesh) or basic alumina (aluminum oxide,
50i 200 micron, activated) was used for flash column chromatography. Analytical and
preparative thin layer chromatography (TLC) was perfarmgng Analtech UniplateTM
Silica Gel GF (250 micron) precoated glass plates or Merck KGaA Silica Gel 60 F254.
Spots were detected by 254 nm UV lamp, iodine, potassium permanganate, para

anisaldehyde, vanillin and/or phosphomolybdic acid solution.
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T o) DCM T (o)
241 242

3-(Chloromethyl)-1-methylpyridin -2(1H)-one (242)?? To a solution 0R41?2 (886 mg,
6.36 mmol) in DCM (30 mLat rt was added SOCI2 (55@, 7.58 mmol) and stirred at rt
for 2 hrs. The reaction mixture was concentratedacuoto givethe title compoun@42
asan oil (950 mg, 95%) which was used without further purificatibhNMR (500 MHz,
CDCl) =i7.%5 (dd, J=6.8, 1.8 Hz, 1H), 7.28&ld, J = 6.8,1.8 Hz, 1H),6.12 (1 J= 6.8

Hz, 1H), 4.50 (s, 2H), 3.52 (s, 3H),

R ———
N~ 0 DCM
241 243

5-Bromo-3-(hydroxymethyl)-1-methylpyridin -2(1H)-one (243. To a solution 024122
(500 mg,3.59mmol) in DCM (36 mL) at rt was added NBS (714 mg,14M@mol) and
stirred at rt for 0.5 hrs. The reaction mixture was concentiatextuo The crude product
was prifiedby column chromatograph(gilica gel,1:1-> 2:1EtOAc/hexane}to givethe
title compound43as an offwhite solid (629 mg, 80%)R: = 0.15 (2:1 EtOAc/bxanes)
mp = 109 °C.IR (neat): 332 br, 1646, 1579, 1553423, 107&n’. 'H NMR (500 MHz,
CDCl) U= 7.417 7.38 (m, 2H), 4.56 (s, 2H), 3.55 (s, 3HFC NMR (125MHz, CDCh)
a = ,1188B,.136.7, 133.0, 98.2, 61.9, 37.&xact Mass for @HsBrNO, [M+H]*;

calcd: 217.9811, found: 217.9821.
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DCM N~ 0

243 244

5-Bromo-3-(bromomethyl)-1-methylpyridin -2(1H)-one (244) To a solution 0f243
(618 mg, 2.8 mmol) in DCM (16 mL) at 0 °C was added GBt.24 g, 3.74 mmol), then
PPh (1.13 g, 4.3 mmol) and stirred at 0 °C for 2015 min. The reaction mixture was
concentatedin vacua The crude product wasugfiedby column chromatographfgilica
gel, 1:1 -> 2:1 EtOAc/hexane} to givethe title compoun@44 as acolorlesssolid (546
mg, 69%). Rr = 0.54 (2:1 EtOAc/bxanes) mp = 131 °C.IR (neat): 3060, 1641, 1585,

1545, 1412, 1305, 1204, 786 ¢m'H NMR (500 MHz, CDC4) =17.55 (d,J = 2.7 Hz,

1H), 7.44 (d,) = 2.7 Hz, 1H), 4.40 (s, 2H), 3.56 (s, 3HFC NMR (125MHz, CDCk) U
160.2, 141.9, 138.5, 130.3, 97.1, 38.1, 2&3act Mass for @/Br.NO [M+H]*; cdcd:

279.8967, found: 279.8987.

1. NaH, Et,0 o
EtO,C.__CO,Et
2 \r P then CHI3 HO N
2. KOH/H,0
EtOH
245 246

(47%)

(E)-3-1odo-2-methylacrylic acid (246.2° To a suspension of NaH (60% rfimneral oil,

4.58¢g, 14 mmol)and E;O (140 mL) at rt was added dropwise, over 30 min, a solution of
Diethyl methylmalonat45in EtO (40 mL). The mixture wsaheated to reflux for 2.5
hrsand then cooled to room temperature. lodoform (37.37g, 94.9 mmol) was added in a

sinde addition and the mixture was refluxed for 36 hours, cooled®@sehd then quenched
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with 10% HC (50 mL). The aqueous layer was extracted wi® & x 100 mL), dried
over anhydrous magnesium sulfate and concentrated. The residue was dissohatbin eth
(200 mL) and an aqueous solution of KOlHsxadded and refluxed for 24 highe ethanol
was evaporated in vacuo and a 10% aqueous solutiosCid3vas added (200 mL). The
mixture was filtered and the filtrate washed with DCM (2 x 100mL). The aguegyar

was acidified with HCI to pH 1 (30 mL), and extracted with DCM. The organic layers
were combined and dried over anhydrous Mg3ken concentrateid vacuo The crude
product was prifiedby column chromatographigilica gel,1:20-> 1:10EtOAc/ hexaneps

to give the title compoun@46 as a colorless solid (9.23g, 47% yieldhp = 53 52 °C.

IHNMR (500 MHz, CDC}) & = 1 1H), 8.( (dfjs2.3 1.0, 1H), 2.05 (d=1.4,
3H).
O
LiAIH,,
HO)J\K\| T20> HO/\’/\|
246 247

(E)-3-1odo-2-methylprop-2-en-1-ol (247).2° To solution 0f246 (2.35g, 11.1 mmol)n
EtO at 0°C is added LAIH4 (487 mg, 12.8 mmaJland the reaction is allowed to warm to
rt and stir for6 hrs The mixture is cooled to @ and quenched with saturated aqueous
NaSQs (2 mL) followed by 2V H.SQs (25 mL). The layers were separated and extracted
with DCM (5 x 20 mL), the combined ong& layers were concentrated and the residue
was dissolved in 4L of DCM. The organic layer was washed with 10%CRxs (25
mL), and then extracted with DCM (4 x 20 mL). The organic layeere combined,

washedwith bring dried overanhydrous MgS@ andconcentratedn vacuoto givethe
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title compound®46asa yellow 0il(1.97g, 90% yield) which was used in further reactions
without purification *H NMR (500 MHz, CDCJ) U ¥6.26 (m31H), 4.14 (dd=6.1,

1.0, 2H), 1.87 1.83 (m, 3H), 1.55 (t}=6.2, OH).

HO™ N I i Hom
Pd(PPhs), Cul
247 piperidine 248

(E)-Hydroxymethyl enyne (248.3' To a solution of 247 (508 mg, 2.57 mmol) in
deoxygenated piperidine (®L) at rt was addeayclopropylacetyleng500 i, 5.90
mmol), Pd(PP#4 (151 mg,0.131mmol), followed by Cul §7 mg, 035 mmol) and stirred
at rt for 2 hrs The reaction mixture wdttered through celite with an D wash, and
concentratedn vacua The precipitate was washed witO (3 x 10 mL), combined
filtrate wasconcentratedh vacuo The residue was diluted with toluene aodcentrated
in vacuowas repeated. The crudeguct was prifiedby column chromatographigilica
gel,1:20-> 1:10EtOAc/hexane} to givethe title compoun@48as adark brownliquid
(340mg, 98%). Rs = 0.35 (1:10EtOAc/rexanes) *H NMR (400 MHz, CDCJ) UG = 5. 50
(dt, J=2.9, 1.4, 1H), 4.08 (d]=5.9, 2H), 1.86 (dJ=0.5, 3H), 1.43 1.32 (m, 2H), 0.87

0.77 (m, 2H), 0.76 0.66 (M, 2H).

44



=——Ph
HOT Y = HO T PN
Pd(PPhj),, Cul Ph

247 piperidine 249

(E)-Hydroxymethyl enyne(249. To a solution o247(1.0g, 5.1 mmol) in deoxygenated
piperidine (16 mL) at rt was add@thenyl acetylene (1.1 mL, I@mol), Pd(PP$)4 (298
mg, 0.25 mmol), followed by Cul (97 mg, 0.51 minand stirred at rt for 2 hrsThe
reaction mixture was filtered through celite with apEtvash, and concentratadvacua
The reaction mixture wafiitered through celite with an ED wash, and concentratéd
vacua The precipitate was washed wi#tO (3 x 10 mL), combined filtrate was
concentratedn vacua The residue was diluted with toluene amhcentratedn vacuo
was repeated. The crudeguct was prifiedby column chromatographigilica gel,1:10

-> 1.5EtOAc/hexane}to givethe title compoun@49as a red liquid (872 mg, 99%3: =
0.46 (1:2 EtOAc/kBxanes)IR (neat): 3319 br, 2196, 1489, 1438, 1069, 1012, 754, 688 cm
1 14 NMR (500MHz, CDCk) =.471 7.42 (m, 2H), 7.35 7.28 (m, 3H), 5.80 (d] =
1.4 Hz, 1H), 4.18 (dd] = 6.1, 0.7 Hz, 2H), 1.99 (df,= 1.3, 0.7 Hz, 3H), 1.56 (s, 2H), 1.50
(t, J= 6.2 Hz, 1H). 3C NMR (10 MHz, CDCk) =150.3, 131.5, 128.4, 128.1, 123.8,
10438, 93.5, 86.8, 67.0, 16.7Exact Mass for ©H1,0 [M+H]"; calcd: 173.0961, found:

173.0959.

——TMS

HO Z . HO N
Pd(PPh3),, Cul ™S
247 piperidine 250

(E)-Hydroxymethyl enyne (250.*' To a solution 0f247 (504 ng, 2.54 mmol) in

deoxygenated piperidine (@L) at rt was addedrimethylsilylacetylene (800r., 5.63
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mmol), Pd(PP$)4 (146 mg,0.126mmol), followed by Cul§2mg, 033 mmol) and stirred
at rt for 2 hrs The reaction mixture was filtered through celite with ayOBt/ash, and
concentratedh vacua The mixture was diluted with saturated MH and extracted with
EtO. The organic layers were combingdshed with brine, dried over anhydrous$Si@,
and then concentratedin vacuo The crude product was purified by column
chromatography (silica gel;20 -> 1:10 EtOAc/hexane} to give the title compound50
as a browrliquid (273 mg, 646). *H NMR (400 MHz, CDCJ) U % 5.5B.(n§ 3H),

4.137 4.08 (m, 2H), 1.91 (yBH), 1.45 (1J=5.9, CH), 0.20 (s, 9H).

K,CO
TN ™S ﬁ» HO/\(\
250 251

(E)-Hydroxymethyl enyne (251¢° To a solution 0f250 (170 mg, 1.01 mmol) in
anhydrous methanol @5 mL) was added anhydrous®0s (8.5 mg, 0.062 mmol) ah
stirred at rt for 12 htsThe solvent was evaporated and the residue was dissolved in DCM,
washed with brinedried over anhydrous N&Qs, and then concentratéa vacuo The
crude product was pified by column chromatography (silica geb% -> 10%
EtOAc/DCM) to give the title compoun2slas ayellow oil (57 mg, 596). *H NMR (500

MHz, CDCk) & % 5.47 (% TH), 4.05 (d]=0.7, 2H), 3.12 2.99 (m, 1H), 2.67 (s,

1H), 1.86 (m, 3H).

46



X N X
H\Br + HOY\ NaH \moY\
R
’Tl o) R THF T 0)
242 or 244 248 - 251 236 - 240

Photosubstrate Assembly- General Procedure(2.1): To a suspension of NaH (1.3
equiv.) in THF at O °C was added, dropwise, the corresponding allylic al@4i&l 251

(1 equiv. 0.1 M) in THF, and allowed to stir for Ot%s. The corresponding@ridone
chloride242 or bromide244 (0.9 eqiv, 0.1 M) in THF was added, and allowed to stir at
rt until complete. To sluggish reactions was added Q.8quiv of Nal and/or heated to
reflux. The reaction wadiluted with satrated NHCI, thenconcentratedh vacua The
residue wasdiluted with HO and extracted with EtOAc (3x).The organics were
combined,washed with brinedried overanhydrousMgSQs and thenconcentrationn

vacua Thecrudeproduct was prifiedby columnchromatographws indicated

Cyclopropyl pyridone-enyne (236).2° Purification by
O
N0 column chromatogiphy (silica gel, 1.2 -> 21

EtOAc/hexanesgave the tle compound236 as a yellow

oil (81%). Rf=0.18(1:1 EtOAchexanes H NMR (500 MHz, CDC}) U0 = 7. 39 (
J=6.8, 1.0, 1H), 7.19 (ddl=6.7, 1.1, 1H), 6.14 (1)=6.8, 1H), 5.48 (s, 1H), 4.35 (8H),
3.98 (s, 2H), 3.49 (s, 3H), 1.82 (s, 3H), 1i36.29 (m, 1H), 0.78 0.72 (m, 2H), 0.68

0.62 (M, 2H).
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Phenyl pyridone-enyne (237) Purification by column

LS
N0 Ph | chromatography(silica gel, 10% -> 30% EtOAc/DCM)

gave the title compoun®37 as a yellow oil (74%).Rs =
0.35 (30% EtOAc/DCM) IR (neat):3026, 30522196,1652 1595 1564, 11(, 757, 691
cm®. 'H NMR (400 MHz, CDCJ) =1.48 (dddJ=6.8, 3.2, 1.3 Hz, 1H), 7.467.42 (m,
2H), 7.34i 7.28 (m, 3H), 7.24 (dd} = 6.8, 2.0 Hz, 1H), 6.21 (§ = 6.8 Hz, 1H), 5.83 (dd,
J=2.6, 1.3 Hz, 1H), 4.47 (s, 2H), 4.13 (b= 0.8 Hz, 2H), 3.56 (s, 3H), 2.031.97 (m,
3H). °C NMR (125MHz, CDCR)ii = 161 . 8,,135.3 131.8,,129.8,383.4,7
128.0, 123.9, 106.4, 105.9, 93.5, 86.9, 74.8, 67.5, 37.6, EXx&ct Mass for @H1oNO>

[M+H] *; calcd: 294.1489, found: 294.1496.

mo _ Trimethylsilyl pyridone-enyne (238). Purification by

N0 column chromatography (silica gel, 5% -> 10%

EtOAc/DCM) gave the title compoun2B8as a yellow oll
(53%). Rr = 0.32 (1:1 EtOAc/Bxanes) 'H NMR (400 MHz, CDCY) ={.471 7.43 (m,
1H), 7.22 (ddJ = 6.7, 2.0 Hz, 1H), 6.19 (§ = 6.8 Hz, 1H), 5.64 (dd] = 2.6, 1.3 Hz, 1H),
4.43 (s, 2H), 4.09 4.03 (m, 2H), 3.55 (s, 3H), 1.95L.89 (m, 3H), 0.20 (s, 9H)C NMR
(100MHz, CDCk) =166.5, 129.6104.7,103.1, 91.7, 79.1, 77.9, 57.3, 52.8, 38.6, 38.0,

34.9, 145, 0.3
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Bromo pyridone-enyne (239) Purification by column

Br
X e} =
TS )
NENo) chromatography(silica gel, 1:2 -> 1:1 EtOAc/hexane}
| 239

gave the tie compound®39as a yellow oil (85%).Rf =
0.31 (1:1 EtOAc/exanes) *H NMR (500 MHz, CDCY) =U7.547 7.49 (m, 1H), 7.40
7.35 (m, 1H), 5.62 (s, 1H), 4.494.36 (m, 2H), 4.09 (d] = 0.7 Hz, 2H), 3.55 (d) = 0.5
Hz, 3H), 3.10 (dJ = 2.2 Hz, 1H), 1.95 (s, 3H)Exact Mass for &H14BrNOz [M+H]™;

calcd: 296.0281, found: 296.0281.

Cyclopropyl bromo  pyridone-enyne (240)

Br N o = %
| Purification bycolumn chromatographigilicagel,2%

-> 5% EtOAc/DCM) gave the title compour2¥Oas a

colorlesssolid (67%).Rs =0.33 (1:1 EtOAc/Bxanes) mp = 78 °C.IR (neat): 29152851,
2207, 1653, 1596, 1542, 11661%. *H NMR (500 MHz, CDC4) =1.48 (dt,J=2.8,1.4
Hz, 1H), 7.35 (dJ = 2.7 Hz, 1H), 5.56 5.47 (m, 1H), 4.41 4.29 (m, 2H), 4.03 (s, 2H),
3.51 (s, 3H), 1.86 (d}= 0.8 Hz, 3H), 1.41 1.34 (m, 1H), 0.84 0.77 (m, 2H), 0.78 0.66
(m, 2H). 13C NMR (125MHz, CDCk) =i160.1, 145.5, 138.1, 136.1, 131.6, 107.5, 98.1
979, 75.2, 72.9, 66.8, 37.5, 16.7, 8.8,.0kact Mass for @H1sBrNO, [M+H]™; calcd:

336.0594, found: 336.0621.
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Py
i

‘\\\\\

X .
N 0 2N hv . /O
| N H
R CsDs
'T‘ O or PhMe 'T‘ 0
236 - 240 252 - 256

[2+2] Photocycloaddition- General Procedure(2.2): A solution of photosubstra@36

- 240 (< 0.03 M in deoxygenated toluen was irradiated for B 10 his until complete
consumption of the starting material (TLC and/or NMR)ng a watecooled, Pyre®-
filtered 450 W mediunpressure mercury lamp. Reaction progress was monitored by TLC
and/or'H NMR. The reaction setip was placed inside of a wooden box to trap all light.
After evaporation of the solvent the product(s) were purified by column chromatography.
Note: Due to heat given off by the light source (and the cooling ability of the water
condensi the air temperature within the photoreaction container was typicaily80C

(as monitored by a probe inside the photoreaction contaiifercessary the temperature

of the reaction can be controlled by placing the entireigenside of a Dewditask with

water and/or ice.

Flow Photoreaction Setup:Usi ng t he above | isted | ight s
Xx 0.1250 |1 D) was wr ap p-eodlingojackete The tubing fredgtha Py r
was such that it had an internal volume (in contadt wie light source) of 40 mL. A KD

Scientific syringe pump was used to drive the reaction mixture and control the flow rate

(irradiation time). Reaction progress was monitored by TLC an&/bNMR.
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Cyclopropylalkynyl cyclobutane (252)3! Purification bycolumn
chromatographysilica gel,1:2-> 1:1EtOAchexaneggave the title

compound252as an oil (6% - NMR tube 53%- 15 mm diameter

(+)-252 phototubg70%- flow reacto)). R;=0.71 (1:1 EtOAc/exanes) H

NMR (400 MHz, CDCY) U = J58.391Bl), 494dd,J=8.2, 4.2, 1H), 4.39 (d=9.1,
1H), 3.98 (d,J=9.0, 1H), 3.64 (dJ=9.1, 1H), 3.28 (tJ=8.3, 2H), 3.11 2.98 (m, 4H),

1.297 1.20 (m, 1H), 1.18 (s, 3H), 0.790.71 (m, 2H), 0.65 0.57 (m, 2H).

Phenylalkynyl cyclobutane (253. Purification by column
chromatography(silica gel, 30 % EtOAc/DCM)gave the title

compound253 as a 1.6: 1 mixture of diastereomers (55%

(+)-253 combined yieldl R: = cis(major): 0.6, trangminor): 0.65 (2:1

EtOAc/Hexanes) IR (neat): 2958, 28641657 1491, 1442, 1384, 1254, 1068, 932, 758
692cml. H NMR (500 MHz, CDCY) U i 7.384(6, 3H), 7.32 7.27 (m, 5H), 6.03

(dd, J = 8.2, 1.6 Hz, 1H), 5.94 (dd, J = 8.0, 0.7 Hz, 0.6HY (dd, J = 8.0, 4.8 Hz, 0.6H),
5.05 (dd, J = 8.1, 4.0 Hz, 1H), 4.44 (d, J = 9.2 Hz, 1H), 4.41 (d, J = 9.4 Hz, 0.6H), 4.06 (t,
J =8.5Hz, 1.6H), 3.96 (d, J = 8.9 Hz, 0.6H), 3.74 (d, J = 9.2 Hz, 1H), 3.56 (d, J = 9.2 Hz,
1H), 3.38 (d, J = 9.4 Hz, 0.6H3,34 (d, J = 9.3 Hz, 1H), 3.213.15 (m, 1H), 3.11 (s,
1.7H), 3.09 (s, 3H), 2.98 (dd, J = 7.4, 4.9 Hz, 0.6H), 2.92 (d, J = 7.7 Hz, 0.6H), 1.31 (s,
3H), 1.25 (s, 2H).%3C NMR (100MHz, CDCk) =U167.0, 166.6, 131.8, 131.7, 129.8,
129.5,128.7, 128.4, 128 128.1, 128.0, 123.6, 123.4, 105.9, 104.8, 87.1, 87.0, 86.3, 79.1,
77.9,76.6, 76.5, 58.0, 57.8, 53.5, 52.8, 42.9, 41.2, 39.0, 37.8, 34.9, 20. EXacTMass

for C1oH1aNO2 [M+H] *; calcd: 294.1489, found: 294.14980te: Isolation ofcis-253can
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be achieved afteselectivecyclization oftrans-253 (SeeScheme 5.3 This method was

used to isolateis-253for the further irradiation studygf Table 2.2

H

(+)-254

Trimethylsilyl alkynyl cyclobutane (254). Purification bycolumn
chromatography(silica gel, 1:5 EtOAc/hexanes gave the title

compound 254 as a colorless solid (42%). Rf = 0.86 (1:1

EtOAc/hexanes) mp = 7475 °C. IR (neat): 2957, 2888, 2837,

2159, 1659, 1382, 1251, 1065, 8481 cm'. *H NMR (500 MHz, CDCJ) =1.00 (dd,

J=8.2, 1.7 Hz, 1H), 4.95 (dd,= 8.0, 4.0 Hz, 1H), 4.38 (d,= 9.2 Hz, 1H), 3.99 (d] =

9.2 Hz, 1H), 3.68 (dJ = 9.3 Hz, 1H), 3.35 (dJ = 9.2 Hz, 1H), 3.29 (dJ = 9.3 Hz, 1H),

3.127 2.99 (m, 4H), 1.21 (s, 3H), 0.16 (s, 9HFC NMR (100MHz, CDCk) =1166.5,

129.6, 104.7, 103.0, 91.7, 79.1, 77.9, 57.38528.5, 38.0, 34.9, 14.5, 0.&Exact Mass

for C1gH19NO2 [M+H]"; calcd: 290.1571, found: 290.1590

(£)-255

Alkynyl bromo cyclobutane (255. Purification by column
chromatographysilica gel,1:5 -> 2:1 EtOAc/hexane} gave the title
compound255as a yellow oil (40%).Rs = 0.73 (1:1 EtOAc/kBxanes)

IR (neat): 3291, 324, 2963, 1656, 1382, 1296, 1065, 66¢.

IH NMR (500 MHz, CDC) =8.37 (s, 1H), 4.16 (dl=9.3 Hz, 1H), 4.02 (dJ = 9.3 Hz,

1H), 3.77 (dJ = 9.4 Hz, 1H), 3.39 3.30 (m, 3H), 3.08 (s, 3H), 2.41 @@= 2.1 Hz, 1H),

1.23 (s, 3H).23C NMR (100MHz, CDCk) =165.2, 130.9, 100.0, 79.7, 79.3, 77.6, 76.4,
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55.8 55.0, 45.0, 38.2, 35.0, 14.&xact Mass For GH14BrNO2 [M+H]™; calcd:294.1489

found:294.1488

Cyclopropylalkynyl bromo cyclobutane(256). Purification by
column chromatograph@gilica gel,1:5 EtOAc/Hexanegsgave the

titte compound256 as a yellow oil (58%). Rf = 0.73 (1:1

(+)-256 EtOAc/Hexanes) IR (neat): 3082, 280, 2928, 283, 223, 1658,

1381, 1296, 1246, 186934 67%m™. H NMR (500 MHz, CDCY) =.33 (d,J = 0.7
Hz, 1H), 4.18 (dJ = 9.2 Hz, 1H), 4.00 (dJ = 9.2 Hz, 1H), 3.73 (d) = 9.3 Hz, 1H), 3.34

i 3.23 (m, 3H), 3.08 (s]= 1.2 Hz, 3H), 1.32 1.24 (m, 1H), 1.19 (s, 3H), 0.800.72 (m,
2H), 0.71i 0.66 (M, 2H).23C NMR (125MHz, CDCk) =1i65.3, 130.3, 100.8, 91.8, 79.5,
77.5, 69.9, 56,554.8, 45.3, 38.3, 34.9, 14.7, 8.4, 83,2 Exact Mass for GH1sBrNO;

[M+H] *; cdcd: 336.0594, found: 336.0620.
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CHAPTER 3
[4+4] PHOTOCYCLOADDI TION APPROACH TO THE TOTA L

SYNTHESIS OF FUSICCOCIN A

3.1 Introduction

Eight-membered carbocyclic ringcaffolds are frequently found in naturally
occurring, biologicallyactive compoundsexemplified by &xol! Although cyclooctane
rings are not as abundant as some ofsthealler ring sizes, theycour widely in higher
plants, marine organisms&nd pathogenic fungi These cyclooctareontainng natural
products have received substantial attentidne to their biological activity, complex
architecture, and the elusive n&uwf cyclooctane constructionSeveral strategies have
been utilized for the construction of these ring systems includiagrocyclization
reactons (e.g., macrolactonizations aridg-closing metathesis), fragmentation reaict
(e.g., Groktype and ratal fragmentations) and ring expansmnitraction reactions (e.g.,

[3,3] sigmatropic rearramgnents electrocyclic ring openingycloadditions).
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Fusicoccane Ophiobolin Taxane
Neolemnane Precapnellane Basmane

Figure 3.1 Representative cyclooctanetdntaining natural products.

The eightmembered carbocycle is widely found in over one hundred terpenoid
natural products and can also be found in lignans, sesterterpenoids and sesquiterpenoids.
The cyclooctaneontainirg natural products are further divided into families based on the
fusedring scaffold typically containing acyclooctane ring fused or bridged with other
smaller rings, with various functionalities, e.g., olefins and hydroxyl groups. A few

examples ogkeletal cores are illustrated Figure 3.1

A very powerful method for constructing the eighémbered ring isa [4+4]
cycloaddition a higherorder cycloaddition (i.e., resulting in a largeahsixmembered
ring). Thistransformatiorforms a 1,5cyclooctadiene with the gentialfor formation of
four stereogenic centers, in a single stép.addition, [4+4] cycloadditions performed in
an intramolecular fashion can result in the formation of multiple fused and bridged ring
systems. The first example @{4+4] cycloaddition approach to natural product synthesis

was Wender 6s t o tastdricansligen usihge s trassitionetatmédiated
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method? Photoinitiated [4+4] cycloadditions of pglone aw pyrone have been used by
the Sielurth and West groups, respeetly, towards the synthesis of multiple natural

products, e.g., taxdlhalicyclamineand saraine core structutesdtraversiana?.

In this chapte0 years of work by the Sieburth group towards the total synthesis
of fusicoccin A, via an intramolecular [4+4] photocycloadditiminbis-2-pyridones to
constuct the 58-5 molecular scaffolis presented The motivation behind this work wa
to develop a reliable, rapid method to constructaywooctanoidskeletonfor access to
natural productsand functionally diverse derivatives fdurther structureactivity
relationship studies. In addition, the utility of [4+4] pyridgmgidone photocycloaddition
to install stereogenic centers with high predictabiigydemonstrated Current efforts

towards these goals are described.

3.1.1 The cyclooctane skeleton

The cyclooctane ring is classified as a medium sized ring, exhibiting no fewer than
ten symmetrical conformationsnitial studies were conatted by Cog® and Prelogand
further confomational studies usedspectroscopic method6NMR and IR) X-ray
crystallography and molecular mechanics calculatf§r@tudies have revealed three major
conformation families: bdschair, crown, and bodioat, Figure 3.2 The most stable of
these familes is the boathair family which minimizes transannular interactiamsl has
a lower degree of torsional strain, compared to other conformations. Substitution patterns
can have an effect on interconversion energy barriers. Cyclooctanepegdsninantly

(> 94%) in a boathair conformation, i.ehoatchair and twisboat-chair1®
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boat-chair crown boat-boat

Figure 3.2 Conformations of the cyclooctane ring.

The presence of heteroatoms of egnters contained within the ring can alter the
conformational strain, dramatically reducing the severe steric repulsions. The heteroatom
orspcenter is favored to occupy an oO6internal
several natural produst! Extensive studies have been conducted on thege- ei

membered heterocyclés.

3.1.1.1Difficulties in construction

From a synthetic point of viewmany challenges afaced by the synthetithemist
attempting to employ conventional ring forming protocols to construct-eighmbered
rings. Often, methods that are suitable for the construction of smalf¢io(3arger (10+)
ring systems fail to work. This long standing problem has beetodhe high degree of
ring strain and transannular interactions associated with the formation of the eight
membered ring. Atudy by llluminati and Mandolini demonstrated that eigigimbered
ring formation is the most challenging ring to prepare by aclagure strategy? More
recently, Mandolini and Galli described the role of ring strain on the ease of ring
formation* Comparing tle strain energies of the tratish state versus the prodering,
they concluded that, in medium sized ringsfraction of the significant strain energy
develops in the transition state. The consequence is the resulfaagrable enthalpic

contribution which adds to the entropy loss upon ring closure. In addition, there is a
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substantial entropic cost in the transition state compared to the prodyexplaining the

reluctant cyclization.

3.1.1.2Strategies forsynthesis

Over the past 30 years, theresli@en an increasing number of natural products
discovered possessing an eigitmbered ring system. Thegiscoveries and the success
of Taxol have led to growth in methods to construct the cyclooctane. These methods can
be divided into two categories: direct and indirect. For direct methods, the cyclooctane
ring is formed in one step, usually by formation of an intramolecuiar libnd (e.g.,
cycloadditons and coupling reactions). The formation of the emgbdinbered ring by
indirect methods, usually do not involve@bond formation, instead an intermediate is
transformedoy manipulation (e.g., ring expansions and fragmentatiomig following
sectionwill focus on[4+4] cycloaddition strategies for the construction of cyclooctanes
with selected exampleSection 3.3 Multiple comprehensiveerviewson strategies for

building cyclooctane can be found in literature->*®

3.1.2 [4+4] Cycloaddition strategies for cyclooctane synthesis

The [4+4] cycloaddition strateghas becomea poweful and versatile method for
the rapid and efficient construction oficlooctanoids® The cycloaddition strategy is
considered to be step economjedth anability to not only form the eightnembered ring,
but alsaform one or moradditionrings and up to four stereogenic centersisinglestep
Figure 3.3 This characteristic can be exploited in the synthesispafycyclic

cyclooctanoid natural producis.,g, Figure 3.1
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Figure 3.3 Cyclooctanoid formation by [4+4] cycloaddition.

Initially, higher order cycloadditions proceeded with poor chemical efficiency, due
to multiple, competitive pericyclic reactions of the extengesystems. The use of
transitionmetals to mediate the cycloaddition improved the pro@&$©ne of the first
applications of this shitegywas We nder 6 s t o tastdricasolde, enhpyng s o f
a nicketcatalyzed intramolecular [4+4] cycloaddition of -Hi@nes Scheme 3.£?? This
method can also be used in the construction of bicyclo[5.3.1]undecadiene scaffolds simply

by changing the tether locatiéh.

Ni(COD),, PPh3
_
90 °C

(67%)

(+)-asteriscanolide

Scheme3.1 Wender's synthesis of (Bsteriscanolide viatramolecular Nimediated
[4+4] cycloaddition.

Concerted cycloadditions represent a type of pericyclic reactiomhe
stereochemical outcagnof concerted cycloadditions can be highly selectiVae rules
governing concerted reactions are called the WoodWaftmann ruleswhich predicthe
barrier heights of pericyclic reactions based upon conservation of orbital symfktry.

concerted reaction, orbital symmetry rmuse preserved: if the reactagtound state
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correlats with the product ground state it is thermally allowed, otherwise it must proceed
through a high activation barrier and will be symmdanpidden. A detailed analysis of
[4+4] cycloadditionby an orbital symmetry diagr&freveals that @aoncertedorocess is
thermally prolibited, therefore, in order to accomplistt@ncerted4+4] cycloaddition,

the reaction must be photoinitiatédgure 3.4

a) ground state singlet excited state
MO of diene MO of diene
vy 8:8—8:8 — s’ 8:8—8:8 —— LUMO
vt B — Lumo hv v B=H=g {— HOMO
w §888 4 wowo 848 +
" 888 + " 888 4
b) Thermal ¢) Photochemical
HOMO - ground state HOMO - excited state
LUMO - ground state LUMO - ground state

Figure 3.4 Frontier orbital diagam of [4+4] photocycloaddition of 1-Butadiene. &)
groundstate and excitedtate(b) symmetryforbidden thermal process and
(c) symmetryallowed photoinitiated process.
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Unfortunatelythe [4+4] photocycloaddition of simple itRitadienes results in low
yield of cyclooctanoids along with a very complex mixture of prod8itkeme 3.2 The
poor yields are attributed to thdifficulty in achievingthe necessary, highly ordered
transition statedr product formation>?® The sensitized excitatioof 1,3butadienes (and
derivatives), proceeds through triplet biradical intermediates, giving mainly [2+2] and
[4+2] products’” A similar outcome is observed for cyclopentadighetodimerization,
however, when cyclopentadiene is irradiated in the preseneetefhfold excess 2,5
dimethylfuran, a crospt+4] adduct is forme& A number of heterocyclic dienes also
undergo [4+4] photocycloadditions withk@ridone and zyrone being the most well

studied,Chapter 2.

c

hv
=\> [4+4] @

(8%)

Scheme3.2 [4+4] photocycloaddition of 1;Butadiene.

3.1.3 Background of Fusicoccin A

Fusicoccin A a member of the fusicoccane family of diterpenoids containing a
fused 58-5 ring system, was isolated from the fungusicoccum amygdala parasite of
almond and peach tree&igure 3.52° The structure ofufsicoccin A was detenined by
X-ray crystallograpy*° and further studiedoundit to be a pltotoxin, exhibiting plant
growth-regulating activities? At low concentrationsit can induce rapid

hyperpolaization of theplasma membrarend subsequent acidification of thell wall by
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stimulating the F-ATPases. This triggers the irreversible opening of the stomata, which

brings about wilting of the leaves and eventually death of the. plant

OAc =
HO OH
o)
H
Ho ©
N o)

Ac

MeO 301

Figure 3.5 Fusicoccin A(301).

Fusicoccin A has also been found to target membfthe 143-3 protein family*%
34 This family of proteins are considered to take part in inthaleglsignal transductiof?.
However, the 148-3 proteinis unable to bind Fusicoccin A without the presence of
H*-ATPase. According to the current model, Fusicoccin A activatedTHPase by
stabilizing a transient complex formed betweenatinhibitory C-terminal domain of
H*-ATPase and the 133 dimer,locking the enzyme into its most actigenformation
The 14-3-3 proteins are attractive targets in drug discovery programs, as they play
important roles in the regulation of numerous proté¥ds.In addition, Fusicoccin A and
other members of the fusicoccane family have been used as pyabesitorintracellular

processe®

Fusicoccin A induces apoptosis in a wide panel of human cancer cell lines when
used in combinatin with interferora treatmet2® Other members of the fusicoccane

family have been shown to exhibit biological adijyiincluding traversiandf and
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cotylenin A***2To date a total synthesis of fusicoccin A has not been reportedevéow

several methods towards thé% molecular saffold have been reported?>4°

In 1999, Blake and coworkers demonstrated the ability to construct-8&& 5
skeleton of fusicoccin A using a modified Saegusa protoScheme 3.37 A
regioselective cyclopropane cleavage, followed Sogxotrig cyclization successfully
afforded a ring expansion tagive the eightmembered ring and@oncomitantC ring

formation. The A ring was closed under radical cbads by5-exotrig cyclization.

6] Fe(NOs)s, (PhS),
—_— _— >
\/ g DMF
=~ —
(75%)
PhSeSO,p-Tol
—_—

AIBN, PhH
(55%)

p-TolO,S

Scheme3.3 Blake's construction dhe5-8-5 skeleton of fusicoccin A.

The synthesis of -deoxy15-hydroxycotylenol, a fusicoccane with a carbon
skeleton identical to that of fusicoccinafad considered to be a biosynthetic precyrsas
reported byKato and coworkersScheme 3.48 The preconstructed A and C rings were
condensed by use of a lewalent chromium species followed by a thermally mediated ene

reaction to close the eightembeed ring.
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CrClj, LIAIH,

_—
DMF
(52%)

9-deoxy-15-hydroxycotylenol

Scheme3.4 Kato'sconstructiomf a5-8-5 skeleton.

3.1.4 Previous work by the Sieburth Group towards the synthesis of

fusicoccin A

As mentioned inChapter 2, the Sieburth group has been exploring intand
intramolecular [4+4] photocycloadains of 2-pyridones.These studies have contributed
to the understanding of electronic and geometric requirements, and have demonstrated an
efficient method for the construoti of functionalized cyclooctanoidd. As previously
mentionedmany of the cyclooctareontaining families are polycyclicontainingafive-

andor six-memberedused ring systenfigure 3.1
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n=1 ~ X B n=2
- < | | e
. ’T‘ o A
R
fusicoccane and taxane family

ophiobolin familes

Figure 3.6 Intramolecular [4+4] photocycload@in approach to the-B and 86
scaffolds.

The Sieburth groupnvisionedhat anintramolecular [4+4] photocycloaddition of
tethered bi2-pyridones could be a viable method for the synthesis of these scaffold
structures. A threearbon tether would accedtise B and C rings othe 85 system
(fusicoccane and ophiobolane families) andourcarbon tether would accesise 8-6
system of the taxane family of natural pr oc
enforce the necessary heaetail regioselectivityand a fused fivanembered ring would

provide the A ringFigure 3.6.

OAc =z
HOWH
(0]

MeO

301
fusicoccin A

Scheme35 Ke vi n Metr@syrehétis strategy for the synthesis of fusicoccin A.
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A retrosynthetic strategy for fusiccocin A was propodsgdevin McGeeScheme
3.5, The 58-5 scaffold of fusicoccin A would be prepared by [4+4] photocycloaddition of
bis-2-pyridone 303 to give [4+4] photoadduc302 Oxidation of the C89 olefin and
redudion of the C7 and C11 amidesould install the hydroxyl and methyl groups,
respedawely.  Stereoinduction by the C12 substituent can control the relative
stereochemistry at C11, giviranti-selectivity with theuse of a bulky protecting group
(i.e., R=TBS), preferring a pseudoequitorial conformati8nA major challengevasthe
cis relative stereochemistry of the C7 and C11 methyl groups, requiraigsalective
[4+4] photocycloaddition. As discussedGhapter 2, the [4+4] photocycloaddition of 2
pyridone is generallyjon-selective giving both th&ans andcis adducts. Cis-selective

dimerizations had only been reported in micetfes.

o H

H 5 0
2;\"\‘\/—\ 7 (\K\\\f/_\ A
) o A o
ﬁ H

pro-cis pro-trans

Figure 3.7 Pro-cisand pretransconformationsof 303

Initially the steric interactions invoked by tl@nulated cyclopentane 83on the
pro-trans confirmation were hypothesized to favor the -pi® confirmation due to
destabilizing effects between the pyridone carbonyl and the cyclopentane methylene
Figure 3.7.52%* Unfortunately, irradiation of,N-dimethyl304¢ in a mixture of methanol
and methylene chloride (for solubility), resulted in formation of a single isomer,

determined to be theansproduct306¢ The cycloadditiorof 304cwas determined to be
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solvent independent, giving the same product in benZexide 3.1 However, there was
a significant solvent dependence when plgadone nitrogensvere unsubstituted304a
The product ratio changed to favor ttis-isomer as the $eent polarity decreased. Use

of benzene yielded exclusively this isomer305a

Table 3.1 Solvent and substituent effects on cis/trans ratio of the [4+4] photoadduct

cis trans

see table
(+)-304 (+)-305 (+)-306
Compd # R! R? solvent 305 : 306

304a H H DMSO 2:98
H H MeOH 1:9
H H CHClI> 1:3
H H THF 1:2
H H EtOAC 1:1
H H EO 2:1
H H PhH 99:1

304b Me H MeOH 1:99
Me H PhH 1:99

304c Me Me MeOH 1:99
Me Me PhH 1:99

The enhanced ciselectivity of304acan be explained by hydrogen bondamy

strong intermolecular hydrogen bonding epgridores have been reportet?? There are

72



two possible hydrogen bonding intermediates: an intramolecularly hydrogen bonded
monomer with two hydrogen bonds and a dimeric structure having four hydrogen bonds,
Figure 3.8°° Due to constraints of thether, the two hydrogen bonds of the monomer fold
304ainto a pro-cis conformation(not shown) However, these hydrogebonds are far

from ideal®® In contrast, the dimer provides a fis conformation with ceplanar
hydrogen bonds. It should be noted it stereogenic center 894ain the dimemust

be identical to permit both moleculés maintain the sixy groups in thepreferred

pseudoequatorial conformations.

304a-monomer 304a-dimer

Figure 3.8 Possible hydrogen bonding intermediate8@4a

A concentration study was conducted to determine the role of the monomer and the
dimer® The results indicated an equilibrium between the monomer and dirBé#af
The monomer oB04awas favoredat lower concentrations leading to th@nsisomer and
the dimer of304awas favored at higher concentrations giving tisesomer. In addition,
the monomer is favored in hydrogen bonding solvents while the dimer is favored in

solvents unable to hydrogéond.
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TBSO B 1 o o
H O . >\
X hv, 0°C 0
| | _— _—
N~ 0 7 PhMe acetone, 0 °C
H
(84%)
(+)-307

(£)-310

Scheme3.6 Mc Gee ds appr oac hresting thé[8,3 iearrangenent A :
pathway by oxidation c308with DMDO.

With the ability to control theis-selectivity, photosubstra&7 was synthesized
by Kevin McGeend subjected to irradiationtioluene(25mM) to give [4+4] photoadduct
308 Scheme 3.67 Thecis-1,5-cyclooctadiene08was unstable and underwent a facile
[3,3] sigmatropic Cope rearrangement at room temperatto cleanly give
divinylcyclobutane310°8 Attempts to arrest the rearrangement were succesbkrthe
photoreactionwas performeatO - 5 °C andfollowed by immediate treatment thfe crude
photoproducB08 with dimethyldioxirang DMDO) to give a single epoxidg09in good

yield.
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spiro planar

Figure 3.9 Proposed transition state geometries of DMDO epoxidations.

DMDO was selected based on its neutral reaction conditions, inertness towards the
oxidized product, and greatezactivity as compared twrganoperoxyacids (e.gnCPBA),
espeally at low tempeatures>® The selectivity observed in the epoxidatiorB68can be
rationalized when considering the factors that influence epoxidation with DMDO. The
oxidationwith DMDO involves a concerted transition state, with two posgjbtameties,
spiro and planaRigure 3.9), although, the energy difference betwéem is very smafi®
The reactivity of DMDO towards alkenes follows there trend asrganoperoy acids,
themore substituted (electron rich) alies are more reactive. However, steric factors of
the alkene have a largeffect on reactivity withcis-alkenesbeingmore reactive than the

correspondingrans-alkene>®

In the case of compourd®8 Scheme 3.6the environmentaround the two alkenes
canhave a large impact on the outcoPhd.he top face of theisubstituted alkene (GT2)
is blocked by the G&9 alkene ands alsosterically hindered by the methylene group of
theannulateccyclopentane ringA ring). On the bottom face, the bulky silyl ether group,
in a pseudoequatorial position, successfbllycks both a spiro and planar attack by the
dioxirane. In contrast, the &89 alkene is accessible from the top face (the bottom face

is blocked by CAC2 alkene) by both spiro and planar attack by DMDO. Howeyre,(or
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more) ofthe planar geometries all beinaccessible due to the tetkaarived cyclopentane

ring (C ring) and/or the rigid bridgehead hydrogen.

Further manipulation of epoxid@)9by Kevin McGeeaesulted inrsuccessfuhmide
cleavage and carbonyl reduction to install the required C11 methyl,g8cpme 3.7
Treatment of epoxid809with isocyan#e gave a single produBiil Selective cleavage

of the amide and a twstep protocol for reduction resulted3m3°>’

NaH LiBH4
_— _—
i-PrNCO THF
H
(76%) N (64%)

1. MsCl

_—
2. Lil, Zn
DMF

(68% - 2 steps)
(£)-312 (+)-313

Scheme3.7 Mc Gee b6s appr oa c hHeavage oflfamideib@and and reductioh :
to give compound313

The next challenge wds installthe C3 methoxy methyl group ardhandle for
the installation of the C14 side chairg., R in Scheme 3.5 The synthesis of pyridone
314 was achievedby Vyjayanthi Kambamin seven steps utilizing a DieMder
cycloaddition followed by a ring opening/ring closing sequence to install the methoxy

methylsubstituentScheme3.8.5
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HO,C N
Tl
Cl

1. 03, Me,S
R —

2. PhSH, DCC
HOB, Et;N

(18% - 2 steps)

110 °C

1. LiAIH,4
B — R
2. NaH, Mel

Cl

(61%)
(86% - 2 steps)

OMe
CHO 1. NH,COCH,CN
B-alanine
_—
2.DBU, A
PhS™ ~O

(16% - 2 steps)

OMe

Q.

(+)-314

Scheme38 Vy j ay ant hi yntKesisndi racerdicspyrslorg@l4 installation of
C3 methoxy methyl

A nitrile was envisioned to be a good substituent for building the C14 side chain.
In addition, it was expected to be small enough to not have an effect on the [4+4]
photocycloaddition. The synthesis of the photosubstr&®2 was accomplished by
YeonHee Lim withslight modification of the synthesis 807, Scheme 3.9 A Claisen
Schmidt condensation of keto&&7and aldehyd818resulted irbis-2-pyridone319. The
selective 1,4addition ofa nitrile with acetone cyanohydrin gave nitrB20and reduction
of the ketone, followed by protection of the secondary alcohol with the bulky TBS group
resulted in benzyl protected Kspyridones 321 Deprotection of the pyridones was easily
achieved with catalytic hydrogenation to afford-Bipyridones 322. Theproton adjacent
to the nitrile 822 proved to be rather labibnd readily underwent epimerizatjanaking
separation of thdiastereomerbothdifficult and irrelevant This is presumablywkto the

acidity of the proton, activated by both the nitrile and the pyridone
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m 50% KOH_ | Ny NF |N\ OBn
“EtoH P _

N OBn
(65%)
319

HO CN O CN TBSO CN
P N N__OBn 1 NaBH, N N__OBn
. B | S ) |
Na,COj NZ > OBn Z 2. TBSCI N” >0OBn =
(67%) (£)-320 (45% - 2 steps) (£)-321

H,, Pd/C X
— >

(62%) (2)-322

Scheme3.9 YeonH e e L ynthésis of photosubstrad2?2

Irradiation of bis2-pyridones 322 as a 25mM solution inbenzeneyesulted m
Cope product824 Scheme 3.16' Heating the product mixture @5 °C drove the
rearrangement to completion. The initially formed [4+4] photoadduct,cis-1,5
cyclooctadiene323, rapidly undergoes a [3,3] sigmatropic rearrangement to giveishe
1,5divinylcyclobutanes324. However, this proved that both diastereosneeadily
undergo [4+4] photocycloaddition, indicating that the nitrile has no effect of¥##
cycloadditiontransformation.Unfortunately, attempts to trap [4+4] photoadd8@8with
DMDO resuledin mostly isolation ofCope product824with a smallamount of a single

epoxide325.
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TBSO CN |
XN NP v occ
| | —
N0 2 PhH, 25 mM
H
[4+4]
(£)-322 - ()-323 - (1)-324

DMDO
acetone, 0 °C

+ (+)-324

Scheme3.10YeonH e e L[4+4) @rotocycloaddition 0818 [3,3] sigmatropic
rearrangemerdand DMDO trapping studies of [4+4] photoaddB&®.

3.2 Results and Discussion

3.2.1 Retrosynthetic analysis

Based on these results obtained by the Siebuainpg the retrosynthetic strategy
was adjusted to include a ketone on the tetBelneme 3.11 In additiona new routevas
proposed for the installation of the C3 methoxy methyl group. The new photosubstrate
target wabis-2-pyridone326with a ketone in the 3 position of the tether. Comp@2i
would be constructed in three key transformatidnem 1,3dicabonyl 327, 2-
cyanoacetamide, and keto pyridd@3®28 A copperassisted 1;additionof commercially
available cyclopente-onewould install the necessary C3 substituent in a single step. A

modified Guareschpyridone cyclization of 1;8licarbonyl 327 with commercially
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available 2cyanoacetamide would give the western pyridone fragment. A Mukaiyama

aldol reaction would form the tethef photosubstrat826.

Cuprate-assisted 1,4 Addition

Asymmetric Aldol (Mukaiyama)

RO— o% o OR N o}
S
GreCr = %C L0y
;JH o = 5 H,N™ 0 =
\ 326 327 328
Guareschi Pyridone Formation ﬂ
: Br N\ Br
‘/

O

Scheme3.11 Retrosynthetic analysis of photosubstiz2é.

At the outset,it was uncertain if a substrate liK26 would undergo [4+4]
photocycloaddition. As mentioned iSection 2.4.2 compound222 containing a
carboxylic acid substituentdid not undergo [4+4] pliodimerization. However, in
contrastto compour2l2 t he C66 position of the electr
to the eastern pyridon826) is not in a position for resonance with fhesystem of the
pyridone. Another issue is the bond angléhefsp carbon as compared to arf sprbon,
120¢ vs. 109, which could affect the distance between the two reacting pyridones upon
folding. Work done orthe total synthesis of crinipellimddemonstrated that an“sgarbon
was better than the $phowever,the tether was symmetric with the cariyl in the 2

position of the tether and not adjacent toaitheterocyclé® Therefore, to determine if a
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system like326would undergo [4+4] photocycloaddition, a mosigstem, compouna39,
was synthesize8cheme 3.12 The model system is similar 826, expect the annulated

cyclopentanés absentand one of the pyridoneshsmethylated (for ease of synthesis).

‘ N__o
Panrg hv
- | —_—
=
N™ ~0 [4+4]
Me vt
339
R

Scheme3.12 [4+4] photocycloaddition model system: ketone functionalized tether.

3.2.2 Model Ketone Study

The synthesis of model systeB89 was similar tothe retrosynthetic strategy
described inScheme3.12 First, the eastern pyridone fragment was synthesa®d
summarized irscheme 3.13 Starting from commercially available 2¢ebromopyridne,
generation of the alkoxide ptmethoxybenzyl alcohol followed by nucleophilic aromatic
substitution afforded-Bromopyridine330in excellent yield. Lithiurrhalogen exchange
of 330 with n-butyl lithium and subsequent addition fmethoxyN-methylacetamide
gave ketone€332 Finally, silyl enol ether formation resulted in compowB8#. This

sequence can also be performed with benzyl alcohol to give silyl enoB&ther
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1. n-BuLi

2. O
)]\N,OMe o)
|

Br\ENj/Br ref 74 Br | N\ OR | N\ OR
B —— D —————
= (>99%) = THF, -78 °C =
329 R =Bn 331 R =Bn (85%)
330 R=PMB 332 R = PMB (65%)
OTBS
TBSOTf, Et3N N OR
S N
DCM | _

333 R = Bn (98%)
334 R = PMB (95%)

Scheme3.13 Synthesis of silyl enol eth@yridones 333and334.

Oxidation of primary alcohaB35 with catalytic TPAP resulted in aldehy886,
Scheme 3.14 With the western pyridone fragme886 in hand, a Mukaiyama aldol
reaction with silyl enol ethe834, in the presence of BFOE®, resulted in construction of
the tether to give secondary alcoB8l7. To complete the synthesis of model sysg39
the secondry alcohol was protected with a BBgroup, and the PMB protection was
removedby oxidation using DDQ.Note: Attempts to debenzylatide benzyl protected
varnation of compound338using catalytic hydrogenation (Pd/@gsulted in reduction of

the ketone to a secondary alcohol in additimbenzyl deprotection.
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CO,H CHO
(\I 2 steps (I\ NMO TPAP | A
—_—

N" "0 ref 76 T pomaA r\|l o)
(56%)
335 336
334 OH O TBSO O
BF 5 OEt X NarOPMB - 1Bs0TY, EteN N Ny -OFPMB
— | | P — | | P
DCM, -78 °C N0 DCM N o
I I
(56%) 337 (78%) (+)-338
TBSO © 0
DDQ R | X |
. . =
DCM : H,O (20:1) N0
(46%) | (£)-339

Scheme3.14 Synthesis of bi&-pyridone339,

With bis-2-pyridone339in hand attentionturned to the [4+4] photocycloaddition,
Scheme 3.15 Based on the concentration studyable 3.1 photosubstrat&39 was
expectedo favor thetrans [4+4] adduct, due to thE-methyl substitutiorprecludingthe
formation of a hydrogen bonded dimer, efggure 3.85° However withoutthe annulated
cyclopentane ringhe cycloaddion isless selectiveyielding ca. 30% of theis isomer>®
Moreover, the bulky TBS group has been shown to bias the formation ahtiieomer

over thesynrisomer in all cases.
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H hv
X N 0 R +
| | CeDs, 25 mM _
N™ "0 0°C N oTBS
| 4 o) o)
(+)-339 (+)-340 (+)-341
B3] | A 3,31 | A
o) H..
\—N\//o 0 NR
\ N/ 4/< H
\ / OTBS
pro-cis 339

\
(+)-342

Scheme3.15 [4+4] Photocycloaddition of model syste389.

Irradiation 0f339as a 25 mM solution in benzedeat 0°C was monitored via
'H NMR, Figure 3.1Q After 1.5 hrof irradiation 0f339, Figure 3.10b, the reaction tube
was then heated to 8Q for 12 hours and th'#d NMR spectrum takerFigure 3.10c. The
signals at 5.2ppm 4.9 ppm and 4.1 ppm can clearly be sea@md{catedwith arrows)
appearing upon heating the reaction mixt(bvevs. c). This indicates the formation of
divinylcyclobutane342 In addition, analysis of the methyl signals at 2.9 ppda0), 2.85
ppm 339, 2.6 ppm 841) and 2.5 ppm342) indicates thathere is a 2:Icis/transratio for
the [4+4] photocycloaddition. One could imagine an intramolecular hydrogen bond
between the oxygen of the ketone and the pyridone hydrogen steering the approach of the
pyridone Scheme 3.18nset This hydrogen bonding wadiinot be possible in a ptoans
approach of the pyridone, and is dependent on the conformation of the ketone. A solvent
study would need to be conducted to detasmif this were indeed the case, e.g., in
methanol.
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a)

Rxn (Thy = 0 hr) - CeDs

b) }
Rxn (Thy = 1.5 hr) - CeDs , '

T | v/v"‘" \ ;v"“» ’ } ‘ \

,,“')w‘ W “J'wm“"v'\"‘f”-'wmm‘\\. » “"1 iy “ me JWJ‘»W’-‘ ts/ "L“"\%‘w m\l,\‘hl‘Ji‘

c

Rxn (Thy = 1.5hr)
then, 12 hrs @ 60 C) - C¢Ds l l

|
||*l',‘

oM L]
v”'\%w’*"m’«ﬂl'mwabhuw‘ L .W“ML"MM &W’ NLW'\‘JJMWJ»ML
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4.6 4.4 4.2 4.0 38 3.6 34 3.2
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6.0 5.8 5.6 54 52 5.0 4.8 3.0 2.8 2.6 24

Figure 3.10 NMR monitoring of [4+4] photocycloaddition &39. Reaction monitor: (a)

irradiation time = 0 hr (b) irradiation time = 1.5 hr (c) irradiation time = 1.5
hr then 12 hr at 60 °C.

With the results othe model ketone study indicaii that a photosubstrate with a

conjugatedcarbonyicontainingtether (e.g.339 can undergo [4+4] photocycloaddition,

attention turned to the C3 methoxy methyl installation and the synthesis of photosubstrate

326

3.2.3 Synthesis ofketo-tethered bis2-pyridone

Copperassisted 17addition of a methyl dimethylphenylsilane unit to

commercially available cyclopentéhone was accomplishdad the presence of TMSCI
for in situ trapping to give the TMS enol ethd43 Scheme 3.16 The dimethylphenyl

silane moiety wa expected to undergo TamB&eming oxidation to give the primary
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alcoholwhen needef Formationof the lithium enolate 0843 followed by alkylation
with ethyl formate afforded the lithium saB44. A modifiedGuareschi pyridone
condensation o844 and 2cyanoacetamide resulted ircgane2-pyridone345%3%4 This

threestep sequence providegp@ridone345in 25% vyield.

\ Ph [\ Pn ]
Si— Si—
PhMe,SiCH,MgCl, MeLi, Et,O rt
<1 - - 2 0L
o  Cul, TMSCI, TMEDA then, EtOC(O)H
THF, -78 °C OTMS BF3‘OEt2, -78 °C @]
(+)-343 @3
\ Ph
J;CN Si—
H,N™ ~O é:L/ICN
AcOH:piperidine N o)
PhMe, A H
(25% - 3 steps) (+)-345

Scheme3.16 Synthesis of racemic pyridor3d5 installation of C3 methoxy methyl.

Protection of the yridone as aO-benzyl ether was accomplished using
Ti ec k| e masalbpsoceduie? whieh selectivelyO-alkylates to giveO-benzyl
protected pyridon846 in excellent yield Scheme 3.17 The 2pyridone ould also be
O-PMB protected, using the same conditions, thet productwas extremely labile and
hydrolyzedduring columnchromatograph§® Reductionof the nitrile with DIBAL to
generate aldehyde47 provided the completed western pyridone fragment in five steps

from commecially available starting material.
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\ Ph \ Ph \ Ph

Si— Si— Si—
CN CN CHO
e B ————
H (o) PhMe N/ OBn DCM, -78 °C N/ OBn
0, 0,
(+)-345 (>99%) (+)-346 (91%) (+)-347

Scheme3.17 Synthesis otldehyde pyridon847.

The Mukaiyama aldotoupling of aldehyd@47 and silyl enol etheB33was first
attempted in the presence Bfs-OEb, resulting in a 2:1 mixture of protected and
deprotected aldol addu@48, Scheme 3.18" Use of a catalytic amount of TBSOTf
afforded 348 as a 1:1 mixture of diastereomers with no deprotepteduct®® Note:
Attempts to perform an aldol coupling with an unprotected pyridddehyde (viz347)
was unsuccessful in all casesg., LDA, LIHMDS, BF:-OEt and TiCk. However, an

aldol condensation with aquentlaOH wa possible°

\ Ph \ Ph
Si~ 0 OTBS S~ 18s0 o0
B + /J\E"j/OB” TBSOTT WOB“
N” “0Bn = DCM, -78 °C N” “0Bn =
(+)-347 333 (90%) (+)-348

dr = 1:1

Scheme3.18 Mukaiyama &lol reaction: pyridongyridone coupling.

With the carbonytether completed and bispyridone348in hand, debenzylation
was accomplished with catalytic hydrogenation using 5% Pd/C, however, the ketone also

underwent reduction to givé49 as amixture of six diastereomerScheme 3.19 The
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debenzylationof 348 was much slowethan 321(Scheme 3.1 The reduction of the
ketone wafaster than debenzylation, with no debenzyldteidne product observetihe
secondary alcohol could be oxidized to the ketone using-Messn periodinane.

Attempts to oxidize the alcohol with TPAP BarikhDoeringoxidation failed.

\ Ph \ Ph
i Si_
S~ 1850 o0 '~ 1BsO OH Ny
Mom Hp PAIC MO
N o8 _ EtOH/EtOAC N0 _
(81%) H
(+)-348 (+)-349
\ Ph
S.\
'~ 1BsO © ’
DMP WO
DCM NS _
(62%)
()-350
dr =3:2

Scheme3.19 Synthesis obis-2-pyridone photosubstrags0.

With the synthesis of photosubstrad®0 complete, carryingall the desired
functionalty, focusturned to the [4+4] photocycloadditigcheme 3.20 Theexpectation
was thatone of the diastereomewngould not undergo [4+4] photocycloadditiodue to a
steric interaction between the bulky dimethylphenyl silane anagbeachin@-pyridone
(i.e., 352 vs 351). This face selectivity was previously observed during the tethered
pyridonefuran [4+4] photogcloaddition work on crinipellif® In addition,the other face

of 352(not shown) might be inaccessible due to a pseudoequatorial preferémedoiky
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OTBS groupknown toinfluencefacial selectivity. These twsteric factors couldhhibit

[4+4] photocycloaddition of one of tltkastereomers.

\ Ph

si—

ST TBSO O
~ |N 0
N Z
H

(4)-350

/
= 352 - PhMe,Si (1)-354

Scheme3.20[4+4] Photocycloaddition attempts of photosubst&ie

Photosubstrat850proved to be quite difficult to solubilize in both benzeband
tolueneat 25 mM. At slightly elevated temperatures compo@8@ would completely
dissolve bubn cooling itwould slowlyprecipitate giving a geatinous mixturéen the NMR
tube.However, subjecting the tube ¢ébevated temperatusee-solubilizes the substance.
This made irradiation of the solution at low temperatures (i.€.50C) very difficult.
Irradiatinga solutionof 350at ambient temperaturesulted inpossibledecomposition of
the starting material, with no discernable NMR peakserved The same result was

obtained when irradiatings0at 107 15°C.
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Figure 3.11 p-stacking of the dimethylphenyl silane.

Complications in the irradiation of compai350 could be due to stacking of the
phenyl ring of the dimethylphenylsilanéigure 3.11 The three atom tether between the
benzene ring and the@ridone (C5) could invoke stacking of tpesystems shown in
red The Sieburth gr ooonfethesed bipyrelonssi determingd thak
three and four atom tethers allow for [4+4] photocycloaddition while other tether lengths
|l ead to phot oi s omer ipyidonhes,¢2a2] an@+2] phatoaddutte c a s e
canresult/°If p-stacking is possible, charge transfer and/or additional photemyditions
could becomplicating the reactioff. Further work taremovethe dimethylphenyl silane
by oxidation is needed tprobe this possibility.In addition, it would be interesting to see
if 2-pyridone 345 (or without the nitrile) could undergo intramolecular [4+4]
photocycloaddition with the tethered silyl benzene. Preliminary resilt§4+4]

photocycloaddition of tettred silylbenzeaindicaesthat this night be possiblé?

3.3 Conclusion

A modified strategy for the synthesis of fusicocciB®@lL has beemproposed.The
key transformation othis approach to the-B-5 molecular scaffold of the fusicoccane

family of natural products features an intramolecular [4+4] photocycloaddition of a
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tethered bi2-pyridone molecule Intelligent design of the tether and proper choice of
solvent affords rapid ssembly of the polycyclic framework and sets the relative
stereochemistry of five stereogenic centertn this work the capabty of [4+4]
photocycloaddition to handle an’sgnter (conjugated to a pyridone) on the carbon tether
was demonstratedA model system 339 was synthesized and shown to undergo [4+4]
photocycloaddition with preliminary results indicating that the conjugedeldonyl might
have an effect on th@s/transselectivity, favoringcis selectivity. Furthermorethe ketone
was envisioed to bea handlefor further manipulatiorto install the Cl4substituentof

fusicoccin A.

The synthesis dhighly decorateghhotosubstrat@50wasachieved in eight steps
(10% overallyield) by a convergent approach utilizing a Mukaiyama aldol cogplfrthe
pyridone fragments. The described methodif@orporationof the C3 substitution of
fusicoccin A {ia copperassisted 1/hddition) and construction of western pyridone
fragment345is a significant improvemenin both stepeconomyand yield as compared
to previous approaches involving a Holgsing/ringopening protocol (e.gScheme 3.9
and nucleophilic ring opening of an activated cycloprop&hevioreover, the threstep
sequence should be amendable foreaantioselective synthesid 3-cyane2-pyridone

345

Future work focused on oxidative dimethylphenylsilane remaqwadr to [4+4]
photocycloadditioncould provesuccessful for synthesis afdvanced 8B-5 polycyclic

intermediate and discovery of more potent biologically actos@mpounds.
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3.4 Experimental

Summary of general experimental techniques, instrumentation, purification

procedures and reagent handling can be fourmhges39-40.

Br | N\ Br NaH, ROH Br. | N\ OR
_ >
% THF %
329 R=Bn
330 R=PMB

6-Bromo pyridine (329 and 330)"4 To a flame dried flask charged with Ng#H09 g.

27.5 mmol)was added THIF12.5 mL)and cooled to OC. To the suspension was added
benzyl alcoholor p-methoxybenzyl alcohol (1 equiv.) over 30 min. The mixture was
diluted with THF (12.5 mL), followed by addition of a solution of-gjBromopyridne

(5.76 g, 24.6 mmol) in THF (20 mL) was added over 10 min and the mixture was warmed
to rt and stirred for 18 hrs. Upon completion the mixture was quenched with saturated
NH4CIl and diluted with HO. The aqueous layer was extracted with EtOAc (3x), the
combined organics were washed with brine, dried over anhydrous Mg®@ then
concentrateth vacuoto give the title compound as an oiflhe crude product was purified

by column chromatography (silica gel, 1:20 EtOAc/hexanes) as ne8d6@98%): R=

0.81 (1:10 EtOAc/hexanesiH NMR (400 MHz, CDCY) U ¥ 7.30 (n8 2H), 7.28

7.23 (m, 3H), 7.23 7.18 (m, 1H), 6.93 (dd]=7.5, 0.6, 1H), 6.60 (ddl=8.2, 0.7, 1H),

5.23 (s, 2H).330(96%): R =0.30 (1:10 EtOAdiexanes). mp 46°C. IR(neat): 2954,

2924, 2851, 1585, 1515, 1438, 1292, 1248, 1156, 982¢c@85 H NMR (400 MHz,

CDGs) U # 7.35(m 3H), 7.06 (dd=7.5, 0.7, 1H), 6.95 6.88 (m, 2H), 6.71 (dd,
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J=8.2,0.7, 1H), 5.29 (s, 2H), 3.82 (s, 3HJC NMR (1OMHz,CDCk) U = 16 3.

140.6, 138.5, 130.3, 128.7, 120.4, 114.0, 109.9, 68.4, 55.4

1. n-BuLi
2. O
AN,OMe O
Br N OR | N OR
» — »
= THF, -78 °C =
329 R=Bn 331 R=Bn
330 R=PMB 332 R=PMB

1-(6-(Benzyloxy)pyridin-2-yl)ethanone(331) To a solution of the
B 329 (407 mg, 1.54 mmol) in THF (4 mL) a¥8 °C was added,

dropwise,n-BuLi (1.45 mL,1.6 mmol, 1.1 M soln in hexanes) and

331

allowed to stirred for 30 min N-methoxyN-methylacetamide (IBni, 1.70 mmol) was
added at78 °C and the mixture was stirred for 1 hr and then allowed to wariOttC.

After quenching with saturated N@I at 0°C and diluted with BHO the mixture was
warmed to rt. The aqueous layer was extracted with EtOAca(@k)the organics were
combined, washed with brine, dried over anhydrousSRga and then concentrated
vacua The crude product was purified by column chromatography (silica gel10%
EtOAc/hexanes) to give the title compouB8l (296 mg, 85%). Rf = 0.45 (1:5
EtOAc/hexanes)IR (neat):3032, 2944, 1698, 1593, 1571, 1446, 1357, 1332, 1269, 1253,
991, 808, 773, 696m’. H NMR (400 MHz,CDCJ) U = J=8.5 4.3, (H),d.57

(dd,J=7.3, 1.0, 1H), 7.46 7.37 (m, 2H), 7.37 7.23 (m, 3H), @2 (dd,J=8.1, 1.0, 1H),

5.39 (s, 2H), 2.60 (s, 3H)'3C NMR (100MHz, CDCk) & = 200.0, 162.
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137.3, 128.6, 128.2, 128.1, 115.7, 115.2, 67.9,. 2Bxtact Mass for GH1aNO> [M+H] ;

calcd:250.0838 found:250.0840

o 1-(6-((4-M ethoxybenzyl)oxy)pyridin-2-yl)ethanone (332) To a
N.__O
)KO "Bl solution of the330 (1.00 g, 3.42 mmol) in THF (8.5 mL) &8 °C
=

was added, dropwisa-BuLi (2.3 mL, 3.7 mmol, 1.6 M soln in

332

hexanepand dowed to stirred for 30 minN-methoxyN-methylacetamide (4501, 4.24
mmol) was added a¥8 °C and the mixture was stirred for 1 hr and then allowed to warm
to-10°C. After quenching with saturated NEl at 0°C and diluted with EO the mixtue

was warmed to rt. The aqueous layer was extracted with EtOAc (3x) and the organics were
combined, washed with brine, dried over anhydrousSRg and then concentrated
vacua The crude product was purified by column chromatography (silica gel;1 1:30
EtOAc/hexanes) to give the title compowIl (569 mg,65%). mp =67-69°C. Rs=0.50

(1:5 EtOAc/hexanes)IR (neat): 3001, 2932, 2836, 1697, 1591, 1515, 1448, 1329, 1269,
1248, 1174, 989, 808mL. 'H NMR (400 MHz, CDC§) U ¥ 7.46 (n6 21), 7.30 (d,
J=8.5, 2H), 6.9Q 6.69 (m, 3H), 5.26 (s, 2H), 3.67 (s, 3H), 2.57 (s, 3HC NMR (100
MHz, CDCk) a = 199. 8, 162. 7, 159. 4, 150. 9,

67.5, 55.2, 25.9Exact Mass for @&H1sNOz [M+H] *; calcd:280.0966 found:280.0949
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N OR TBSOTf, Et3N N OR
N _— N
| _ DCM | _
331 R=Bn 333 R =Bn
332 R = PMB 334 R =PMB

t-Butyldimethylsilyl enol ether (333) To a solution 0f331

OoTBS
| Nsr©®" | (100mg, 0.36 mmglin DCM (4.4 mL)at 0°C was added TBSOTY
%
333 (115, 0.50 mmol) followed by EN (125ni, 0.90 mmo), the

mixture was allowed to warm i and stirred for 3 I& After dilution with saturated
NaHCGQ;, the aqueous layer was extracted witdCHt3x) and the organics were combined,
washed with brine, dried over anhydrous, 8@, andthen concentratech vacuo The
crude product was purifiedy column chromatography (silica gel, 1:26 1:10
EtOAc/hexanes, if needed) to give the title compdsB8i(122 mg, 986). R =0.56 (1:10
EtOAc/hexanes)IR (neat): 2955, 2929, 2857, 1576, 1454, 1435, 1321, 1261, 1163, 1019,
830cm®. 'H NMR (500 MHz,CDCkL) i = J=8.5, 8.4, {H), .51 7.45 (m, 2H),
7.417 7.34 (m, 2H), 7.34 7.28 (m, 1H), 7.23 (ddl=7.4, 0.7, 1H), 6.72 (ddl=8.2, 0.8,

1H), 5.66 (dJ=0.6, 1H), 5.41 (s, 2H), 4.52 (s, 1H), 1.02 (s, 9H), 0.25 (s, 6#).NMR
(125MHz, CDCk)  {62.4,154.5,152.1, 139.1, 137.6, 128.4, 128.1, 127.7,112.1, 110.9,
92.8,67.3, 25.8, 18.34.7. Exact Mass for eH27NO3Si [M+H] *; calcd:364.1703 found:

364.1684
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t-Butyldimethylsilyl enol ether (334) To a solution 0f332

OTBS
| Ny OFMB (256mg, 1.00 mmol) in DCM (10 mL) at @ was added TBSOTf

=
334 (255, 1.11 mmol) followed by BN (275nL, 1.99 mmol), the

mixture was allowed to warm to rt and stirred for 3. hAfter dilution with saturated
NaHCGQ;, the aqueous layer was extracted witdCH{3x) and the organics were combined,
washed with brine, dried over anhydrous;8l@&, andthen concentrateh vacuo The

crude product was purified by column chromatografsiljca gel, 1:0 EtOAc/hexanes)

to give the title compoun831(351 mg.95%). R = 0.48 (1:10 EtOAc/hexanedR (neat):

2955, 2931, 2857, 1631, 1577, 1515, 1445, 1322, 1249, 1163, 1002m8301H NMR

(500 MHz, CDC}) U = J=8.8 0.4, {H), @.50 7.41 (m, 2H), 7.29 (dd=7.4, 0.7,

1H), 6.96i 6.91 (m, 2H), 6.73 (ddl=8.2, 0.8, 1H), 5.75 (d1=0.5, 1H), 5.40 (s, 2H), 4.59

(s, 1H), 3.82 (sJ=1.7, 3H), 1.08 (s, 9H), 0.31 (s, 6HC NMR (125MHz, CDCk) U =
162.6, 159.5, 154, 152.2, 139.2, 130.1, 129.8, 114.0, 112.2, 111.1, 92.9, 67.2, 55.4, 26.0,

18.4 -4.5. Exact Mass for €&H29NO3Si [M+H]"; calcd:372.1989found:372.1992

CHO
[AiI;A\OH NMO, TPAP [AiI;

T @) DCM, 4A T @)
(56%)
335 336

1-M ethyl-2-oxo-1,2-dihydropyridine -3-carbaldehyde (336.”> To a solution 0f335'
(200 mg, 1.44 mmolin DCM (30 mL)at 0°C was added 4 A molecular sie (@40 mg)
NMO (252mg, 2.15 mmolfollowed by TPAP in one portion. The mixture was stirred at
0 °C for 10 min, then allowed to warm to rt and stirred for 1$ hrhe reaction was

concentratedn vacuoand directly purifiedoy column chromatographgsilica gel, 3%
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MeOH/DCM) to give the title compoun836as a yellow solid (160 mg, 81%Rs = 0.31
(5% MeOH/DCM). mp = 101°C. 'H NMR (500 MHz, CDCGY) U = J3=0.7,3H, ( d,

8.04 (ddJ=7.1, 2.2, 1H), 7.62 (dd=6.6, 2.2, 1H), 6.32 (]=6.9, 1H), 3.63 (s, 3H).

CHO 334 oH O
X .
EI BFyOEt, MOPMB
_
'T‘ o DCM, -78 °C N X0 =
336 | 337

Mukaiyama aldol adduct (337) To a mixture 0f336 (110 mg, 0.8 mmol) an834
(306mg, 1.0 mmol) in DCM (8.1 mL) a8 C was addeBFs-OEbk (150nL, 1.2 mmol)

and stirred for 2 l& After quenching with saturated NaH&@ mL) at-78 °C the mixture

was warmed to rt. The aqueous layer was extracted with DCM (3x) and the organics were
combined, washed with brine, dried over anhydrousSRg andthen concentrateth

vacua The crude product wasugfied bycolumn chromatographfgilica gel,1:2-> 2:1
EtOAc/hexaneksto give the title compoun837as a ydbw oil (174 mg, 566). Rf = 0.34

(2:1 EtOAc/hexanes)IR (neat): 3383 br, 2932, 1694, 1647, 1586, 1246, 1031¢1872

IH NMR (400 MHz, CDCJ)  11.68%dd,J=8.0, 7.4, 1H), 7.61 (dd=7.3, 0.9, 1H), 7.46
(dd,J=6.9, 1.7, 1H), 7.43 7.36 (m, 2H), 7.25 (ddl=6.9, 2.1, 1H), 6.94 (dd=8.1, 0.9,

1H), 6.92i 6.86 (M, 2H), 6.21 (11=6.8, 1H), 5.35 (s, 2H), 5.30 (d#:12.6, 6.8, 1H), 4.72

(d, J=6.6, H), 3.87 (ddJ=17.5, 5.2, 1H), 3.80 (s, 3H), 3.653.53 (m, 4H). 13C NMR
(100MHz,CDCk) U = 200. 8, 162. 9, 162. 2, 159. 5,
129.1, 116.0, 115.3, 114.0, 106.1, 68.2, 67.9, 55.4, 44.3, BX&&t Mass for &H22N20s

[M+H]™"; calcd:395.1601 found:395.1605
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OH O TBSO O

N o Z DCM N0 Z

! 337

Bis-2-pyridone (338) To a solution 0f337 (174 mg,0.44 mmol) in DCM (4.4 mL) at

0 °C was added TBSOTf (166, 0.53 mmol) followed by BN (1301, 0.94 mmol), the
mixture was allowed to warm to rt and stirred for 3. hAfter dilution with saturated
NaHCQG (4 mL), the aqueous layer was extracted with DCM (3x) and the organics were
combined, washed with brine, dried over anhydrous Mg&@d then concentratedh
vacua The crude product wasupfied bycolumn chromatographfgilica gel,1:2-> 1:1
EtOAc/hexaneksto give the title compoun838as a yellow oil (174 mg, 78%)Rs = 0.56

(1:1 EtOAc/hexanes)IR (neat): 2929, 2856, 1698, 1652, 1589, 1248, 1096, &34.

IH NMR (400 MHz, CDC§) U ¥ 7.6D (mi7 3H), 7.44 (d1=8.6, 2H), 7.29 (ddJ=6.7,

1.9, 1H), 6.95 (ddJ=7.9, 0.9, 1H), 6.93 6.86 (m, 2H), 6.27 (tJ=6.8, 1H), 5.65 (dd,
J=7.6, 3.6, 1H), 5.43 (q]=12.0, 2H), 3.82 (s)=3.0, 3H), 3.60' 3.50 (m,5H), 0.84 (s,

9H), -0.00 (s, 3H);0.04 (s, 3H)."*C NMR (125MHz,CDCk) & = 198. 9, 162,
159.4, 151.4, 139.2, 136.5, 135.8, 134.9, 129.9, 129.4, 115.2, 115.2, 113.9, 105.6, 67.6,
66.7, 55.3, 45.6, 37.4, 25.8, 18:4.,6,-5.2 Exact Mass for egH3zesN2OsSi [M+H] *; calcd:

509.2472found:509.2480
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| | e |
N0 = DCM : H,0 (20:1) N0 Z
Carbonyl-tethered photosubstrate(339) To a solution 0838 (48 mg, 0.094 mmolin
DCM (1 mL)at 0°C was added ¥ (50 L) followed by DDQ(26 mg, 0.11 mmol). The
mixture was allowed to stir overnight at tiponcompletion the mixture was filtered with
celite and washed with DCM (3x)oncentratedh vacuoand directly purifiedoy column

chromatographysilica gel,3% MeOH/DCM) to give tle title compound@39as a yellow

oil (160 mg, 81%).Rs = 0.41 (7% MeOH/DCM). IR (neat): 2953, 2927, 2855, 1650,

1589, 1561, 1460, 1254, 1097, 836, 810,@m8. H NMR (500 MHz,CDC§) 04 = 9.

(s br, 1H), 7.59 7.52 (m, 2H), 7.43 (dd]=6.7, 0.8, 1H), 7.30 (ddi=6.4, 2.2, 1H), 6.82
(dd,J=9.2, 0.9, 1H), 6.28 (1=6.8, 1H), 5.34 (dJ=7.3, 1H), 3.61 (s, 3H), 3.54 (diE13.3,

2.4, 1H), 2.76 (ddJ=13.3, 9.2, 1H), 0.84 (s, 9H)).14 (s, 3H);0.16 (s, 3H).:3C NMR
(100MHz, CDCk)  191.2, 1611.4, 140.2, 138.4, 137.1, 135.1, 134.4, 110.9, 106.2, 68.5,
45.7,37.8, 25.8, 18.24.7,-5.2. Exact Mass for @H2sN204Si [M+H]™; calcd:389.1891

found:389.1909
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Step 1 \ Ph Step 2

Si—
<il\ PhMe,SiCH,MgCl, Meli, Et,O rt
o) Cul, TMSCI, TMEDA then, EtOC(O)H
THF, -78 °C OTMS  BF3OEt,, -78 °C
343
B B Step 3
\ Ph \ Ph
Si_ /ECN Si—
o AcOH:piperidine N 0
PhMe, A H
344 (25% - 3 steps) 345

3-Cyano 2pyridone (345) Step 1i Trimethylsilyl enol ether (343): To aflame dried
round bottom flask was addedagnesium(4.00 g, 166 mmol) and THF (216mL) with
vigorous stiring, then 1,Adibromoethane (2.8mL), immediately followed by
(chloromethyl)dimethylphenylsilan@0.0 g, 108 mmol). CAUTION: Very exothermic

if done on large scale, control the temperature by cooling the RBF with ice until under
control. Once under control the ice was removed and allowed to stir at rt for ZTims.
mixture was added via cannula teecond fame dried round bottom flask charged with
recrystallizedCul (1.40 g, 7.35mmol) and THF 420 mL), rinse with 8 mL THF and
transfer via cannula. After cooling the mixture- 1@ °C TMEDA (13.5 mL, 20.2 mmol)
was added. A solution of cyclopent2rone (6.2 mL, 72 mmoland TMSCI(18.3 mL,
144 mmol)in THF (50 mL)was added drapise over 2 Is (syringe pump).Note: Final

reaction concentration is ~0.1 Mfter completion (TLCyanillin) the mixture was diluted

with EtsN and hexanes and allowed to wetto room temperature. The organics layer was
washed with saturated NaHG(Bx), H.O (2x), brine (2x), dried over anhydrousJiS&y,

then concentrateid vacuo The crude produ@43was distilled at 98C (5 torr)to give a
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dark liquid ¢21 g, 9699%)and usedmmediatelywithout further purification.*H NMR
(500 MHz, CDCY) t & 7.50 (nh 2H), 7.36 7.34 (m, 3H), 4.49 (q]=1.8, 1H), 2.78

i 2.70 (m, 1H), 2.24 2.19 (m, 2H), 2.05 (ddf=13.0, 7.8, 6.5, 1H), 1.391.30 (m, 1H),
0.94 (dd,J=14.6, 7.4, 1H), 0.87 (dd=14.6, 7.3, 1H), 0.29 (s, 3H), 0.28 (s, 3H), 0.16 (s,

9H).

Step 2- lithium salt (344): To a solution 08843(~21g, 69 mmol)n ELO (350 mL)at rt
was added MelL{52 mL, 83.2 mmoljand vigorously stirred for 1 hr. Upon coraf#
consumption of343 the mixture was cooled /8 °C. Note: if 343is not completely
consumed via TLC (vanillin) add Mel(®.2 equiv. portions) until all d843is consumed
via TLC. Tothemixtureat-78°C was addeethyl formatg11.5 mL, 140 mmglandthe
reaction was allowed tavarm to rtand stir forlO hr. The reaction was concentrated

vacuoand the residud44was usedmmediatelywithout further purification.

Step 371 3-cyano-2-pyridone (345: To a vigorously stirred suspension &4 and
2-cyanoacetamid€l1.6 g,138 mmol) in dry tolueng(345 mL)at rt was added a solution

of 1:1 (1 M) acetic acid and piperidine in DQI#8 mL)and heated to reflux. After 2dr

the mixture was cooled to°@ and acidified with 1.5 mL of AcOH (pH~5)pncentrated

in vacugq then a series of dilutions and concentrations to remove all solvents, i.e., diluted
with toluene- concentratedh vacuo(repeat2x), then diluted with EtOAe concentrated

in vacuo (repeat 2x), followed by overnight on high vacuum mp (~0.01 torr).
Purificationby column chromatographfgilica gel,1:1-> 2:1 EtOAc/hexanggo give the

titte compound345(3.1-5.19, 15-25%). R = 0.32 (1:1 EtOAc/DCM).IR (neat): 3006,
2952,2223, 1564, 1593, 1573, 1248, 835, 822, @®Z. H NMR (500 MHz, CDC})

=13.50 (s, 1H), 7.59 (3=0.6, 1H), 7.53 7.49 (m, 2H), 7.40 7.36 (m, 3H), 3.10 3.00
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(m, 1H), 2.98 2.81 (m, 2H), 2.33 2.23 (m, 1H), 1.66 1.55 (m, 2H), 1.31 (dd=14.6,
3.5, 1H), 0.88 (dd)=14.6, 11.1, 1H), 0.36 (d=5.3, 6H). 23C NMR (125MHz, CDCk)
8 = 163.6, 157.2, 144.4, 138.5, 133.6, 129

22.9,-2.0,-2.3. Exact Mass for @H20N20Si [M+H] *; calcd:309.1423 found:309.1454

\ Ph \ Ph
Si_ Si_
CN
B BnBr, Ag,COs B CN
— T
N0 PhMe N” >0Bn
345 346

O-benzyl protected pyridone (346) To a suspension @45 (593 mg, 2.09 mmol) and
toluene (10.4 mL) at rt was added benzyl bromide (BiL04.21 mmol) followed by
Ag2COs (345 mg, 1.25 mmol). The mixture was protected from light and stirred at rt for
4-5 days. Upon completion the mixture was filtered through a pad of celite and the
combined organics were concentratedacuo. The crude product was purified by column
chromatography (silica gel, 1:26 1:10 EtOAc/hexanes) to give the title compo34®

as an oil (830 mg, 99%). +R 0.26 (1:10 EtOAc/hexanes)R (neat): 3067, 2954, 2223,
1598, 1566, 1455, 1421, 1365, 1321, 1249, 1216, 1113, 1086, 858n#32 H NMR

(500 MHz, CDC}) 0 % 7.97.(6, 2H), 7.53 (d)=10.0, 3H), 7.46 7.37 (m, 5H),

7.34 (t,J=7.3, 1H), 5.57 5.45 (m, 2H), 3.23 3.10 (m, 1H), 3.00 2.81 (m, 2H), 2.38

2.26 (m, 1H), 1.62 (dg)=12.5, 9.1, 1H), 1.44 (ddl=14.6, 3.3, 1H), 0.96 (t] J=14.5,

11.2, 1H), 0.44 (dJ=4.7, 6H). 1°%C NMR (125MHz, CDCk) U = 167.9, 163,

137.3, 136.4, 135.5, 133.5, 129.2, 128.4, 127.9, 127.9, 127.6, 116.2, 93.5, 68.3, 38.2, 33.8,
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33.0, 22.5,-2.1,-2.3 Exact Mass for eH26N20Si [M+H]"; calcd: 399.1893 found:

399.1920

\ Ph \ Ph
Si— Si—
CN CHO
| X DIBAL | X
— =
N“>oBn  DCM,-78°C N~ >N0Bn
346 347

Aldehyde (347) To a solution 0f346 (830 mg, 2.08 mmol) in DCM (21 mL) af8°C

was added DIBAL (4.16 mL, 4.16 mmol, 1 M soln in hexanes) ove2(Lkin and the
mixture was stirred a78 °C for 1 hr. The mixture was quenched with 10% HCI (2 mL)
and allowed to warm to rt over 1 hr, then stirred at rt for 1 hr. The mixture was diluted
with saturated Rochelle salt and extracted with DCM (3x). The combined organics were
washed with HO, brire, dried over MgS®) and then concentratéa vacuo The crude
product was purified by column chromatography (silica gel, 3>10:5 EtOAc/hexanes)

to give the title compoun@47as an oil (746 mg, 91%)Rs = 0.61 (1:5 EtOAc/hexanes).

IR (neat): 3065, 2952, 2860, 1681, 1597, 1414, 1363, 1315, 1250, 836,c#81
IHNMR (500 MHz, CDCY) U = 10. 43 (s, 132 2Hy73%, (s,
J=7.3, 2H), 7.46 7.31 (m, 6H), 5.60 5.46 (m, 2H), 3.19 (dd]=16.2, 7.8, 1H), 3.00

2.82 (m, 2H)2.377 2.25 (m, 1H), 1.66 1.57 (m, 1H), 1.55 (dd]=14.7, 2.8, 1H), 0.95

(dd, J=14.4, 11.6, 1H), 0.43 (s, 6H)}3C NMR (125MHz, CDCk) & = 189. 3,
164.3, 138.9, 136.8, 136.5, 133.6, 131.9, 129.1, 128.5, 128.0, 127.9, 127.9, 116.66, 68.1,
38.2,33.9, 33.1, 22.62.0,-2.2 Exact Mass for eH27N20.Si [M+H]"; calcd: 402.1889,

found: 402.1923.
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\ Ph \ Ph

Si~ 0 OTBS S~ 1850 o
S + )\@/OB” TBSOTY WOB”
N~ >0Bn = DCM, -78 °C N~ 0Bn =
347 333 348

dar=1:1

Mukaiyama aldol adduct (348) To a mixture 0f347 (358 mg, 0.89 mmol) and33
(359mg, 1.05 mmol) in DCM (9 mL) a8 °C was added TBSOTf (10€, 0.43 mmol)

and stirred at78 °C for 1520 min. Upon completion the mixture was diluted with
NaHCQ and warmed to rt. The aqueous layer was extracted with DCM (3x) and the
compound organics were washed with brine, driethydrous NaSQu, and then
concentrateth vacuo The crude product was purified by column chromatography (silica
gel, 1:20-> 1:10 EtOAc/hexanes) to give the title compouB4B as a 1:1 inseparable
mixture of diastereomers, an oil (589 mg, 90 %).=®.26 (1:10 EtOAc/hexanes)R

(neat): 2952, 2855, 1697, 1592, 1447, 1416, 1316, 1265, 1080, 8350750 *H NMR

(500MHz,CDC}) U4 = 7.78 (s, i7E)(m 4H),.7B467.60@n,4H)L H) ,

7.57i 7.50 (m, 1H), 7.46 7.42 (m, 14H), 7.87 7.30 (m, 12H), 6.98 (ddd=6.2, 2.9,
1.2, 2H), 5.86 (td)=8.3, 3.5, 2H), 5.47 (qd=12.8, 3.3, 5H), 5.37 (ddd=15.5, 12.3, 4.1,
4H), 3.74 (ddd,J=15.2, 8.6, 6.4, 2H), 3.37 (ddd=28.1, 15.3, 3.6, 2H), 3.273.19 (m,
2H), 2.961 2.87 (m, 4H), 2.8 2.29 (m, 2H), 1.68 1.59 (m, 2H), 1.55 (ddd]=14.6,
11.4, 3.0, 2H), 0.98 (ddd=14.5, 10.9, 2.4, 2H), 0.90 (d=2.3, 18H), 0.45 0.43 (m,
12H), 0.03 (dJ=1.4, 6H),-0.04 (s, 3H);0.06 (s, 3H).2°C NMR (125MHz, CDCk) U =

198.99, 198.95, 162.6862.67, 159.82, 159.72, 158.77, 158.70, 151.29, 151.26, 139.37,

139.34, 139.23, 139.22, 137.91, 137.89, 137.20, 137.18, 135.52, 135.39, 133.60, 133.57,

131.35, 131.21, 129.05, 128.50, 128.35, 128.19, 128.15, 128.05, 127.97, 127.96, 127.94,
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127.93, 127.72127.43, 127.36, 127.33, 124.89, 124.86, 115.40, 115.38, 115.37, 115.36,
67.82, 67.24, 67.22, 66.30, 66.17, 47.28, 47.27, 38.53, 38.44, 33.51, 33.37, 33.16, 33.11,
25.90, 22.85, 18.221.81,-1.89,-2.07,-2.09,-4.57,-4.66,-5.09,-5.11. Exact Mass fo

CasHs4N204Si> [M+H] *; calcd:743.3695 found: 743.3696

\ P
Si—

h \ Ph
TBSO O S~ IBso  oH 9y
N o8 _ EtOH/EtOAC N0 _
H
348 349

Bis-2-pyridone (349) To a solution 0848(162 mg, 0.22 mmol) in a 3:5 mixture of EtOH

and EtOAc (4.3 mL) was added Pd/C (25 mg, 0.024 mmol), the atmosphere was replaced
with Hz (1 atm) and stirred for 18 &ir Upon completion the mixture was filtered with a
pad of celite and the combined organwere concentratdd vacuo The crude product
was purified by column chromatography (silica gel, 5% MeOH/DCM) to give the title
compound349 as complex mixture of diastereomers, a foam (101 mg, 81%3% ORB0

(8% MeOH/DCM). IR (neat):2952, 2927, 285, 1650, 1612, 836m™. H NMR (500
MHz,CDCk) & = 14.14 (s br, 1.5H), 13.87 (s
i 7.46 (m, 9H), 7.43 7.30 (m, 15H), 6.43 (dd=8.9, 5.7, 3H), 6.23 6.16 (m, 2H), 6.13
(dd,J=10.1, 6.9, 1H), 5.46 5.37 (m, 2H), 5.34 (d]=10.0, 1H), 4.81 4.71 (m, 1H), 4.62
(d,J=10.0, 2H), 3.15 2.97 (m, 4H), 2.92 2.70 (m, 7H), 2.46 2.15 (m, 7H), 2.12 1.99

(m, 2H), 1.67 1.48 (m, 5H), 1.44 1.30 (m, 4H), 1.00 0.95 (m, 11H), 0.95 0.87 (m,
24H), 0.42i 0.25 (m, 24H), 0.19 (dJ=8.1, 3H), 0.11 (dJ=2.9, 7H), 0.0% -0.08 (m,

11H). 3C NMR (125MHz,CDCk) U = 166. 16, 165. 38, 164.
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152.51, 151.62, 147.75, 147.68, 146.92, 146.31, 142.00, 141.95, 141.64,, 189.12,
139.10, 139.06, 139.04, 139.02, 135.40, 135.30, 133.59, 133.57, 133.55, 132.03, 131.85,
131.02, 130.86, 129.17, 129.16, 129.12, 128.01, 127.98, 127.96, 126.70, 126.56, 117.86,
117.65, 103.69, 102.65, 69.21, 69.17, 67.37, 67.34, 65.62, 47208, 88.58, 38.43,
33.06, 32.91, 32.86, 29.91, 29.83, 29.79, 29.73, 26.06, 25.95, 25.92, 23.10, 23.04, 22.86,
22.82,18.41, 18.14]1.73,-1.75,-1.92,-1.96,-2.00,-2.03,-2.07,-2.17,-2.20,-2.24,-2.31,

-4.49, -4.53, -4.56, -4.66, -4.88, -4.90, -5.15 -5.17. Exact Mass for €iH44N204Si:

[M+H] +; calcd:565.2912 found:565.2904

S'\ TBSO S'\ TBSO

350
dr=3:2

Carbonyl-tethered photosubstrate (350 To a solution 0349 (94 mg, 0.17 mmolj)n

DCM (2 mL) at rt was added Degddartin periodinan€78 mg, 0.18 mmoland the mixture

was stirred at rt for 2 hrs Upon completion a 1:1 mixture of saturated NaH@@d
saturated sodium thiosulfate (1 mL) was added and the mixture was stirred for 1 hr. The
agueousayer was extracted with DCM (3x) and the combined organics where washed with
brine, dried over anhydrous Mg&@nd then concentraténl vacuo The crude product

was purified by column chromatography (silica get> 3% MeOH/DCM) to give the title
compund350as an inseparable mixture of diastereomers (58 mg, 62963.0R0 (5%

MeOH/DCM). IR (neat): 2952, 2926, 2855, 1650, 1604, 1292, 1251, 1113, 83%m80
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IH NMR (500 MHz, CDC{) & % 7.44 (n§ 9H), 7.36 (dt]=6.5, 2.0, 5H), 6.84 (dd,

J=9.1, 2.5, 1.7H), 5.33 (dI=9.1, 1.7H), 3.53 (dJ=13.2, 1.7H), 3.1%1 3.01 (m, 1.7H),

2.841 2.73 (m, 5H), 2.31 2.21 (m, 1.7H), 1.62 1.51 (m, 2H), 1.36 (dd]=14.7, 2.9,

2H), 0.90i 0.74 (m, 19H), 0.36 (s, 4.2H), 0.34 (s, 6H).14 (s, 2.1H);0.15 (s, 3H),-0.16

(s, 2.1H)-0.18 (s, 3H).*C NMR (125MHz,CDCk) & = 191. 74, 191. 68,
162.44, 146.94, 146.86, 140.27, 139.09, 139.03, 138.98, 133.88, 133.70, 133.64, 133.60,
130.74, 130.60, 129.36, 129.23, 128.12, 128.05, 128.03, 122846, 126.06, 125.90,

110.96, 110.93, 68.73, 68.62, 46.12, 38.64, 38.53, 32.95, 32.74, 30.02, 29.95, 29.82, 25.82,
23.08, 22.97, 18.22, 18.211,.84,-2.03,-2.13,-2.20,-4.70,-4.80,-5.09,-5.12. Exact Mass

for Cz1H42N204Si; [M+H] ¥; calcd:585.2575found: 585.2570

0 R?
i v
N N.__O hv A
| | CgD 3,3
N"So P 6De N [3,3]
R' [4+4] R’ 0

322, 339 and 350

[4+4] photocycloaddition- General procedure (3.1) A solution of photosubstrag22,6*
3390r 350(0.025M) in CsDe, was irradiated for 1 4 hrat ambient temperatuce 0-5 °C
using a watecooled, Pyre®-filtered 450 W mediunpressure mercury lamp. Reaction
progress was monitored by TLC andter NMR. [3,3] Rearrangement- The resulting
mixtures were heated to 4560 °C for 127 18 hr. Reaction progress was monitored by

TLC and/or'H NMR. After evaporation of the solvent the product(s) were purified by
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column chromatography.See Appendix 7.6 for model ketone339 study resultsand

preliminarydata

Cope product 324).%1 Purified by column chromatography (silica
gel, 15% THF/DCM).!HNMR (500 MHz,CDC§) & = 8. 44

7.34 (s, 1H), 6.30 (dd=10.1,5.2, 1H), 5.89 (dtJ=10.2, 1.5, 1H),

5.08 (ddJ=8.9, 5.9, 1H), 3.51 (dd=9.6, 1.2, 1H), 3.19 (dd=8.6,

5.2, 1H), 3.04 (ddJ=6.9, 3.2, 1H), 2.56 (ddd=13.4, 6.0, 3.3, 1H),
2.487 2.31 (m, 2H), 2.25 (ddd=13.4, 8.9, 7.1, 1H), 2.212.13 (m, 1H)2.13i 2.04 (m,
1H), 1.96i 1.85 (m, 2H), 0.84 (s, 9H), 0.06 (s, 3H),03 (s, 3H).13C NMR (100MHz,
CDCk) U = 163.B I36.8, 135.6, 123.3, 117.2, 108.2, 73.8, 67.0, 60.0, 41.9, 40.3,

37.1, 35.4, 33.5, 31.3, 25.8, 21.3, 1748,-4.9.
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CHAPTER 4
DEVELOPMENT OFABREDT 6 S R-ARRESTED KULINKOVICH -DE

MEIJERE REACTION

4.1 History of the Kulinkovich Reaction

The extraordinary coupling of an alkene and areresi give cyclopropanols,
mediated by lowvalent titanium, has been extensively studied since its discovery in 1989
by Kulinkovich, Section 4.11, and was extended in 1997 by de Meijere to tertiary amides
that yield cyclopropyl amine§ection 4.12. The® transformations havegeen used in the

synthesis of natural products and pharmaceutigahtst

4.1.1 Initial Discovery: reaction with esters

In 1989 Kulinkovich and coworkers discovered thiead/ conversionof a
carboxylicester moietynto a 1-hydroxycyclopropae upon treatment witbneequivalent
of titanium (IV) tetraisopropoxide andn excesg3 equivalents)of ethyl magnesium

bromide?® The reaction occurred at low temperatuggs8 -4 @) and with excellent
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yields, Scheme 4.1a The discovey wasimprovedto include a catalytic variancheme
4.1b, that wascarried outat room temeratureusing 5-10mol% of titanium (1V)

isopropoxide and requiring only 2 equivalents of Grignard redgent.

a) c) Yield (%)
o EtMgBr (3 equiv.), Ti(Oi-Pr), OH R" | R? a b
r R‘l
R'” “OR? . /b Me | Et | 84 74
E120, 78 >-40°C nPr| Me | 87 90

i-Pr Me 91 88
n-Bu | Me 64 98

b) .
1.) EtMgBr (2 equiv.)

Ti(0i-Pr), (5-10 mol%) OH

0 Et,0, 18 - 20 °C
JJ\ > R1/b

OR?  2))H,0O/H*5°C

R1

Schemed.1 Cyclopropanation of ester&) Classical Kulinkovich reactio(b) catalytic
Kulinkovich reaction(c) comparisorof yield betweera andb.

In the currently acceptechechanismKigure 4.1), the transformatiommccurs via
attack of the carbonyl by & 2-dicarbanionictitanacyclopropane intermediaBformed
upon ligand exchange with twequivalents of the Grignard reagentpon Grignard
addition athermally unstablalialkyl titanium intermediaté is formed Figure 4.1a
Eicsh and coworkers determined that the dialkyl titanium was the intermediate leading to
titanacyclopropane formatip as opposed to a titanium (ll) diisopropoxide speties.
Ligand elimination occurs to givea coordinatively unsaturated dialkyltitanium
intermediate which further undergoesydride elimination and transfer of the resulting
alkene to the vacant coordination saegjive an alkenealkylhydrido complexReaddition
of the ligand and subsequentuetive elimination of an alkane leads to alkene titanium

complex B & Computational studies ofransition metalalkene p-complexesand
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metallacyclopropane intermediates have concluded that titanacyclopr@asethe

dominating resonance struatuaind thus thactive intermediate for carbonyl attatk.

a) reductive elimination
H R

2 M(CHZCHzR) j/ N HNR : }
Ln1T| - - LnTi<L -« L,Ti— l

Tawx \L I -CHiCH,R R
A . B R B

X, L, halide, OR R

X,TiL,,

B-hydride elimination

b) T
‘ o)
' (R'O),Tiw]
! : R1J\OR2
HaC=CH, : I 1 OR? EtMgBr
3 i A_, O)\R1
B-hydride L ROV : 9
elimination ' (RO) 'q ; (OR"),Ti~"
B C
2 EtMgBr 2 Oi-PrMgBr B
;.4, Et . \ MgBr
Ti(OR"), (RO),Ti (RO)TY 6+
Et 5 o,
R' = iPr

A
R02T|/l
Ho_ R'| H,0* BMgO_ R . BN
— X .
A (RO)TIC

;
G KR R20MgBr
+ EtMgBr (RO) ZTI/i E

R'OH F

Figure 4.1 Proposed mechanism of the Kulinkovigaction with an estefa) formation
of the titanacyclopropane intermedi&éb) catalytic reaction cycle.

The active intermediat8 irreversibly inserts across the carbonyl of the ester
Figure 4.1b triggered by addition ofGrignard reagent to thditanium of a
titanacyclopropanester complex,® to form the first carborcarbon bond giving theng

expanded intermediaf® The second carberarbon bond is formed by elimination of the
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alkoxy group of the original ester and subsequent intramolecular cyclopropanativa
titanium g/clopropxide F.  Alkylation at titanium by Grignard reagent regenerates the
dialkyltitanium intermediateA, to complete the catalytic cyclend the magnesium
cyclopropoxideproduct G is formed. Hydrolysis of the magnesium salt gives the 1

cydopropanol product.

1,2-Disubstituted cyclopropanols could also be prepared from esters using the

appropriate Zubstituted Grignard reagent. In the absence otlaakating substitugs on
thestarting material oGrignard reagenthe 1,2disubstituéd cyclopropanols were formed

in high diastereoselectivity with a preference for thie relationship. The higttis
selectivity was attrib@d to the rate determining stegbre formation of the second carbon
carbon bond leading to cyclopropane formafioi favorable TiH agostic interaction
found in the precistransition state results in a lower energd/9 kcal/mol) transition state

as compared to the ptoans transition state. E. J. Corey and coworkers reported a
diastereoselectiveansformation using a TADDGhased preatalystl® They reported a
preference focis cyclopropanols along with better yields when Grighegagents with

groups larger than ethyl were reacted with chloro titanium (IV) triisopropoxide.
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a)

0. _R! < 5 |
R OR2 i-PrO\T ' i-Pro R R1 OH
. ’e 1 ' H 1 o,
(Oi-Pr)zTi<( —» i-PrO (') e Ei-PrO/T‘I.*Q E &
OR? E O R : 3
e oo : cis selectivity
b) .
pro-cis pro-trans

(0] 1
HOS R r=y R (YO),Tie M when R! H
(RN 'R is bulky R
(YO)sTiwm. Y R /cé\/ _R! -e------ = HO -R’
H R ‘\;H

agostic interaction

Y = i-Pror R?

Figure 4.2 Diastereoselgivity of Kulinkovich Reaction(a) preference focis
selectivity ( agnostic interaction dfis transition state is favored.

As stated aboveHigure 4.1), thetitanacyclopropane is the dominating resonance
structure of the alkenetitanium complex. Based on this assessment, Kulinkovich and
coworkers demonstrated the ability of the titanacyclopropane to undergo ligand exchange
(Figure 4.3 by displacement of thethyleneof the alkenetitanium complexith styrene
that led to a more economical method for the formation of-dis2bstituted

cyclopropanolg?

R R ~ Re R2 R?
(Oi-Pr)zTi<( -~ (Oi-Pr)ZTi""]\( — (o,'-Pr)zTi---qT -~ (Oi-Pr)zTi<(
=\,

Figure 4.3 Titanium olefinligand exchange.
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The ligand exchange had limitations witkhéptene, ethyl vinyl ether and some
other alkenes unable to undergo rapid ligand exchangeheititanacyclopropané' This
was attributd to an unfavorable equilibrium.w&ching to cyclopentyl or cyclohexy
Grignard reagents shifted the edoium from a less stable, disubstituted
titanacyclopropanéo thedesiredmonosubstituted titanacyclopropaiié® Due to steric
requirements of the olefin exchange step, olefingre limited to terminal*
(monosubstituted) with the exception of norbornEndisubstituted olefinswith
homoallylic alcohols are able undergo ligand exchange by virtue of H@ lifiker
generated in situScheme 4.2° The temporary tether overrides the unfavorable steric
effects and allows rapid ligand exchang® provide sterically demanding

1,2,3trisubstituted cyclopropanols.

H
i-PrMgCl R
RN+ EOAC —————= m . R
o CITi(0i-Pr)s AN
i-PrO Me OH
35°C OH

R=Et 71% (12:1dr)
R=0Bn 52% (2:1ds)

Schemed.2 Hydroxy-directed cyclopropanation of esters with disubstituted olefins.

The ability to utilize an olefimeagent through ligand exchangkowed for the
developmentof intramolecular variants by Cha*!® and Satd,° gaining access to
bicyclic cyclopropanol productsThe preparation df-hydroxybicyclop.1.0]alkanolsii =
3 and 4)could be achieved from-vinyl tethered esters in good yiel8chene 4.3, but
attempts to prepare larger rin@s= 5, 6 or 7)was met with a drastic decrease in yields
with only the Zmembered ringn = 5) forming in 11% yield* Attachmentof an oxew-
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alkenoic ether Scheme 4.8, afforded the 7 and-Biemberedings is higher yields as

compared to the attarbon tethexd counterpar®

8 11

a) |
ring
n | size | Yield (%)
CO,Me OH | |
%& _nBuMge! @> s | o
X CITi(Oi-Pr 2 | 6 62
" o " H 3| 7 11
4 8 0
o) ring
0, ,CO,E m | n | size | Yield (%)
2Et y
X CITi(Oi-Pr)3 1 7 62

Scheme4.3 Bicyclic hydroxycyclopropane formatior{a) intramolecular tether
limitations (B oxygen tether increase ring size formation.

4.1.2 Extension to the Amide (De Mgere Variation)

In 1997 De Meijere reportethe preparation chminesubstituted cyclopropase
from N,N-dialkylamides®'??> Treatment of a tertiary amide with excess Grignard reagent
and a stoichiometric amount of titanium (IV) tetraisopropoxide, chloro titanium (1V)
triisopropoxide, or methyl titanium (IV) triisopropoxide results in the formation of
cyclopropylamines in gootb excellent yields. Treatment with methyl titanium (IV)
triisopropoxide was an improvement to the classical condititisonly one equivalent
of Grignard reagent needed to give the requisite dialkyltitanium intermediate. This is
especiallyfavorable when a valuableor functionally substitutedsrignard reagents
required for cyclopropanol or cyclopropylamine formattdnThe reaction is sensitive to

the R groups attached to the nitroger éRd R, Scheme 4.% bulkier groups tend to
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require elevatetemperaturesin addition, competition experiments have determined the
amides to be les®active than esters, under simitanditions However, bulky groups

attached to the oxygen of the ester marersethe reactivity.?*

j\ R,CH,CH,MgBr (3 equiv.), NR°R® A
> R1/VR

1 2R3

NR'R Ti(Oi-Pr),

R = Me, Et, Pr, Bu, Ph

R

Scheme4.4 Formation ofN,N-dialkylcyclopropylamines.

A mgor difference in the mechanism leading to aminocyclopropeosgared to
cyclopropanol formatioifFigure 4.1), is the need for stoichiometric amount of titanium
reagento obtain high yieldslue to the titanium being consumed during the reaetimh
conveted to titanium oxideRigure 4.4).2 Upon formation of oxatitanacyclopentane
intermediateB, which is formed by insertion of the carbonyl group (of the amide) into the
Ti-C bond of titanacyclopropan®, ring opening occurs tgive iminiumdtitanium oxide
zwitterion C. The poor leaving group ability of the dialkylamino gragmpared to the
alkoxide groupinhibits ring contraction(seeD -> F, Figure 4.1b). Cyclization to the
cyclopropylamine occurs by loss of an oxatitanium diisopropoxide sp&giashich
further decomposes to titanium oxide upon work ddtempts have been madedevelop

a catalytic transformation utilizing trimethylsilyl chloride.
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R', R?, R® = alkyl

(@] 3
. ) R (R'O),Ti >
R1J\NR2R3 (RO)ZT"O%\DV”N — d L A .
‘R2 O Rt - R 2 5 3
; Rt R -~ RT N \ NR?R
(R'O) Ti<L B c R?
2

O
R4
A i
] i-PrO Oi-Pr

D

— TiO,

TiOIPr)  + Resiy o

Figure 4.4 Mechanism of aminocyclopropanation.

The diastereoselectivity of theansformation with amides varies and is typically
modestScheme 4.5favoring thetrans-1,2-dialkyl isomer(when Ri H). However in the
case of formamides (R = H), tloés isomer is the major produti. The stereochemistry
can be explained by formation of a-$daped transition state to reduce steric effécts.
When Ri H the bulkier R group prefers to avoid steric iatgions with the Zubstituted
alkene groupwhile in the case of formamides (R = H) the iminium group is the bulkier
group. A cis preference is observed wheni RH and bulky groups are attash to the
nitrogen. An inversion of configuration of thearbon lound to titanium is observed during
the final ringclosing ste@’?® This is in contrast to the retention of configuration observed
duringthecyclopropanation of esters. The strong oxophilic nature of titanium results in a

coordirated transition statstructure and retention of configuration.
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0 ¢-CsHgMgCl TIPSO

CITi(Oi-Pr
JC + N g \
R” “NMe, oTIPS ¢ N—
THF, rt (i-PrO),Tie>
O R

O-
NMe, (RO),Ti. TIPSO
. cis Yoy R=H
HYS,  oTips | = —N\ - y
— TIPSO H oRm =K
R
61% (2.2:1 ds) W-shaped TS 0
‘ R#H
/O B
NMe (R'O),Ti
. ? trans /\‘
R™ OTIPS - MR
TPsd  —N?
\
R=Me 68% (6.3:1ds) W-shaped TS
R=nPr 56% (5.3:1ds)

Schemed.5 Diastereoselectivity of aminocyclopropanati6ormamides giveis
selectivity and bulkiermides givetrans selectivity.

Theaminocyclopropaa formationwas expanded to intramolecular systdamghe
deMeijere??32930 Chal® and Joulle®* groups to give bothexo and endo
aminobicyclop.1.0] alkanesScheme4.6a The ligand exchange modification can be
utilized for both nter and intramolecular cyclopropanations. Yields tend to be higher than
the correspondingester counterparts, due to lower reactivity of the amide to competing
nucleophilic attack by the Grignard reagent or corresponding titanium readémgtrend
can be seen in the cyclizatiaf a 7-membered ring frontonformationally constrained

w-vinyl amides, Scheme 4.65?
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o CITi(Oi-Pr), H
M C-CSHgMgC| NEtz
X NEt.

2 THF, rt

(64%)

o) CITi(Oi-Pr), H
-CsHgMgCl
/\/\N)J\ —»C 57oV9 (N\/@

|
Ph THF, rt Ph/ Me
(93%)
b)
1 1 3 1 2 3 . o
RQ crmii-pr,  RQ R R' R? R® | Yield (%)
O“\\\\CORZ c-C5HgMgCl G Me OMe OH 40
_—
,//,/\/ THF, rt “, TIPS NEt2 NEt2 52

TIPS NBn, NBn, | 7g

Schemed.6 Intramolecularaminocyclopropanation(a formation of endo and exo
amindoicyclic systems (b) comparison of formation of amembered ring.

The more commonly found and less reactive cyclic amfdetans) have seen
fewer synthetic applications compared to the analogous imide and acyclic &fftles.
There are only a handful of examples in literature invol#mgintermolecular coupling of
a lactam and olefin (or equivalent) to give spirocyclopropylami@elseme 4.7and only

two exanples of intemolecularreactiongseeScheme 4.1

N/ CITi(Oi-Pr); /
¢-CsHoMgClI N
Q/P:o + NOTIPS Lg, \
THF, rt ) OTIPS
n n
n=5 21% (0:1dr)
n=6 79% (6.2:1dr)

Schemed.7 Intermolecular lactarolefin aminocyclopropanation.
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De Meijere and coworkers utilized the Ti(Hnediatel conditions to prepare
analogues containing cyclopropylamine moieties of known drugshandgal products.
(S)Cotining a metabolite of nicotine possessing antidepressant activity, could be easily
modified to the cyclopropylaminegn onestep without affecting the stereochsiny,
Scheme 4.4 To the same effect, aBridyl ether derivative of a nicotinic acetylcholine
receptor (NAChR) ligandknown to exhibit subnanomolar affinities for nAChRs, was also

successfully modified to spirocyclopropanated analogtre

E/& o MeTi(Oi-Pr); m
oSN EtMgBr, THF N

0 \
P 20°C, 15 h |

77%

=N MeTi(Oi-Pr), =N
\ ) EtMgBr, THF \ )z
_—
0 JEN\F ° 20°C,15h 0o M
\ \
28%
nAChR Ligand

Schemed.8 Spirocyclopropanation dfiologically activelactams.

4.1.3 Interruption of the Kulinkovich de Meijere Reaction

In 1997 the Cha group demonstrated that the Kulinkovicbtrea pathway could
be interrupted if an imide substrate l#@1was employedScheme4.1.3% With an imide

substrate, following the initial carbonyl additiqd02) delocalization ofthe electron
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density on the amide nitrogen stabilizes intermedi@8 Intermediatel03is sufficiently
stabilized by the adjacent electron withdrawing @gamnmnoiety allowing for capture of this

intermediate aftelhydrolysis to giveN-acylaminal404.

LI‘I
T
o o ! OH
0] _ CITi(Oi-Pr);
C-C5H9MgC| Hzo
N _— N -~ — N
449
(0] % L O (0]
401 402 (+)-404

Schemed.9 Imide-based interruption of Kulinkoviebe Meijerereaction.

Studies into theregio and stereochemistry of thigsansformation, using
unsymmetricdly substitutedmide 405indicated a preference for attack at the less hindered
carbony] Scheme 410.3” Complete regiocontrol was obseryedmpound406, but with
no apparent diastereoselectivity, even with more sterically demanding substitiggnts (
Me vsOTIPS). In contrast, here was no regiocontrol when the reaction waopaed in
an intermolecular fashiorCatalytic hydrogenation with platinum oxide in the presence of
a small amount ofCl gavea stereo-controlled reduction of the fdcylaminalmoiety to
provide 407. Further reduction of the carbonyl allowed access toopgidine and

indolizidine alkaloid skeletons®
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OH 3 H 3

o __ OH ;
Me% CITi(Oi-Pr)s Mehwg/j@ H,, PtO, Me.....g;'b
¢-C5HgMgCl 3 dr 11 CHCI3, EtOAc

61% 94%
405 406 407

Scheme4.10 Regic and stereochemical control of imitbased Kulinkovickde Meijere
reaction.

Cha demonstrated the ability for the transformation to handle olefam§ ate mot e 6
position compound}08, by attachingthe olefin at a positionther tharet nitrogen®® The
synthetically challengingricyclic core of(+)-gelsemine was rapidly accessed fréd8by
titaniummediated intramolecular coupling of thevinyl imide moiety followed by
subsequenbxidation to install the requisite primary alcoholThis two-step sequence
assembledricyclic lactam410, similar to advanced intermediatesvardsthe synthesis of
(+)-gelseming*®#? showing the synthetic potential @n interrupted Kulinkoviciile

Meijere reactiof, Scheme 4.11

CITi(Oi-Pr)3 © 1. EtSH, BF;-OEt, N ©
—_—  » HO = . B ————_ = R
¢-CsHoMgCl Ph 2. H,, Raney nickel Ph
then 02 HO HO
0, 0,
(+)-408 42% (4)-409 68% (2 steps) (£)-410

Schemed.11 Synthetic potential of interrupted Kulinkoviale Meijere reaction.

129



For comparison to the imide reactivity, Cha and coworkers applied their conditions
to N-alkylated lactan415 which gave a mixture o416 and417, Scheme4.12a.*® The
difference in outcome, as comparedstheme 4.9was attributed to the greater lability of
the aminal intermediate (derived fro#i5 towards elimination and thavoidance of
severe straindue to the additional phenyl ringresent imtransition stat@associated with
cyclopropane formation. Further application tealMylated lactamd18 Figure 4.12b,
resulted ima surprising cyclopropandtl9formation, with no cyclopropylamine formation
being observed. The transannular strain in the transition state is presumed to be the driving

force for departure of the anionic ara group to give cyclopropanfdrmation??

a)
\ (0] CITi(Oi-Pr)3
cC5H9MgCI
N
415 (+)-417
(43%) (27%)
b
) CITi(Oi-Pr)3 oH
rroe=m s o (W
not
N N
N
H
418 (+)-419

(52%)

Scheme4.12 Interrupted intramolecular lactaoiefin Kulinkovich de Meijere reaction.

4.2 Seminal Discovery

An alternative, previously unexplored stratefgy interruption of cyclopropane

formation involves preventing departure @& bridged polycyclic titanium alkoxide
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intermediate(e.g., 421) due to the need for formation of a high energy iminium
intermediate122, Schemed.13 Polycyclic intermediaté21 would require formation of

a bridgehead doud bond to proceed to cyclopropane prodi22 The readily prepared
6-allyl-2-piperidinone 420 (Scheme 4.1pwas discovered to undergyclization under

standard Kulinkovich condition® yield tricyclicintermediate421 A nitrogenassisted
eliminationof the titanium alkoxidéo give422woul d vi ol at e Bredtds r
intermediate421 gave, on workup, theis-4-amino2-methyl cycbheganone425 as the

only productin 85% yiet. No trace of a cycloppylamine producti23was detected.

©
O-TiL, O‘Til_n
Till) |
— N > ON,
R R
421 422

| '

OH
w G
9
; 85% N \A
423

(£)-425 (£)-424

Scheme4.13 Polycyclic strairbased interruption dfulinkovich-de Meijerereaction

4.3 Results and Discussion

The ability to transform heterocyclic lactams into carbocyclic ankietones has
clear potential for broad applicatiam synthesis and small molecule library development.

Inadditonut i | i zing Bredtds rule as a method to
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method for produatontrol In this section the synthesif olefinsubstituted piperidinones
is discussed and their applicatiorato B r e darrésteKulinkbvieh de Meijere reaction

is explored.

4.3.1 Dancing the olefin vary the olefin attachment

Following the demonstration thatlefin-substituted piperidinone 420 would
undergo the initial carbeoarbon bond forming reaction of the Kulinkovidle Meijere
cyclization, despite the need fatransannular attackpcus turned tinvestigae examples
in which theolefin wastethered tather positions@und thepiperidinonering. Forbetter
comparison we assembledlefin-substituted piperidinonegFigure 4.6) that would
involve a tricyclic intermediate and foaton of a fivemembered carbocyclapon
formation of the initial carbowarbonbond byattack of theolefin onto theamide carbonyl

The synthesis of each piperidinone is discussed in the following section.

Figure 4.5 Olefinsatall positions of the piperidinone.

4.3.1.1Synthesis ofolefin-substituted piperidinones

The synthesis of Substituted piperidinond28 was accomplished using known

conditions to give alcohat27 in four steps from methyl propiolaté? PariknhDoering
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oxidatiorf® of the primary alcohol to an aldehydi@lowed by Wittig olefination gave

5-vinyl piperidinone428 Scheme 4.14

o)
)\ 1. BnNHy, Et;0 0°C ° L'S;Z%’f EtOH
MeO” ~  MeO_ KN g

2. CH,CHCOCI Bn 2. LiAlH,, THF -10 °C
THF, A o
) )
(60%) 426 (52%)
0 1. Pyr-SO3, DMSO 0
Et;N, DCM 0° > rt
N.gn 2. PPhsMeBr, n-BuLi N gn
OH THF, 0 °C |
(+)-427 (42%) (+)-428

Schemed.14 Synthesis of &inyl piperidinone428.

Synthesis of thé-substituted piperidinong32wascompleted by Brenden Derstine
(a graduate student in the Sieburth groapdeasily achieved from the startiggactam
429 N-Alkylation with p-methoxybenylchloride followed by a threestep selenium
oxidation protocdt’ to afford thea , -unsaturated amid&81 Copperassisted 1 4ddition
of the allyl group was accomplietiin the presence GiMSCl and TMEDAto give 4allyl

piperidinone432, Scheme 4.158
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0 o)
C.( NaH, PMBCI _ 1. LDA, THF -78 °C Cf
N. 2. PhSeCl N.
T THRa
PMB 3 m-cpea PMB

(94%) (60%)
429 430 431

Z
CHchCHzMgBr (@)
Cul, TMSCI, TMEDA N.
THF -78 °C -> rt PMB
(73%) (4)-432

Scheme4.15Br e nd e n Dethressto#-alld @iperidisone432

Synthesis of the -8ubstituted piperidinond34 was accomplishedby Brenden
Derstine by addition of 3butenyl bromide to thedianion of d-lactam 429 at low
temperaturdgo give compoundt33 followed by N-alkylation with PMBCI to provides-
(3-butenyl) piperidinonet34, Scheme 4.162 Initial attemptsusing an inverse addition

sequencéi.e., N-alkylation followed bya-alkylation) metwith low yields.

Z 5z
(0] o) o
Cf 1. nBuLi, THF -78 °C _ NaH, PMBCI
NH 5 GH,CH(CH,),Br NH THF, A N omB
759 77°
429 7o%) (+)-433 (77%) (+)-434

Schemed.16Br e nd e n  Dyethresstof 33-budesyl) giperidinond34.

4.3.1.2Interrupted Kulinkovich de Meijere results

The 5 and 4substituted piperidinone$28 and 432 were subjectedo standard

Kulinkovich conditions: slow addition over (40 60min) of cyclopentylmagnesium
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bromide (3.2 4.5 equv) to the eneamideat room temperature in THin the presence of
Ti(Oi-Pr),, Scheme 4.17% It should be noted that room temperatgomditions are
needed for reaction with lactam, in contrast to the °@ temperature conditions for
react i vi tsyimides®t No re@dtienowas observed at’© with the lactam
substratesUpon workup, wo products were formed, the expected amino keté8éand

439 as well as unexpectednao cyclopropanolsA37 and 440 in a 1:1 mixture of
aminoketoneto cyclopropanol for both the % and G} piperidinones respectively
(Brenden Derstine preformestheme 4.17p A high diastereoselectivity was identified

in both reactions, indicatingstrong influence by the ring system on the coordination of
the 3membereditanacycleto the carbonyl and preference for subsequent formation of a

cis-oxapentanetitanacyc(d35and438).

OH
a) o . 0
Ti(0i-Pr), Tikn
N —_ (e} - +
*Bn  ¢-CsHgMgBr N—Bn H
| THF NHBn NHBn
(33%)
(+)-428 435 (+)-436  1:1  (£)-437
dr=4:1
b) H
= &O émOH
Ti(0i-P i
@ _Ti(Gi-Pr)_ gl | ‘ PN
N c-CsHgMgBr o 3 3
“PMB THF N pvs N\__NHPMB  \—NHPMB
0,
(4)-432 (40%) 438 (0439 1:1 ()40
dr=1:0

Scheme4.17 Reaction of ¢theredalkenes afa) C5and(b) C4 positions of the
piperidinone.
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For the 3(3-butenyl) substiited piperidinonet34, the normal cyclopropylamine
442 (performed by Brenden Derstinevas isolated in good yield73%) with high
diastereoselectivitf20:1), Scheme 418*® nOe experiments(performed with Brenden
Derstine)determined the major diastereomer to becte@used 65 ring system, indicating
a preference foformation ofcis-oxatitanointermediate441 and aninitial attack of the

olefin chain inacis fashion.

=
0 Ti(0i-Pr), H H .
_OFa .
c-CsHgMgBr o-TiL,

N-pmB THF N. N.

PMB PMB
(73%)
(+)-434 441 (+)-442

dr =20:1

Schemed.18Br e nd e n [2action of iethezed alkerres at C3 position of the
piperidinone.

These examples further il | udé43dleadsttceant he B
intermediate that can readily eliminate the titanium alkoxide and form an unstrained
iminium 444, leading to cyclopropylamind42 Figure 4.7a. In contrast, the bridged,
polycyclic intermediategt35 and 438 formed from428 and 432 cannot eliminate the
alkoxide leading to amino ketond86 and439, respectively Figure 4.7 illustrates the
4-substituted piperidinon&l32 example with a highly strained bridgehead iminium
required to form for cyclopropylamine formationThe surprising drmation of amino
cyclopropanoproductsA37and440ar e al so consequence of Bred
areamongthe first examples of amino cyclopropanols formed during a Kulinkesiech

Meijere reaction(Scheme 4.1 The proportion of cyclopropanol products are also the
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highest among the substrates examined to dige jnfra In these reactions, the departure

of an anionic amine group is surprising but the intermediate omprieading to the
cyclopropanal is expected to be unstrained and therefore accessible. The diminished
yields for the reaction o#i28 and 432 are likely a consequence of the strain of the

intermediateg35and438

a)
Ti(ll H H ,
@43 0 o — T | ()42
—lIL, (@]
N© |N ©
PMB ® PMB
441 444
b)
TiLn
i(ll TiL,, o]
(+)-432 BUCN g " | © e EP
N. N. N.
PMB ® PMB PMB
438 443 (£)-445
Figure46 Br i dgehead i mini um fioflueme brihereactionn d Br e d |
pathway.
4.3.2 Explorationof Br e d t &eactionednteol
Bredtds rul e, the observation that dou
atoms, has Dbeen a cornerstone of ©SFPThiani c ct
Arul eo is routinely used to illustrate the

in polycyclic molecules, but it has rarely been utilized to steer reaction pathways outside
of elimination and enolizatiochemistry’ The above examples indiceé

is controlling the outcome of the reaction pathwdy prove this hypothesidhé size of
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the lactam rings weracreasedo determinevhenB r e d t Gasbe vialatee and allow

theformation of aminocyclopropaes.

4321Bredt 6s rul e Background

Bredt6s rul e was namdein @¥0XbyBredteandicomorkerdn i t i al
while studying the ease of dehydrohalogenatioradfalocamphoric acid derivations,
Figure 4.8. It was observed that hydride446 was quite stable to removal of hydrogen
bromide, while cleavage of the anhydride linkage to phenyl éd&allowed for ease of
removal of hydrogebromideto give compound49. In addition, anhydridd47failed to
form from the unsaturated acidlerivative of449 while the corresponding saturated
compound readily cyclized. Bredt and coworkangially offered a stereochemical
limitation for the hindrance of formation of compouAd7 andit wa s n 6 t1924im t i |
which a statementpertaining toa bridgehead positiohmitation was mentioned by Bredt
and coworkeré? In his 1950 seminal review? of Br e d t ¢ Bawcettudrogided a

statement of the rule:

In polycyclic systems having atomic bridges, the existence of a compound having a
carboncarbon @ carbonnitrogen double bond a bridgehead position is not
possible, except when the rings are mrdpecause of the strain which would be
introduced in its formation by the distortiohlwond angles and/or distances.
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Br

¢ =
o0 quonllne 3%
446 447
Br COzPh COzPh
-HBr
_—
CO,Ph CO,Ph
448 449

Figure 4.7 Initial observations leading to formulati of Bredt's rule

The hcyclic nomenclatureconvention [x.y.z] indicates the number of atoms
contained within each bridge, listed in decreasing order. The bridgehead positions are the
atoms at points of ring junction and are not included in the blegghsFigure 4.9, The
rule is usuallyonly applied tobridgedbicyclic structuresi.e., havinghree or more atoms
in common (i.e.z 1 0). Structures wittz = 0 containing alouble bondit an atom common
to both fused rings iIis outside the scope

analogoust®r edt . &s rul e

/—T\ ® = bridgehead atom

[X] [z] [yl [
[x.y.z] bicyclo[3.2.1]octane
S=x+y+z S=6

Figure 4.8 Bicyclic nomenclatur@andS value determination.
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A term S wasintroduced by Fawcett armdkefined as the sum of the atoms in the
bridges of a bicyclic system,+ y + z Figure 4.8 In F a w ¢ @nalys&s,swhethe sum
of Stotaled lesshan ning(S < 9), providing that none of the bridges had a length of zero,
the strain would be too great filve olefin to form. Further work by Wisemafintroduced
another qualitative rule by recognizing that all isolablddehead olefins were present in
thetransgeometryand contained within a ring of at least eight carbon atoR®s. bicyclic
intermediate443 the iminium ionpotentiallyderived from intermediaté38 (S = 6), the
ring system is too small to be accommodatedure 4.1Q This is also the case for both
intermediategl50and422 with Svalues of 5 and 6, respectivellyn contast,for iminium
444 derived from441, bridgez has a length ofero and the iminium is thereforgeasily

formedandaffordscyclopropylaminet42

©

TiL,, -
O@ n
~~N—Bn @lN\
® R @ “PMB PMB
H
450 422 443 444
S=5 S=6 S=6 S=7 (z=0)

Figure 4.9 Potential iminium ions formed.

For a more quantitative study of bridgehead olefins, Lesko and Turner first pointed
out that the strain energy of a bridgehead olefin idtfierence between thextra strain
associated with the double bond and the initial strain assowdtethe carlon framework,

a socalled olefinic strain (OS: Based on thishypothesis,Wilhem F. Maier and

Paulvon Raglé Schleyer calculated th@S valuesof various bicyclic frameworks to
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develop an index of bridgehead olefin stabjiftyseveral predictions were later
experimentally verified’®® By compaing the OS valuesto experimental dataa
classification systemvas developedor bridgehead olefins Bridgehead olefins can be

classified into three groups depending on the OS value, as showable 4.1 The
categories are defined a8:i sol abl eé ol efins are Kkinetica
6observabled olefins are not Il sol abl e at |

temperatur es, acamotbe isolatet alisdrvedd ol ef i ns

Table 4.1 Bridgehead classification system

Bridgehead Olefin Group OS rangéd?
Isolable OS<17
Observable 1700S021
Unstable 0S>21

[a] T olefin strain (OS) range ikcal/mol

A comparison of the tricyclic intermediatesto the correspondingalkene
hydrocarbon system, with an assumption that imine values mimic the alkene ¥alues,
shows that formation of an iminium from tricyclic intermediatd8, 422 and450would
l ead to intermediates with Table@l2 InxBntrastal ue s
elimination of the alkoxide and subsequent formatbran iminium from intermediate
444, leads to an intermediate with an OS value of zero (Isolalilshould be noted that
there is a difference in OS value betweenisa(42 kcal/mol) and trans (29 kcal/mol)

bridgehead olefin (Table 4.2, en®y>* For theseintermediates iis assumed that the
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conformation of thepiperidinonering controls theorientation of the potentially formed

iminium intermediate. For example, a preference for a chairabeat conformation of

443is assumed, which would lead taia iminium ion. Isomerization of the amine lone

pair could be possibleowever especially in larger ring systems.

Table 4.2 Comparison of OS values

Bicyclic System Intermediate Hydrocarbon System 0sel
R o-TiL,
_ N A
[4.3.0] H (j:> 0
444
13.2.1] t% [ 29, 42
13.2.1] L r 37
4 T H
422
N
0
B \TiLn
[2.2.1] 35
H oy
450

[a] T olefin strain (OS) calculated ktal/mol
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| f Bredtodos rule is indeed contro$l i
values greater than 8¢ 8) and/or OS values within the isolable range should readily form
the required iminium ion and ultimately lead to formation of a cyclogespine. To test
this hypothesis and the limits dfis approach for interception of the Kulinkoviciie
MeijereintermediatealternativeS values in homologues d0and432(Sections4.3.2.2

and 4.32.3) were probed

4.3.2.2Alpha series

Beginning with ther-allyl lactams varying the lactam ring size from five to nine,
455a to 455e, changes th8 value forthe intermediatd56 from five to ninerespectively,
Table 4.3 The synthesis of thé55a-e waseasily accomplisheftom the corresponding
imide 451 in a fourstep sequence or from the cyclic ketd®3, via a classicaBeckman

rearrangemerdf a-alkylatedketone4®4, Scheme 4.19

( o 1.) BnBr, Base ( 0
n N 2.) NaBH, n N CH,CHCH,TMS
3.) p-TsOH, MeOH "Bn BF; OEt,, DCM

o] OMe
451a (n = 0) (+)-452a (67%)
451b (n = 1) (£)-452b (54%)

(+)-455a (87%)

( o ( ) 1.) H,NOSO3H (+)-455b (53%)
@ 1) LDA, THF/HMPA % HCO,H, A (+)-455¢ (45%)
()-455d (11%)

2.) NaH, BnB
2.) CH,CHCH,Br ) NaH, BnBr (+)-455e (7%)

453c (n = 2) (+)-454¢ (75%)
453d (n = 3) (+)-454d (93%)
453e (n = 4) (+)-454e (95%)

Scheme4.19Sy nt h e sliyltactaans451se.
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Table 4.3 Kulinkovich-de Meijere reaction withr-allyl lactams451ae

o-TiL, ( o ( OH (

= ( N —_— + + n

N/ N\Bn
Bn BnHN BnHN H :

H
456 (+)-457 (+)-458 (+)-459

n gl Yield [%][b] Ratio457458459
a 0 5 65 5:1:0
b 1 6 85 1:0:0
c 2 7 60 2:1:0
d 3 8 73 0:0:1
e 4 9 34 0:0:1

[a] T Totd number of bridging atoms 456, [b] Isolated yields. In some cases the amines were

derivatized before isolation, segperimental section 4f6r details.

Lactamsi55aewere subjected tdi(ll) conditions and the results are summarized

in Table 4.3 With the exception of the nireembered lactam substratgbe, the yields

are uniformly good. For lactam ring sizes between five and seven memBer&d§ and

7), the amino ketoné57 dominates the amino cyclopropanol proddb8, making up 66

100% of the product mixture. When tBeralue reaches 8§5d) and 9 455e), however,

Bredtdéds r ul

e

be vi ol
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459d and 459e becomingthe sole product. In addition, nOe experiments @fb7a
determined the major diastereomar£ 10:1) to be theis product, with the methyl group

on the same face as the amino group.

4.3.2.1Beta series

Moving to the positiorb to the carbonyl, wh an allyl substituent attached32,
cyclization in these cases also forms a-fivembered ring between tlakene and the
amide carbonyl, intermediat62, Table 4.4 (performed by Brenden Derstineyarying
the lactam ring size from six to niM82ato 432d, changes th8value for the intermediate

462 from six to nine, respectivelfable 4.4%®

= =
o o~z o 1.) HONH,*HCI
q MesSi™ 7" NaOAG/EtOH _ °
TiCl,, DCM, -78° 2.) TsCl, ACN, A N.

n-1 n-1 3.) NaH, PMBCI n PMB
460b (n = 2) (+)-461b (75%) (£)-432b (41%)
460c (n = 3) (+)-461c (93%) (£)-432c (34%)
460d (n = 4) (£)-461d (95%) (+)-432d (21%)

Schemed.20Br e nd e n Dmethesstob-allg dctamsi32b-d.

The synthese of 432b-d were easily achievedy Brenden Derstindrom the
corresponding cyclia , -Umsaturated ketoset60 by Michael addition ofan allyl group
followed by a twestep Beckman rearrangement and PMB protection of the amide nitrogen,
Scheme4.20.*8 A mixture of regioisomers was formed during the Beckman rearrangement
sequence, which were easily separated with column chromatography after PMB alkylation.

A two-step Beckman sequence was needed foibthbyl ketone461 as the classical

145



method {.e., Scheme 4.19 met with low yields.

In contrast, treeallyl ketone454 was

only succssful with the classical methodOthertwo-step conditions were screeniedt

resuled onlyin low yield and unidentified products.

Table44 Br enden
432ad

Rudinkavithide Mejese reaction with-allyl lactams

=
o E:f émo»a
nN‘PMB N\
! MNHPMB \]\‘)/NHPMB !

(+)-432 462 (£)-463 (+)-464 (+)-465
n gal Yield [%]™ Ratio 463464465

a 1 6 52 1:1:0

b 2 7 See Text 1:2:0

c 3 8 64 0:0:1

d 4 9 75 0:0:1

[a] T Totd number of bridging atoms 462 [b] Isolated yields. In some cases the amines were
derivatized before isolation, segperimental section 4f6r details.

The cyclizationof 432 (performed by Brenden Derstineyhen interrupted, leads

to a cyclopentanone produtd3with a side chain carrying a secondary amine. In the case
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of intermediate462awith S = 6, Bredt's rule prevents formation of a cyclopropylamine.
Only amino ketond63aand cyclopropanai64aare olserved, with the former comprising
50% of the mixture. Withd32cand432d S = 8 and 9 respectively, th® value is
compatible with imine formation and cyclopropylamir&35c and 465d are the only
products formed. For the intermediate casé3#bwhereS = 7, the product mixture is

more difficult to purify andased on LCMSappears to be largely cyclopropadéihb.

4.4 Conclusion

A novel method for reaction interruptionB r e d t wias discoueredny applied
to the Kulinkovichde Meijere reactionto prevent cyclopropane formation. The
intermediate structure of the powerful Kulinkovicle Meijere reaction can be prevented
from consummating the second step of the transformation by utilizing a substrate design
leading to a bicyclic sticture incapable oflienination of the alkoxide.This Bredt's rule
constraint allows for the conversion of alkenéstituted lactams into amusebstituted
carbocyclic ketones under mild conditions and in some casts high degree of

stereocontrol.

Theresults of this stugdsuggest that theutcome of the reaction is dependent on
anability to form a br i tgleyhtdizand bicycBecrsgseermsd s r u |
with S values larger than seven. Bicyclic systems that are incapable of overcoming the
high strain associated with a bridgehead oléir 8) afford a scaffold rearrangement of
the heterocyclic lactam to give am#sabstituted carbocyclic ketones in high yilidh
excellent to good diastereoselectivity. In contrast, wheistredue is greater than 7, the

bridgehead iminium is capable of forming and cyclopropane formation is the sole product.
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The method described shows the potential to build medium todemeg carbocyclic rings

in good to excellent yield.

The surprising formation of amino cyclopropan@sa byproduct of the strain
associated with the transannular attack and subsequent formation of a bicyclic system
Departure of the amino group alletga the bicyclic strain and allows formation of the
second carbowgarbon bond needed for cyclopropanation.The formation of
cyclopropanols is more evidence tlitat e dt 6 s rul e i s guiding t he

transformation.

The ability to transform éterocyclic rings (lactams) into carbocyclic rings has clear
potential for broad applicationln addition, the newly formed structures contain both
amino and keto functionality which can be used for additional scaffold manipulation. The
next two chapterslescribe the synthetic utility dhis transformation(Chapter 5) and

expand upon these unique building blocks for access to 3D chemicalSpapeer 6).

4.5 Experimental

Summary of general experimental techniques, instrumentation, purification

procedures and reagent handling can be fourhges 3940.
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(0] )

)\ 1. BnNH,, Et,0 0 °C
MeO™ "N MeO N N‘Bn

2. CH,CHCOCI
THF, A o
426

6-oxo-1,4,5,6tetrahydropyridine -3-carboxylate (4%6).*> To a solution of methyl
propiolate (8901, 9.9 mmol) in E2O (10 mL) at ®C was added benzgimine (1.1 mL,

10 mmol)and the mixture was warmed to rt and stir for 1 hr. The solvent was ewsporat
and the resulting residue was dissolved in TBIG-mL) at rt. To the mixture was added
acryloyl chloride(860nL, 10 mmol)and the heated to reflux for 12shrtUpon completion

the reaction was cooled to rt and diluted with saturated NaHiZIOmL) theaqueous layer
was extracted with ED (3 x 20 mL). The combined organics were washed with brine,
dried over anhydrous MgSQand then concentrated vacuo The crude product was
purified with column chromatography (silica géts EtOAc/hexanes) to gesthe title
compound426 as an oil (1.44 g, 88). R = 0.20 (1:5 EtOAc/hexanes)H NMR (500

MHz, CDCk) =".37i 7.22 (m, 6H), 4.75 (s, 2H), 3.72 (s, 3H), 2.64 (s, 4H).

O  1.Hy PdIC 0
Na,COs, EtOH
MeO N. _ - N.
© X-"Bn 2. LiAIH,, THF -10 °C Bn

0 OH
426 (+)-427

1-Benzyk5-(hydroxymethyl)piperidin -2-one (427)** To a stirring solution 0f426
(1.449, 5.87 mmol)n anhydrous EtOH59 mL)was adde@nhydrousNaCO3(1.864,
17.6 mmol) Pd/C(633 mg, 0.59 mmoland subjected to an atmosphere ofiétt 18 his.

Upon completion the mixture was filtered through e pf celite and concentratéal
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vacua The residue was dissolved in THBO mL), cooled to-10 °C, andto the mixture
wasadded LiAlIH; (125 mg, 3.13 mmolin two portionsand stirred at10 °C for 20 min.
Upon completion the mixture was slowly quenched with 1 M NaOH (0.25 milpacC,
warmed to rt and filtered through a pad of celite. The precipitate was washed sM@ith Et
(2x). The organics were washed with brine, dried over anhydrous Mg®@0 then
concentratedn vacuo The crude product was purified with column chromatography
(silica gel,1:9 MeOH/EtOAC) to give the title compourt27 as an oil (663 mg, 52 %2
steps). R=0.10 (4:1 EtOAc/hexanes{H NMR (500 MHz, CDCY) =7.351 7.23 (m,

5H), 4.66i 4.55 (m, 2H), 3.60 (dd, J = 10.5, 5.6 Hz, 1H), 3.50 (dd, J = 12.1, 5.8 Hz, 1H),
3.32(ddd, J=12.1,5.2,1.7 Hz, 1H), 3.02 (dd, J =12.1, 10.0 Hz, 1H), 2.57 (ddd, J = 17.8,
5.9, 3.5 Hz, 1H), 2.51 2.40 (m, 1H), 2.09 1.97 (m, 1H),1.957 1.85 (m, 1H), 1.58

1.46 (m, 1H).

1. pyr-SOg3, Et3N 0

0]
DCMO°C  _
N. o N.
Bn 2. PhzMeBr, n-BulLi | Bn

OH
(+£)-427 (+)-428

1-Benzyt5-vinylpiperidin -2-one @28. To a solution o#27 (153 mg, 0.70 mmol) in
DCM (3.55 mL) was added DMSO (0.99 mL, 13.9 mmol) followed NED.96 mL,

6.9 mmol) and the mixture was cooled to 0 °C. In two portions was addegB@50%,

842 mg, 2.63 mmol) and the resulting mixture was stirred foat O °C, then at for 1 hr.
After quenching with O and dilution with EtOAc the organic phase was washed with

H20 (3x), brine, dried over anhydrous 48&, andthen concentrateid vacuo The crude
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aldehyde was used without purification. To a suspension ofM&8T (375 mg, 1.05
mmol) in THF (3.6 mL) at 0 °C was added dropwisBuLi (1.42 M, 1.62 mL, 1.14 mmol)

and then stirred for 20 min. To this mixture was added the crude aldehyde in THF (3.6
mL) and allowed to stir for 1rfat O °C. After quenching with saturated MHat 0°C and
dilutedwith EtOAc the aqueous layer was extracted with EtOAc (3x) and ¢famics were
combined, washed with brine, dried over anhydrousSRg andthen concentrateth

vacua The crude product wasugfied by column chromatographgilica gel,1:2-> 1:1
EtOAc/hexaneksto givethe title compound28as an oil 64 mg,42%- 2 steps).Rs = 0.58

(2:1 EtOAc/texanes) IR (neat): 2925, 1641, 1493, 1453, 1418, 1361, 1256, 702 cm

IH NMR (500 MHz, CDC#) =.341 7.21 (m, 5H), 5.73 5.62 (m, 1H), 5.07 4.99 (m,

2H), 4.64 (d, J = 14.6 Hz, 1H), 4.52 (d, J = 14.6 Hz, 1H), 3.21 (ddd, J = 12.1, 5.2, 1.7 Hz,
1H), 3.00 (dd, J = 12.0, 10.1 Hz, 1H), 2.57 (ddd, J = 17.9, 5.8, 3.6 Hz, 1HJ, 2.33 (m,

2H), 1.97i 1.86 (m, 1H), 1.70 1.59 (m, 1H).'3C NMR (125 MHz, CDGJ) =i169.5,
138.4, 137.2, 128.6, 128.2, 127.4, 115.8, 51.7, 50.2, 37.8, 31.3, EXdct Mass For

C14H17NO [M+H]"; calcd: 216.1383, found: 216.1389.

0 0 0
BnBr, KZCOS NaBH4
NH —— N_ — > N,
acetone, A Bn MeOH, 0°C Bn
(0] (0] HO
451a (+)-452a-OH

1-Benzy}+5-hydroxypyrrolidin -2-one (452a-OH).>° To a solution of succinimidé51a
(1.03g, 10.4 mmolin acetong14 mL)was added KCOs (1.74g, 12.6 mmoljollowed by

benzyl bromidg1.5 mL, 12.6 mmoland the mixture was heated to reflux for 8 Hdpon
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completion the mixture was cooled to rt, filtered and concentiatedcuo The crude
produce was regstallized with EtOAc and light petroleum ether to give
1-benzylpyrrolidine2,5-dioné® as colorlessplatelets(1.64 g, 83%) R = 0.54 (1:1
EtOAc/hexanes). mp = 1603 °C. H NMR (500 MHz, CDCJ) =id.411 7.37 (m, 1H),

7.347 7.28 (M, 1H), 4.66 (s, 1H), 2.71 (s, 2H).

To a solution ofl.-benzylpyrrolidine2,5-dione (508 mg, 2.69 mmol) in MeOH (50 mL) at

-5 °C was added NaBH417 mg, 11.0 mmol) in two portions and the mixture was stirred
at 0 °C for 3 hrs. Upon completion the mixture was poured into 60 mL of a 1:2
DCM/saturated NaHC&mixture and stirred until bubble formation stopped. The aqueous
layer was extracted with DCM (3x), and the combined organics were washed with brine,
dried with anhydrous N&Qs, and then concentratéd vacuoto givethe title compound
452a0H asa whilesolid (460 mg, 89%). R 0.19 (1:1 EtOAc/hexanes). mp =109 °C

IH NMR (500 MHz, CDCJ) =.361 7.31 (m, 2H), 7.30 7.27 (m, 3H), 5.12 5.06 (m,

1H), 4.83 (d, J = 14.8 Hz, 1H), 4.23 (d, J = 14.8 Hz, 1H), 2389 (m, 1H), 2.39 (ddd, J

=17.0,10.0, 3.9 Hz, 1H), 2.3% 2.25 (m, 2H), 1.89 (dddd, J = 13.8, 9.8, 3.9, 2.2 Hz, 1H).

)

p-TsOH
N_ —_— N
Bn MeOH Bn
HO MeO
(+)-452a-OH (+)-452a-OMe

1-Benzy+5-methoxypyrrolidin -2-one (452a0Me).®' To a solution 0f452a0H (246
mg, 1.29 mmol) in MeOH (12 mL) all0 °C was addeg-toluenesulfonic acid (68 mg,

0.39 mmol, pH ~12) and the mixture was stirred for 30 min. Upon completion the mixture
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was neutralized with saturated NaHEPH ~7) and the aqueous layer was exadatith
EtOAc (3x). The combined organics were washed with brine, dried over anhydrous
MgSQs, and then concentrated vacuo The crude product was purified by column
chromatography (silica gel, 1:5 1:2 EtOAc/hexanes) to give the title compouyr®a

OMe as an oil (248 mg, 91%). R 0.52 (1:1 EtOAc/hexanes)H NMR (500 MHz,
CDCl) =.357 7.26 (m, 5H), 4.96 (d, J = 14.7 Hz, 1H), 4.73 (dd, J = 6.4, 1.5 Hz, 1H),
4.01 (dd, J = 14.7, 0.8 Hz, 1H), 3.22 (s, 3H), 2.€354 (m, 1H), 2.39 (ddd, J = 1710.0,

3.2 Hz, 1H), 2.13 2.03 (m, 1H), 1.99 (dddd, J = 14.2, 9.7, 3.2, 1.5 Hz, 1H).

o) o) o) o)
BnBr, KOH NaBH, p-TsOH
NH ———— N. - N. — N.
DMF Bn  MeOH, 0°C Bn MeOH Bn
o) o) OH OMe
451b (£)-452b

1-Benzyk6-methoxypiperidin-2-one (4521.5> To a solution of glutarimidg51b (1.14

g, 9.88 mmol)in DMF (12 mL) at 0 °C was addeghowdered anhydrous KOKD.63 g,
11.25mmol) and the mixture was stirred at’G for 30 min Benzyl bromidg1.25 mL,

10.0 mmol)was added and stirring continued for 15 (or until completion by TLC, heat

at 50 °C if needed). Upon completion the mixtwaes diluted with HO and the aqueous
layer was extracted with EtOAc (3x). The combined organics were washed with 2N
NaOH, saturated N¥CI, H>O (3x), brined (2x), dried over anhydrous MgS@nd then
concentratedin vacuo The crude product was recry$itedd with EtO to afford

1-benzylpiperidine2,6-dion€® as a colorlesssolid (1.8 g, 98). R = 0.55 (1:1
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EtOAc/hexanes). mp =51 °CGH NMR (500 MHz, CDC4) =1.397 7.34 (m, 2H), 7.31

i 7.22 (m, 3H), 4.95 (s, 2H), 2.732.65 (m, 4H), 1.98 1.88 (m, 2H).

To a solution ofl-benzylpiperidine2,6-dione (539 mg, 2.65 mwl) in MeOH (53 mL) at

-5 °C was added NaBH429 mg, 11.3 mmol) in two portions and the mixture was stirred
at 0 °C for 3 hrs. NaBH430 mg, 11.3 mmol) was added and the mixture was stirred for
an additional 2 hrs. Upon completion the mixture was mbuméo 60 mL of a 1:2
DCM/saturated NaHC&mixture and stirred until bubble formation stopped. The aqueous
layer was extracted with DCM (3x), and the combined organics were washed with brine,
dried with anhydrous N&Qs, and then concentrateid vacuo to give 1-benzyl6-
hydroxypiperidin2-oné* as a while solid (533 mg, 98%iR: = 0.13 (1:1 EtOAc/hexanes).
mp= 102104 °C. 'H NMR (500 MHz, CDCY) =.347 7.24 (m, 5H), 5.06 (d, J = 14.9
Hz, 1H), 4.93 (dt, J = 6.4, 3.4 Hz, 1H), 4.39 (d, J = 14.9 Hz, 1H),i22685 (m, 1H), 2.55

i 2.51 (m, 1H), 2.47 2.37 (m, 1H), 2.12 2.01 (m, 1H), 1.95 1.80 (m, 2H), 1777 1.69

(m, 1H), 1.63 (s, br, 1H).

To a solution ofl-benzyt6-hydroxypiperidin2-one (256 mg, 1.25 mmol) in MeOH
(12mL) at-10 °C was addep-toluenesulfonic acid (47 mg, 0.27 mmol, pH2)land the
mixture was stirred for 30 min. Upon completion timéxture was neutralized with
saturated NaHC@(pH ~7) and the aqueous layer was extracted with EtOAc (3x). The
combined organics were washed with brine, dried over anhydrous Mg@®@ then
concentratedn vacuoto give the title compound52b as an 0il(272 mg, 99%), used
without further purification. R= 0.51 (2:1 EtOAc/hexanes}H NMR (500 MHz, CDCJ)

U 71 72F(m, 7H), 5.39 (d, J = 14.9 Hz, 1H), 4i42.34 (m, 1H), 4.00 (d, J = 14.9 Hz,
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1H), 3.29 (s, 3H), 2.61 2.50 (m, 1H), 2.45 2.35 (m,1H), 2.07i 1.97 (m, 2H), 1.72

1.56 (m, 2H).

0 O]

Me3S|\/\
N Tar o N.
\Bn BF3' OEt2 Bn
HO DCM ——
(+)-452a-OH (+)-455a

5-Allyl -1-benzylpyrrolidin -2-one (455a)%® To a solution 0f452aOH (111 mg, 0.52
mmol) in DCM (5.2 mL) at78 °C was addeBFs-OE® (105ni, 0.83 mmol) and stirred
for 10 min. Allyltrimethylsilane (261, 1.6 mmol) was added dropwise, and the reaction
was allowed to warm to &nd stirred for 2.5ds. Upon completion the mixture was diluted
with saturated NaHC£€X5 mL), the aqueous layer was extracted with DCM (3x), washed
with brine, dried over anhydrous p&Qs, and then concentrated vacuo The crude
product was purified by column chromatography (silica é&;> 1:2 EtOAc/hexanes) to
give the title compound55aas an oil (108 mg, 87%). 1R 0.54 (1:1 EtOAc/hexanes).
IHNMR (500 MHz, CDC#) U ¥ 7.27 (n8 3H), 7.25 7.22 (m, 2H), 5.70 5.56 (m,
1H), 5.147 5.07 (m, 3H), 5.02 (d, J = 15.1 Hz, 1H), 3.99 (d, J = 15.0 Hz, 1H), 3.51 (tdd, J
=8.1, 4.8, 3.6 HzLH), 2.52 2.43 (m, 1H), 2.43 2.34 (m, 2H), 2.22 2.14 (m, 1H), 2.10

i 2.00(m, 1H), 1.81i 1.72 (m, 1H).

155



(£)-452b (£)-455b

6-Allyl -1-benzylpiperidin-2-one @550).%° To a solution o#52b(101 mg, 0.46 mmoih
DCM (4.6 mL) at-78 °C was added BFOE® (90 ni, 0.71 mmol) and the mixture was
stirred for 10 min. Allyltrimethylsilane (2281, 1.38 mmol) was added dropwise, and the
reaction was allowed to warm to room temp and stirred for &5 The reactiorwas
guenched with 5 mL saturated NaH¢ @e aqueous layer was extracted with DCM (3x),
washed with brine, dried over anhydrous8@;, then concentrateid vacuo The crude
product was purifiethy column chromatograph(gilica gel,1:5-> 1:2 EtOAc/hexaes to
givethe title compound55bas a clear oil (55.3 mg, 53% % = 0.23(1:2 EtOAc/lexanes)

IH NMR (500 MHz, CDC4) =@.371 7.16 (m, 5H), 5.68 5.58 (m, 1H), 5.40 (d] = 15.2
Hz, 1H), 5.12 5.04 (m, 2H), 3.97 (d] = 15.2 Hz, 1H), 3.34 (td|= 9.1, 4.2 Hz, 1H), 2.54

i 2.37 (M, 3H), 2.26 (dt] = 14.2, 8.8 Hz, 1H), 1.961.83 (m, 1H), 1.83 1.60 (m, 3H).

o o
(@ 1.) LDA, THF/HMPA (m

2.) CH,CHCH,Br
453c-e (+)-454c-e

a-Allylation 7 General Procedure (4.1) To a solution of the corresponding cyclic ketone
453ce (1 equiv., 0.4 M) in a 4:1 mixture dHF andHMPA at-78 °C was added a freshly
prepared solution of LDA (1.2 equiv., 1 M soln in TH&)d the mixture was stirred

at-78 °C for 1 hr. The mixture was warmed-#®) °C, allyloromide (1.2 equiv.) was added
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and then warmed to rt and stirred for 18 hpon completion the reaction was quenched
with 5% HCI and the aqueous layer was extracted wit® E3x). The combined organics
were washed with 3% HCI, brine, dried over anhydrous Mg&ad then concentratén
vacua The crude product was purified by column chromatography to give the title

compound.

2-Allylcyclohexanone 653c)®” The crude product was purified by

0
(XA\ column chromatography (silica g&t20-> 1:10EtOAc/hexanes) to give

(+)-453¢

the title compound453c as a lquid (75%). R = 0.57 (15

EtOAc/hexanes) H NMR (500 MHz, CDCY) & % 5.70.(n8, 3H), 5.08 4.91 (m,
2H), 2.60i 2.47 (m, 1H), 2.45 2.24 (m, 3H), 2.18 2.09 (m, 1H), 2.09 2.02 (m, 1H),

2.02i 1.94 (m, 1H), 1.89 1.82 (m, 1H), 1.72 1.60 (m,2H), 1.41i 1.31 (m, 1H).

2-Allylcycloheptanone @53d)%® The crude product was pified by

o}
CE/\ column chromatography (silica gel, 0%5% EtOAc/hexanes) to give
(+)-453d

the title compound453d as a liquid (93%). R= 0.54 (15

EtOAc/hexanes).!H NMR (500 MHz, CDCJ) U % 5.65.(n7, @H), 5.08 4.94 (m,
2H), 2.63i 2.51 (m, 1H), 2.51 2.38(m, 3H), 2.11i 2.00 (m, 1H), 1.91 1.77 (m, 4H),

1.67i 1.57 (m, 1H), 1.42 1.28 (m, 3H).

o)
C)i/\ 2-Allylcyclooctanone @53e)®® The crude product was purified by

(£)-453e column chromatography (silica gel, 0%5% EtOAc/hexanes) to give
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the title compoundi53eas a liquid (95%). R= 0.24 (1:10 EtOAc/hexanesiH NMR
(500 MHz, CDC¥) U ¥ 5.6 (m7 ¥H), 5.05 4.95 (m, 2H), 2.70 2.62 (m, 1H), 2.44
i 2.35 (m, 2H), 2.32 (ddd=13.7, 7.0, 3.6, 1H), 2.112.03 (m, 1H), 2.03 1.95 (m, 1H),
1.897 1.76 (m, 2H), 1.69 1.57 (m,3H), 1.54i 1.45 (m, 2H), 1.43 1.34 (m, 1H), 1.27

1.17 (m, 1H).

( o 1. H,NOSO,H
HCO2H, rt
N 2. NaH, THF 0 °C
then, BnBr, A

454c-e (+)-455c-e

Beckmann rearrangement- General Procedure(4.2). To asolutionof hydroxylamine
O-sulfonic acid(1.1 eqiv., 1 M) in formic acid at room temp was slopadded (over 25
min) asolutionof the corresponding cyclic ketod®&4ce (1 equiv., 1 M) in formic acid
The reaction was then heated to reflux f& l¥sand monitored by TLCUpon completion
themixture was cooled td andadded to a 1:1 mixture &fH4Cl and HO. The aqueous
layer was extracted with chloroform (3x) and the combined organics were washed with
NaHCQ (2x), brine, dried over anhydrous #, then concentrateth vacuo The
residue was dissolved TTHF and addedropwise to auspension of NaH (60%, 1.4weg,
0.1 M) and THF at O °C and s#ad for 30 min. Benzyl bromide (1.0 1.5 ealiv) was
added at 0 °C and thmixture waswarmed to rt(heated if necessary) until complete
consumption (TLC).Upon completion the mixture waduted withsaturated N&CI. The

agueous layer was extracted with EtOAc (3x) and the combined organic layers were
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washed with HO, brine,dried over anhydrous N&8CQs, andthen concentrateth vacuo

The crude product was purified by column chromatogydplgive the title compound.

7-Allyl -1-benzylazepan2-one (4559. The crude product was

purified by column chromatography (silica gell:10 -> 1.5

EtOAc/hexaneksto givethe title compund455cas an oil (45%

()-455¢

2 steps).Rs = 0.48 (1:2 EtOAc/hexanes)R (neat): 3062, 3028,

~

2929, 2858, 1632, 1474, 1436, 1355, 1197, 702.ctil NMR (400 MHz, CDC)) =i
7.31i 7.07 (m, 5H), 5.55 (ddt, J = 17.1, 10.0, 7.1 Hz, 1H), 5.885 (m, 3H), 4.06 (d, J
= 14.7 Hz, 1H), 3.42 3.28 (m, 1H), 2.72 2.58 (m, 1H), 2.57 2.45 (m, 1H), 2.33 (t, J =
7.4 Hz, 2H), 1.79 1.66 (m, 1H), 1.66 1.40 (m, 4H), 1.40 1.27 (m, 1H).13C NMR (100
MHz, CDCk) =i175.3, 138.3, 134.6, 128.4, 128127.2, 117.6, 57.9, 51.6, 37.8, 36.2,

31.4, 24.0, 23.4Exact Mass For gH21NO [M+H]*; calcd: 266.1515, found: 266.1532.

8-Allyl-1-benzylazocar2-one (455d. The crude product was

purified by column chromatography (silica gell:5 -> 1:2

EtOAc/hexaneksto give the title compond455das a solid (11%

\

(+)-455d

2 steps). Rr = 0.60 (1:2 EtOAc/hexanes)mp = 7273 °C. IR

(neat): 3064, 3029, 2927, 2855, 1634, 1453, 14341, 1236, 731, 695 chn H NMR
(500 MHz, CDC#) =.37i 7.09 (m, 5H), 5.72 5.44 (m, 1H), 5.01 4.82 (m, 2H), 4.72
(d, J = 15.2 Hz, 1H), 4.25 (d, J = 15.3 Hz, 1H), 4.18.91 (m, 1H), 2.71 (t, J = 12.3 Hz,

1H), 2.50 (d, J = 9.8 Hz, 1H), 2.462.33 (m, 1H), 2.18 2.04 (m, 1H), 1.97 (d, J = 13.8
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Hz, 1H), 1.93 1.81 (m, 1H), 1.75 1.56 (m, 2H), 1.56 1.37 (m, 2H), 1.26 1.11 (m,
1H), 1.02i 0.85 (m, 1H).C NMR (125 MHz, CDGJ) =U76.3, 139.4, 134.9, 128.2,
127.9, 126.8, 117.3, 56.5, 43.8, 38.3, 35.2, 34.4, 29.4, 27.0, Bx&ct Mass For

C17H23NO [M+H]"; calcd: 258.1852, found: 258.1877.

9-Allyl-1-benzylazoran-2-one (4559. The crude product was
0
i purified by column chromatography (silica gell:5 -> 1:2

“Bn
_ EtOAc/hexanesto give the title corpound455eas an oil (8% 2

(+)-455e

steps). Rf = 0.60 (1:2 EtOAc/hexanes)iR (neat): 2926, 2864,

1631, 1456, 1432, 1409, 1343,84, 915, 729, 698 ¢t *H NMR (500 MHz, CDCY) =1
7.33i 7.15 (m, 5H), 5.66 5.47 (m, 1H), 5.04 4.81 (m, 3H), 4.16 (d, J = 5.7 Hz, 1H),
3.90 (d, J = 15.3 Hz, 1H), 2.60 (dt, J = 23.9, 12.4 Hz, 2H),i2384 (m, 1H), 2.15 2.00

(m, 2H), 1.92 (s1H), 1.797 1.66 (m, 1H), 1.65 1.35 (m, 6H), 1.17 1.02 (m, 1H).

13C NMR (125 MHz, CDC§) =il76.9, 139.2, 134.9, 128.3, 127.9, 126.8, 117.4, 58.3,
43.8,39.2, 37.3, 32.7, 29.5, 27.5, 24.9, 2@EXact Mass For GH,sNO [M+H]*; calcd:

272.2009, foud: 272.2035.
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0 Ti(Oi-Pr),

0 0]
c-CsHgMgBr p-TsCl, pyr.
_— _—
N-gn THF, rt DCM
= HN Ts—N

\Bn Bn
()-455b (+)-457b (+)-457b-Ts

Kulinkovich-de Meijere reaction - General Procedure (4.3) To a solution of the
corresponding enkactam 455ae (1 equiv., 0.03 M) in THFwas added Ti(@Pr)
(1.1equiv). The reaction mixture was stirred for five minutestdiefore a solution of
cyclopentylmagnesium bromide (3i44.5 eqiv, 0.27 0.4 M soln in EfO) was aded
dropwise over 4G 60 minuntil starting material was consumed (T,LEMnO4 Stain).
After quenching with HO the resulting nxture was stirred for 10 miiellowed by dilution
with EtOAc. The resulting suspension was filtered through a pad of celite and the layers
were separated. The aqueous layer was extracted with EtOAar{@xhe combined
organics were washed with 28, brine, dried over anhydrous #4, and then
concentratedh vacuo  The crude product was purified by column chromatography to
give the title compoundor the crude product wabl-tosylated following general

procedure 4.4

N-tosyl derivatizationi General Procedure (4.4) To a solution of crude aminoketone

(1 equiv., 0.1 M) in a 1:1 mixture of DCMand pyridine at nvas addeg-TsCl (2eq) and
stirred at room temp until complete conversion of the starting material as indicated by TLC.
The reaction mixture wadiluted with saturated NaHCg®and the aqueous layer was
extracted with EtOAc (3x). The combined organics were washednaitkr, brine, dried

over anhydrous N&Qy, andthen concentrateith vacuo The crude product was purified

by column chromatography to give the title compound.
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4-Amino-2-methyl cycloheptanone(457b). The crude product was

o}
Qi purified bycolumnchromatography (silica gel, 5% MeOH/DCM) to
Bn\N
"{i)_457b give the title ompound457b as an oil (8%). Rf = 0.24 (6%
dr=1:0

MeOH/EtOAC). IR (neat): 2929, 2869, 1700, 1451, 734, 699'cm
IH NMR (500 MHz, CDC{) =u.387 7.23 (m, 5H), 4.01 (d, J = 11.8 Hz, 1H), 3.83 (d, J
= 13.5 Hz, 1H), 2.98 (s, 1H), 2.34 (s, 2H), 2i08.87 (m, 3H), 1.8% 1.75 (m, 1H), 1.66

i 1.52 (m, 4H), 1.10 (d, J = 7.0 Hz, 3HExact Mass For H2>1NO [M+Na]*; calcd:

254.1515found:254.1533

4-Benzenesulfonamide2-methyl cycloheptanone(457b-Ts). The

0
ﬁ crude product was purified lwplumnchromatography (silica gelp
Bn\N

(4-r)?457b-Ts > 20% EtOAc/hexanggo givethe title @mpound457b-Ts as an

oil (40% - 2 stepy. Rf=0.13 (1:5 EtOAc/hexanes)R (neat): 2930,

1702, 1335, 1156, 1091, 660 ¢m'H NMR (500 MHz, CDC§) ={.70 (d, J = 8.0 Hz,

2H), 7.38i 7.22 (m, 7H), 4.44 (d, J = 15.9 Hz, 1H), 4.25 (d, J = 15.9 Hz, 1H),i33%0

(m, 1H), 2.521 2.32 (m, 5H), 2.32 2.19 (m, 1H), 1.78 (d, J = 11.7 Hz, 2H), 1i61.47

(m, 1H), 1.42 (t, J = 8.6 Hz, 2H), 1.858..24 (m, 1H), 0.88 (d, J = 6.8 Hz, 3HFC NMR
(125MHz,CDC}) U0 = 214. 5, 143. 5, 1337.7427.1166.8 . 3,
48.1, 43.5,42.3, 38.9, 35.4, 22211..6 17.6 Exact Mass For £H27NOsS [M+H]*; calcd:

386.1784 found:386.1799
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dr = 41O

(0] Ti(Oi-Pr),
c- C5H MgBr
N.

| Bn THF rt

(+)-428 (i) 436 (1:1) (ir) -437

NH
Bn
(¥)-436

dr=4:1

MeOH/EtOAQ to givethe title @mpound436 as an oil (3%). R =

3-Aminomethyl-2-methyl cyclopentanone(436). The crude product

was purified by column chromatography (silica gels -> 10%

0.25 (10% MeOH/EtOAC).IR (neat): 2956, 2926, 2871, 2852, 1738,

1453, 11191028, 739, 699 crth *H NMR (500 MHz, CDCY) =1.36

i 7.30 (m, 5H), 3.83 (q, J = 13.3 Hz, 2H), 2.91 (dd, J = 11.7, 4.3 Hz, 1H), 2.64 (dd, J =

11.7, 7.5 Hz, 1H), 2.4R 2.32 (m, 1H), 2.20 2.09 (m, 2H), 1.91 1.81 (m, 2H), 1.55

1.46 (m, 2H), 1.09 (dJ = 6.6 Hz, 3H).13C NMR (100MHz, CDCk) U = 140.

128.2,127.2,54.5, 53.4, 48.4, 45.2, 37.3, 25.9,.1Bx&ct Mass For GH1dNO [M+H]";

calcd:218.1539 found:218.1540

OH

(+)-437

Bicyclic 4-aminomethyl cyclopropanol (437. Rf = 0.15 (10%

MeOH/EtOAC). IR (neat): 3307, 2927, 1558, 1543, 1507, 1456, 741, 699

cml. H NMR (500 MHz, CDCJ) ={7.38i 7.26 (m, 5H), 3.85 (d, J =

3.2 Hz, 2H), 2.68 (dd, J = 11.7, 6.9 Hz, 1H), 2.61 (dd, J = 11.7, 7.2 Hz,

1H), 2.01i 1.90 (m, 3H), 1.56 1.48 (m, 1H), 1.34 1.26 (m, 2H), 0.95

0.85 (m, 1H), 0.60 (dd, J = 5.6, 4.2 Hz, 1HJC NMR (125MHz, CDCk) i =

128.6, 128.61, 127.5, 64.2, 53.6, 53.4, 39.6, 31.6, 27.8, 25.5, HxAct Mass For

C14H19NO [M+Na]*; calcd:240.1359found:240.1377
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o 4-Benzenesulfonamide2-methyl cyclopentanone (436Ts). The

crude product was purified golumnchromatography (silica gel,

5 n/N/TS 1:5EtOAc/hexanesgave the title compound436-Ts as an oil (2%

(+)-436-Ts

- 2 step¥ Rf=0.73 (1:10 EtOAc/hexanes)R (neat):2963, 2925,

1739, 1336, 1159, 1092, 740, 6561 cm’. 'H NMR (500 MHz, CDCJ) =.78i 7.70

(m, 2H), 7.37 7.32 (m, 2H), 7.32 7.22 (m, 5H), 4.38 (d, J = 14.5 Hz, 1H), 4.20 (d, J =

14.5 Hz, 1H), 3.19 3.10 (m, 2H), 2.46 (s, 3H), 2.292.15 (m, 1H), 2.00 1.83 (m, 2H),

1.707 1.62 (m, 1H), 1617 1.53 (m, 1H), 1.36 1.25 (m, 1H), 0.90 (d, J = 6.9 Hz, 3H).

13C NMR (125MHz, CDCh) a = 219. 7, 143. 7, 136. 5, 136
127.5,53.9,53.2, 48.3, 43.8, 37.0, 25.9, 21.7,.1BxAct Mass For £H2sNO3S [M+H]+;

calcd:372.1&8, found:372.1641

0 OH
Ti(Oi-Pr), 0
N —
“Bn M Bn. N ~ + Bn. N
B THF, rt N N H
(t)-4553 (i)-457a (i)-4583
dr = 10:1

4-Amino-2-methyl cyclohexanong4573. The crude product was

0
B“\N’(I purified by columnchromatography (silica geh% MeOH/DCM

H
(+)-457a to give the title ompound457aas an oil (6%). R = 0.33 (10%

dr=10:1

MeOH/EtOAc) IR (neat):2929, 2860, 1742, 1692, 1452, 1122,

737, 700 crit. H NMR (500 MHz, CDCf) =.39i 7.22 (m, 5H), 3.86 (s, 2H), 3.05 (it,
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J=11.1, 3.7 Hz, 1H), 2.472.23 (m, 5H), 1.58 1.48 (m, 1H), 1.35 1.26 (m, 1H), 1.03
(d, J = 6.5 Hz, 3H).:*C NMR (100 MHz,CDCl) a = 212.5, 140. 4, 12
54.7, 51.5, 42.7, 41.9, 39.5, 33.5, 14.&xact Mass For GHi19NO [M+H]"; calcd:

218.1539found:218.1549

oH Bicyclic 4-aminocyclopropanol (4589. R: = 0.08 (10%
B”\N@ MeOH/EtOAC) IR (neat): 3316 br, 2926, 2855, 1462, 1451, 1368,
H H
(2)-458a 1202, 1162, 748, 699 ch H NMR (500 MHz, CDCJ) =1.35

i 7.23 (m, 5H), 3.77 (s, 2H), 2.642.43 (m, 3H), 2.42 2.33 (m, 1H), 2.38 2.25 (m,1H),

1.987 1.85 (m, 1H), 1.82 1.72 (m, 1H), 1.18 1.05 (m, 2H), 0.96 0.85 (m, 2H), 0.42

(t, J = 5.7 Hz, 1H).2®C NMR (100 MHz,CDG)) & = 139.5, 128.7, 1:
53.3, 50.9, 32.5, 31.1, 27.9, 19.7, 18.Exact Mass For GHieNO [M+Na]*; calcd:

240.1356 found:240.1376

4-Benzenesulfonamide2-methyl cyclohexanone (457d's). The

o}
Bn\N,(I crude product was purified plumnchromatography (silica gel,
Ts
(+)-457a-Ts 1:10-> 1.5 EtOAc/hexanggo give the title ompound457aTs as

dr =10:1

an oil (436 - 2 step¥. Rr = 0.17 (1:5 EtOAc/hexanes)R (neat):
2930, 2869, 1713, 1337, 1158, 1091, 815, 701, 657, 545 #NMR (500 MHz, CDCY)
U=7.77i 7.71 (m, 6H), 7.38 7.26 (M, 23H), 4.44 4.26 (m, 9H), 2.47 2.34 (m, 16H),
2.35i 2.22 (m, 6H), 1.87 1.76 (m, 6H), 1.63 (ddd, J = 25.4, 12.7, 5.5 Hz, 5H), 1.38 (dd,

J =25.3, 12.6 Hz, 4H), 0.87 (d, J = 6.5 Hz, 9fC NMR (125 MHz, CDG)) =#10.1,
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143.6, 138.2, 129.9, 128.7, 127.9, 127.1, 5849, 43.7, 40.1, 39.4, 31.4, 21.7, 14.4

Exact Mass For §H2sNO3S [M+H]™; calcd:372.1628 found:372.1628

0 Ti(0i-Pr), o OH
c-CsHgMgBr
Ngn — THR. Qi ¥ @
Bn , H
\ Bn/NH Bn/NH
(+)-455¢ (£)-457¢ (+)-458¢
dr =31
o 4-Amino-2-methyl cyclooctanone(4579. The crude product was
purified bycolumnchromatography (silica gel;7 EtOAc/hexangs
B”/(N)H4 to give the title compound57cas an oil (736). Rt = 0.25 (9%
+)-457¢
dr=341 MeOH/DCM). IR (neat): 3396 br, 2926, 2856700, 1629, 1452,

1354, 729, 700 cth Note: *HNMR and**CNMR of purified457cwere difficult to obtain
due toequilibrium with the bicyclic hemiaminalHowever, the methyl signal was present

and identifiable.Exact Mass For H23NO [M+H]*; calcd:246.1852, found: 246.1855.

o Bicyclic 4-aminocyclopropanol (458&c). Re = 0.08 (9%
MeOH/DCM). IR (neat): 3362 br, 2932, 2856, 1585, 1458, 1217,
Bn/NH458 ’ 1073, 751, 699 cth H NMR (500 MHz,CDCls) U = 9. 57
1)-
o 7.711 7.62 (m, 2H), 7.42 7.37 (m, 2H), 7.37 7.32 (m, 1H), 4.09

(s, 2H), 3.02 (s, 1H), 2.45 (d1=16.0, 3.0, 1H), 2.33 (d8=15.2, 3.2, 1H), 2.15 1.93 (m,
3H), 1.88i 1.72 (m, 1H), 1.72 1.57 (m, 1H), 1.54 1.39 (m, 1H)1.137 1.02 (m, 2H),

1.027 0.95 (m, 1H), 0.10 (=5.7, 1H). 23C NMR (125MHz, CDCk) 4 = 130 .
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129.6, 129.3, 56.4, 55.6, 48.3, 33.6, 2287, 24.3, 21.9, 19.6, 18.%xact Mass For

CieH23NO [M+Na]*; calcd:268.1672 found:268.1652

Ti(Oi-Pr),
c-CsHgMgBr
_CsHoMgbr NLBn
THF, rt

(+)-455d (+)-459d

11-Benzyk11-azatricyclo[5.3.1.6-Jundecane (458). The crude product was purified by
columnchromatography (silica gel;7 EtOAc/hexanggo give the title compound55d

as an oil (7%0). Rr=0.73 (1:10 EtOAc/hexanedR (neat): 2919, 2850, 1451, 1439, 1355,
1146, 1002, 740, 724, 698 &m*H NMR (500 MHz, CDCY) =i7.517 7.11 (m, 6H),
3.74 (d, J = 13.6 Hz, 1H), 3.44 (d, J = 13.6 Hz, 1H), 3.2789(m, 1H), 2.20 (ddd, J =
14.2, 11.8, 4.5 Hz, 1H), 2.041.96 (m, 1H), 1.94 1.80 (m, 5H), 1.61 1.42 (m,4H),
1.417 1.34 (m, 1H), 1.29 1.19 (m, 2H), 1.01 0.94 (m, 1H), 0.92 (t, J = 4.5 Hz, 1H),
0.57 (dd, J = 8.5, 4.7 Hz, 1HC NMR (125MHz, CDCk) =142.3, 128.9, 128.1, 126.5,
69.2, 57.1, 54.2, 38.6, 35.1, 34.9, 29.9, 27.0, 25.5, 25.1,BE24& Mass For GH23N

[M+H]+; calcd: 242.1903, found: 242.1928.
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o)

Ti(Oi-Pr),
¢c-CgHgMgBr
N ph ———= » L
g THF, rt NpBn

—

(+)-455¢ (+)-459¢

12-Benzyk12-azatricyclo[6.3.1.3-'9dodecane (458). The crude product was purified
by columnchromatography (silica ge3,-> 5% EtOAc/hexangdo give the title compound
459eas an oil (320). Rr = 0.95(1:20 EtOAc/hexanes)*H NMR (500 MHz, CDCY) =1
7.381 7.20 (m, 5H), 3.76 (d, J = 12.7 Hz, 1H), 3.42 (d, J = 12.8 Hz, 1H),i22988 (m,
1H), 2.34i 2.22 (m, 1H), 2.06 1.91 (m, 2H), 1.81 (dd, J = 13.4, 6.8 Hz, 1H), 1.7159
(m, 3H), 1.52i 1.40 (m, 3H), 1.37 1.30 (m, 2H), 1.14 1.06 (m, 1H)0.907 0.77 (m,
3H), 0.47 (dd, J=8.4,45Hz, IH)C NMR (15MHz,CDCk) U = 142.3, 128
126.5, 69.257.1 54.2, 38.6, 35.1, 34.9, 29.9, 27.0, 25.5, 25.1,.2&%act Mass For

C1gH2sN [M+H]+; calcd: 254.1879 found: 54.1900.
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CHAPTER 5
SYNTHESIS OF A HIGHL Y FUNCTIONALIZED UNNATURAL

MOLECULAR SCAFFOLD

5.1 Introduction

As discussed in the previous chapters, photocycloaddition is a powerful method for
the rapid assembly of molecular scaffold®ver the past decadthe Sieburth Group has
demonstrated thgynthetic potential of the photpdoaddition of 2pyridones with various
p-systemsto assemble functionally rich complex scaffol@hépter 2) with a limited
number of required synthetic transformations. In additioapproacks to the core
molecula scaffolds of natural productgsicoccin A, crinpellin, halicyclamine, taxol, and

sarineby the Sieburth groupave involved [4+4] photocycloaddition of@ridone.

The [2+2] photocycloadduct, a polycyclic cyclobutandithépter 2), has received
far less attention and applicatiam the construction omolecular scaffolds, despite a
plethora of synthetic transformatiodiscumented for cyclobutanésn addition, tte newly
formedcyclobutane is highly decorated witBeful functionalitye.qg., 1,5 enyneayith the
potential to assemble a library of diverse cyclobutane scaffdltie. cyclobutane unit is
commally found as a basic structural unit in a wide range of compounds in marine
invertebrates, bacteria, plants and fungi with more than 200 compounds shown to exhibit
biological activity including antimicrobial, antibacterial, and anticancer activities.
Synthetic approaches to the synthesis of cyclobutanes of interest has frequently involved
[2+2] photocycloadditiong? The cydobutane unit, contained within amino acids, peptides

and nuteosides often exhibits protective properties against ultraviolet (UV) radfation.
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A common functionality present in the photoadducts af 2-pyridone
photocycloadditiomeactionis a fused or bridgk unsaturated piperidinonelhe presence
of this moiety presented the opportunity to applye Ti(ll) chemistry, described in
Chapter 4, to a more complex systerilerein this chapter the stereoselective preparation
of a Hghly functionalized tetracyclic cyclobutane molecular scaffold from a simpleahchir

2-pyridone enyne in a rapid sstep sequends reportedScheme 5.1

236 (£)-501

Schemeb.1 Rapid regie and stereoselective syresis of polycyclic skeletons.

5.2 Results and Discussion

The ability to form functionally rich polycyclic cyclobutanoid molecular scaffolds
(Figure 5.1) with excellent regio and stereoset#ivity has been demonstrated in
Chapter 2. To expand upon previous work and develop synthetic applicatoyns
2-pyridone [2+2] photocycloaddition transformation the tricycliccyclobutanoid
photoproducts were converted into complex tetracyclic frameworks. In this section further
manipulations of these interesting products for the rapid assembigwa cyclobutane

scaffoldsis described
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(+)-254 | H TMS
()-255 | Br | H
(+)-256 | Br cPr

Figure 5.1 Polycyclic cyclobutane230and252- 256.

5.2.1 Cyclization of the 1,5enyne

With the functionally rich tricyclic cyclobutane produatshand 230and252- 256,
Chapter 2), focus turned to investigatinghe reactivity of the 1/enyne moiety
Figure 5.1 Nonconjugated enynes can cyclize wherateel with a variety of regents
such as gold and radicals, with enyne cycloisomerization being the most widely studied
subfield of goldp-acid catalysiS The substrate®30, 252, 253, 255and256 containing a
cyclobutane adjacent to the alkyoeuld participate in these reactions based on gestte
of substrate502, for example Figure 52.° For substrate®52 and 256 in particular
containing an alkyne flanked by both a cyclopropane and a cyclobtitengotential for
new reaction pathways through participation of these strained rings was obvious with the
possibility for ring expansion and subsequent scaffold rearrangemalternatively, the
electronrich eneamide group nearby might intercept the coordinated alkyne and its

reaction intermediates, much like other nucleoptikege been showrme.g.,504.2
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Figure 5.2 Gold-catalyzed cyclization of 1;6nynes.

5.2.1.1Gold Cyclization

The screening of several gold and silver salts led Seeadoedig cyclization with
both the cyclopropane and cyclobutariegs left untouched. It was determined that a
mixed golds i | ver salt catal yst i n Orepwdudbleac et o
transformatior?. Treatment o252 with a mixture of Au(l)/Ag(l) in wet agtonitrile gave
tetracycle508 in high yield,Schemeb.2, with no change in the strained ringghis is not
completely unexpected, as the ring expansions of cyclopropanes and cyclobutanes usually
require activatio?*( e . g . , hydroxyl group), however,

reported?
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Schemeb.2 Gold-catalyzed cyclization of 1;8nynes.

This reaction presumably starty coordination of the gold with the alkyne
Scheme 5.2with the resulting intenediate506 possibly electronically biased by the
cyclopropangR = cPr) Fensterbank and Malacria found thatiplat-catalyzed reactions
of non-conjugated enynes were compatible with terminal cyclopropane substitution similar
to 25212 Trapping of this electrophile by the electrooh enamide in &-endodig
cyclization yields iminium507 which is then interceptedybwater, yielding tetracyclic
N-acylaminal508. The structure 0608 was confirmedby Svitlana Kulykby X-ray
crystallographyFigure5.3* A single diastereomer was isolated, with the water having
approachedrom the more accessible bottom face due to the top facg lidocked by the
newly formed cyclopentene ring and the pendent cyclopropane ring blocking the angle of

attack to the iminium.
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Figure53 Sv i t | a n arystél stiugtuke®@®08. c

Not surprisingly, cyclization is possible only when the ene and yneist@ each

other. Subjectinga mixture of trans-253 and cis-253 to the same goldatalyzed

cyclization conditions led to quantitative recovery todns cyclobutanecis-253 and

formaton of cyclization producb10in good yield.

H
AN PhsPAuCI
H | —
CH5;CN
’T‘ ‘wet'
(£)-trans-253 (1.6:1) (t)-cis-253

Schemes.3 Only cisenynes cyclize.
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Further nvestigation of th Au(l) catalyzeds-endadig cyclizationwith aterminal
alkyne508 (Scheme 5.2indicatesan increased selectivity for intern@bs2) vs. terminal
(230) alkynes,87% and 23% yield, respectiveély While the goldcatdyzed cyclization
was promoted by substitution of the alkyne by phenyl eyaopropaneunfortunately
attempts to elicit cyclization of trimethylsilyl substr&®4 led only to recovered starting
material. Surprisingly, with no competing-endadig cyclization process present, there
was no involvement by the adjacent cyclobutabserved, e.g., ring expansio.ow
reactivity for platinuracatalyzed reactions of an alkyne terminated by a trimethylsilyl

group has been notéd.

Investigationof the bromide substituted enamiriZsb and 256 by gold catalysis
lead to interesting products, with both substrates undergoing cyclization but with a twist.
Subjecting terminal alkyn255to the established conditions resulted in loss of the bromine
with the hemiaminal functionalitjeingreplaced with a carbonyl, imid&l3 Scheme 5.4
It is likely that513 results from initial trapping of the iminium by watéd, 1, followed by
dehydrohalogenatioto give 512 The latter is presumably an H#iRe process, with
solvolysis of the initially formed allylic bromide initiating the dehydrohalogenation

followed by tautomerization to givel3
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Schemeb.4 Additional goldcatalyzed cyclizationsdehydrohalogenation leads to an
imide product

Substrate256 with a cyclopropyl terminated alkyne resulted in a rather interesting

1,4-dioxane dimebl7, Scheme 3, isolated as a singldiastereomer The structve of

517 was confirmed by xay analysis,Figure 5.4, confirming that the dimerization
occurred betweetwo different enantiomergo form a 1,4dioxane. This is presumably
due to a steric and shape mismatch betwedentical stereoisomersThe formationof
1,4-dioxane517 suggests that agpoxy enamid€515 could be the monomer capable of
this dimerizationand/orvia a 1,3 zwitterion 516) with the positive charge sufficiently
stabilized by the adjacent methylamido group.There is literature precedent for the

formation of 1,4dioxane dimers from the correspondm@mido epoxidé>®
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Schemeb.5 Gold-cyclized1,4-dioxane dimerization.

Figure 5.4 Crystal structure db17.
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A possible mechanistic rationale for the formation5df3 (R = H) and 517
(R=c-Pr)is summarized irscheme 5.6 The trapping of the initially formed iminium
intermediate (e.g507) gives bromohydrin®11 and 514, which upon solvolysis of the
allylic bromide results in the formation of an allylic carbocati®noton losgpathway a)
affords enob12 The formation of the olefin results in a slight flattening of tHeréhgs
system bringing the R group into tlsame plane as the hydroxyl group, leading to a
possiblesynpentane interaction. The smaller hydrogen allows formation of the enol while
the larger cyclopropyl groupould result in a greater steric clash, and a higher energy
pathway. Deprotonation of ta hydroxyl hydrogenpathway b) would lead directly t@-
amido epoxide515 and subsequent dimerization would give -didxane 517. The
presence of ED in the reaction mixtureneans that oneannot rule out the possibility of
diol formation(pathway ©) followed by nitrogenassisted loss of water to giaeamido

epoxide515or 1,4dioxane517directly.
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Schemeb.6 Mechanistic rationale for 1-dioxane dimer formatian

5.2.1.2Sulfur Radical Cyclization

As previously statedSection 5.2.11), the trimethyisilyl terminated alkyne254
resulted in no reactivityundergetdat al ysi s conditions, this i
preference to stabil i-ppsition’¢ Whch would rdireatl the s i t vy
formation of a highly strained-shembered ringn a disfavoredi-exo-dig ring closure'®
Inordertoutiizs i | i con6s d iattesionturined tp radital chemistiy & sake
advantage of this phenomantd?° Radical chemistry has found an expaesuse in both
industial processeand natural product synthesighiyl radicals can be easily generated
from thiols and disulfides, and are cost effective and-togit compared to tin based
methodologies! In addition the rewly formed products containing a phenylthio moiety

are useful reactive intermediates for further manipulafiéns
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SPh

Figure 5.5 Radical cyclization of 1/enynes.

Based on literature precedertigure 55, 1,5enynes of the typ&54 could
participate in a radical cyclizatiga. In the event,reatment o254 with thiophenol in the
presence of AIBN led to clean cyclization and formation of proB26tin contrast to the
ionic gold-cyclization mechanisniScheme5.2), the silicon group stabilizghe initially
formed a-sp? radical (518), which subsequentlyndergoes cyclization in &-endotrig
fashion with theelectron rich enamide, followed by termination via hydrogen abstraction

from the thiophenglScheme 5.6to give phenylthio tetracyckE20

The newly formed tetracyclic lactaB?0retains the same functional diversity as
the goldcatalyzed methodSchere 52), alkeit losing the hydroxyl group alpha to the
amide nitrogenbut gaininga vinylic phenylthio moiety. Attempts to extend this method
with a disulfide reagent.¢., diphenyl disulfide), to retain the lost functionality 520

(compared t®08), met with no success.
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Schemeb.7 Thiol radical cyclization.

5.2.2 Further manipulations of the N-acylaminal

Several reactions dfetracyclic N-acylaminal 508 were explored toprobe the
capability towards functional group manipulatioReduction of the aminal hydroxyl was
readily accomplished by treatment with sodium cyanoborohydride under acidic conditions
to give52124 Alternatively, thehydroxyl groupcould be replaced by a methogsoup in
acidic methanol to provide compoub@2 The methoxy group allows for more stability
of the N-acylaminal (508 vs. 522), along with being a more general leaving group,
including the efficient replacement with an allyl group Iogaction with allyl
trimethyisilanein the presence of boron trifluorig® give w-allyl piperidinone523 in an
efficient two step sequende?® In all cases, the nucleophiles were found to cleanly add to

the convex face of the system, resulting in isolation of a single diastereo
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NaBH;CN

—_—

MeOH/AcOH
(52%)

(£)-521

Schemeb.8 Elaboration oN-acylaminal508

5.2.3 Titanium mediated molecular scaffold rearrangement

The efficient formation oWv-allyl piperidinones23afforded the opportunity to test
the Ti(ll) -mediate reductive ring expansioosf lactams on a highly functionalized
polycyclic system. In addition to the terminal olefin and amide group, compeR®d
contains a tertiary olefin flanked by a cyclopropane agdiobutane along with a
coordinating tetrahydrofuran rin§ubjectindactamolefin 523to theestablished reducing
conditions See Chapter 4 afforded a single product in 93% yiel8cheme 5.8 NMR
and Xray analysis Figure 5.6) determined the struateito be bicyclic hemiamin&26.

As expected, the two newly formed stereocenseesis to each otherwith the olefin
having approachefom the convex face of the tetracyclic scaffold and providing evidence

for completestereocontrobf the allyl addiion (522 ->523). A cis relationship indicates
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the formation otis-oxatitancycle intermediat&26 uponinsertion of the carbonyl into the
titanacyclopropane of intermedigd@5 Thereaction required the addition of 6.26.4

equivalents of Grignard reagent to achieve complete conversion of piperids28ne
Treating substrat®23 with only 3.2- 3.5 equivalents followed by stirring overnight

resulted in only 50% conversion3@7.

Ti(Oi-Pr),
—_——
cCsHgMgBr

(93%)

526

Schemeb.9 Ti(ll) -mediate bicyclic hemiaminal formation
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Figure 5.6 Crystal structure 0527.

The high yield of the transformatianay be attributed to the additiohstructural
rigidity afforded by the 5}-5 fused ring system, as compared to ¢tbaformationally
ambiguous lactam examples Ghapter 4. The structural stability of the bicyclic
hemiaminal moiety of compour&27may also be attributed to the fused ring system. The
structural integrity 06627 presumably forces the amino group in close proximity to the
labile carbonyl, effectively inhibiting relaxation to an amino cycloheptanone, and

stabilizingthe aminal species

ArCOCI
—_—
Et;N
(75%)

(£)-527 (+)-528
Ar = 3,5-NO,Ph

Schemes.10 Ring opening of hemiamin&i28
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The hemiaminal527) could be forced open upon treatment with an acyl chloride
in the presence of a triethylamine, to give amiycloheptanon&28in 70% yield in two
steps from piperisione523 There was no observed epimerization of the methyl group

under basic conditions as confirmed byay analysisFigure 5.7.

Figure 5.7 Crystal structure 0528

5.3 Conclusion

The utility of functionally rich polycyclic cyclobutanoid molecular scaffolds
formed by the intramolecular [2+2] photocycloaddition of an enyne tethered with 2
pyridone Chapter 2) as useful templates to access intimgsunnatural molecular
scaffoldswas demonstrated Thealkyne moiety, whencis to the alkene of thé&l-acyl
enamide undergoes efficient goldatalyzed or radicahitiated cyclizationto give an

additionalcyclopenteneing. Theformer, results in fomation of anN-acylaminalwhich
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canundergo reduction or nucleophilic substitution. Substitution with an allyl group leads
to anw-allyl piperidinone, capable of undergoing a powerful titanimediated scaffold
rearrangementApplication ofaTi(ll) -medate reductivescaffold rearrangemenrgsults in

ring expansiorof the6-membered heterocyclic ring to anfembered carbocic ring.

Overall, this high yielding, stereoselectiveix step sequenageates a tetracyclic
product with up to eighdtereogenic centers from aohiral starting material withsingle
aromatic ring.  Furthework is neededto take advantage of these functionally rich

compoundgor both synthetic and biological studies.

5.4 Experimental

Summary of general experimental teicjues, instrumentation, purification

procedures and reagent handling can be fourmhges 3940

PhsPAuCI

AgX
ACN "Wet"

Gold Catalyzed Cyclization - General Procedure (5.1): To a 4.4 uM solution of

chloro(triphenylphosphine)gold((b mol %) in acetonitrilewas added a solution of enyne
substrate2201 223 or 227 (1 equiv., 0.02 M) in acetonitrile followed by addition of
silver(triflate or silver(l)hexafluoroantimonai® mol %). The mixture was stirred in the

dark atroom temperature for 30 miand an additional 5 mol % of gold catalyst was
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introduced along with 5 mol % of silver catalyst followed byi0ZD hrs of stirring at rt.
Upon complete consumption of starting enyne (TLC), the solvent was evaporated. The
solid residue was washed with benzene (6 x 3 mL) and the resulting washings were filtered
with celite andthen concentratedin vacuo The residue was purified bgolumn

chromatographgs indicated

Cyclopropyl N-acylaminal (508)!*  The crude product was

H

purified by column chromatographysi{ica gel 1:3 -> 1:1

EO/DCM) to give the title compound08 as a colorless solid

(87%). Rr=0.30 (THF/DCM 1:3).mp 144145 °C. IR (neat): 3373

br, 3083, 2959, 2916, 2859, 1623 tm'H NMR (500 MHz, GDe) u F563.(M,1
1H), 4.81 (dJ=2.7, 1H), 4.14 (dJ=8.3, 1H), 4.02 (dJ=8.3, 1H), 3.83 (dJ=9.0, 1H),

3.48 (d,J=9.1, 1H), 3.00 2.90 (m, 2H), 2.86 (s, 3H), 2.742.65 (M, 1H), 1.39 1.25 (m,

2H), 0.94 (s, 3H), 0.77 0.69 (m, 1H), 0.48 0.42 (m, 3H), 0.16 0.09 (m, 1H).23CNMR

(125 MHz, CDC}) u=170.5, 146.6, 125.0, 83.6, 80.7, 77.8, 56.3, 53.6, 52.5, 49.5, 38.6,
34.1, 29.7, 15.3, 9.8, 8.2, 4.6Exact Mass Calculated ForiEl22NOs [M+H]™; calcd:

276.1594, found: 276.1594.

N-acylaminal (509).'* Purificationby prep TLC on silica gel with
EtOAC/DCM (1:2)to give the title compound®09 (23%). R = 0.25

(2:1 EtOAC/DCM). 'HNMR (500 MHz, CDC) i 587 (dtd,J =

(+)-509 5.5, 2.4, 0.5 Hz, 1H), 5.67 (ddddl= 5.5, 1.9,1.2 Hz, 0.5 Hz, 1H),
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5.12 (t,J = 2.7 Hz, 1H), 3.99 (d) = 9.1 Hz, 1H), 3.94 (d] = 8.6Hz, 1H), 3.82 (dJ=8.6
Hz, 1H), 3.50 (ddJ = 9.1, 0.5 Hz, 1H), 3.32 (dpent,= 8.7, 2.4Hz, 1H), 3.06 (m, 1H),

3.03 (m, 1H), 3.03 (s, 3H) 2.45 (@= 2.7 Hz, OH), 0.98 (s, 3H)

Phenyl N-acylaminal (510. The crude product wasupfied by
column chromatographysilica ge| 10% -> 40% EtOAc/DCM) to

give the title compound10as an oil (52%pandcis-253 Rf = 0.29

(60% EtOAc/DCM) IR (neat):3367 br, 2956, 2923, 2853, 1625,

1489, 1260, 1073, 1032018, 934, 76, 698cm?. *H NMR (500 MHz, CDCJ) ={.38

i 7.33 (m, 3H), 7.33 7.27 (m, 2H), 6.01 (§=2.3 Hz, 1H), 5.12 (d] = 2.6 Hz, 1H), 4.04
(d,J=9.1 Hz, 1H), 3.98 (d] = 8.5 Hz, 1H), 3.87 3.79 (m, 2H), 3.54 (d]= 9.1 Hz, 1H),

3.24 (dd,J = 8.8, 7.0 Hz, 1H), 3.18 3.10 (m, 1H), 2.74 (s, 3H), 1.10 (s, 3HFC NMR
(125MHz,CDCk) U = 170. 9, 144. 21, 135. 6, 131. 2,
56.3 54.1, 50.6505, 38.5, 34.1, 15.8 Exact Mass For GH2:NO3 [M+H]*; calcd:

312.1594found:312.1595

Ph Trans 2+2 Adduct(cis-253). Rf=0.65 (2:1 EtOAc/Hexanes)R (neat):
2954, 2922, 2848, 1656442, 13841255, 106%cm™. H NMR (500
MHz, CDCk) =u.45i 7.41 (m, 2H), 7.31 7.27 (m, 3H), 5.94 (ddl =

8.0, 0.7 Hz, 1H), 5.14 (ddd,= 8.0, 4.9, 0.5 Hz, 1H), 4.41 (d~ 9.4 Hz,

1H), 4.07 (dJ = 8.9 Hz, 1H), 3.96 (dJ = 8.9 Hz, 1H), 3.38 (dJ = 9.4

Hz, 1H), 3.11 (s, 3H), 2.98 (dd= 7.4, 4.9 Hz1H), 2.92 (d,J = 7.5 Hz, 1H), 1.25 (s, 3H).
13C NMR (100MHz, CDCk) =U67.0, 131.8, 129.6, 128.4, 128.1, 123.4, 10872,
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87.1, 76.7, 76.6, 57.9, 53.5, 43.1, 41.2, 34.9, .2&&ct Mass For H1aNO, [M+H] *;
calcd:294.1489found:294.1488 Note: Purified compounais-253used for irradiation

study ofTable 2.2

Tetracyclic imide (513. The crude product wasugfied by column

H

”‘“>o chromatographysilica ge| 2% -> 5% MeOH/DCM)to give the title

o compound13 R =0.21 (5% MeOH/DCM. IR (neat):2923, 2852,

Hw

;
N
|

(£)-513 1736, 1637, 1457, 1064, 9260, H NMR (500 MHz, CDCY) =i

6.43 (ddJ=9.3, 6.3 Hz, 1H), 6.15 (dd,= 9.3, 5.3 Hz, 1H), 4.12 (§,= 9.8 Hz, 2H), 3.91
(dd,J = 6.3, 2.7 Hz, 1H), 3.89 (d,= 9.4 Hz, 1H), 3.69 (d] = 9.6 Hz, 1H), 3.24 (dd] =
7.6, 2.6 Hz, 1H), 3.20 (dd,= 7.8, 5.4 Hz, 1H), 3.08 (s, 3H), 1.07 (s, 3HIC NMR (125
MHz, CDCk) =202.7, 166.9, 135.0, 129.2, 81.1,7463.5, 59.0, 51.1, 47.2, 42.4, 34.9,

17.3 Exact Mass For GH1sNO3z [M+H] *; calcd:234.1125 found:234.1108

1,4-dioxane dimer (517). The crude product wasugfied

by colunn chromatography (silica gell:2 -> 1:1

EtOAc/hexanes)o give the title compound®17 (34%). Ry

= 0.2 (1.1 EtOAcdhexanes mp = decomposition. IR

(neat): 2917, 2851, 1651, 1335, 1248, 1067, 1036, 1021,
1004, 944, 922m™. 'H NMR (500 MHz, CDCJ) U = J51.7514), 5.2 (s, 1H),
4.00 (d,J=9.2, 1H), 3.97 (dJ=8.8, 1H), 3.91 (dJ=8.8, 1H), 3.51 (dJ=9.2, 1H), 3.22 (d,

J=6.4, 1H), 3.09 3.04 (m, 1H), 3.00 (s, 3H), 1.321.27 (m, 1H), 0.86 (s]=7.5, 3H),

198












































































































































































































































































































































































































