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ABSTRACT

Development of therapeutics is an extensive process, consuming significant
amounts of time and requiring herculean synthetic efforts. A new therapeutic is most often
designed from a previously commercialized scaffold, to increase the chance of success.
Designing new molecular scaffolds can be extremely high risk and time consuming, yet at
the same time the reward can be substantial. Accessing new molecular scaffolds, with
efficientandi gr eeno met hods, i's i mpor ttadversfyi n mod
chemical space for therapeutic targets. There may be significant quantities of therapeutic
candidates that have been olmrked due to synthetic challenges. There is a need for
methodologies to synthesize challenging molecular scaffolds that aeseptbred in

commercialized therapeutics.

The work described herein employs two distinct methodologies to access complex
molecular scaffolds: 1) by developing a titanium (II) mediated KulinkoviciMdgere
reaction arrested by anBsudodyt mosety to affoe diversel a s
molecular scaffolds with potential for medicinal chemistry applications and 2) utilizing a
[4 + 4] photocycloaddition of -pyridoneenolynes to access functionally rich
cyclooctanoids that are capable of furtheotplchemical transformations into even more

complex molecular scaffolds.

The titanium (I) mediated Kulinkovich reaction traditionally yields
cyclopropylamines and cyclopropanols from amides and esters, respectively. The reaction
involves two consecutivearboncarbon bond forming steps. The bridged tricyclic

intermedi at es woul d vi ol at e B r -eathondbend Ru |l e



formation. This transformation can access a wealth of cyclic ak&tomes from olefin
tethered lactams. In addit, appropriate selection of an electron withdrawing group on
nitrogen achieves the same bond sequestration. Interceptiortitdrid@iran intermediate
allows for electrophilic trapping dhe titaniumcarbon bond.The electronically arrested
second cdbon-carbon bond forimg step adds generality to the interrupted Kulinkovich
de-Meijere reaction to access the challenging molecular scaffoldgramis-U() 6

disubstituted cyclic ketones.

Intramolecular [4 + 4] photoreaction of@ridones with silyl 3enol1-ynes yields
a highly reactive 1,2;8yclooctatriene. In the presence of a silanol proton source the allene
is converted into a 1;8iene. Without the combination of silyiéhol1-ynes and silanol,
as previously reported with ghynes, complex mixte of producst is observed.Use of
more nucleophilic solvents results in near quantitative yield of the cyclooctadienone
through loss of silicon. Furthphotochemicaianipulations of the cyclooctanoids allows
for rapid scaffold diversificatiomnto Bullvalenelike structures through a-dimethane

rearrangement
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CHAPTER 1

CHALLENGING MOLECULAR SCAFFOLDS : AN OVERVIEW

1.1.Introduction and motivation

Small molecules aran important parof modern synthetic organic chemistry.
Small molecules play aonparalleled role in targeting proteins and cellular functions.
Often, natural products contain within their skeletal structure, novel molecular motifs that
directly control subsequent interactions in biological systeHstoic labors were
unleashed intthe understanding of the roles played by natural products in these systems.
Decades of elegant syntlessf natural products have resulted in a wealth of therapeutics
and commercialized pharmaceuticalsFrom a historical perspective, thelderculean
efforts have afforded numerous novel methods to construct and functionalize these unique
motifs! Possessing significant biological activity, challenging molecular scaffolds have
also expanded the knowledge of numerous areas of organic chemistry such as
conformational analystand reactivity? In addition the excitement, intrigue and the lure
of transforming simple ideas into realityjwspiresmethod development of clenging

molecular scaffolds for therapeutic applications

Development of pharmaceuticals, often inspired/imgher Naturegenerally starts
with a core struct@al featureghat possesssome significant quantity of biological activity.
Elaboration of the motif requiresgnificanteffort in synthetic chemistry, affording lead
compounds that may or may not evolve into commercialized therapeutics. It has been
estimated that, per new medli entity, the cost to develop from-hitlead is $166 million

further elaboration in lead optimization is estimated at an additional $414 rfillion.
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Development of thepeutics suffers from high attrition ratesunanticipatedide effects

can proe disastrous in drug discoveryhe need to start with exceptional scaffolds to
increase chances of success, becomes appaent considering these numherdt has

been estimated that the number paftential druglike molecules is more than %0
compounds. Ahough vast, many of these compounds most likely lack significant
biological activity andvould suffer from poor pharmacokinetics. With such a vast quantity

of potential candidates, work has been donrdéatify potential privilegedcaffolds. he
concept of fdislandso of biologicé&lOfgl usef u
the privileged scaffolds, nearly 300 unique combinations of mono, bi and tricyclic ring
systems are present in FDA approved therapeti®$.all these unique combinations of
ring systems, t he | i o-méner snigh Previous amalysisi n i
indicated that over the past 30 years, 70% of newsdcontained similar ring systems to
previous candidate’s.Building from prior efficaciousskeletos generally leads to high
success rates in new drug candidates as these molecular motifs have already been screened
for potency, absorption, distribution, metéibm, excretion and toxicity. Poorprospects

for drug efficacy, toxicology and physiologicaharacteristics plague exploration into

novel chemical space for unique therapeutic canelslanherently creating a higfsk,

low probability of success environment. Accessing new and efficacious drug candidates

is important for therapeutic diversity, often one novel ring system that is successful in one
therapeutic area is transposed into another. Expansion of moleculas anadifring

systems into less explored and synthetically challenging ring systems has the potential for
the discovery of new and powerful therapeutics. For example, analysis of kinase scaffolds
demonstrated that a wealth of chemical space is largely wreddy molecular system,
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demonstrating that efficacious routes to syntheticallyl@hging molecular scaffolds is

paramount for success in unexplored therapeutic space.

1.2. Challenging molecular motifs
One such molecular scaffold underrepresented in pharmaceftcasotoriously
synthetically difficult to accessre cyclooctanoids. Cyclooctane ring systems suffer from
high levels @ ring straindevelopingduring cyclizations, due to transannular interactions
of substituents. Rates of formation fon 8&member ring, therefore, are the most

energetically disfavoredigure 1.1.11

log k intra
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T
——]

| N [ N TN Y T SN S R R |
3 5 7T 9 1 13 15 17 19 21 23

RING SIZE
Figure 1.1 Lactonization rates relative to ring siz@&eprinted with permission from llluminati

G.; Mandolini, L. "Ring closure reactions of bifunctiomdlain molecules,Acc. Chem.
Res.1981, 14, 95102. Copyright 1981, American Chemical Society.
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Cyclooctanoid are underrepresented in pharmaceutitidésy areabsent from ta
top 100 ring systems in therapeuticdlatural productghat do contairthis moiety, such
as Taxol®, possess extremely potent and desirable therapeutic qualities. These ring
systemgpotentiallyoffer a vast array dherapeutic possibilities from a chemical sptic

is largely unexplored.

Expanding access to these molecular scaffolds in therapeutics requires novel and
efficient routes to reduce the overall cost and risk involved in the development of more
complex pharmaceuticals. Prior art to access natuoalupts containing an-@ember
ring, such as the colossal effort® prepare Asteriscanolidé?!® Fusicosint*1®
Ophiobolini**® Steganoné’?! and Taxol*?®, are as elegantly diverse as they are
intellectually stimulating. Representative strategies to access these motifs include ring
expansion$? metatmediated cyclization$, metatmediated cycloadditions and
photochemical cycloadditiort$.?>2®  Synthetic strategies in the modern era, to be
successful, should be atom economical, usetoxic andabundant reagents, abdhighly

efficient.

In 1997, Wender and e@orkers reported an elegant mettiodconstruction of the
8-membeed ring in Taxol?” The core of the taxane ABng system waslaborated
through asequential oxidation and elimination evedndtm the tricyclc moeity 101
Formation of the epoxide affordetD2 Subsequent DABCénduced fragmentation
furnishedthe highly decorated bicyclic cyclooctah@3 contained within TaxolScheme
1.1.28 This demonstrated the power of ring fragmentation and expansion methodwidgy,

an atom economical strategy, to construct these notoriously challenging rings.
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In addition to bond fragmentati@pproachesconstruction othe cyclooctane ring
systemis possible througHirectcyclizations. Ring closing metathe§i®RCM), a powerful
tool for the cyclization ofdi-olefins, has proved to be an efficacious method for the
synthesis of 8nember rings.In 2004Mar t i n6s r epor t of bldnzaimihee t ot a
A highlighted the power of RCM in the construction of medium and large sizegb3{
The macrocyclization through RCM wittD4 afforded the 13nember azocind05in a
good 67% yield. Subsequent tuional group manipulation affordddd6andset the stage
for the second RCM and construction of then8mber ring. The finalRCM proceeded
smoothly, albeit in lower vyield, to afford the cyclooctandi@7 which was further

elaborated to Manzamine Scheme 1.2°
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In addition to ring fragmentation and ring closing metathesis, cycloadditions-of 1,3
dienes and homologs thereof readily form cyclooctanoids and other ring systems.
Cycloadditions such as the Dielslder reactionare potehmethods for ring construction.
Diels-Alder reactionsexhibit high stereoselectivity and are extremely atom economical, a
principle of green chemistry. Higher order cycloadditions, such as a [4 + 4] cycloaddition,
are just asefficient in ring constructin and aremediated by metals or light. Metal
mediated cycloadditions selectively ass four, six, eight and twehreember rings, and
are highly dependent on the substitution present. In 1986 Wender-amdkeo's reported
a potent method for the consttion of cyclooctanoids throughnickel (0) catalyzed [4 +
4] cycloaddition?® A year later, they reported an elegant and concise synthesis-of (+)

Asteriscanolidé? Using the nickekatalyzed cycloaddition, cyclization of the highly
35



decorated carbon framework df08 efficiently afforded the corresponding 155
cyclooctadiene skeletord09, which wasthen further elaborated to (Asteriscanolide,

Scheme 1.3.

Ni(COD),, PPh,
B
Toluene, 90 °C

67%

(+)-Asteriscanolide

Scheme 1.3Ve n d e r 0O-satalgzedd4k+e4] cycloaddition strategy for the
synthesis of (+Asteriscanolide.

Ring fragmentations, ring closing metathesis and cycloadditions have become
ubiquitous synthetic tool®r the construction of challenging molecular scaffolds. These
methods for the construction of medium sized rings follow several principles of green
chamistry.  Reactionsthat are mediated by abundant #oric reagentsand
environmentallysoundprocesses now dominate the literajusflectingefforts to reduce

toxic waste and increase efficiencies.
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Although many metaiediated reactions are done inaalytic fashion, remnants
of these metals pose a significant challenge to the clinical use of therapeutics @nthey
betoxic. InTable 1.1 the permitted daily exposure (PDE) of metals in therapeutics is

listed 3

Table 1.1Permitted daily exposure (PDE) of metals in active pharmaceuticals.

Element PDE (ug/day) wt% (1g/day dose)
Arsenic As 15 0.0015%
Cadmium Cd 5 0.0005%
Chromium Cr 250 0.025%
Copper Cu 2,500 0.25%
Iron Fe 13,000 1.30%
Lead Pb 10 0.001%
Manganese Mn 2,500 0.25%
Mercury Hg 15 0.0015%
Molybdenum Mo 250 0.025%
Nickel Ni 250 0.025%
Palladium Pd 100 0.01%
Platinum Pt 100 0.01%
Vanadium \' 250 0.025%
Zinc Zn 13,000 1.30%
Iridium Ir
Osmium Os

100 0.01%
Rhodium Rh
Ruthenium Ru
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As shownin Table 1.1 many metals, have extremely low threshdtdsexposure
in the micrograms per day pharmaceutical dosingsenerally synthetictransformations
using these metadge best perfoned early in a synthetic route ar@noved by subsequent
purification steps Methods have been developed to efficientimove toxic metals prior
to clinical us€! It should be noted thatansition metamediatedransformationgan be
exceptionally powerful and have almost no synthetic parallel, their use should not be

discouraged.

Transformations that access complex scaffolds, usingamoo metalscould serve to
benefit and complement current methodologies. In addition, transfonsanedited
through photochemical meamsoid the use of potentially toxic substances and afford
complex molecular scaffolds in an inherently graety. The need for new methods that
arebiologically and environmentally friendtp access syntheticalghallenging molecular

scaffolds in an efficacious manner is always present.

1.3. Setting the stage
Photochemistry is an underrepresented methodology in industrial synthesis
Photochemical reactions offer unique advantages over corresponding theatogksuch
as offeringdifferentchemicalreactivityin the excited state and mild generation of reactive
intermediates from green precursors. Pathways and products derived from a photo
initiated process sometimes have no parallel in thermal chemGtegnprocesses are not
limited to photochemical transformationdetal mediated processean also bereen.

Processes using ndoxic, abundant and environmentally friendly metals @esistent
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with the principles of green chemistry. The work describedihercludesphotochemical
and metaimediated methods approaches to challenging molecular scaffolds, consistent
with several of the principles of green chemistry.Clmapter 2, a novel method for the
stereoslectiveconversion of simplenelactans to cabocyclic amineketoneswith the
abundat and biologically inert metatitanium is described. Following that, a general
approach to an interrupted Kulinkovich -Meijere reaction to accessansU , -U 6
carbocyclic amineetones is discussed i@hapter 3. Diversification of the amino
ketones synthesized Chapters 2and3 to give new bicyclic systems in short synthetic
sequences, is demonstrateimapter 4. Accessing more challenging substrates, such as
cyclooctanoids, through a photochemical medigde+ 4] cycloaddition with silyB-enot
1-ynes and aromatic systems such gsy@dones is described i@hapter 5. Finally,
further photochemical transformation$ the [4 + 4] adductspreviously unreported in

these system® givecomplex bullvalenacaffoldsis discussed ihapter 6.
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CHAPTER 2

DEVELOPMENT OF A BREDTO0S RULE ARRESTED KU
MEIJERE REACTION

2.1. The History of the Kulinkovich Reaction
An extraordinary low valertitanium-mediated reductive coupling of alkenes and
carboxylic esters to yield cyclopropanolias been extensively studied since its
enumeration in the literature by Kulinkovich in 1989Shortly thereafter, d#¥leijere
reported that alkenes would undergo a similar transformation with tertiary amides to yield
cyclopropylamines Titanium-based reactions and processes have the benefit of using
inexpensive and netoxic reagents, an important advantage over other transition-metal

based transformations.

2.1.1. Seminal Discovery: The Carboxylic Acid Ester

First reported in 1989 by Kulinkovich and -emrkers, carboxylic esters and
alkenes are transformed inteh¥droxycyclopropanols in the presence of one equivalent
of titanium (IV) tetraispropoxide and an excess of ethylmagnesium bromidkhe
reaction readily occurs at temperatures-68 °C to-40 °C and upon hydrolytic workup
yields hydroxycyclopropanols in excellent yieldScheme 2.1a Shortly thereafter in
1991, Kulinkovich reported that the same transformation could be achieved usiyiiccata
amounts of titanium (IV) isopropoxide (6 10 mol%) and only two equivalents of

ethylmagnesium bromid&cheme 2.165*
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1. Ti(O-iPr)4 (1 eq), EtMgBr (3.2 eq)

0 Et,0, -78 °C to 0 °C, 30 min HO
R1”\0R2 - R1><]
2. H;0*
74 - 98%
b)
1. Ti(O"iPr)4 (10 mol%), EtMgBr (2.1 eq)
0 Et,0, 20 °C, 70 min HO
R1”\0R2 - R1><]
2. H;0*
31-95%

R' = Me, Et, nPr, iPr, nBu,
nCsHqq4, nCgH4g, Ph
R2 = Me, Et

Scheme 2.0riginal Kulinkovich conditions and the catalytic variant.

The transformation proceeds through a low valent titanium (ll) species that is
formed in the presence of the Grignard reagéigiure 2.1 Theproposedmechanism is
shown inFigure 2.2 proposed by Kulinkovich and backed by DFT calculations made by
Wu and Yu®® Initial attack of two equivalents of the Grignard reagent on the titanium
(IV) tetraisopropoxide renders the unstable dialkyltitanium spegieghat rapidly

un d e r dards elirination to form the dialkoxytitanacyclopropane spegi&$

2 ““mgBr _O-iPr

iPr-O._..O-iP \_..0-iP _0-iP
iPr O-iPr .O-iPr DTi iPr i O
O-iPr

. S A <A : « H
iPr-0 O-iPr —/ "0-iPr O-iPr

Figure 2.1 Reduction of titanium (IV) to titanium (1) with ethylmagnesium bromide
formation of the active titanacyclopropane.
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_Et  2EtMgBr ) T'r-)GRZ
LaTi ~——— Ti(0i-Pr), 207 R!

A Et -2i-PrOMgBr

FUNS /—>_ 1 /
L,Ti. )R
BriMg, DLy =—— ™%
F
2 EtMgBr

| H,0* OH
R1

Figure 2.2 Proposed rachanism of th&ulinkovich reactiorbetween an ester and
Grignard reagent.

This dianionictitanacyclopropane intermediat® has been proposed to be in
resonancewi t h ?-ethylene dtructurd dabove inFigure 2.2, favoring B. The
titanacyclopropanecoordinates to # ester shown a€. The titanacyclopropane
irreversibly undergoes a ti@sertion into the carbonyl affordirtganafuran intermediate
D, with insertion favored vidhe less hindered carbon. Collapse of the titanafuran via
al koxi de el i mmnetabated ketone speciespreaedes the second carbon
carbon bond forming stép. The rate determining step of the catalytic cycle is an
intramolecular Lewis actdssisted 1,2 nucleophilic insertion into the carbonyl moiety

resulting in titanacyclopropanél. At this $age, the titanium (IV) cyclopropoxidecan
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play the same role as the alkoxides in the starting titanium spedws. additional
equivalents of Grignardan attack the titanium alkoxycyclopropanol to regenerate
rendering the cycle complete and catialyiThe cyclopropoxidé& is stable in solution and

hydrolytic workup affords the-hydroxycyclopropanot

The Kulinkovich reaction, using substituted Grignard reagents, can also produce
di-substituted 1,2lkylcyclopropanols withexcellent diastereoselectivity and excellent
yields. The high diastereoselectivity is attributed to the rate determining secondicarbon
carbon bond forming step yielding the cyclopropane product. It has been proposed that in
transition states leading t&) and &) i cyclopropanes, shown iRigure 2.3 steric
interactions between the alkyl substituentis)( an d t he al kyt subs

alkoxytitanium frans) destabilize the intermediates and determine the product ratios
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> — > J R
‘ R/ H
L L trans - TS trans
0-N" H
/ "1;'/,
R1/-u<
II. R Agostic interaction
LT L UL
‘ 0------Ti% L-Ti
> E 0 H
RV R
cis-TS cis

Figure 2.3Rationale of the observed diastereoselectivity, the agostic interaction
thecistransition state is favorable.

The destabilization of theis-transition state is overcome by an agostic interaction
of the titanium and the-hydroger?, It should be noted that Kulinkovich proposed that the
diastereoselectivity could be understood as a consequence of steric interactions between R

andtheb | ky titanium fiated compl ex.

Interestingly, the transformation is not highly sensitive to the spetigsmum
(IV) used. Cha and coworkers reported that in the presence of T¥CF)land Ti[Of-
OMe)CeHa4ls, with very different oxygen ligands, the reaction of methyl
cyclohexanecarboxylate with ethylmagnesium bromide gives similar yields of 68% to
93%28 The transformation is only slightly sensitivethe Grignard reagent employetihe
few notable exceptions were studied by Ollivier and coworkers who noted thatydimg
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propylmagnesium bromide amyclo-hexylmagnesium bromide directly resultm little

or none of theexpected productst!

Ph

: . | Ph ; Ph .
DTi:O-’_Pr > H-Ti:o-'_Pr — Ti:O-:.Pr > H_Ti:O-I.Pr
O-iPr O-iPr O-iPr O-iPr

Figure 2.4 Ligand exchange of titanium ethylene with substituted olefins.

Although almost any Grignard reagent could be employed in the Kulinkovich
reaction, complex Grignard reagents would be prohibitively expensive. The need for a
more economical way of geraging the reactive titanacyclopropane led to the discovery
by Kulinkovich that styrene wethylens titaniuder go

species shown iRigure 2.4.12

Ligand exchange with styrene was an important development in Kulinkovich
chemistry as it allowed complex olefins to become coupling partners instead of sacrificial
Grignard reagents. There are limitatiphewever,becausel-heptene, el vinyl ether
and several other olefins are unable or are slow to undergo ligand exchange with the
titanacyclopropan& An important discovery by Cha andworkers was thatyclo-
pentylmagnesium bromide amyclo-hexylmagnesium bromide gawyclo-pentene and
hexene complexes that favored ligand exchange with other alkenes eveettdn. This

ligand exchange was attributed to a more unstable disubdtitizieacyclopropane product
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that resulted from reductiaf the previously mentioned Grignard reageBtheme 2.2

12

1. Ti(0-iPr),
j)l\ c-C6H11MgBr HO\Q
R O/ + \/\R1 —_— R“\ |
2. H30+ B
\R1
Scheme22Chadés | i gand e xchan g-bexytmagnésiem bnamid

With the exception of norbornene, ligand exchangeyofo-pentene is limited to
monosubstituted olefinS. This ligand exchangallowed intramolecular variants to be
developed for the first time. Emwevelopmenby Cha® *14 and Sat& !’ allowed for the
synthesis of bicyclic cyclopropanols in good yiestheme 2.3 I n Chaods

were modest when the ring size was®carbons.
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a)

o Ti(0-iPr), OH
JJ\/\/\ n-BuMgBr =
N —_—
(o) AN ‘0,
THF H
55%
b) o Ti(0-iPr),
)J\ n-BuMgBr HO
o XX _— OH
THF
93%
Scheme2.3 a) Chads intramolecular variar

intramolecular variant on homoallylic esters.

As expectedwhen thedistance between thalefin and the estewas increased,
formation of thelarger ring intermediatéaced highe entiopic barriersand the yields
decreased dramaticafty. This can be attributed to decreased interaction of the distal
reactive ends. When an oxygen atom was part of the tether and therefanehwithing,
Ollivier demonstrated that synthesis of larger ring sizes (7 member and 8 member rings)

were possible, presumably due to a Thorpe Ingold effect as sh&ahéme 2.4821
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HO

Ti(0-iPr),
0/\/602“"e n-BuMgBr H
_—

\/\/\ THF °

49%

HO
Ti(0-iPr),
CO,Me n-BuMgBr H
_——
0N THF o
52%
Scheme 2.1 | i vi er & s-mampar tingsausing an inordmol8cular Kulinkov

reaction and the Thorpe Ingold effect.

2.1.2. The Kulinkovich de-Meijere Reaction: The amide

A modified Kulinkovich reactionfirst reported by déMeijere in 19%, led tothe
synthesis of daminocyclopropanes from carboxylic acid amidssanalogous to the
cyclopropanols frontarboxylic acid ester® 1+ 22 Treatment oN,N-dialkylamides with
stoichiometric quantities of titanium (IV) tetraisopropoxide or another suitable titanium
(IV) reagent (i.e. chloro or methyl titanium triisopaxide), and an excess of a Grignard
reagent resudtin the isolation of daminocyclopropanes in excellent yield, as shown in
Scheme 2.3 2%26 These reactions are robust as amides are traditionally less reactive
towards Grignard reagents, atigh the reaction is quite sensitive to the alkyl or aryl
groups bound to nitrogen. Bulkier alkyl or aryl nitrogen substituents decrease reactivity
towards the titanacyclopropane, requiring higher temperatures and sometimes increased
reaction times. Intestinglyin a competitionwhile amides are less reactive than esters, if
the ester moiety is sterically hindered (text-butyl esters), reaction of the amide can be a

major pathway.
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o
Ti(0-iPr) \y
\)J\N,Bn + /\MgBr 4; N,Bn

Bn THF Bn

63%

j\ Ti(0-iPr), /‘“y

Bn . AN wmger  ——— N-B"
L THF 4

n n

54%

Scheme 2.XKulinkovich deMeijere reactions on tertiary amides and formamides.

A significant difference between the-tieijere variant as compared to the original
Kulinkovich reaction is the need for stoichiometric titanium. With ester substrates,
titanium (IV) can be regenerated with additional equivalents of the Grignard reagent,
Figure 2.2 With amide substrates, titanium (IV) cannot be regenerated and is lost as

titanium oxide this can be explaindoly the mechanism of the ddeijere variantFigure

2.5
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L2T|\ ~——— Ti(0i-Pr), LoTig R
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F © E

Figure 2.5Proposed mechanism of the Kulinkovicheijere reaction.

In the presence of a titanium (IV) substrate, two equivalents of a Grignard reagent
will displace two alkoxy groups resulting in dialkyltitanium specids This
di al kyl titani um-hygdpode elimmaiontonmalease ghalgamne (as ethane
shown above) and form the reactiveido-propyloxytitanacyclopropane compl&with
the alkene. The amide coordinates to the titanium conm@lard titanium adds to the
carbonyl as previously proposed for the standard Kulinkovich mechanism. The result of
the insertion is titanafurad which now has two potential pathways. One of the pathways,
similar to the ester reaction, would have the amine leave forming an oxonium ion (not
shown). That pathway is not observed. The other pathway involves fragmentdtien o
titanafuran via the lone pair on nitrogen to form the zwitterionic iminium intermefiate
At this stage the carbon titanium bond adds to the iminium ion, forming the 1
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aminocyclopropané.? 2426 The cyclizaton releases a titanium oxide species that on
workup is presumably hydrolyzed to titanium dioxide. The titanium oxide species cannot
be reduced by Grignard reagents and therefore renders the reaction stoichiometric in
titanium. Howeverde-Meijere has repted that in the presence of trimethylsilylchloride,

substoichiometric quantities of titanium have been used with promising résults.

When Grignard reages larger than ethyl are used, the intermolecular Kulinkovich
de-Meijere reaction generally suffers from modest diastereoselectivity which is attributed
to an acyclic intermediat& in Figure 2.5 The energy difference is small for the
diastereomeric cdarmers leading to eithexis or transproducts Figure 2.6. It has been

noted that diastereoselectivity is highly substrate depentient.
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+H
+H
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R1 -l_-l

trans - TS
/
R1 H _N, \H
—N’ \/ 'R? RV R
trans cis

Figure 2.6 Diastereoselectivity based on the W shaped transition states of the
intermolecular Kulinkovich déleijere reaction.

As shown inFigure 2.6if R is a hydrogen, in the case of formamides; dise
transition state is favored. This is due to the reduced steric interactions dfahd R
groups. Theransproduct is favored with most amideBue to the open transition state,

there is rotation aund the first carbon carbon bond to minimize steric interactions.

The development of ligand exchange allowed for significant study of the
intramolecular Kulinkovich déleijere reaction by dMeijere?? 252930 Gjy26.3135 Chg4

36 and Joullié® groups.
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2.1.3. Interrupted Kulinkovich de -Meijere reactions

There have been several repatdulinkovich deMeijere reactions in which the
traditional mechanism has been subverted, including prevention of the secondicarbon
carbon bond formation. The groups of €4 328 and SatéP *° have reported that imides
and Oppol zerds camphorsultam based systems

de-Meijere conditionsScheme 2.6

a)
o . HO
CITi(O-iPr),
N/\/\ c-C5H9MgCI _ N
( n ( n
(0] (0]
n=1 n=1 (550/0)
n=2 n=2 (44%)
b)
0 ?—,-Ti(o-ipr)z HO..
/ N i
o Ph Ph
(0]
ds>99:1 86%
ds>99:1
> 98% ee

Scheme2g§ a) Chaods initialNswbskiomtiemt i a
work onN-acylated camphorsultams to yield cyclopropanols in high
enantioselectivity.

In the case oN-alkylated imidesScheme 2.6aafter ligand exchange wittne

reactive titanium (lI) species, ki@sertion into the carbonyl would result in a tricyclic
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intermediate. This intermediate would be unique, as cadgarraditional amide systems

in that the lone pair of the nitrogen would be unable to assist itl¢a@age of the
titanafuran.  The titanafuran would be persistent until hydrolytic workup or
functiomalization.  DBeuterium and oxygen trapping studies have indicated such
persistencé® Satorepared a di fferent outcome with use
Formation of the cyclopropanol proceeded smoothly with high diastereoselectivity and
enantioselectivityScheme 2.6b It was argued that the excellent stereoselectivity was due
to a cooperatie effect of the sultam and alkyl substituent, whereas with use of the other
di astereomer of c aNvapytoxarokdindné thendiastareosBlectavity 6 s
decreased significantfy. There were no detectable quées of N-
cyclopropylsulfonamide which would arise from nitrogen assisted cleavage of the
titanafuran. Interruption of the Kulinkovich -dMeijere reaction through substrate derived
electronic control will be discussed @hapter 3. The benefit of annterrupted
Kulinkovich deMeijere reaction and sequestration of the second cérbarbon bond has
potential to access a variety of unique products traditionally inaccessible through the

standard transformation.

2.2.The Seminal Discovery
A review of the iterature reveals that the amide has been extensively explored as
the reactive carbonyl in the Kulinkovich -tiéeijere reactionp u t I tds theycl i c
lactam has not. This presented an opportunity to expand the wealth of knowledge in

chemical spacefahe Kulinkovich deMeijere reaction. Preceding the initial idea, as

58



performed by Paul Finn, a suitable precursor was synthesized using the ${éburth

gr oup 6 s i Enyne(2d @] phetocycloaddition chemistry showrsitheme 2.7

201

Scheme 2.P a u | F i n niGesyned2/+2] cdclmaddition followed by a gold
catalyzed Sexo-dig* cyclization and functional group manipulation and
Kulinkovich deMeijere test reaction.

Irradiation of pyridonéd enyne201in toluene provided the [2 + 2] proch202as
a single diastereomét. This product was subjected to a gjatatalyzed Zexo-dig™
cyclization to yield the pentacyclic hydroxy lact@®3in excellent yield. Methanolysis
of the hydroxylactam followed by allylation using BBE®L and allyltrimethylsilane
resulted in the isolation of the allylated polycyclic lactaf#d. Treatmentf this ene
lactam with titanium (IV) tetraisopropoxide acgkclo-pentylmagnesium bromide, standard

Kulinkovich deMeijere conditions? did not yield the expected standard iibvich de
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Meijere aminocyclopropane produ2®d5 but instead gave the hemminal206, shown in

Scheme 2.8isolated in an excellent 92% yietd!

\\\\‘\ TI(O-iPr)4
O c¢-CsHgMgBr

iy,

A —
SN THF
K | 92%
(+)-204 (+)-206

Scheme 2.8 a u | Fi nno6s wsmimi206essg Kulinlkovich tedaidre
conditions.

This interruption of the traditional Kulinkovich eMeijere reaction was a
consequence of t he rmalke.dVMethanrsticaly nitrogeh asdisted n o f
cleavage of the titanafuran to form a reactive iminium ion is required for the second carbon
T carbon bond to formrmndcomplete the cyclopropanation, dégure 2.5 This iminium
ion, within the tricyclici nt er medi at e; would be in clear
significantly too high in energy to form. To test whether this was unique to a complex
structure or potentially more synthetically usefusimple model erlactam substrate was
preparedy Finn. After ligand exchange in thegsence of titanium (Il) and Lj@sertion
of the titanacyclopropane into the lactam carbony@@fthe intermediate titanafuran was
formed. At this stage titanafur&®8 could undergo a nitrogen assisted cleavage @f th
metallocycle forming iminiun209. This species would undergo a second carbzarbon

bond forming step to complete the reaction and forming aminocyclopr@igneThis
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pathway proved to be too highinenergyonstr ai ned by Bralgt 6s

isolated product upon hydrolysis of the intermediate viasminoketone212, in an
excellent 85% vyield and as a single diastereorBeheme 2.9 This demonstrates
intermediat08or t he t i t a mnllarmstable. (TRssynthetietdaseaton
clearly demonstrated that an interrupted Kulinkovichviigjere reaction is not limited to

highly complex and strained polycyclic ring systems and has great potential.

iPr-0 oup iPr-o
Ti(0-iPr), o-Ti-=-r ©0o-Ti~0-Pr
c-CsHgMgBr ]
N, ———> N —X> (@N
Y "Bn  THF %,/ Bn 7, / Bn
F
(+)-208 (+)-209
(+)-207
l P-iPr %
0 o ®9‘Ti~o-ipr
N N
~L ~
-NH T, / Bn ’l"// Bn
Bn—NH 85%
(+)-212 (#)-211 (+)-210

Scheme 2. a u | F i-lactand modesubgrate and Kulinkovich eldeijere
reaction.

2.3.Results and Discussion

The interesting observation that Bredt o

reaction and interrupt the second carlborarbon bond forming step in the Kulinkovich

reaction warranted further investigation. The synthesis of amkeiones from simple
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and robust entactams would be a valuable addition to the library of synthons available to
chemists. Furthermore, this unique interruption of the KulinkovicMdgere reaction
expands the possibilities and synthetic versatility this reaction presétasein, the

di scovery of a Br edt O-Bleijgrerdacionasrdiscassed.e d Kul i n

2.3.1. Exploration of Varying Ene-Lactam Tethers

After the initial success of the etectam207, demonstrating that the initial carbon
T carbon bond forming step tiie Kulinkovich deMeijere reaction is feasible despite the
requirement of a tramannular attack, several other examples of-lanams were
prepared. These examples varied the olefin tether around the ring and in each case would
result in a tricyclic itermediate with a fivd carbon tether forming a fivenember

carbocycle after initial carbdincarbon bond formatiorkigure 2.7.

Z 7
0 o 0 o]
N. N. N. N.
Bn (C(Bn PMB PMB
Pz
cé6 c5

C4 Cc3
(I)-iPr .
o-Ti-0-iPr Ti{’c;"?’ 0-iPr _
d -iPr Ji . /Ti,O-lPr
N\ N—Bn N O O-iPr N\O ~0-iPr
Bn “PMB PMB

Figure 2.7Enelactams designed for initial screening of an interrupted Kulinkovieh
Meijere reaction. The fivenember carbocycle is shown in each case.
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2.3.1.1. Synthesis of EneLactams
The synthesis of the substituted lact@Bwas accomplished using well established
procedur es. St ar t i n g-valerolactam,che dianienascforraed | y
at cryogenic temperatures and trapped wibrdmo 3-butene to yield known alkylated
lactam2134® Protection of the lactam witip-methoxybenzylchloride afforded th@3

substituted lactaril4in excellent yieldScheme 2.10

= =
O 1. n-BuLi, THF, -78 °C O 1. NaH, THF, 0 °C o
C"ﬁl 2. CH,CH(CH,),Br NH 2. PMBCI, reflux N‘PMB

74% (£)-213 90% (£)-214

Y

Scheme 2.1®ynthesis of dutenyl piperidinon14.

TheC4substituted lactam was synthesized in a Hstep sequence. Again, starting
from commer ci-alerblactang thaamida wak alkyldted in the presence of
sodium hydride angh-methoxybenzylchloride to afford alkylated lacté#h5 Scheme
2.11%" TheN-protected lactam was subjected to a three step selenium oxidation gfptocol
using phenylselenium chloride andCPBA t o p r eudsatarated tactas16¥ , C
in excellent yield. A 1,4onjugate addition of the cuprate formed from allylmagnesium
bromide and copper (1) iodide in the presence of TMEDA BWMSCI at-78 °C, afforded

the C4 allylated piperdinon@17.°%%1
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1. n-BulLi, DIPA

THF, -78 °C
Cfo 1. NaH, THF, 0 °C C’//O 2. PhSeCl C’//O
NH 2. pmBCl, reflux N.pmg 3. m-CPBA N pmB
94% 215 60% 216
=z
CH,CHCH,MgBr, Cul 0o
TMSCI, TMEDA N.
THF, -78 °C - rt PMB
73% (+)-217

Scheme 2.1Bynthesis of C4 sulisited lactanm17.

Synthesis of th€5 substituted piperidone was performed by Paul Finn and was
achieved from methyl propiolate using known conditions in four steps to the piperidone
alcohol21852%3 Parikhi Doering oxidation of the alcohol to the corresponding aldehyde
followed by a Wittig olefination affordedhe desired enkactam 220 in good vyield,

Scheme 2.12*
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1. H,, PdIC

. o
o) 1. BnNH,, Et,0, 0 °C Na,CO,, EtOH
~ > o N. >
OJ\\\ 2. CH,CHcocCI - X" Bn 2. LiAlH,, THF, -10 °C

THF, reflux lo}
60% 218 52%
o) 1. Pyr-SO;, DMSO (o)
Et;N, DCM, 0 °C
N. > N.
Bn 2. PPh;MeBr, n-BuLi | Bn
OH THF, 0 °C
(+)-219 42% (+)-220
Scheme 2.1P a u | Finnds symr20hesi s of C5 | ac

Synthesis of theC6 substituted piperidone, also completed by Paul Finn, was

accomplished through treatment of ghitade with benzyl bromide in the presence of

potassium carbonateReductionof one carbonyl with sodium borohydride, followed by

methanolysis of the alcohol provided the methd¥acyl amird 221 in 54% yield,

Scheme 2.13 Allylation with boron trifluoride diethyl etherate and allyltrimethylsilane

afforded the desired edactam207in 53% yield.

1. BnBr, K2CO3

O 2. NaBH, O  CH,CHCH,TMS
qﬁ' 3. p-TsOH, MeOH N.g, BF3'OEt; DCM
o OMe
(#)-221 (£)-207

Scheme 2.1 a u | Fi

nnos

synthesis of C6 | ac
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2.3.1.2. Interrupted Kulinkovich de -Meijere Results
As previously stated, when efectam207 was subjected to standard Kulinkovich
de-Meijere reaction conditions the exclusive product was ark@tone209 and not the

traditional aminocyclopropar#08 Scheme 2.9

Moving from theC6 position to tke C5 position,Scheme 2.14the endactam220
when subjected to the standard conditions (performed by Paul Finn) resulted in the
formation of the amind&etone 222 in a modest 33% vyield and excellent

diastereoselectivity, after hydrolysis of tricyclic inteediate221.4°

O  Ti(0-iPr) o <4 [ <4 [§
i(O-iPr), T|~ -iP
c-CsHgMgBr O-iPr
N\
| Bn

33%
(£)-220 (£)-222 (£)-223

Scheme 2.1# a u | Fi nndos sketone22zZasdiaminetyéloprapanolk2a

Interestingly aminecyclopropanol223 was also isolated in approximatedyl:1
ratio with the amineketone222 This was drastically different than the first daetam
207, which exclusively provided the amuk@tone. This result suggested that placement
of the olefin relative to the amide carbonyl would hageaificanteffect on the reactivity

of the intermediate titanafuran.
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= i
o Ti(0-iPr), Ti'o iPr
c-CsHoMgBr |
shend N 0 0-iPr

PMB PMB

40%
(#)-217 ’ 224 (¥)-225 (+)-226

Scheme 2.1%24 substituted enkactam Kulinkovich deMeijere reaction, highlighting e
1:1 ratio of amineketone to aminayclopropanol.

Moving from theC5 to C4 substitution of the enlctam,Scheme 2.15gave a
similar and equally as surprising result. Again, following standard Kulinkovidfialgre
procedure, entactam 217 gave amineketone 225 and aminecyclopropanol226 in
modest yield but with excellent diastereoselectivity. This confirodinitial thought
that the position of the olefirelativeto the carbonyl has a significant impact on product
distribution. In both substrates, as showrScheme 2.14and Scheme?2.15 nitrogen
assisted cleavage of the titanafuran intermede@tand224respectively; is forbidden in
accordance to Bredtdés rul e. The resulting

carboni carbon bond formation normajlywould be in a mg system too strained to form.

In the case of th€3 substituted piperidinon214, as shown irScheme 2.16n0o
detectable traces of either the amketone or aminayclopropanol were found. Amino
cyclopropane&28was isolated in good yield and exceligliastereoselectivity as the only
product. In this case the tricyclic intermedia® was not bound to the rules described by
Bredt. The nitrogen can readily assist in the cleavage of the titanafuran, setting up the

iminium for nucleophilic attack bghe remaining carbontitanium bond.
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Pz
Ti(0-iPr), H
o c-CsHgMgBr Ti,o-iPr i,o-iPr
N N 0™ 0.ipr > N+ 07 ~O-iPr N
“PMB THF *PMB *PMB “PMB
73%
(£)-214 227 227a (£)-228

Scheme 2.18Not bound by -l&tam ceadiy<cyclizes to éorm treyalie
amino-cyclopropane.

2.3.2. Bredt&s Rule

The observation that double bonds cannot include bridgelears & polycyclic
systems has been a foundation of organic chemistry since first enumerated ih TBEA.
rule has rarely been used to steer reaction pathways outside of elimination and enolization
chemistry, although it is routinely used to illustrate the conceptshital overlap and
reactivity in polycyclic molecul es. The

the product formation of the Kulinkovich déeijere reaction is described herein.
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23.21. The History of Bredtds Rul e

Br
o} _[= o}
OPh > OPh
(¥)-229 (¥)-230
Br T
o quinoline . A o
> >
reflux
[0 JN's ) O ©o
(¥)-231 (¥)-232

Figure 2.8Bredt and coworkers attempt to isolate compoz@a

In 1902 Bredt and coworkers described the relative ease of dehydrohalogenating
halocamphoric acid derivatives such229, Figure 2.8°¢ In contrast, inthe presence of
guinoline and heat camphoric acid derivat®&l was unchanged after 48 hours. €Th
desired tricyclic dehydrohalogentated anhydr&82 was not observed. However, the
anhydride linker was readily opened to the correspondirgstéir 230 which readily
converedto the dehydrohalogenated produittempts to cyclize the dehydrohalogenated
di-ester230 were futile and, just as in the case of the original dehydrohalogena84, of
the desired anhydrid232 was not observed. It was concluded that anhydt8ecannot

exist as the cyclic anhydridei t h t he ol efin in the bridgeh
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known today; was not formally stated in the original pajpewas the collection of

observations over many investigations that lead to its enumeration.

In 1950, in his seminal review; Fawcelte gant |y descInthied Br ec

review, he stated:

In polycyclic systems having atomiddges, the existence of a compound
having a carbon carbon or carbori nitrogen double bond at a bridgehead
position is not possible, except when the rings are large, because of the strain
which would be introduced in its formation by the distortion afdoangles
and/or distances. As a corollary, reactions which should lead to such
compounds will be hindered or will give products having other structures.

Fawcett described several bicyclic systems to avoid the ambiguous nomenclature
previously reportedni the literature. In addition, he proposed a qualitative value, denoted
asS to describe the Svaluepsdefined as e serdnatios ofallu | e .
nonbridgehead atoms within a bicyclic systefigure 2.9 The convention for
nomenclatug of bicyclic compounds is that the numbers (i.e. atoms of a ring) are in
decreasing order. Bredtdos rule is only apj
of a bridged system such as the bicyclo[2.2.2]octane showigume 2.9 In the case of

the fused bicyclo[4.4.0]decane, Bredtds ru
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(%] ly) 2]

[x.y.z]
m S=x+y+z L&

fused e = Bridgehead atom bridged
bicyclo[4.4.0]decane bicyclo[2.2.2]octane

Figure 2.9F a w ¢ &valueand structural description of bicyclic systems.

Fawcett proposed a valwue for when ther
Eventually, as the ring size increased the strain present in a bicyclic system would be
sufficiently low so that a carbancarbon or carbon nitrogen double bond would be stable.

Fawcett proposed that wh&® 9, the strain caused by formation of a bridgehead double
bond would be | ow enough that It would r e;
observation and Fawcettds att e mimoanttatve assi g

data was present.

To assign numer i c &l MaigeraahduSetdeyert aitemptedwiac et t 0
quantify what would be coined as olefinic strain (&SThe strain energy of a bridgehead
olefin was first described by Lesko and TuPiém comparison of the extra strain of an
olefin to the fully saturatedacbon skeleton. Based on extensive calculatibnse classes
of bridgehead olefins were proposed. Isolable olefins are stable at room temperature, at
least for significant amount of time to manipulate chemically or view spectroscopically.

Observable kefins cannot be isolated at room temperature and are generally only visible
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spectroscopically at low temperature. Finally, unstable olefins are not spectroscopically
stable at low temperature, although they are not necessarily chemically forbiddeargthey
only determined to have existed based on trapping experiments. These classes of olefins

were assigned numerical ranges of olefinic straahle 2.1

Table 2.10lefinic strain of bridgehead olefins, values measured in Réals

~
3

1T T MPHD "H'H'HI T"HHFH T 1 "En T CHATT i
"ETHT HTL TIHITHE TAAHCH THBTE T T TEN T HATT §
AT L7 ARME FHHHL THERE T TEN T CHATT i

2.3.2.2. Comparison of calculated OS values

The olefinic strain values calculated by Maier and Schleyer premeopgportunity
to compare the results from the initiaterrupted Kulinkovich deéMeijere reactions of
substituted lactams to quantitative strain energies. The calculated values of the
hydrocarbon systems clearly match the results that were obtained. In the first example, the
tricyclic intermediate208 is considered a [3.2.1] bicyclic system with the double bond
potentially forming on the one atom bridge with@n 6. This system has a calculated OS
value of 37 kcal/molTable 2.2 As expected, when the olefinic strain is significantly
higher than the ddervable or isolable range, the iminium does not form and what is
observed is aminketone212 upon hydrolysis. The C4 substituted daetam, in the

presence of Ti(ll) readily forms intermedid&24, a [3.2.1] bicycle witt5= 6. Although
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the potentialiminium would form on the threatom bridge, the olefinic strain was
calculated in the hydrocarbon system to be either 29 or 42 kcalool4 respectively).
Again, these values lay well outside of the observable or isolable ranges, which after
hydrolyss amineketone 225 and aminecyclopropanol226 are isolated exclusively.
Intermediate221, whereS= 5 with an OS value of 35 kcal/mol, is again unable to undergo
cleavage of the titanafuran ring. The resulting arkietmne222and aminecyclopropanol

223 are isolated exclusively after hydrolysis. Finally, intermedi2t&éwvhich is not bound

by the limitations proposed by Bredt since it is a [4.4.0] bicyclic systed one bridge has

zero atoms. l|has a calculated hydrocarbon system olefinic strageod. As expected,

the iminium227areadily forms and allows for the second carbararbon bond to afford

the tricyclic cyclopropylamin@228
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Table 2.2Kulinkovich deMeijere intermediates compared to hydrocarbon systems
relative olefinic strain.

Intermediate Hydrocarbon System OS Value (kcal/mol)

[3.2.1] 29, 42

(£)-208 —> I @ [3.2.1] 37
AN
(¥)-224 —— ‘ . @

N\

()-221 —> |

[2.2.1] 35

L
/*

(#)-227 — [4.3.0] 0

The strain energies calculated for hydrocarbon systems correlated well with the
lactams although it should be nothdt these generalizations of trisubstituted olefins may
not be directly applicable to tetrasubstituted olefins or iminium sp&tiesll of the
examples detailed above, except for z = 0, had olefinic strain values out of the observable
or isolable range which preventde iminium from forming and halted the Kulinkovich
de-Meijere reaction. As the ring size increas®s, 8, the olefinic strain should decrease

accordingly, allowing the normal iminium to form and, inthe processsy i ol at e Br edt
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2.4.Violation of Bredts Rule

Homologues o208 and224 were therefore synthesized to test the hypothesis of a
i mit t o Bmthresstoftthe €allylate@dlactams was accomplished by Sieburth
group member Paul FinBcheme 2.17 Starting from the commercially availaimides
228aand228b, were firstN-alkylated with benzyl bromide. TiNbenzylated imides were
then reduced antteated withp-toluenesulfonic acidn methanol. Te corresponding
methoxyN-acyl lactam®29aand229bwere isolated in good yiel&cheme 2.17 Lewis
acid assisted allylation of the lactams providedlantams230aand230b, in good yield.
The larger ring system@ 1 9 member ringsjequired a different approach, using a-one
pot Beckmann rearrangement to install the amide moi&tarting from commercially
available ketone&28ce, using lithium diisopropylamide in a THF/HMPA mixture-@8
°C the ketones were monoalkylated with allyl bromide resulting in uniformly good yields
of h-allyl ketones229¢e, Scheme 2.17 Finally, a oe-pot Beckmann rearrangement in
the presence of hydroxylami@@s ul f oni ¢ aci d i n refdlylxi ng f
lactams. These lactams w@&denzylated to yield the Kulinkovich edeijere substrates
230ce. With substrates in hand they were sabg¢d to the Kulinkovich dbleijere

conditions, Scheme 2.18°
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1. BnBr, Base
( O 2. NaBH4 ( 0} CH,CHCH,TMS
n _— n
qﬁ" 3. p-TsOH, MeOH CﬁBn BF3;-OEt,, DCM

0 OMe

228a (n = 0) (£)-229a (67%)
228b (n = 1) (£)-229b (54%)

(+)-230a (87%)
(£)-230b (53%)
(£)-230c (45%)

o 1. H,NOSO;H +
1 LDA, THF/HMPA | HCO,H, reflux (+)-230d (11%)
(£)-230e (7%)

n-1 2, CHZCHCHzBr n-1 2. NaH, BnBr
228c (n=2) (+)-229¢ (75%)
228d (n = 3) (+)-229d (93%)
228e (n = 4) (+)-229¢ (95%)

Scheme2.17P a u | Fi nn O s-sussyuted lacmams s of ¥

Even with the requirementofatraasn nu |l ar c y eallyllactamsinohe t h e
presence of Ti(ll) performed uniformly well (Paul FirffR)For lactams230ac, the
predominant products were amiketones231ac, Table 2.3 In the unique case @80b
(207), (6-member ring) the amino keton@31b (212 comprised 100% of the reaction
mixture and was isolated after column chromatography in 85% yield! No amino
cyclopropanoR32bwas detected in this case. For compou2zaand230¢ (5 and 7
member rings)the amineketones231aand231cwere the major productsolatedalong
with the corresponding amirtyclopropanol232aand232¢ in excellentyields. In the
first three cases tricyclic cyclopropylamir®3ac were notdetected. These compounds,
with original ring size of 5 7, would have required the formation of an iminium via

titanafuran fragmentation that would be too highly strainedl@syclic compound There
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was a drastic change in product ratisen the rig size is8 and 9. When compounds
230d and 230e were exposed to Ti(ll), the only detectable products isolated were

cyclopropylamine233dand233ein 73% and 34% yield respectively.

Table23Paul Finnds Synthesfs of Kulinko

Ti(O-iPr), ( o (
¢c-CsHgMgBr (r
—_— N
<
THF, rt Bn—NH Bn—NH Bn
(£)-230 (£)-231 (+)-232 (+)-233
n s Yield [%]  Ratio 231 : 232 : 233
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

Swi t c hi n-glyl laatam$230ae to the b-allylated lactams was equally
intriguing. Synthesis of these lactams was readily achieved in severaSstees)e 2.8.
The enones were purchased, as wiftbga or were spthesized via a twstep n-

bromination and subsequent elimination in the presence of lithium hydroxide with the
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larger ketones234band234cto yield enone@35band235crespectively?®®? A Sakurai
reaction with titanium (IV) tetrachloride and allyltrimethylsilane furnishedbtiadlylated
ketones236ac in excellent yield$8¥%? |Initial attempts to use a ofot, traditional
Beckmann rearrangement was met with extremely poor yields, despite its successful use to
prepare230ce. It was found that a twetep Beckmann rearrangement procedure worked
significantly better. Th&-allylated ketones were first converted to their cgponding
oximes using hydroxylamine hydrochloride and sodium acetate in ethanol. Isolation of the
crude oximes proceeded smoothly and the mixturg&/dgfoximes readily underwent a
Beckmann rearrangement in the presence of a catalytic amoymtobienesifonyl
chloride in refluxing acetonitrile. The crude lactams were alkylated using sodium hydride
and p-methoxybenzyl chloride prior to separation of the regioisomers to furnish
Kulinkovich deMeijere precursor®37ac. The synthesis of the-tiember ringene

lactam217was described iBcheme 2.11
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qo 1. NBS, TsOH 0 _~_TMS o
—_— —_—
n-1

2. LiOH, DMF TiClg, DCM, -78 °C
n-1 n-1

235a (n = 2) (£)-236a (75%)
234b (n = 3) 235b (83%) (+)-236b (93%)
234c (n=4) 235¢ (78%) (+)-236¢ (95%)

1. HONH,-HCI
NaOAc / EtOH
2. TsCl, ACN, reflux o)
(+)-236a-c _—
3. NaH, PMBCI N pmB
THF, 0 °C to rt n

(£)-237a (41%)
(£)-237b (34%)
(£)-237¢ (21%)

Scheme 2.1&ynthesis of C4 substituted piperidinones

With theb-allylated substrates in hand, they were screened in similar fashion to the
y-allylated lactams. As previously describedrheme 2.15theb-allylated piperidinone
217underwent ligand exchange followed by-ingertion into the lactam carbonyl. After
hydrolysis, only amin&ketone238 and aminecyclopropanol239 were isolated, in a 1:1
ratio. The isolation of amiroycl opr opanol s supports Kulinik
intermediate in these reactions trogendnde t i t
formation of the carbonyl coordinated to the titanium would activate the former to promote
a Lewis acid addition of the carbaitanium bond forming aminayclopropanoR39upon
hydrolysis. Increasing the ring size, as withllylated caprolaione2373 a ~member
ring, on reaction with Ti(ll) gave a crude mixture that proved difficult to purify. High
resolution mass spectrometry, in combination with high performance liquid

chromatography indicated that the product was mainly acyotopropanl 239a As
79



wit h t he pactams,iwben the ring size =08 larger there is a complete shift in

product ratios from aminketones and aminoyclopropanols to cyclopropylamines.

Table 2.4Kulinkovich deMeijere reaction on beta substitutedtéans.

z
o) Ti(O-iPr),
c- CngMgBr
N.
PMB THF rt PMB

n PMB
(+)-238 (+)-239 (+)-240
# n S Yield [%] Ratio 238 : 239 : 240
(+)-217 1 6 40% 1:1:0
(+)-237a 2 7 - See text
(+)-237b 3 8 64% 0:0:1
(+)-237c 4 9 75% 0:0:1

For b-allylated azocanon237band azonanon37¢ with an 8member ring and
9-member ringrespectively; the exclusive products weot238b-c or 239b-c butinstead
the corresponding cyclopropylaminékable 2.4 When the bicyclic intermediate has
sufficiently large rings, the olefinic strain is lessened to the point where the iminium can

be readily formed byrdgmentation of the titanafuramfter fragmentation, the remaining
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carbontitanium bondaddsto the minium, completing the second carbcawrbon bond
forming step of the Kulinkovich dbleijere reaction. Cyclopropylamir2@0bwas isolated

in 64% vyield as a single diastereomer. Surprisingly, cyclopropyla@dfe was also
isolated in an excellent 74% yiebhs a single diastereomer! The stereochemistry was
determined to beis through nOe differetral nuclear magnetic resonanc€his analysis
was unambiguously confirmed f@40b through single crystal Xay diffraction,Figure

2.10

Figure 2.10X-ray structure 0240h.

2.5.Conclusion
The Kulinkovich deMeijere aminocyclopropanation was demonstrated to be
Aarrestedd by Bredtbs rul e. T hdordgrolledo v e | t
interruption of the normal Kulinkovich deleijere reaction; loking the intermediate
titanafuran and preventing formation of the second carbmarbon bond. The use of this
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Br e dt &antrol aidimnple enel lactams demonstrates a powerful method for the
synthesis of carbocyclic amifidketones. Furthermore, theaction is readily scalable and

relies on relatively inexpensive and largely fioric reagents.

This study suggests that Bredtds rul e f
intermediate in appropriately designed substrates. With bridged bicyermediates that
are sufficiently small, high energy bridgheadutlle bonds are prohibited with trans
alkenes smallghan 8. These systems have too much strain to allow iminium ion formation
by titanium alkoxide departure and leads to a reductivézeyion of the ené lactams,
yielding carbocyclic amin® ketones in moderate to excellent yields and good to excellent
diastereoselectivity. An interesting-pyoduct that was present in many of the described
reactions was the amiryclopropanol. The&e moieties are additional evidence that
Bredtds rule is directing the outcome of
cyclopropanol production, avoiding nitrogen assisted cleavage of the carbygen
bond as prohibited stesdtdBcleavage df the nitnoderearbeana n | e a
bond through f or ma® Thisdeaxade can bexratidnalized a@s a strpi@ c i e ¢
relief from a highly ongested bridged tricyclic system to a more planar bicyclic-(non
bridged) titanium fAateod i nter mé darbantbend Con
formationvia nucleophilic insertion of the titaniuincarbon bond would then yield the

aminc-cyclopropaols.

When the trans alkene ggeater than or equal to eight, there is a drastic change in
product ratios because the bridged bicyclic intermediates are no longer constrained by

Bredtdos rul e and t hMeijee pahwayaan grockediohibimed.o vi ¢ h
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Departure of the alkoxide through formation of the iminium species would then allow
consummation of the second carliorarbon bond formation to afford cyclopropylamines

in excellent yield and diastereoselectivity.

The discovery of whatcoulde coined as a new Asynthon
lactams into carbocyclic amirioketones; has broad synthetic applicability. Although this
transformation has great potenti al, Bredt o
path to be followed. Whn substrates have systems where
a standard Kulinkovich dbleijere reaction will occur, yielding cyclopropylamines. In

Chapter 3, the discovery of a more general approach is described.

83



2.6. Experimental

General Techniques

Instrumentation. For all compoundsH and*C NMR spectra were recorded on a Bruker
Avance 400, Bruker Avance 11l 500 or Bruker DRX 500 spectrome@remical shifts

were measured relative to the residual solvent resonandd ford*C NMR. Coupling
constants, J, are reported in hertz (Hz). The following abbreviations were used to designate
signal multiplicity: s, singlet; d, doublet; t, triplet; g, quartet; dd, doublet of doublet; ddd,
doublet of doublet of doublet; dt, double of tripledf,ddoublet of doublet of triplet; dpent,
doublet of pentet; m, multiplet; br, broallR spectra were recorded on a JascdR#A700

or ThermoFisher FIR Nicolet iS5 (iD5 ATR). Mass spectra were on an Agilent QTOF
HRMS at the Temple University Chemisgpartment.A Thomas Hoover UNMELT
capillary melting point apparatus was used for melting point measurement; melting points
are uncorrected.A CEM Discover System, Model SE239 microwave was used for
microwave conditionsReactions were monitored BY.C using an ethyl acetate (EtOAc)

/ hexanes, methanol (MeOH) / dichloromethane (DCM), or ethyl acetate / dichloromethane
as the solvent system unless otherwise stat&thssware was ovedried at 120 °C,
assembled while hot, and cooled to ambient teatpex under aimert atmosphereUnless

noted 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 Aldrincal

Company, Fisher Scientific, Strem, Alfa Aesar, Acros Organics, O&kwood Chemical
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or Gelest Inc. Liquid reagents such as tetramethylethylenediamine, triethylamine
diisopropylamineor diisopropylethylamine were purified by distillation when reseey.

Unless otherwise noted, solid reagents were used without further purification.
Organolithiumreagents were titratedgsimg menthol / 2,2bipyridine. Organomagnesium

reagents were titrated using menthol / ipb@nanthroline. Reaction solvents (THF

di chl oromet hane, DMF, and di etshtyyil eedt h®al)v e

Dispensing System purchased from Glass Contour or disa$iegscribed in the literature.

Chromatography. Silica gel (60 A, 170400 mesh) or basic alumina (aluminum @xid

501 200 micron, activated) was used for flash column chromatography. Analytical and
preparative thin layer chromatography (TLC) was performed using 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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o NaH, PMBCI o
_
THF, 0°C -> A
NH N omg
(+)-213 (+)-214

General Procedure2.1 - Lactam Protection: The lactam was diluted with THF (0.5 M)
followed by dropwise addition to a suspension of NaH (60%, 1.4 eq) in THF (0.3 M) at O
°C and stirred for 30 min. Benzyl bromide methoxybenzyl chloride) (1.1 1.5 eq)

was added at 0 °C and then warmed tomrdemp (heated if necessary) until complete
consumption as indicated via TLC. The resulting mixture was diluted with saturated
agueous ammonium chloride and then diluted with ethyl acetate. The layers were separated
and the aqueous layer was extractéth wthyl acetate (3x). The combined organic layers
were washed with water, brine, dried over anhydrous sodium sulfate, then concémtrated

vacua Purification with column chromatography gave the title compound as indicated.

= —
1.) NH,OH-HCI, NaOAc
o EtOH, rt o
2.) 30% TsClI NH
ACN, reflux
(+)-236b

General Procedure2.2i Beckmann rearrangement: To a solution of the corresponding
3-allyl cyclic ketone (leq) in EtOH (0.5 M) at room temp was added hydroxylamine
hydrochloride (1.05 eq), followed by addition of NaOAcl(eq). The reaction mixture

was stirred until complete consumption of the starting material was indicated by TLC. The
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cloudy white reaction mixture was diluted with water until clear and conceninataduo
to approximately one half the initial volan The resulting mixture was diluted with DCM,
washed with water and brine and dried over anhydrous sodium sulfate, then concentrated

in vacuo The resulting crude product was used without further purification.

To a mixture of the crude oximes (1 egpretonitrile (0.3 M) at room temp was adged

TsCI (0.3 eq). The mixture was heated to reflux and monitored by TLC until completion.
After the reaction was complete it was cooled to room temp and the mixture was diluted
with saturated ammonium chloridedaathyl acetate. The layers were separated and the
agueous layer was extracted with ethyl acetate (3x). The combined organic layers were
washed with brine, dried over anhydrous sodium sulfate and concentrateclio. The

crude lactarawereused without further purification.

Ti(0-iPr), H
o c-CsHgMgBr
N-pms THF, rt N-pmB
(+)-214 (+)-228

General Procedure 2.3 7 Kulinkovich -de Mejiere reaction: To a solution of the
corresponding enkctam (1 eq) in THF (0.03 M) was added Ti@)u (1.1 eq). The
reaction mixturewas stirred for five minutes at room temp before a solution of
cyclopentylmagnesium bromide (3.44.5 eq) was added dropwise overi460 minutes
until starting material was consumed (TLC). After dilution with water the resulting

mixture was stirred fot0 minutes followed by dilution with ethyl acetate. The resulting
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suspension was filtered through a pad of celite and the layers were separated. The aqueous

layer was extracted with ethyl acetate (3x) then the combined organics were washed with
water, line, dried over anhydrous sodium sulfate, then concentratedacuo
Purification was achieved via column chromatography to yield the title compound as
indicated or the crude product was tosylated without purification following general

procedures.

=
o)
NH
(+)-213

3-(But-3-en-1-yl)piperidin -2-one (213)4¢ To a solution of Ziperidone (1.20 g, 12.1
mmol) in THF (60 mL) at-78 °C was added-butyl lithium (17.5 mL, 25.6 mmol)
dropwise. The reaction mixture wasgred for one hour at78 °C to completely form the
dianion. A solution of romobutene (1.52 mL, 15 mmol) in THF (20 mL) was added to
the dianion solution dropwise with stirring. The reaction mixture was stirred for five hours
at-78 °C and then allwed to warm to room temperature. After completion of the reaction
by TLC the reaction mixture was pour into a saturated solution of ammonium chloride.
The organic solvent was removedvacuoand the aqueous layer extracted with ethyl
acetate (3x). Theombined organic layer was washed with water and brine, dried over
anhydrous sodium sulfate and concentratedacuo Purification by recrystallization in

1:1 Ethyl acetate/hexanes afforded the title compound as a colorleg94%)d R = 0.29

(100% EtOA). H NMR (500 MHz, CDC¥) U = 5. 87 (X%1681010,, 5.
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6.5,1H), 5.071 4.94 (m,2H), 3.347 3.25 (m,2H), 2.337 2.25 (m,1H), 2.24i 2.13 (m,
1H), 2.12i 2.01 (m,2H), 1.97 (ddddJ=13.4, 6.3, 3.2, 1.0H), 1.91i 1.83 (m,1H), 1.76

i 1.69 (m,1H), 1.53 (dtdd,}=12.6, 10.7, 9.1, 5.2H).

3-(But-3-en-1-yl)-1-(4-methoxybenzyl)piperidin-2-one @14): Prepared according to
general procedure€.l from 3-(but3-enl1-yl)piperidin-2-one with p-methoxybenzyl
chloride. Purification with column chromatography with 2@8®Ac/hexanegave the

titte compound as an oil (77%).t R0.58 (30%EtOAc/hexanes IR (neat): 3072, 2929,
2861, 2836, 1630, 1510241, 1173, 1032, 813 ¢ *H NMR (500 MHz, CDCJ) a =
7.18 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 5.84 (ddt, J = 16.6, 10.2, 6.5 Hz, 1H),
5.147 4.89 (m, 2H), 4.51 (dd, J = 46.5, 14.4 Hz, 2H), 3.79 (s, 3H), B287 (m, 2H),

2.42i 2.27 (m, H), 2.25i 2.03 (m, 3H), 1.93 (dtd, J = 12.8, 6.3, 3.1 Hz, 1H), 1.8976

(m, 1H), 1.75 1.43 (m, 3H).*CNMR (125MHz,CDG)) 4 = 172.6, 159.

129.6, 114.9, 114.1, 55.4, 49.9, 47.3, 41.2, 31.4, 31.4, 26.6, Bx@ct mass for

C17H23NO2 [M+H]+; calcd: 274.1807, found: 274.1810.
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Cx,
N-pme

215

1-(4-M ethoxybenzyl)piperidin-2-one (215)4’ Prepared according to general procedure

2.1 from piperdin-2-one with p-methoxybenzyl chloride. Purification with column
chromatography with 30%tOAc/hexanegave the title compound as a colorless solid

(99%). R=0.31 (50%EtOAc/hexanes 'H NMR (500 MHz, CDCf) U = J#8.819 ( d,
2H), 6.85 (d,J=8.7,2H), 4.53 (s2H), 3.79 (s3H), 3.17 (tJ=6.1,2H), 2.45 (t,J=6.4,2H),

1.85i 1.66 (M,4H).

N
PMB

216
1-(4-M ethoxybenzyl}5,6-dihydropyridin -2(1H)-one @16):4° To a solution of di
isopropyl amine (1.35 mL, 9.58 mmol) in THF (25 mL) & °C was addea-butyl lithium

(6.41 mL, 9.35 mmol) dropwise andretd for 30 minutes. A solution @15(1.01g, 4.56
mmol) in THF (10 mL) was then added dropwise and stirred for one hou8&tC.
Phenylselenyl bromide (1.08g, 4.56 mmol) was dissolved in THF (10 mL) and HMPA
(0.95 mL) and added to the reaction mietalropwise. The reaction was slowly allowed

to warm to room temperature over two hours. After completion of the reaction as indicated
by TLC the mixture was poured into water and extracted with ether (3x). The combined

organic layer was washed with 1586ueous sodium hydroxide, water, 15% aqueous
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hydrochloric acid, water and brine then dried over anhydrous sodium sulfate and
concentrateth vacuo T h e-seleride was used without further purification.

The crude selenide (600 mg, 1.6 mmol) wasai&sl in DCM (10 mL) and slowly added

to a cooled solution aft CPBA (470 mg, 2.1 mmol) in DCM (10 mL) at 0 °C. The reaction
mixture was allowed to warm to room temperature over two hours and monitored by TLC.
After completion of the reaction the mixturas poured into aqueous sodium bicarbonate
and extracted with ether (3x). The combined organic layer was washed with saturated
agueous sodium bicarbonate, water and brine, dried over anhydrous sodium sulfate and
concentrated in vacuo  Purification with column chromatography with30%
EtOAc/hexanegave the title compound as a colorlesdid (82%). R = 0.20 (50%
EtOAc/hexangs mp = 6364 °C. 'H NMR (500 MHz, CDCJ) U = J#8.728), ( d,
6.86 (d,J=8.7,2H), 6.53 (dt,J=9.8, 4.2, 1H), 5.98 (dfl=9.8, 1.9, 1H), 4.56 (€H), 3.80

(s,3H), 3.30 (t,J=7.2,2H), 2.31 (tdd,J=7.2, 4.2, 1.82H).

(£)-217

4-Allyl -1-(4-methoxybenzyl)piperidin-2-one (217: To a suspension of copper () iodide
(1.84 g, 9.68 mmol) in THF (181L) was added TMEDA (1.38 mL, 9.22 mmol) and then
cooled to-78 °C. To the suspension was added allylmagnesium bromide (9.2 mL, 9.22
mmol) dropwise over 30 minutes, which caused the solution to turn brown. The reaction
was stirred for 1 hour a78 °C tocompletely form the cuprate. To solution of the cuprate,
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TMSCI (0.59 mL, 4.61 mmol) was added rapidly and immediately followed by a solution

of 216(271 mg, 0.92 mmol) in THF (5 mL). The reaction was stirred&fC for 5 hours

until consumption of the starting material as indicated by TLC. After warming to room
temperature, the reaction mixture was diluted with a 10% solution of HCI and $birred

20 minutes. The layers were separated and the aqueous layer was extracted with ethyl
acetate (3x). The combined organic layers were washed with saturated sodium
bicarbonate, water then brine and dried over anhydrous sodium sulfate and condentrated
vacua Purification with column chromatography with 5E#Ac/hexanegave the title
compound as a colorless solid (73%).= 0.33 (50%EtOAc/hexanegsmp = 5960 °C IR

(neat): 3048, 2933, 2836, 1660, 1603, 1510, 1438, 1240, 1029, 814, #31HMMR

(500 MHz, CDC#) U = J¥8.712H), §8d (dJ=8.7, 2H), 5.84 5.62 (m, 1H), 5.13

i 4.90 (m, 2H), 4.60 (dJ=14.4, 1H), 4.43 (d)=14.4, 1H), 3.78 (s, 3H), 3.342.98 (m,

2H), 2.56 (ddd,J=17.4, 5.0, 2.2, 1H), 2.161.94 (m, 3H), 1.94 1.76 (m 2H), 1.39 (dtd,
J=13.5,11.4,5.8, IH)*CNMR (125MHz,CDCG) 4 = 169. 5, 159. 1, 13
117.1,114.1, 55.4, 49.4, 46.2, 39.9, 38.6, 32.9, 2BAct mass fo€16H22NO, [M+H] ;

calcd: 260.1651, found: 260.1652.

(o]

oy

(+)-236a

3-Allylcyclohexan-1-one (236a)%* A solution of cyclohexenone (5.01 mL, 51.6 mmol)

and titanium tetrachloride (5.7 mL, 52.2 mmol) in DCM (100 mL) was cooled8GC.
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A solution of allyl trimethylsilane (9.8 mL, 61.9 mmol) in DCM (50 mL) was added
dropwise with stirring over 20 minutes. The reaction mixture was stirretB&C for 1

hour then warmed te30 °C. After completion of the reaction, as indicated by TLE th
mixture was diluted with water and extracted with DCM (3x). The combined organic layer
was washed with aqueous sodium bicarbonate, water and brine then dried over anhydrous
sodium sulfate and concentraiadzacuo Purificationvia Kugelrohr distillatbn gave the

title compound as eolorlessoil (97%). Rs = 0.54 (15%EtOAc/hexanes *H NMR (500

MHz, CDCk) & = 51=18.3 16(1d72,dH), 5.064.97 (m, 2H), 2.41 (ddf=13.9,

4.1, 2.0, 1H), 2.39 2.30 (m, 1H), 2.25 (dddd=7.1, 4.7, 4.2, 1.1, 1H), 2.131.99 (m,

3H), 1.94i 1.80 (m, 3H), 1.70 1.59 (m,2H), 1.35 (tdd,J=13.1, 10.7, 3.7, 1H).

(o]

oY

(£)-236b

3-Allylcycloheptan-1-one (236b)%?> A round bottom flask was charged wityclo
heptanone (1.12g, 9.98 mmol) and DCM (20 mL) then cooled to 0 °C. Sequentially, NBS
(2.14g, 12.0 mmol) an@-TsOH (174mg, 1.01 mmol) were added with stirring. The
reaction mixture was allowed to warm to RT over one hour and then heated at reflux for
three hours. After complete consumption of the starting materials, as indicated by TLC the
reaction mixture was cooled to RT and diluted with water. The layers were separated and
the aqueous layer was extracted with DCM (3 x 20 mL). The combined orggarevas
washed with aqueous sodium bicarbonate, water and brine then dried over anhydrous
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sodium sulfate and concentrat@dvacuo The crude material was used without further
puri ficat i obmomoketdnk fromstepuldvas dissolved in DMF (25)nmLa

round bottom flask. To the solution was adde0s (1.87g, 25.3 mmol), in one portion

at RT. The reaction mixture was heated to reflux for 5 hours until complete consumption
of tblomokdélone. The reaction mixture was cooled to RT andetilutith water then
extracted with ethyl acetate (5 x 50 mL). The combined organic layer was washed with
brine (5 x 25 mL) then dried over anhydrous sodium sulfate and concefitratealio
Purificationvia Kugelrohr distillationgave theU ,-umsaturatedetoneas acolorlessoil

(95%). A solution of cycloheptenone (0.74g, 6.72 mmol) and titanium tetrachloride (0.75
mL, 6.8 mmol) in DCM (10 mL) was cooled 188 °C. A solution of allyl trimethylsilane
(2.14 mL, 7.2 mmol) in DCM (5 mL) was added dropsvigith stirring over 10 minutes.

The reaction mixture was stirred &8 °C for 1 hour then warmed t80 °C. After
completion of the reaction, as indicated by TLC the mixture was diluted with water and
extracted with DCM (3x). The combined organic lay@s washed with aqueous sodium
bicarbonate, water and brine then dried over anhydrous sodium sulfate and condentrated
vacua Purificationvia Kugelrohr distillationgavethe title compounds acolorlessoil

(99%). Rr = 0.52 (15%EtOAc/hexanes *H NMR (500 MHz, CDCJ) U = 5. 74 (
J=17.3, 10.3, 7.1, 1H), 5.03 (ddd#13.1, 4.9, 2.7, 1.5, 2H), 2.532.44 (m,2H), 2.38
(dd,J=14.4, 11.0, 1H), 2.102.00 (m, 2H), 1.96 1.84 (m,2H), 1.83i 1.70 (m, 2H), 1.68

i 1.54 (m, 2H), 1.44 1.34 (m, 1H)1.31i 1.21 (m, 1H).
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o]

O

(+)-236¢

3-Allylcyclooctan-1-one (236¢)% A round bottom flask was charged wittyclo
octaanone (5.02g, 39.8 mmol) and DCM (80 mL) then cooled to 0 °C. Sequentially, NBS
(8.49¢, 47.7 mmol) ang-TsOH (685 mg, 3.98 mmol) were added with stirring in several
portions. The reactiomixturewas warmedo RT over one hour and then heated at reflux

for three hours. After complete consumption of the starting materials, as indicated by TLC
the reaction mixture was cooled to RT and diluted with water. The layers were separated
and the ageous layer was extracted with DCM (3 x 50 mL). The combined organic layer
was washed with aqueous sodium bicarbonate, water and brine then dried over anhydrous
sodium sulfate and concentrat@dvacuo The crude material was used without further
purificat i on. -Brénekene dramestep)1 was dissolved in DMF (75 mL) in a
round bottom flask. To the solution was addeC0s (7.35g, 99.5 mmol), in one portion

at RT. The reaction mixture was heated to reflux for 5 hours until complete consumption
of tblomokélone. The reaction mixture was cooled to RT and diluted with water then
extracted with ethyl acetate (5 x 75 mL). The combined organic layer was washed with
brine (5 x 50 mL) then dried over anhydrous sodium sulfate and concenirateclio

The crude material was used without further purificatioh.solution of cycloocteneone
(3.05g, 24.6 mmol) and titanium tetrachloride (2.72 mL, 24.8 mmol) in DCM (60 mL) was
cooled to-78 °C. A solution of allyl trimethylsilane (4.2 mL, 26.6 minm DCM (20

mL) was added dropwise with stirring over 20 minutes. The reaction mixture was stirred
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at-78 °C for 1 hour then warmed 180 °C. After completion of the reaction, as indicated

by TLC the mixture was diluted with water and extracted wi@MD(3x). The combined
organic layer was washed with aqueous sodium bicarbonate, water and brine then dried
over anhydrous sodium sulfate and concentratedacuo Purification via Kugelrohr
distillation 100 °C at 5 Torgave the title compound ascalorlessoil (73%). R =0.71

(15% EtOAc/hexanes H NMR (500 MHz, CDGY) U = 5=1708104,6.8,1H),

5.03 (dd,J=13.6, 6.6, 2H), 2.43 (ddd=15.1, 10.1, 3.0, 2H), 2.32 (d=13.0, 4.6,2H),

2.04 (tdd,J=19.6, 15.1, 6.52H), 1.971 1.78(m, 2H), 1.757 1.60 (m,2H), 1.56 (ddd,
J=12.1, 10.6, 6.4, 1H), 1.44 (dd#k16.2, 7.2, 4.3, 2H), 1.391.30 (m, 1H), 1.23 1.13

(m, 1H).

Ti(O-iPr), RMgBr .

ly,
I[,,,

NpMB  THF, rt - [
pmB-NH pmB—NH
(£)-217 (+)-225 (+)-226
dr=2:1
o 60&
~ + ~
TsCl, pyr. § §
225 + 226 ——> I I
DCM, rt PmB-N, PmB-N,
Ts Ts
(1)-225-Ts (£)-226-Ts

dr=1:1

Tosylated amincketone (225 and amino-cyclopropanol (226): Isolated fom

compound217 using general procedu&3. Initially isolated as amin225 (40%) then
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subjected to tosyl derivatizatido aid in characterization &25Ts and226Ts. To a
solution of crude aminoketone (fj)ein a 1:1 mixture of DCM and pyridine (0.1 M) at
room temperature was add@dlTsCl (2eq) and stirred at room temp until complete

conversion of the starting material as indicated by TLC. The reaction mixture was

guenched with saturated aqueous sodium bicarbonate and the aqueous layer was extracted

with ethyl acetate (3x). The commigid organics were washed with water, brine, dried over
anhydrous sodium sulfate, then concentratedvacuo Purification by column
chromatography with 50 100% DCM/hexanes gave the title compound as an inseparable

mixture (1:1) ofdiastereomers (24%2 steps).

o
(@]

PMB-N,
Ts

(£)-225-Ts

4-(2-((4-M ethoxybenzyl)amino)ethyl}2-methylcyclopentanone 225Ts). Rf = 0.56
(100% DCM). IR (neat): 3018, 2928, 2871, 1734, 1611, 1512, 1334, 1246, 1155, 1089,
1032, 911, 814, 745, 655 ¢m'H NMR (500MHz, CDCk) U = J¥8.374H), 734 ,

(d, J=7.9, 4H), 7.18 (dJ=8.6, 4H), 6.83 (dJ=8.6, 4H), 4.22 (s, 4H), 3.79 (s, 6H), 3115

2.96 (M, 4H), 2.44 (s, 6H), 2.28 (di£18.6, 7.6, 1H), 2.2 1.99 (m, 5H), 1.95 1.83 (m,

1H), 1.74i 1.30 (m, 10H), D2 (d,J=6.9, 3H), 0.99 (dJ=7.4, 3H). 13C NMR (125 MHz,

CDClk) 0 = 221. 3, 220. 2, 159. 5, 143. 5, 136.

114.1,114.1,55.4,52.2,52.1,46.7,46.7,45.2,44.1, 44.1, 41.6, 38.5, 36.8, 34.7, 34.3, 32.1,
97
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30.9, 21.7 15.5, 13.9. Exact mass foC23H290NO4sS [M+Na]"; calcd: 438.1715, found:

438.1704.

é/OTs

—

PMB-N,
Ts

"y,

(£)-226-Ts

3-(2-((N-(4-M ethoxybenzyl}4-methylphenyl)sulfonamido)ethyl)bicyclo[3.1.0]hexan

1-yl 4-methylbenzenesulfonge (226 Ts). Rt =0.25 (100% DCM) IR (neat): 3029, 2931,

2858, 1512, 1359, 1336, 1248, 1171, 1156, 1092, 1033, 843, 812, 745, 699,%65%cm

NMR (500 MHz, CDCY) U = J¥8.32M), 7(68 (d)=8.3, 2H), 7.36 7.29 (m, 4H),

7.15 (d,J=8.7, 2H), 6.83 (dJ=8.7,2H), 4.17 (s, 2H), 3.80 (s, 3H), 2.921%7.5, 2H), 2.44

(d, J=1.6, 6H), 2.10 (ddJ=12.0, 6.5, 1H), 1.66 1.52 (m, 2H), 1.47 (dddl=14.3, 10.5,

5.4, 2H), 1.37 1.12 (m, 4H), 0.89 (ddd=9.6, 6.6, 1.7, 1H), 0.59 (dd=6.5, 5.1, 1H).

13C NMR (125 MHz, CDCE) a = 159. 4, 144. 9, 143. 4, 136
128.1, 127.3, 114.1, 71.1, 55.4, 51.9, 46.9, 37.8, 33.8, 32.8, 32.1, 22.5, 21.8, 21.7, 14.6.

Exact mass fo€30H3sNOsS; [M+H] *; calcd: 570.1984, found: 570.1990.
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Ti(0-iPr), H
o c-CsHoMgBr
- N
N-pme THF, rt PMB

(£)-214 (+)-228

1-(4-M ethoxybenzyl)octahydre1H-cyclopropa[l5]cyclopenta[l,2b]pyridine (228):

From compoun@14using general procedu2e3. Purification by column chromatography
with 15% EtOAc/hexanegjave thetitle compound as an lo{74%). Rf = 0.25 (15%
EtOAc/hexanes IR (neat): 3036, 3031, 2922, 2852, 1510, 1455, 1245, 1169, 1038, 840,
796 cmt. 'H NMR (500 MHz, CDCf) U = J& 8.5 19z, 2H) 6.83 (dJ = 8.6 Hz,

2H), 3.87 (dJ = 13.2 Hz, 1H), 3.81 3.71 (m, 4H), 2.73 (ddd} = 7.6, 3.5, 2.0 Hz, 1H),
2.63 (td,J = 13.1, 2.1 Hz, 1H), 2.07 (d1,= 11.9, 6.1 Hz, 1H), 2.00L1.84 (m, 2H), 1.78

1.67 (m, 1H), 1.48 (ddl = 12.4, 7.9 Hz, 1H), 1.401.14 (m, 5H), 0.61 (1] = 4.3 Hz, 1H),

0.53(ddJ=8.5,4.8Hz, IH)®CNMR (125MHz,CDCG) & = 158. 7, 132,

55.4,55.1, 54.3, 47.9, 32.6, 30277.5, 24.9, 24.7, 18.7, 15. Exact mass fo€17H23NO

[M+H] *; calcd: 258.1852, found: 258.1859.

(0]

N-pmB
(£)-237a

4-Allyl -1-(4-methoxybenzyl)azepar?-one (237a): Prepared according to general

procedure 2.2 followed by general procedur.1 from 3-allylcyclohexanl-one.

99



Purification by column chromatography with 2@ Ac/hexanegave the title compound

as a colorless oil. R 0.51 (50%EtOAc/hexanes IR (neat): 3072, 2923, 2837, 1636,

1510, 1441, 1244, 1174, 1032, 914, 813'cntH NMR (500 MHz, CDC§) 04 = 7.

J=8.7, 2H), 6.84 (dJ=8.7, 2H), 5.53 (dddd}=16.8, 10.1, B, 6.3, 1H), 5.04 4.88 (m,
2H), 4.56 (d,J=14.3, 1H), 4.41 (d)}=14.3, 1H), 3.79 (s, 3H), 3.143.05 (m, 1H), 2.62

2.48 (m, 2H), 1.96 1.73 (m, 5H), 1.65 1.51 (m, 1H), 1.39 1.17 (m, 2H). 3C NMR

(125MHz,CDC}y) u = 175. 8, 11299,.116,9, 11339655.3, 52.7159.6,.

38.8, 38.2, 37.2, 36.7, 22.Exact mass fo€17H23NO2 [M+H] *; calcd: 274.1802, found:

274.1811.

(4)-237b

4-Allyl -1-(4-methoxybenzyl)azocar?-one (237b): Prepared according to general
procedure?.2followed by general procedugelfrom 3-allylcycloheptanonePurification
with column chromatography with 20E4OAc/hexanegave the title compound as an oil

(53%). R=0.43 (20%EtOAc/hexanes IR (neat): 871, 2925, 2859, 2836, 1635, 1511,

18

1466, 1244, 1194, 1035, 916 ém*H NMR (500 MHz, CDCJ) § = J#8.721H), ( d ,

6.84 (d,J=8.7, 1H), 5.88 5.71 (m, 1H), 5.10 4.95 (m, 1H), 4.89 (d}=14.3, 1H), 4.21
4.02 (m, 1H), 3.79 (s, 2H), 3.583.45 (m, 1H), 3.23 (dt}=15.4, 4.2, 1H), 2.46 (ddd,

J=22.7,12.5, 6.9, 1H), 2.202.03 (m, 1H), 1.94 (ddt}=13.7, 7.0, 3.4, 1H), 1.881.71
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(m, 1H), 1.72i 1.55 (m, 2H), 1.47 1.33 (m, 1H), 1.30 1.09 (m, 1H).3C NMR (125
MHz,CDCk) G = 174.8, 159.1, 136.5, 130.1, 12¢
37.7, 33.5, 30.4, 28.6, 22.Exact mass fo€1gH2sNO2 [M+H] *; calcd: 288.1958, found:

288.1973.

/

o)

N

~

PMB
(£)-237¢

4-Allyl -1-(4-methoxybenzyl)azonar2-one (237c): Preparedaccording to general
procedure2.2 followed by general procedul from 3-allylcyclooctanone. Purification

with column chromatography with 20E4OAc/hexanegave the title compound as an oil

(23%). R=0.57 (30%EtOAc/hexanes IR (neat): 3073, 2923, 1624, 1510, 1454, 1243,

1172, 1033, 911, 818, 751 ¢dm'H NMR (500 MHz, CDCJ) & = J98.7,2H), 6(84 ,

(d, J=8.7, 2H), 5.81 (ddt}=17.2, 10.2, 7.0,H), 5.147 5.02 (m, 2H), 4.99 (d}=14.9, 1H),

4.03 (d,J=14.9, 1H), 3.79 (s, 3H), 3.603.49 (m, 1H), 3.24 (dt]=6.5, 4.2, 1H), 2.54 (dd,

J=12.8, 9.8, 1H), 2.41 (dd=12.9, 3.7, 1H), 2.17 (8=6.8, 2H), 2.1% 2.00 (m, 1H), 1.68

i 1.38 (m, 8H).'* CNMR (125MHz,CDC¥) 4 = 174. 5, 159. 0, 137.°:
77.2,55.4,47.4,47.2,41.4, 39.0, 36.4, 30.6, 26.5, 25.2, EZ&ct mass foC1oH27NO-

[M+Na]*; calcd: 324.1934, found: 324.1950.
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Ti(0-iPr), OH
o o-CattsMgBr C<:< C<}
+
N-
PMB THF rt NHPMB NHPMB

(+)-237a (+)-238a (+)-239a

4-(3-((4-M ethoxybenzyl)amino)propyl)}2-methylcyclopentanone  (238a) From
compound237a using general procedur2.3. Due to difficulty isolating (column
chromatography) and converting to the tosyl derivativeM&was used to determine the

ratio of the title compaud and the corresponding bicycliminocyclopropanol239a).

The crude product was analyzed by a QTOF mass spectrometer in sequence with reverse
phase liquid chromatography using 2.1 x 50 mm column (Agilent, Exte@d8d1.8 mm)
at a flow rate of 0.4 mimin, and the sample was eluted by gradient mobile phase (5% to

95% acetonitrile with 0.1% formic acid in water) over 10 minutes.
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Ti(0-iPr), H
(0] c-CsHgMgBr A~
N<pmB THF, rt %\':“
PMB
(+)-238b (£)-240b

2-(4-M ethoxybenzyl)2-azatricyclo[5.3.1.3-Jundecane (240b): From compoun®37b
using general procedur2.3. Purification by column chromatography with 20%
EtOAc/hexanegave the title compound as a solid (64%R)= 0.64 (20%EtOAc/hexanes

mp = 4143 °C. IR (neat): 3058, 2911, 2855, 2839, 1509, 1452, 1242, 1168, 103cnB19
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1L IHNMR (500 MHz, CDCJ) U = J38.7,219), 6(83I(c)=8.7, 2H), 3.84 (dJ=13.3,

1H), 3.79 (s, 3H), 3.72 (d=13.3, 1H), 2.87 2.70 (m, 2H), 2.30 (dt}=11.0, 5.7, 1H),

2.21 (d,J=13.6, 1H), 1.98 1.83 (m, 2H), 1.83 1.70 (m, 1H), 1.70 1.47 (m, 6H), 1.44

i 1.31 (m, 2H), 1.06 (ddi=9.3, 3.2, 1H), 0.28 (f=4.1, 1H).13C NMR (125 MHz, CDCJ)

i = 158.5, 132.7, 130.2, 113.5, 57.3, 55.

25.8, 24.5.Exact mass fo€1sH2sNO [M+H]*; calcd:272.2014, found: 272.2019.

o

Ti(0-iPr), H
c-CsHgMgBr
s Krﬂ\’

THF, rt PMB

N\
PMB

(#)-237¢c (¥)-240¢

2-(4-M ethoxybenzyl}2-azatricyclo[6.3.1.3-19dodecane (240c):From compoun®37c

using general procedur2.3. Purification by column chromatography with 20%
EtOAc/hexanegave the title compound as an oil (75%).= 0.73 (20%EtOAc/hexanes

IR (neat): 3057, 2979, 2917, 2858, 1585, 1509, 1455, 1243, 1036, 830, 818,80%cm

NMR (500 MHz, CDC¥) U = J#8.4,24), 6(88l(d]=8.5, 2H), 3.85 (dJ=13.1, 1H),

3.7 (s, 3H), 3.73 (dJ=13.1, 1H), 2.83 (dddl=14.8, 6.4, 3.9, 1H), 2.71 (ddd14.9, 8.1,

3.4, 1H), 2.38 2.19 (m, 2H), 1.99 1.86 (m, 1H), 1.86 1.74 (m, 2H), 1.74 1.65 (m,

1H), 1.65i 1.31 (m, 8H), 1.06 (d}=7.7, 1H), 0.27 (tJ=3.8, 1H). 13C NMR (125 MHz,

CDCl) G = 158. 5, 132. 4, 130. 3, 113. 5, 56. 6,
30.1, 28.9, 23.2, 20.8.Exact mass foiICigH2/NO [M+H]"; calcd: 286.2165, found:

286.2186
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CHAPTER 3

DISCOVERY OF A SULFONE MEDIATED INTERRUPTION OF THE
KULINKOVICH DE -MEIJERE REACTION

3.1. Interrupted Kulinkovich de -Meijere reactions

As discussed in the previous chapter, khdinkovich deMeijere reaction is a
powerful transformation for the conversion of carboxylic esters and amides into the
corresponding cyclopropanols and cyclopropylamines. The literature on this
transformation is quite rich in examples and interestiragypreviously stated; there have
been several reports of ntmaditional products (i.e. necyclopropane moieties)
dominating the reaction mixtures. These-ti@ditional Kulinkovich deMeijere products
present opportunities to access unique and integediuilding blocks for chemical
synt hesi s. The discovery and subsequent
Kulinkovich deMeijere reaction is described herein. The prior art and examples of

inspiration will be discussed to set the stage.

3.11. Szymoni akds Wor k

First reported in 2001 and with several reports thereafter, Szymoniak discovered
that nitriles will reactwith titanium (1) to yield primary cyclopropyl aminés.
Interestingly it was reported that this transformation required an additional Lewis acid to
form the second carbancarbon bond. In absence of the Lewis acid and upon hydrolytic

workup the corresponding ketone was isolated in 70% ygademe 3.1 This example
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is one of the few examples of a Kulinkovich-Keijere reaction that, without furghn

modification of conditions; would result in a ketone.

Ti(O-iPr), D
//\Ph .IPI' O\TI'N\ Ph Hzo (o) Ph
N7 iPr-0~
EtMgBr

301 302 303
lBF:,-OEtz
Pro ON_~, HN o~
pro Y P T
304 305

Scheme3.5zymoni akds synthesis of ketone
corresponding nitriles.

312.Chads Wor k

As described irChapter 2, Cha and coworkers reportéad 1997 that an imide
would readily react with titanium (Il) reagents without cyclopropane formétidrhis
unique transformation was one of the first examples of amrugted Kulinkovich de
Meijere reaction. In this report Cha proposed that the marginally basic nitrogen contained
in an amide, after addition to an imide carbonyl, would be averse to the cyclopropanation
and yield acylaminals. In both inter and intn@lecular reactions, the acylaminals were
indeed isolated in good yieldScheme 3.2 Interestingly, when glutarimide was the
substrate it was observed that after workup the acylaminal was inta twe equilibrium

with the corresponding amieleetone, presumably due to transannular strain and the poor
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leaving group ability of the amide. This is one of the first examples of an amide or
derivative thereof, transformemhder Kulinkovich deMeijere canditionsinto an amido (or

amino) ketoneScheme 3.2

(o] HO

CITi(0-iPr)3
N"\"F ¢-CsHsMgCl N
—_ 0 T
( n ( n
(o] (0]
306 n=1 (£)-308 n=1 (50%)
307 n=2
(+) -309 n=2 (53%) (+) -310

Scheme 3.ZZ h a 6 s W-tethdred olefins with symmetrical imides.

The synthetic potential of an interrupted KulinkovichMeijere reaction has been
demonstrated elegantly by Cha and coworkef¥. The conversion of imides to
acylaminals could be further functionalizéu a single operatiorby intercepting the
titanium-carbon bond of the titanafuran intermediate with various electropsulels as
deuterium and molecular oxygén. The functionalization of the titaniuincarbon bond

adds additional synthetiopential for this powerful transformation.

Cha elegantly demonstrated that with the reductive cyclization occurred readily

with the N-alkylated imide,306. The resulting titanafuran was trapped by molecular
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oxygen and, on hydrolytic workuBl1lwas isdated in good yieldScheme 3.3 Protection

of the hydroxymethyl moiety with triisopropylsilyl triflate and lutedine afforded the
protected primary alcoh@d12in 85% yield. Stereoselective reduction of the acylaminal
with hydrogen and platinum oxidgelded the lactam313 Finally, lithium aluminum
hydride reduction afforded amii3d4in good yield followed by TBAF deprotection of the
silyl group gave 5-epitashiromine 315 in 83% vyield. This short synthetic sequence
demonstrated that an interruptediikovich deMeijere could be asefultool in the early

stages of natural product synthesis.

OH _OTIPS

TIPSOTf H
lutedine

mu\
o)

c-CsHgMgCl
S

1
Q_\o;
N =
° |20
N S
o
o
3
Pyl
I
%o
8

85%

o o
306 (+)-312
OTIPS OH
H
H,, PO, : TBAF
e B
CHClI;, EtOAc THF
o
0, o, o,
90% (+)-313 74% (+)-314 83% (+)-315

5-epitashiromine

Scheme 3. hads sy repithshi®mmirse usnfy andnterrupted Kulinkovich de
Meijere reaction and trapping with molecular oxygen.

Il n another el egant exampl e, Cha demonst
react andoe involved inthis transformation. Iprevious imide examples the olefin was

tethered at the nitrogér® @ In his synthesis towards gelsemine, Cha installed the olefin
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in a remote position not directly bound to the imide nitratfenThis allowed for a rapid
construction of the tricyclic core of Gelsemine in efficient manner. Starting from
compound316, a melatively complex system; an interrupted Kulinkovich-Meijere
reaction followed byin-situ trapping with molecular oxygen afforded the framework of
Gelsemine317. Reduction of the tertiary alcohol of the acylaminal afforded the desired
functionality of the tricyclic core318 This powerful transformation of an interrupted
Kulinkovich deMeijere reaction has great potential for the rapid assembly of complex ring

systemsn late stage synthetachemes

1. CITi(O-iPr)3 o 1. EtSH fo)
C-C5H9MgCI HO \N\ BF30Et2 H \N\
2.0, Ph 2. H,, Raney nickel Ph
OH OH
42% 68% (2 steps)
(£)-316 (+)-318

Gelsemine

Scheme34L£ habés synthetic use o FfMeigemreactonh er
towards (+)Gelsemine.
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313. Sat ods Wor Kk

As stated inChapter 2, Sato and coworkers reported extensively on the use of
titanium (1)!?4 the KulinkovicH>!” and Kulinkovich deMeijere reactiond’® An
interesting observation that sulfonamides, such asthoseba®gupno | z er,Wosld sul t ar
deviate from the typical Kulinkovich deMeijere (amide) pathway leading to a
cyclopropylaminé?® It was proposed that the sultam made the nitrogen a better leaving
group. After 1,2insertion of a nucleophilicitanacyclopropane into the sulfonamide
carbonyl and formation of the titanafuran, the lone pair on nitrogen would be unable to
cleave the intermediate. Instead, the camphorsultam would depart, allowing for formation
of cyclopropanols from amidé8. First tested oN-acylated sultan319, Scheme 3.5it
was reported that the yield was excellent although the desired asymmetric induction

without additional stereocontralas poor®%°

I
0 m-Ti(O-iPr)z
N —— > HoO
Sy 90%

(’)’ o 32% ee

319 320

Scheme3.%5at o6s synthesis of cyclopropan

In addition to an intranolecular cyclization, Sato and coworkers reported a similar

synthesis of cyclopropanols using trimethylvinylsilane as the olefin preciirédthough
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the Kulinkovich deMeijere reation performed remarkably well an@p pol zer 6s
camphorsultam prevented the formation of the cyclopropylamine, it did not provide the
desired asymmetric inductidh. The observation that a sulfur based auxiliary would be
sufficiently electron withdrawing to prevent cyclopropylamine formation was the catalyst

for the work described herein.

32Constrained biExpBnsienadftthe MethRdology

As desribed inChapter 2, the Kulinkovich deMeijere reaction in a polycyclic
system could be arrested by Bredtods -rul e,
ketones! This reaction worked extremely well in bridged polycyclic systems and highly
rigid systems. Although as previously stated, when the bicyclic intermediate had zero
bridging atoms (i.eZ = 0); the system was no longer bounydBred 6 s anduHhere was
no energy barrier to iminium formation. The reactions, as expected; proceeded along a
standard Kulinkovich d&/leijere pathway?23

An alternative and largely unexplored strategy to interrupt the Kulinkovieh de
Meijere reactiopwith the exception afhe work ofSato!” 8 would use a readjilavailable
and robust electron withdrawing group on nitrogen. As showigure 3.1, formation of
the titanafuram would proceed normally with a titanium (1) species. At this point, if the
nitrogens u b st i t u a alkyl greup theveawsuldabe neffect on the lone pair of the
nitrogen. The nitrogen would readily form iminiudy which would undergo nucleophilic
addition of theremaining titaniunrcarbon bond to afford cyclopropylamir@ after

hydrolytic workup. However, if a sufficiently electromi t hdr awi ng group
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attached to the amide nitrogen, aBinthe lone pair on the nitrogen would no longer be
able to participate in the departure of the titanium alkoxide and hydrolytic wertulad

afford the amineketoneE.

Kulinkovich interrupted
de-Meijere
R R
| " R o .R
g;N - eo—Ti/|:§=N<+) H\]// N
\ {0 X |
c D E

Figure 3.1Proposed interruption of the Kulinkovich-tieijere reaction with an
electron withdrawing group.

3.3. The Seminal Discovery

The ability to synthesize carbocyclic amiketones fromno®r edt 6 s r ul

e

substrates has the potential to expand upon the previously discussed interrupted

Kulinkovich deMeijere reaction inChapter 2. A more generalized approach to these
unique buitling blocks would provide this methodology to synthesize carbocyclic amino
ketones. Commercially available or readily synthesized tosylate congamebeused.

The developmentofanddr edt 6 s rul e

is described herein.
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3.3.1. Arresting the reaction with a tosylate

PMB

’1‘ Ti(O-iPr),
<:Co/7 c-CsHoMgBr < E é
—>
73%
(+)-321 (£)-322
Ts
N Ti(0-iPr),
o c-CsHgMgBr
—_—_—
— THF, 0°C
> 50% <10%
(+)-323 (+)-324 (+)-325

Scheme 3.6irst study of an electron withdrawing group effect on the Kulinkovieh
Meijere reaction.

As proposed irFigure 3.1, an electron withdrawing group bound to the nitrogen
on an endactamcould prevent the departure of a titanium alkoxide in the Kulinkovieh de
Meijere intermediate. A simple search of protecting groups that readily bind to nitrogen
led to use of thpara-toluenesulfonyl moiety. Thpara-methoxybenzyl homologu&21,
as previously reported, exclusively affords the tricyclic aminocyclopropagén 73%
yield?! Reaction of the tosyl edactam323 resulted in a disappointing yet exciting
observation. The reaction mixture was quite complex and contained mostly de
sulfonylated endactam, 324, the desired aminketone 325 was isolated as a single
diagereomer,Scheme 3.6 albeit in less than 10% vyield. No amiogclopropanol or
cyclopropylamine were detected. It should be noted that standard Kulinkovidaigee

procedures at room temperature were inappropriate with these more reactive sulfonylated
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lactams, lower temperatures gave the bestresultsn s i st ent wi th “Chaos
" Thelow yield of the desired aminketone was thought to be due tosylateswhich are
known to react with Grignard reagents aSaineme3.6. Tuning the arylsulfone to prevent
de-sulfonlylation was consideréd. It should be noted that witlut nitrogen substitution,
the secondary lactam witin acidic hydrogen on nitrogedoes not react under standard
Kulinkovich deMeijere conditions. Thenajorproduct observed was the reduced alkene.

Careful analysis of produ25determined that it @s thetrans-U , -tdisubstituted
cyclic ketone. The observation that a simple sulfonylatedeaec t am woul d af f or
trans-disubstituted ketone in a single transformation warranted additional scrutiny. An
extensive search of the literaturacovere few direct methods for the synthesis of this

class of ketones, and will be briefly discussed.

3.3.2. Diastereoselective and regioselective ketone synthesis

Significant advances in ketone alkylation methodology was reported beginning in
t he 1960 desvelopmentiof metalleenamin®s? lithium enolate€®3° and silyl
enol etherd3 by Stork, Corey and Nakamura to nanse few major contributors.
Regioselective and stereoselective alkylation to yield an unsymmetrical ketone posed
additional synthetic challengé&®” To access an unsymmetrical ketone using standard
methodologies wouldequire the differentiation between the thermodynamic and kinetic
enolates. Differentiation of the enolates is easily achievable through the choice of base,
quantity of base and the temperature at which the reaction décutdndesired

isomerization of the kinetic enolate to the thermodynamic enolate is also avoidable.
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Although formdion of the enolate is readily achievable, the diastereoselectivity of the

subsequent alkylation is highly substrate and reactant dependent.

Houk and coworkers reported that alkylation of the kinetic enolatard-3-butyl-
2-methylcyclopentanone favatehecis-U , -pr@duct in an 85:15 raticGcheme 3.7 In
the presence of potassium hexamethyldisilazide in THF&EC, the kinetic enolate of
326 was generated. Subsequent alkylation with benzyl iodide resulted in a mixture of
products, favoring cis-substituted cyclopentanone327 over transsubstituted
cyclopentanone328 However, @en under equilibrating conditions, such as sodium
methoxide in methanol at room temperat®2/was the major product with a 2:1 ratio of
327t0 328 This ewdence supgrted the previousalculations, by Houk and esorkers,

that thecis-U , -préduct327would be favored?

nBu

.. DBuU nBu
Q 1. KHMDS, -78 °C \Q....Bn . \Q—Bn
2. PhCH,l
o C o

5:15
(*)-326 (*)-cis-327 (¥)-trans-328

Scheme 3. Diastereoselective alkylation of cyclopentanones under kinetic conditic

3.3.2.1. transi U, Uisubstituted cyclic ketones
Synthesis of transU , -tisiubstituted cyclic ketones using alkylation is
synthetically challenging as the diastereoselectivity is largely a function of the resident

stereocenters. Ketones readily enolize and without careful control of reaction conditions,
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stereogenic centersan potentiak pi mer i ze after their -for mat

disubstituted cyclohexanones the thermodynamically favored stereoisomer would have
both substituents equatoraidcis.®’ There are several examples of diastereoselective and
regioselective synthesis hns-U , -tisuibstituted cycloéxanones. Building on previous
enamine chemistry, Nakamura reported a simple system for-ses#etive alkylation of
cyclohexanones. Formation of imiB&9, followed by selective deprotonation of the less
hindered alpha proton resulted in the corresponding metalloen@3hé&cheme 3.8
Addition of an electrophile, in this case an alkylfluoride or chloride, led to selectively
al kyl ati on i The didstereosklectiyitypveas lowi: thimisomer of331was
favored in an approximate three to one ratio for the alkyl fluoride. With the alkyl chloride

the alkylation was unselective, giving a one to one ratwsandtrans products*®

(£)-329 (+)-330 (£)-331

X=F cis/trans =72:28
X =Cl cis/trans =50:50

Scheme3.Nakamur ads metaidnl oenami de al kyl

Under slightly more mild conditions Miyata reported that-sgkective arylation of
2-methylcyclohexanone was successful using an isoxazoldised enamineé&scheme

3.9. Condensation of isoxazolidine with the ketone formed the deldtakoxyenamine
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333in-situ. Addition of a triaryaluminum species activated the enamine, resulting in an
umpolung nucleophilic addition to the electrophilic carbon center with ttaes
diastereomeB34 being the exclusive produtt. It should be noted that with smaller

nucleophiles such as triethylaluminum thensisomer wagavored in a 5:2 ratio.

isoxazolidine l/>
(E/ro MgSO, { d/N\O ArzAl 6}0
CH,Cl,, rt rt
2Ll { ‘Ar

(+)-332 (+)-333 (£)-334

Ar = 4'MeOC6H4

Scheme3.Mi yat ads umpol ung -rmadthilgydlohexamahe.ar y

In 2014 Kobayashi and coworkers described a synthetic routeansU , -U 6
disubstituted cyclohexanones throughn@® r eacti on of cuprates &
Scheme 3.167 Stereselective addition to the allylic picolina@88 with the alkylcuprate
resulted in execyclic olefin339as a mixture oE andZisomersthroughf® 6 di s pl ac e me
of the picolinate. Subsequent ozonolysis of ol@808at-78 °C afforded the desirédhns-
disubstituted cyclohexanon840. The reported yields were good, ranging from 82%
for the S2 6 substitufi i8% dor then dzonoWsis with excellent
diastereoselectivity. The method was also demonstrated with enantioenriched allylic

picolinates, with comparable yields and diastereoselectivity.
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(o) 1. NaBH, OCOPy OH

Br CeCl;:7H,0 gr 1- Ar,CuMgBr-MgBr;
2. PyCO,H, DCC 2. t-BuLi then MeCHO
Ar

DMAP
335 (+)-336 ()-337
OCOPy R 1. 0,, -78°C
PyCO,H, DCC RCu-LiBr Dom o
e —_—— 7 >
DMAP Ar MgBI’Z ll,,Ar 2. Et3N or Mezs ""Ar
(+)-338 (£)-339 (+)-340

Scheme 3.1Kobayashi 6s stgansdisulestttuted cyalobexanaest o

3.3.3. Proposed transition state

The interrupted Kulinkovich d&leijere reaction hasubstantial synthetic potential
as the products were isolated with extremely good diastereoselectilityp possible
intermediatesas shown irFigure 3.2 The intermediate titanacyclopropan&a8could
insert into the mixed imide carbonyl in two et ways. Axial approach would produce
a titanafuran with the oxygen equatoral Hydrolysis of this intermediate would yield
thetrans-disubstituted ketondsigure 3.2a If the titanacyclopropane favored equatorial
approachB, the resulting titanafran oxygen wouldbe axial. It is known that 1;8iaxial
interactions are normally disfavored energetically. Upon hydrolytic workup, the resulting
cis-disubstituted cyclic ketone would be isolatédjure 3.2b. The cis isomer is not

observed.
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a) H b) H
H
N y O\ N
Ar—s=0"-Ti-L Ar—s=°
| L \|O~7i”
(0] O~ I'L
L
A ~
ArO,S.\ 028 \H
l\' (o) (o]
", mH mH
H H"
trans cis

Figure 3.2Intermediates of the interrupted Kulinkovich-Bieijere reaction.

3.3.4. Stability of the intermediate

In the standard Kulinkovich reacti@i an esternucleophilic addition to form the
second carbcerarbon bond othe cyclopropane occurs readily, which can also be said
about the amide variant. Wh the iminium cannot form readilythe interrupted
Kulinkovich deMeijere reactions, the carbamanium bond persists until the hydrolytic
workup orcan betrapped with Eectrophilest & 4244 |t is possible that in thh-tosyl ene
lactam 323 the sulfone group couldhelp increase the persistence of the titanafuran
intermediate by coordinatirtg the titaniumin a ZimmermasnTraxler intermediatg~igure

3.3%
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Ar—S=7 " Ti] Ar—S Ti; Ar—S Ti;
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Figure 3.3Proposed Zimmermaifraxler coordination of the sulfonyl oxygen to the
titanium.

There has been significant debate on the constitutiorh@fintermediate of
Kulinkovich reactions (both original variants and-Keijere). The widely acgeed
titanafuran dominates the literature, wheredsag been argued by Kulinkovich thats
actually a tit%®%ilutm woaxaraplesIl® andd23 entaining a
sulforyl, the Lewis basic sulfone coordinates to the Lewis acidic titanium (IV) sp&cies
Figure 3.3 Normally, the lone pair on nitrogen would assist in cattoygen bond
cleavage. With nitrogen attached to the sulfonyl, delocalization of the nitrogen lone pair
would stabilize intermediaté, similarly to @dvening iminiom de e x
formation Relevant reports by Gais and coworkers found examples of titanium (IV)
alkoxide species coordinated to sulfof&¥. This evidence supports the contribution of
Ain Figure 3.3 Explanation for the observed formation of cyclopropanol could foise
Kulinkovichés titanium Aated species. Ext
Lewis acid coordination of the titanium to the carbo@lwould lead to cyclopropanol

formation,Figure 3.3
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Analysis of the proposed intermediates was comsisvith the observation that the
major product anddiastereomewas thetrans-U , -tlisuibstituted cyclic keton825 A
review of the literature illustrated that this procedure provides an excellent method to

prepare this notoriously difficult moiety.

3.4.Results and Discussion

The ability to turn an olefin tethered to a lactam ittans-U , -tisubstituted
carbocyclic amineetones has clear potential for small molecule synthesis. This method
can be thought of as ¢ o mpldKulrkovichadeMeijeteo t he
reaction discussed {Dhapter 2. The use of readily available aryl sulfones allows for rapid
reaction optimization in synthetic routes and a tunable system to obtain the desired product.
In the following section, the synthesis @3 s u b s t i -alkenylesdlfonimides is
discussed along with their application in this general approach to an interrupted

Kulinkovich deMeijere reaction.

3.4.1. Synthesis of sulfonimides

The synthesis of th€3s u b s t i-alkenyl sulfonimides was straightforward,
allowing for rapid access to the test substrates. Starting from the commercially available
2-pyr r ol i dvalerolattam using welllestablished dianion chemidtiggatment of
the lactam withexcesan-butyl lithium, in THF at-78 °C formed the dianion. Dropwise
addi t i o-akemyfbromitiegaveralpha alkylation upon warming to O °C. Hydrolytic

workup afforded the alkylated lactam in modest to excellent yittheme 3.11 The
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secondary entactams were then converted to the sulfonimides using the corresponding
aryl sulfonyl chlorides after treatment with sodium hydride-tutyl lithium at eitker O
°C or -78 °C, respectively. The aryl sulfonyl chlorides were either purchased or

synthesized via electrophilic aromatic substitutigth chlorosulfonic acic?

o) _ o . o (
1. n-BuLi, THF, -78 °C 1. n-BulLi, THF, -78 °C ArO,S_
HN » HN > N
2. n 2. ArSO,CI m
(4 B (% 0

341 n=1 343 n=1,m=1
342 n=2 344 n=2, m=1
345 n=2, m=2

Scheme 3.15y nt h e slkenyl salfoninydes

3.4.2. Changing the aryl substitution

Subjection oftosylate323 to the Kulinkovich deMeijere reaction conditions at
room temperature gave the desired results but in very low yield. As previously discussed,
lowering the temperature to 0 °C and drogavaddition of Grignard reagetiota solution
of the sulfonimide anditanium (IV) tetraisopropoxid@ver the course of 40 minutes
resulted in a black solution and complete consumption of the starting material. Hydrolytic
workup afforded the desired amiketones and aminoyclopropanols in good to excellent
yields. Fiveexamples were examined to evaluate the effect of varying electron densities
and steric bulk on protecting the sulfone from nucleophilic attack by the Grignard reagent,

Table 3.1
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The paramethoxysulfone346a has more electron donating character that th
tosylate325 After the Kulinkovich reactionanalysis of the crude reaction mixture by
nuclear magnetic resonance spectroscopy found a 2:1 ratio of-ketor®347ato amine
cyclopropanol348a No traces of the desulfonylated daetam 324 was deteted.
Amino-ketone 347a was isolated in 40% yield as essentially a single diastereomer
(> 20:1)! This interesting result shewhat modification of the aryl ring electron density
deactivagésthe sulfone towards nucleophilic attack. Changing from teetrgn rich aryl
ring to a slightly more sterically shielded sulfone, dhtho-tosylate346bwas tested. The
results were also promising: NMR analysis of the crude reaction mixture extltatthe
ratio of amineketone347bto aminecyclopropanoB4& is three to @e! In this example,
as beforeno desulfonylated lactar@24 was detected and the amiketone347b was
isolated in 45% yield as essentially a single diastereomer (20:1). The additioartifan

methyl group was sufficient enough to stigéhe sulfone.
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Table 3.1Effects of arylsulfonyl substitution on the formation of amk&tones.

Ti(0-iPr), H H
N
cCngMgBr NH o EWG” j o EWG” jHO
+ YWy, 11,
= OG0 G
(+)-346 (+)-324 (+)-347 (+)-348
entry EWG-N % yield 324 : 347 : 348
9
a —@ﬁ—N 40 0 : 2 : 1
(o}
?.
b ﬁ—N 45 0 : 3 01
(o}
2
c ﬁ—N 73 0o : 7 o1
o
2
d MeO S-N 79 0 : 20 : 1
o

iPr

2
e |S|N 52 0o : 10 : 1
0

Addition of more steric bulk surrounding the sulfone by employing the mesitylene
sulfonyl 346¢led to even better results. Analysis of the crude reaction mixture indicated
an amineketone347cto aminacyclopropanoB48cratio of seven to one! Aminketone
347cwas isolated in 73% vyield, also as essentially a single diastereomer! Subsequent
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singe crystal %ray analysis 0847cconfirmedthe product as thieans-U , -tisubstituted

ketone Figure 3.4

Figure 3.4 X-ray structure ofransh, kttgclopentanon847c

Interestingly, the 4nethoxy2,6-dimethylbenzene sulfonimid@46d afforded the
highest ratio of amin&etone to amina@yclopropanol: >20:1 based on NMR analysis.
The amineketone347d was isolated, after column chromatography, in 79% vyield, as
essentially a single diastereomer! The superiority of this aryl sulfcaiéotal the desired
aminocketone seems to derive from additive steric and electronic effects. The electron rich
aryl ring (para-methoxy), in combination with the steric shielding from the flanking methyl
groups presumably stabilizes the intermediate dftaan Figure 3.3 The increased
persistence of this intermediate as the titanafuran affords an increased yield of the ketone.
Drastically increasing the steric bulk on the aryl ring with triisopropylbenzene sulfonyl

enelactam346ehad intriguing resuft. Nuclear magnetic resonance spectroscopic analysis
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found that the amin&etone347edominated the corresponding amicyclopropanoB48e

by 10:1. Amineketone347ewas isolated in 52% yield as almost a single diastereomer.
Notably even with the highlyindered isopropyl substitution &46e the interrupted
Kulinkovich deMeijere reaction proceeds smoothly. It should be noted thairthe-

nitro and 2,4dinitro substrates were prepared and found to be incompatible with the

Kulinkovich deMeijere reation conditions, leading to decomposition.

3.4.3. Rationale for observed product ratios

The observed product ratidésllow a general trend with more sterically hindered
and electron rich the aryl sulfones yielding greater ratios aketane to amino
cyclopropaol. Carbonrl3 nuclear magnetic resonance chemical shifts of the aryl groups
were analyzetbecaus&Vhitehead and coworkers have demonstrated the use of es8bon
chemical shifts to determine electron density on carbon atbritsvas proposed #t the
electron density on the arene could correlate the observed product ratios. The more
electron rich and sterically congested arenes resulted in significantly higher quantities of
amincketones, as witl347ce. Literature values of the aryl sulfonghlorides used to
compare347ae were comparedbut unfortunately there waso correlation between

relative electron density and the observed product ratios.

Electron density of the aryl growgppears t@lay a role in protecting the sulfone
from attack by the Grignard reagent, however there is no clear correlation of the electron
density with the observed diastereoselectivity and product ratios. Therefore, the steric

effect of the aryl substituents flanky the sulfonyl moiety are responsible for these results.
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Approach of titanacyclopropane to theulfonyl is presumabliglocked by larger aryl group
substitution. Highly polarized, the sulfone and amide would presumably adopt a-ground
state conformatiothat would minimize the dipole moment effectively locking the aryl ring

in place below the ringrigure 3.5°* The titanacyclopropane would approach from the

top face through axial attack, aided by coordination with the sulfone; and undergo a 1,2
insertion into the carbonyl to afford the oxygen in the equatorial position bauthe
titanafuran. Subsequent hydrolysis would affordtthas diastereomer. Approach from

the bottom face through equatorial attack would be blocked by the bulky substituents on

the arene ring preventiran alternativel,2-insertion of the titanaydopropane.

a) b)

; _O-iPr .
[/\ A O Wﬂ’o-lpr
N/ O-Pr N G \ ouiPr

21 1
T T

Figure 3.5 Steric shielding by the substituted arene.

\
®)
n—
(1))

3.4.4. Varying chain and ring size

The size of the lactam ring was also probed to determine if the size of the ring
would have any effect on the persistence of the titanafuran or resulting product ratios.
Changing from a sknembered lactam to arBembered lactam with a-(3-butenyl)

subsituent gave349aand349b. Two sulfonyl groups were selected based on the previous

135



results with346a and 346¢c The paramethoxyphenyl sulfonyl group was the least
sterically hindered substituent that led to the ketone product, whilae¢kgylene group
gave high proportions of the ketone. In addition, ghea-methoxybenzyl analogs were
also prepared to compare the interrupted systems to the standard KulinkeMeljete

products Scheme 3.12

a)
PMB Ti(0-iPr), PMB
N o c-CsHgMgBr N PMB j PMB” W HO
_—
%: THF, rt 1111,& ”Il,@H
(+)-349 (£)-350 (+)-351 (+)-352
67% Not observed
b)
PMB
b Ti(0-iPr), N/PMB H
o c-CsHgMgBr PMB j PMB~ j HO
_—
\ THF, rt "é/ é:@wvH
(+)-353 (1)-354 (+)-355 (+)-356
73% Not observed

Scheme 3.1Norinterrupted Kulinkovich deMeijere reaction analogs. a) Analog «
Table 3.2compounds. b) Analog dfable 3.3compounds.

Two analogs containing varying ring and chain lengths were prepacbeéme
3.12 Without an electron withdrawing groumn the nitrgen, thenoninterrupted

Kulinkovich deMeijere products were expected. Appendiaga-methoxybenzyl to the
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previously prepared butenyl pyrrolidinone affor@®in excellent yield.Upon treatment
with titanium (II) nane of the amindetone 351, or amiro-cyclopropanol352 were
detected. The exclusive product isolated was aminocyclopr@ie a very good 67%
yield, Scheme 3.12a Changing the chain length of the olefin tether to see if the larger
bicyclic intermediate wouldlsoform via titanium insertiorrequiredsynthesis 0853 In

the presence of titanium (ll), as with the previous example, no aketome,355 or
aminccyclopropanol, 356, were detected. The exclusive product isolated was
aminocyclopropan@54in an excellent 73%igld, Scheme 3.12b These results were
consistent with the previous exampleGhapter 2. Approach of the titanacyclopropane

is unhindered by the benzyl group leading to uniformly good yields eftrikyclic

aminocyclopropanes.
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Table 3.2Kulinkovich de-Meijere reactions on substituted pyrrolidinones.

EWG Ti(0-iPr), H
N o c-C5HgMgBr N EWG” j EWG” jHO
—_

e GO T T
(+)-357 (+)-343 (+)-358 (+)-359
entry EWG-N % yield of 358 343 : 358 : 359

2

a MeO@ﬁ—N 45 0 : 2 : 1
o
2

b S-N 55 0 : 3 : 1
o

The mesitylene andara-methoxy groups were compareédppending thepara-
methoxyphenyl sulfonyl to the previously prepared butenyl pyrrolidinone aff@%iéain
exellent yield. In the presence of titanium (Il) the corresponding atétone358aand
aminccyclopropanoB59g where the amine appendage was now one carbon shorter than
before, were formed in a 2:1 ratio wig®8aisolated in a modest 45% vyield. No loss of
the sulfonyl group was detected. The mesitylene substituted pyrrolidddateafforded
a slightly improved ratio of aminketone to aminayclopropanol at a ratio of 3to 1. The
amincketone358b was isolatedn a modest 55% yield after column chromatography,

Table 3.2
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Table 3.3Piperidinone derivatives containing a pentenyl tether.

EWG
b Ti(0-iPr), NH H H
o c-CsHgMgBr o EWG” \l 0 EWG” j HO
T (At
\\ THF, 0°C N 2 2 H
(+)-360 (+)-345 (+)-361 (£)-362
entry EWG-N %yield of 361 345 : 361 : 362
®
a MeOOﬁ—N 18 0 : 1 : 1
o}
®
b S—N 30 0 : 3 : 1
o}

The length of the olefin tether was also probed to determine if a larger bicyclic
intermediate would form during the titanium cyclopropaaebonyl insertion step.
Substitution of the piperidone with a pentenyl gr@gave a substrate with a one carbon
extended tether360, Scheme 3.14 The result of the cyclization &60awere quite
surprising. The aminketone36lawas isolated inMl8% yield. Changing the sulfonyl
moiety to the mesitylen860b gave similar results Upon cyclization of the pentenyl
tethered olefin, the aminketone361bwas only isolated ir80% yield, Table 3.3 The
addition of one carbon between the reacting carbonyl and the olefin drastically alters the
outcome of the reaction. This result is inconsistent with thamemupted eample, 353
when the N-alkyl group waspara-methoxybenzyl the aminocyclopropane354 was

isolatedin anexcellent yield. However, previous reports found greater lengths between
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olefin and amide (> 6 carbons) decreased the yield of intramole€ularkovich de
Meijere reaction$>*® The low vyield in these cases are a consequence of the geometric
constrains of the decalirbased intermediate. Transannular interactions, as the
titanacyclopropane approaches the carbonyl, may cause significant strain on the

developing tricyclic intermediatenaking ittoo high in energy to form readily.

3.5. Conclusion

A novel method, use of alectronwithdrawing group, to stabilize the Kulinkovich
de-Meijere intermediates has been discovered. This method compliments the previous
di scovery of a Bredt 6s -Meiere ecaciion.t Tde powepul e d
Kulinkovich deMeijere reation proceeds through two carboarbon bond forming steps,
resulting in cyclopropanation of amides and esters. The second -@abmm bond
cyclopropanatiostepcan be halted by an electranthdrawing aryl sulfone on the lactam
nitrogen, preventing ghination of the alkoxide. The use of aryl sulfone, building on the
use of imide substrates by Cha, is a general solution for interrupting the intramolecular
Kulinkovich deMeijere reaction. The tricyclic intermediates involved in this
transformation emirce a high level ofdiastereoselectivityand producetransU , -U 6
disubstituted carbocyclic amideetones which are otherwise difficult to prepare.

The esults are consistent withe lone pair on nitrogen being prevented from
forming an iminium ion by aigficient electron withdrawing group such as an aryl sulfonyl
moiety. The diverse sulfones studied indicates thateffect ofaryl ring substitution is an

interplay of electronic and steric effects. Grignard reagents are reactive with the
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electrophilic sulfone. A flaking substituent can shield theactive sulfur center.
Alternatively, electron rich aryl sulfones (methesybstituted) do not require such lateral
flanking to achieve the same effect. A combination of an electron rich aryl ring and a
sterically shielded sulfonyl Mnethoxy2,6-dimethylphenyl) resultin the highest
selectivity The polycyclic intermediate enforces formationtieins-U , -tisubstituted
carbocyclic amineéketones. Changes in the olefinic tether length and lactam rinpasize
substantial impact on the vyields tfnsU , -tisubstituted carbocyclic amirdeetone
products. The change in olefin tether length results in different cycloalkanone ring sizes.

The length of the amino alkyl substituent is a consequence of thegtadtam ring size.

Interestingly, varyingamounts of the aminoyclopropanol productaere formed,
a result of nitrogen departure from the polycyclic intermediate. Sterically hindered aryl
sulfones appear to minimize this pathway whereas the usesdiilegered, aryl sulfones
result in a higher proportion of amuuyclopropanols. Formation of the amino
cyclopropanol is further evidence that the titanate spdcjesigure 3.3 proposed by

Kulinkovich, is present after titanium insertion into tegbonyl.

The synthesis afans-U , -tisubstituted cyclic ketones is notoriously challenging,
generally requiring a mukstep synthetic route to control the stereocenters. The ability to
set the relative ster eochelmocysldimgne gyrithetic h e
step, with futher functionalization of the titanaivoarbon bond discussed @hapter 4.

The use of an olefin tethered to a lactam to create an dmtnae with high stereocontrol
from readily available, inexpensive and Aoiic reagents is unique and a novel synthetic

disconnection.
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3.6. Experimental
A summary of general experimentation techniques, instrumentation, purification

procedures and reagent handling can be fourhgesd4 1 85.

SO,Ar
NH N
fo) n-BuLi, ArSO,CI o
_—
— THF, - 78 °C -
Genegal Procedure 3.1- Lactam Protection: A solution of the endactam (1 eq) in THF
(0.2 M) was cooled te/8 °C. To the solution was addedbutyl lithium (1.05 eq) over 30
minutes. The reaction mixture was stirred for an additional 30 minute8a&C. A
solution of the arylsulfonyl chloride (1.1 eq) in THF (0.4 M) was added dropwise over 30
minutes. The mixture was stirred for 1 hour# °C then warmed to room temperature
and monitored by TLC. After completion of the reaction, by TLC, the reaction was diluted
with saturated aqueous ammonium chloride and then ethyl acetate. The layers were
separated and the aqueous layer was extragitbdethyl acetate (3x). The combined
organic layers were washed with water, brine and dried over anhydrous sodium sulfate,

then concentrateth vacuo Purification with column chromatography gave the title

compound as indicated.
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Ti(O-iPr),
0\\5 ccngMgBr o s o]

S0

N THF 0°C
S ¥ S

General Procedure 3.2 Interrupted Kulinkovich -de Mejiere reaction: To a solution

of the corresponding edactam (1 eq) in THF (0.03 M) was added titanium
tetraisopropoxide (1.1 eq). The reaction mixture was cooled@with stirring before a
solution ofcyclo-pentylmagnesium bromide (3.4 eq) was added dropwise over 40 minutes
until starting material was consumed as indicated by TLC. After the reaction was
complete, the black solution was diluted with water and¢kalting mixture was stirred

for 10 minutes followed by dilution with ethyl acetate. The resulting suspension was
filtered through a pad of celite and the layers were separated. The aqueous layer was
extracted with ethyl acetate (3x). The combined miggawere washed with water and
brine then dried over anhydrous sodium sulfate, then concentnat@duo Purification

was achieved via column chromatography to yield the title compound as indicated.

H . H
N n-BuLi N
&?;0 + Br — —_— (0]
THF, 0 °C

3-(But-3-en-1-yl)pyrrolidin -2-one>! A solution containing zyrrolidinone (5.1 g, 59.9
mmol) in THF (200 mL) was cooled to 0 °C under an atmosphere of argon. To this solution
was added a solution ofbutyl lithium (52.7 mL, 131.7 mmol) in hexanes dropwise over

1 hour. The reaction mixtumeas stirred at O °C for an additional 1 hour. A solution-of 4
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bromobutene (7.30 mL, 71.8 mmol) in THF (100 mL) was added dropwise over 1 hour and
stirred for an additional 1 hour. The resulting solution was warmed to room temperature

and stirred until amplete consumption of the starting material as indicated by TLC. The
reaction was diluted with saturated aqueous ammonium chloride and ethyl acetate. The
layers were separated and the aqueous layer was extracted with ethyl acetate (3x). The
combined oganic layers were washed with water and brine, dried over anhydrous sodium
sulfate then concentratad vacuo Purification by column chromatography with 70%
EtOAc/hexanesgave the title compound as a clear oil, 45%.r R0.10 (20%
EtOAc/hexanes 'H NMR (500 MHz,CDG) G = 5. 9 O 5.759(m,1H) 5102, 5. 85

i 4.88 (m,2H), 3.48i 3.35 (m,2H), 2.19i 2.10 (m,2H), 1.90i 1.75 (m,5H).

C";‘l: n-BuLi NH
O + Br —_— o
_\_/_\\ THF, 0°C \

3-(Pent-4-en-1-yl)piperidin -2-one>! A solution containing iperidone (5.21 g, 52.6
mmol) in THF (200 mL) was cooled to 0 °C under an atmosphere of argon. To this solution
was added a solutiarf n-butyl lithium (46.3 mL, 115.7 mmol) in hexanes dropwise over

1 hour. The reaction mixture was stirred at 0 °C for an additional 1 hour. A solutien of 5
bromopentene (7.52 mL, 63.1 mmol) in THF (100 mL) was added dropwise over 1 hour
and stirred foran additional 1 hour. The resulting solution was warmed to room
temperature and stirred until complete consumption of the starting material as indicated by
TLC. The reaction was diluted with saturated aqueous ammonium chloride and ethyl

acetate. The l&ys were separated and the aqueous layer was extracted with ethyl acetate
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(3x). The combined organic layers were washed with water and brine, dried over
anhydrous sodium sulfate then concentratedvacuo Purification by column
chromatography with 60%tOAc/hexanegave the title compound as a clear oil, 40%. R

= 0.17 (50%EtOAc/hexanes 'H NMR (500 MHz, CDCY) U & 5.7 (8 BH), 5.66

(s, 1H), 5.06° 4.89 (m, 2H), 3.60 (dd}=11.1, 5.0, 1H), 3.38 3.20 (m, 1H), 2.11 1.99

(m, 2H), 1.76( 1.67(m, 1H), 1.63i 1.55 (m, 1H), 1.55 1.42 (m, 3H), 1.36 1.18 (m,

4H).

PMB
QNCO/i

(+)-349

3-(But-3-en-1-yl)-1-(4-methoxybenzyl)pyrrolidin-2-one (349): Prepared according to

general procedurg.1 from 3-(but-3-en-1-yl)pyrrolidin-2-one with para-methoxybenzyl

chloride. Purification with column chromatography witfi Q0% EtOAc/hexanegave

the title compound as a colorless oil (78%.= 0.28 (30%EtOAc/hexanes IR (neat):

2935, 1672, 1512, 1244, 908, 727°tmtH NMR (500 MHz,CDCls) a = J8513 (d,
2H), 6.82 (d,)=8.5, 2H), 5.79 (ddt}=16.9, 10.2, 6.6, 1H), 5.094.81 (m, 2H), 4.41 4.26

(m, 2H), 3.76 (s, 3H), 3.283.04 (m, 2H), 2.42 (qd=9.0, 4.3, 1H), 2.24 1.90 (m, 4H),

1.59 (dg,J=12.6, 8.6, 1H), 1.51 1.12 (m,1H). 3C NMR (125 MHz,CDG)) U = 176 .
159.0, 138.0, 129.4, 128.7, 115.0, 114.0, 55.2, 46.0, 44.6, 41.3, 31.3, 30.5ER4c8.

mass forC16H2:NO2 [M+Na]™; calcd: 282.1470, found: 282.1462.
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(£)-353

1-(4-M ethoxybenzyl}3-(pent-4-en-1-yl)piperidin -2-one (353): Prepared according to
general procedurg.1 from 3-(pent4-en1-yl)piperidin-2-one with para-methoxybenzyl
chloride. Purification with column chromatography witfi 0% EtOAc/hexanegave

the tittecompound as a colorless oil (82%3: = 0.53 (30%EtOAc/hexanes IR (neat):

2929, 2861, 1627, 1511, 1242, 1173, 1033, 909, 728 ¢ NMR (500 MHz, CDCJ) U

= 7.17 (d,J=8.5, 2H), 6.83 (dJ=8.5, 2H), 5.82 (ddt)=16.9, 10.2, 6.7, 1H), 4.97 (ddd,
J=13.7, 11.2, 1.3, 2H), 4.50 (dd:39.6, 14.4, 2H), 3.8B 3.63 (s, 3H), 3.16 (ddl=7.6,

5.1, 2H), 2.38 2.27 (m, 1H), 2.16 2.03 (m, 2H), 2.01 1.86 (m, 2H), 1.86 1.72 (m,

1H), 1.72i 1.61 (m, 1H), 1.59 1.35 (m, 4H). 3C NMR (125 MHz, CDGJ) 17238,

158.9, 138.8, 129.7,129.5, 114.5, 113.9, 55.3, 49.7, 47.2, 41.6, 33.9, 31.7, 26.6, 26.5, 21.7.

Exact mass fo€1gH2sNO. [M+H] *; calcd: 288.1964, found: 288.1963.

(£)-323

3-(But-3-en-1-yl)-1-tosylpiperidin-2-one (323): Prepared according to general procedure

3.1from 3-(but3-en1-yl)piperidin-2-one with tosyl chloride. Purification with column
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chromatography with D 10% EtOAc/hexanegave the title compound as a colorless oil
(56%). Rs = 0.78 (70%EtOAc/hexanes IR (neat): 2924, 1688, 1347, 1164, 1118, 1088,
812, 752, 732, 680 ch 'H NMR (500 MHz, CDC{) U = J28.482%), 1.3 (d,

J=8.0, 2H), 5.69 (ddiJ=17.0, 10.2, 6.5, 1H), 4.94 (ddd#;19.5, 10.2, 3.2, 1.4, 2H), 4.00

i 3.92 (m, 1H), 3.92 3.81 (m, 1H), 2.42 (s, 3H), 2.362.29 (m, 1H), 2.11 1.89 (m, 5H),

1.83 (tdd,J=15.7, 10.3, 5.6, 1H), 1.511.41 (m, 2H).23C NMR (125MHz, CDCk) & =
173.3, 144.6, 137.7, 136.3, 129.4, 128.6, 115.3, 46.7, 42.7, 30.8, 29.9, 25.6, 22.4, 21.7.

Mass forCi6H21NOsS [M+H]"; calcd: 308.1320found:308.1

(+)-346a

3-(But-3-en-1-yl)-1-(o-tolylsulfonyl)piperidin -2-one (346a): Prepared according to
general  procedure 3.1 from  3(but3-enl-yl)piperidin2-one  with 2
methylbenzenesulfonyl chloride. Figation with column chromatography withi020%
EtOAc/hexanesgave the title compound as a clear oil (99%Rs = 0.34 (30%
EtOAc/hexanes IR (neat): 3071, 2953, 1678, 1603, 1334, 1161, 737%.cid NMR (500
MHz, CDCk) U = J88.011Bi), {.4d (td)=7.5, 1.1, 1H), 7.34 (1=7.6, 1H), 7.24
(d, J=7.6, 1H), 5.66 (ddt}=17.0, 10.2, 6.5, 1H), 4.974.85 (m, 2H), 4.03 3.97 (m, 1H),
3.917 3.84 (m, 1H), 2.53 (s, 3H), 2.30 (tdb8.2, 6.3, 4.7, 1H), 2.101.79 (m, 6H), 1.54
i 1.3 (m, 2H).®*CNMR (125MHz,CDG) & = 173.1, 138.3, 137.
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131.6,126.4,115.4,45.7,42.6, 30.8, 30.0, 25.6, 22.3, R8s foiC16H21NOsS [M+H]*;

calcd 308.1320, found308.1

(£)-346b

3-(But-3-en-1-yl)-1-((4-methoxyphenyl)sulfonyl)piperidin-2-one (346b): Prepared
according to general procedur2l from 3-(but3-enl1-yl)piperidin-2-one with 4
methoxybenzenesulfonyl adride. Purification with column chromatography with 20%
EtOAc/hexanegyave the title compound as a colorless oil (73%) =R0.36 (30%
EtOAc/hexanes IR (neat): 2975, 2938, 1728, 1593, 1355, 1260, 1159, 1089, 803, 663
cm®. 'H NMR (500 MHz, CDCGJ) U = J¥9.092Hl), 6(96 (dJ=9.0, 2H), 5.69 (ddt,
J=16.9, 10.2, 6.5, 1H), 4.94 (dddi11.9, 10.2, 2.5, 1.3, 2H), 3.94 (dd&12.2, 6.0, 1.3,

1H), 3.86 (s, 3H), 3.89 3.82 (m, 1H), 2.36 2.28 (m, 1H), 2.12 1.88 (m, 5H), 1.88

1.77 (m, 1H)1.53i 1.39 (m, 2H).3C NMR (125MHz,CD&) & = 173.3, 163
131.0, 130.7, 115.4, 113.9, 55.7, 46.6, 42.8, 30.9, 30.0, 25.6, EX4ct mass for

C16H22NO4S [M+H]*; calcd: 324.1270, found: 324.1267.
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(+)-346¢

3-(But-3-en-1-yl)-1-(mesitylsulfonyl)piperidin-2-one (346c¢): Prepared according to
general procedure 3.1 from 3(but3-enl-yl)piperidin2-one with 2,4,6
trimethylbenzenesulfonyl chloride. Purification with column chraygedphy with Of

10% EtOAc/hexanegave the title compound as a colorless oil (91%).= 0.65 (20%
EtOAc/hexanes IR (neat): 2938, 2872, 1687, 1338, 1163, 938, 793, 679, 658 &rh

NMR (500 MHz, CDCf) G = 6. 93 (X516.9,2041) 6.61+5,.469 4.88d d t ,
(m, 2H), 4.04i 3.93 (m, 1H), 3.86 (dddl=12.5, 8.9, 4.5, 1H), 2.62 (s, 6H), 2.82.29

(m, 1H), 2.28 (s, 3H), 2.11 1.81 (m, 6H), 1.55 1.41 (m, 2H). 33C NMR (125 MHz,
CDCl) ua = 173.6, 143. 1, 140.,22.6, 3D.8,80.0/25.6,1 3 4.

22.5, 22.1, 21.1Exact mass fo€1sH2sNO3S [M+Na]"; calcd: 358.1453, found: 358.1418.

MeO

(+)-346d

3-(But-3-en-1-yl)-1-((4-methoxy-2,6-dimethylphenyl)sulfonyl)piperidin -2-one (346d):

Prepared according to general procedutdrom 3-(but-3-en-1-yl)piperidin-2-one with 4
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methoxy2,6-dimethylbenzenesulfonyl  chloride. Purification  with  column
chromatography with © 10% EtOAc/hexanegave the title compound as colorless oil

(56%). R = 0.58 (30%EtOAc/hexanes IR (neat): 3075, 2942, 1682, 1591, 1335, 1156,

1084, 680 crd. 'THNMR (500 MHz,CDCd) U0 = 6. 62 (Js16.9,101)6,5 5. 69
1H), 5.00i 4.88 (m, 1H), 4.02 3.94 (m, 1H), 3.89 3.82 (m, 1H), 3.80 (s, 1H), 2.63 (s,

3H), 2.36i 2.26 (m, 1H), 2.10 1.79 (m, 3H), 1.55 1.41 (m, 1H).23C NMR (125 MHz,

CDCl5) u = 173.5, 161. 7, 142. 9, 137. 7, 128. 8

25.6, 23.0, 22.1Exact mass fo€1sH26NO4S [M+H]*; calcd: 352.1583, found: 352.1588.

(£)-346e

3-(But-3-en-1-yl)-1-((2,4,6triisopropylphenyl)sulfonyl)piperidin -2-one (346e):

Prepared according to general proceddifefrom 3-(but-3-en1-yl)piperidin-2-one with
2,4,6triisopropyllenzenesulfonyl chloride. Purification with column chromatography

with 5% EtOAc/hexanegave the title compound as a colorlee$id (49%). mp = 8384

°C. R¢ = 0.63 (20%EtOAc/hexanes IR (neat): 2960, 2928, 2866, 1682, 1331, 1168,

1118, 1109, 677, 65m™. '"HNMR (500MHz,CDCY) U = 7. 14 (Js16.7,2H) , E
10.2, 6.4, 1H), 4.99 4.90 (m, 2H), 4.05 3.93 (m, 3H), 3.82 (dddi=18.1, 9.5, 4.9, 1H),

2.961 2.80 (m, 1H), 2.32 2.22 (m, 1H), 2.15 1.93 (m, 5H), 1.89 1.79 (m, 1H), 1.55
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1.34(m, 3H), 1.29 (dJ=6.8, 6H), 1.25 (dd]=6.9, 4.0, 18H)13C NMR (125 MHz, CDG))
i = 173.2, 153.2, 151.0, 137.7, 133.3, 123

24.9, 24.5, 23.6, 23.6, 22.®lassfor C24H37NOsS [M+H]*; cdcd: 420.2572found: 420.2.

(x)-357a

3-(But-3-en-1-yl)-1-((4-methoxyphenyl)sulfonyl)pyrrolidin -2-one (357a): Prepared
according to general procedu®l from 3-(but3-en1-yl)pyrrolidin-2-one with 4
methoxybenzenesulfonyhtoride. Purification with column chromatography with 20%
EtOAc/hexaneggave the title compound as a colorless oil (58%) =F0.26 (20%
EtOAc/hexanes IR (neat): 2946, 1687, 1594, 1497, 1348, 1259, 1157, 1089, 1022, 832,
804, 683 crt. 'H NMR (500 MHz, CDCk) U = J¥9.1928), .98 (dJ=9.0, 2H),

5.76i 5.64 (m, 1H), 5.0% 4.87 (m, 2H), 3.95 (ddd=9.9, 8.6, 2.6, 1H), 3.87 (3H), 3.67

(td, J=9.5, 7.1, 1H), 2.42 (ddd}=19.1, 9.1, 4.8, 1H), 2.26 2.17 (m, 1H), 2.11 (ddd,
J=15.2, 12.7, 6.1, 1H), 2.071.97 (m, 1H), 1.89 (dddd=13.6, 8.8, 7.2, 4.7, 1H), 1.72
(ddd,J=19.0, 12.6, 9.2, 1H), 1.461.35 (m, 1H)..*C NMR (125MHz,CDCJ)) U = 175.
164.1, 137.3, 130.5, 129.7, 115.8, B3145.8, 45.4, 42.6, 31.0, 29.4, 25Bxact mass for

Ci5sH19NO4S [M+H] *; calcd:310.1113not obtained.
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(+)-357b

3-(But-3-en-1-yl)-1-(mesitylsulfonyl)pyrrolidin -2-one (357b): Prepared according to
general procedure 3.1 from 3 (but3-enl-yl)pyrrolidin-2-one  with 2,4,6
trimethylbenzenesulfonyl chlime. Purification with column chromatography with 15%
EtOAc/hexaneggave the title compound as a colorless oil (52%) =R).52 (20%
EtOAc/hexanes IR (neat): 3021, 2977, 2939, 1727, 1342, 1161, 1111, 750, 656'&m
NMR (500 MHz, CDCY) U =, 26l), ®78i 565 (m, 1H), 4.99 (ddg=16.4, 10.2,
1.4, 2H), 4.04 3.96 (m, 1H), 3.82 (td}=9.8, 6.9, 1H), 2.63 (S=2.3, 6H), 2.55 2.48 (m,
1H), 2.34i 2.30 (m, 2H), 2.29 (8H), 2.177 2.02 (m, 2H), 1.89 (dddd=13.7, 8.9, 7.2,
4.7, 1H), 1.77 (ddd=19.2, 12.6, 9.2, 1H), 1.41 (dt#14.1, 8.7, 5.7, 1H)!3C NMR (125
MHz, CDCk) a = 175. 8, 143. 8, 140. 9, 137. 3,

22.7, 21.2.Massfor Ci7H23NOsS [M+H] *; calcd:3221477, found:322.2
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(+)-360a

1-((4-M ethoxyphenyl)sulfonyl}3-(pent-4-en-1-yl)piperidin -2-one (360a): Prepared
according to general procedurgl from 3-(pentd-enl1-yl)piperidin-2-onewith 4
methoxybenzenesulfonyl [dride. Purification with column chromatography withi O

30% EtOAc/hexanegiave the title compound as a colorless oil (56%).= 0.26 (30%
EtOAc/hexanes IR (neat):2942, 1687, 1594, 1497, 1347, 1259, 1157, 1088, 832, 807,
693 cm!. H NMR (500 MHz, CDC}) U = J¥9.092Hl), .96 (dJ=9.0, 2H), 5.72
(ddt,J=16.9, 10.2, 6.7, 1H), 5.044.79 (m, 2H), 4.02 3.69 (m, 2H), 3.86 (SH), 2.36i

2.19 (m, 1H), 2.07 1.91 (m, 4H), 1.86 1.76 (m, 2H), 1.57 1.16 (m, 4H). 3C NMR

(125 MHz,CDC4§) U = 173.3, 163.7, 138.4, 130.9,

33.7, 30.6, 26.1, 25.8, 22.Massfor C17H23NO4sS[M+H] *; calcd:338.1426 found:338.2.

()-360b

1-(Mesitylsulfonyl)-3-(pent-4-en-1-yl)piperidin -2-one (360b): Prepared according to

general procedure 3.1 from 3(pentd-enl-yl)piperidin-2-one with 2,4,6
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trimethylbenzenesulfonyl chlmte. Purification with column chromatography withi O

20% EtOAc/hexanegave the title compound as a colorless oil (64%).= 0.54 (30%
EtOAc/hexanes IR (neat): 2940, 2862, 1685, 1337, 1161, 1117, 752, 678 ¢thNMR
(500MHz,CDCY) U = 6. 93 (Jslp.9, 20t2)6,6, 1H), 5/084.74 (th2H),

3.98 (ddd,=10.7, 5.9, 1.0, 1H), 3.85 (dd#:12.5, 8.9, 4.5, 1H), 2.62 (s, 6H), 2.27 (s, 3H),
2.13i 1.93 (m, 4H), 1.89 1.82 (m, 1H), 1.82 1.73 (m, 1H), 1.52 (dtdi=14.3, 101, 4.0,

1H), 1.45i 1.18 (m, 4H). ®*C NMR (125 MHz,CDGJ) & = 173.5, 143.
134.0, 131.9, 114.8, 45.0, 43.33.6, 30.5, 26.1, 25.7, 22.4, 22.0, 21.Mass for

Ci19H27NOsS [M+H] *; calcd:350179Q found:350.2.

n');'lé/

(£)-325

4-M ethyl-N-(3-(3-methyl-2-oxocyclopentyl)propyl)benzenesulfonamid€325): From
compound323using general proceduBe2 Purification by column chromatography with
20% EtOAc/hexanegjave the title compound as a colorless solid (11R)= 0.53 (30%
EtOAc/hexanes mp = 7073 °C. IR (neat): 3276, 2930, 2869, 1728, 1326, 1157, 1093,
815, 662 crit. 'H NMR (500 MHz, CDCGY) U = JZ8.3728i), 1.30 (dJ=7.9, 2H),
4.70 (s, 1H), D1 (s,J=5.0, 2H), 2.42 (s, 3H), 2.212.13 (m, 1H), 2.13 2.06 (m, 1H),
2.057 1.98 (m, 1H), 1.95 (tddl=11.0, 7.1, 4.1, 1H), 1.741.65 (m, 1H), 1.57 1.48 (m,

2H), 1.37i 1.24 (m, 3H), 1.08 (dJ=7.0, 3H). 3C NMR (125 MHz, CDG)) o = 222.
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143.5, 137.0, 129.8, 127.2, 48.3, 44.3, 43.2, 30.0, 27.7, 27.6, 27.2, 21.a:-2dcbmass

for C16H24NO3S [M+H]"; calcd: 310.1477, found: 310.1477.

(0]
1]
¢ ﬁw
HNj o
( ');'/é/

(+)-347a

2-M ethyl-N-(3-(3-methyl-2-oxocyclopentyl)propyl)benzenesulfonamide (347a)rom
compound346ausing general procedude2. Purification by column chromatography with

01 20%EtOAc/hexanegave the title compound as colorless solid (45F%)= 0.30 (30%
EtOAc/hexanes mp = 6467 °C IR (neat): 3295, 2930, 2869, 1728, 1455, 1322, 1157,

761 cmt. *HNMR (500 MHz, CDCY) U = JF=8.8B 2.2, {H), @.44 (t=12.2, 6.1,

1H), 7.30 (dtJ=10.8, 3.5, 2H), 4.79 (8=6.1, 1H), 2.93 (ddd}=13.2, 6.8, 4.0, ), 2.64

(s, 3H), 2.2% 2.12 (m, 1H), 2.08 (ddd=14.1, 10.1, 6.4, 1H), 2.041.96 (m, 1H), 1.96

1.88 (m, 1H), 1.74 1.64 (m, 1H), 1.52 (dt}=14.7, 7.2, 2H), 1.36 1.23 (m, 3H), 1.08 (d,

J=7.0, 3H). 1¥C NMR (125 MHz, CDG) ua = 222.7, 137. 9, 137. 1
126.2, 48.3, 44.3, 42.9, 29.9, 27.7, 27.6, 27.2, 20.4, 18x&ct mass fo16H24NOsS

[M+H] *; calcd: 310.1477, found: 310.1474.
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(+)-348a
N-(3-(1-Hydroxybicyclo[3.1.0]hexan2-yl)propyl) -2-methylbenzenesulfonamide
(348a): From compound346a using general procedur@2 Purification by column
chromatography with ® 20% EtOAc/hexanegave the title compound as colorlesk
(45%). Rs = 0.15 (30% EtOAc/hexanes IR (neat):3450,3296, 2943, 2866, 1317, 1156,
1086, 759, 68gm™. 'H NMR (500 MHz, CDCJ) U = J=8.3 I.2, {H), d.46 (td,
J=7.5, 1.3, 1H), 7.32 (dd=7.2, 6.6, 2H), 4.65 (1]=5.9, 1H), 3.04 2.90 (m, 2H), 2.65 (s,
3H), 2.05( 1.92 (m, 2H), 1.79 (tddl=12.3, 8.1, 4.4, 1H), 1.741.66 (m, 1H), 1.63 1.52
(m, 2H), 1.46 (ddt)=13.1, 10.8, 6.7, 1H), 1.401.34 (m, 2H), 1.31 (ddl=13.5, 8.0, 1H),
1.261 1.19 (m, 1H), 1.19 1.10 (m, 1H), 0.79 (dd}=9.1, 5.4, 1H), 0.60 0.52 (m, 1H).
3C NMR (15MHz,CDC) & = 138.1, 137.1, 132.8, 132.
28.0, 27.0, 25.9, 24.5, 20.4, 16.BExact mass fo€16H24NO3S [M+H]*; calcd: 310.1477,

not obtained.

HN fo)

b

(£)-347b

4-M ethoxy-N-(3-(3-methyl-2-oxocyclopentyl)propyl)benzenesulfonamide (347b):

From compound346b using general procedur&.2  Purification by column
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chromatography with 10 30% EtOAc/hexanegave the title compound as a colorless
solid (40%). R = 0.19 (30%EtOAc/hexanes mp = 7679 °C. IR (neat): 3278, 2929,
2869, 1729, 1596, 1498, 1258, 1153, 1024, 834.cthi NMR (500 MHz, CDC)) ua =
7.817 7.75 (m, 2H), 7.00 6.92 (m,2H), 4.64 (tJ=6.1, 1H), 2.91 (ddd]=13.3, 6.8, 3.0,

2H), 2.217 2.14 (m, 1H), 2.13 2.07 (m, 1H), 2.05 1.98 (m, 1H), 1.98 1.90 (m, 1H),
1.757 1.65 (m, 1H), 1.56 1.48 (m, 2H), 1.38 1.25 (m, 4H), 1.08 (dJ=7.0, 3H). 3C
NMR (125 MHz, CDC4) =@22.6,162.9, 131.5, 129.3, 114.3,55.7, 48.3, 44.3, 43.1, 30.0,
27.7, 27.5, 27.2, 14.5Exact mass foC1eH2aNO4sS [M+H]*; calcd: 326.1426, found:

326.1423.

HN HO

ea

(+)-348b
N-(3-(1-Hydroxybicyclo[3.1.0]hexan2-yl)propyl) -4-methoxybenzenesulfonamide

(348b): From compound34@ using general procedur2 Purification by column
chromatography witB1 30%EtOAc/hexanegave the title compound as colorless oil. R
=0.16 (30%EtOAc/hexanes. IR (neat): 357, 3276 2943 2865 1597, 1498 1322 1301,

1259, 1151, 1095, 833, 6687%. H NMR (500 MHz, CDC§) U = J?9.0828), ( d ,
6.98 (d,J=9.0,2H), 4.39 (t,J=6.1, 1H), 3.87 (s3H), 3.02i 2.90 (m,2H), 2.04i 1.97 (m,

1H), 1.88 (s, 1H), 1.84 1.76 (m, 1H), 1.75 1.69 (m, 1H), 1.63 1.58 (m, 1H), 1.52

1.42 (m, 1H), 1.41 1.35 (m,2H), 1.33 (ddJ=12.0, 5.9, 1h 1.28i 1.20 (m, 1H), 1.20

1.11 (m, 1H), 0.80 (dd=9.0, 5.4, 1H), 0.58 (ddi=5.2, 4.4, 1H).13C NMR (15 MHz,
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CDClk) U = 163. 0, 131. 743.6422927.8, 27.0125.9, 2436, 24.6,6 . 3,

16.4 Exact mass fo€16H24NOsS [M+H]"; calcd: 326.1426, not obtained.

(£)-347c

2,4,6 Trimethyl -N-(3-(3-methyl-2-oxocyclopentyl)propyl)benzenesulfonamide

(347c¢): From compound346c using general procedur2 Purification by column
chromatography with 30%tOAc/heanesgave the title compound as a colorless solid
(73%). Rr = 0.65 (20%EtOAc/hexangs mp = 72i 73 °C. IR (neat): 3343, 2938, 2868,

1720, 1452, 1324, 1150, 1079, 811, 651'cnH NMR (500 MHz, CDCJ) a = 6.95
2H), 5.04 (s, 1H), 3.04 (d§=12.5, 6.3, 1H), 2.93 (td=13.1, 6.0, 1H), 2.63 (§H), 2.29

(s, 3H), 2.22 2.15 (m, 1H), 2.14 2.01 (m, 3H), 1.80 (tt]=7.7, 6.3, 1H), 1.55 (d§=20.4,

6.4, 1H), 1.41 1.32 (m, 2H), 1.09 (d=7.0, 3H).3*C NMR (125 MHz,CDG) U = 22 2.
194.6,142.1,139.1, 133.8, 132.0, 47.0, 44.3, 41.1, 30.1, 30.0, 28.0, 23.0, 21.(EX=c6.

mass foiC1gH27NOsS [M+H]™; calcd: 338.1790, found: 338.1795.
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(+)-348c¢
N-(3-(1-Hydroxybicyclo[3.1.0]hexan2-yl)propyl) -2,4,6
trimethylbenzenesulfonamide(348c): From compound46c using general procedure
3.2 Purification by column chromatography with 0% EtOAc/hexanegave the title
compound as colorlessl (51%). Rs =025 (30%EtOAc/hexanes IR (neat):3435, 3305,
2941, 2866, 1319, 1151, 1058, 6851, 'H NMR (500 MHz, CDCJ) U = 2B), 96 ( s
4.51 (t,J=6.3, 1H), 3.00 2.86 (m,2H), 2.64 (s, Bl), 2.30 (s3H), 2.027 1.94 (m, 1H),
1.84 (s, 1H), 1.78 (tddl=12.2, 8.1, 4.4, 1H), 1.781.65 (m, 1H), 1.60 1.53 (m,1H),
1.45 (ddd J=17.4, 13.1, 6.7, 1H), 1.401.33 (m,2H), 1.32i 1.27 (m, 1H), 1.26 1.19
(m, 1H), 1.17i 1.08 (m, 1H), 0.79 (dd}=9.1, 5.4, 1H), 0.57 (ddl=5.0, 4.5, 1H).13C
NMR (15MHz,CDCk) U0 = 142.2, 139.2, 133.9, 132.1,
24.6, 24.5, 23.1, 21.0, 16.£xact mass fo€1gH27NO3S [M+H]*; calcd: 338.1790not

obtained.
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(+)-347d

MeO

4-M ethoxy-2,6-dimethyl-N-(3-(3-methyl-2-

oxocyclopentyl)propyl)benzenesulfonamide (347d): From compound346d using

general procedure8.2  Purification by column chromatography with 10 30%
EtOAc/hexanegjave the title compound as a colorless solid (80%).= 0.33 (50%
EtOAc/hexanes mp = 8789 °C. IR (neat): 3321, 2964, 2929, 2865, 1722, 1592, 1307,
1152, 1085, 667, 611 ¢t 'H NMR (500 MHz, CDCY) U = 6. 64 J 63, 2H),
1H), 3.82 (s, 3H), 2.95 2.80 (m, 2H), 2.64 (s, 6H), 2.212.13 (m, 1H), 2.12 2.06 (m,

1H), 2.02 (dddJ=11.1, 8.0, 4.0, 1H), 1.93 (dtd11.2, 8.3, 5.1, 1H), 1.741.64 (m, 1H),

1.561 1.47 (m, 2H), 1.36 1.25 (m, 3H), 1.08 (dI=7.0, 3H).3C NMR (125 MHz, CDG)

ua = 222. 6, 161. 2, 141. 8, 128. 6, 116. 2, 55.

14.6. Exact mass fo€1sH2sNO4S [M+H]"; calcd: 354.1739, found: 354.1736.
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(1)-347e

2,4,6Triisopropyl -N-(3-(3-methyl-2-oxocyclopentyl)propyl)benzenesulfonamide

(347e). From compound346e using general procedur@2 Purification by column
chromatography with 10 20% EtOAc/hexanegjave the title compound as a colorless

solid (52%). R = 0.64 (30%EtOAc/hexanes mp = 9196 °C. IR (neat): 3301, 2958,

1732, 1318, 1149, 878, 657 ¢m'H NMR (500 MHz, CDCY) a = 7.20 (s, 2t
J=6.2, 1H), 4.19 (hept]=6.7, 2H), 3.01 (ddd]=13.4, 6.8, 2.5, 2H), 2.982.89 (m, 1H),

2.257 2.20 (m, 1H), 2.19 2.11 (m, 1H), 2.11 1.98 (m, 2H), 1.82 1.72 (m, 1H), 1.64

1.56 (m, 2H), 1.43 1.34 (m, 3H), 1.33 1.22 (m, 18H), 1.13 (dJ=7.0, 3H). 13C NMR
(125MHz,CCls) 0 = 222. 4, 152. 8, 150. 3, 132. 4, 1
27.9, 27.8, 27.4, 25.0, 23.7, 14.Bxact mass fo€24H4oNO3S [M+H]*; calcd: 422.2729,

found: 422.2728.

(+)-350
1-(4-M ethoxybenzyl)octahydrocyclopropa[1,5]cyclopenta[1;b]pyrrole (350):
Prepared according to general proceddrd from 349  Purification with column

chromatography with D 20% EtOAc/hexanegave the title compound as a colorless oil
161



(67%). R = 0.30 (386 EtOAc/hexanes IR (neat): 2935, 2858, 1511, 1245, 1034, 814,
699 cn. 'H NMR (500 MHz, CDCf) U = JZ8.522Ri), §.88 (dJ=8.6, 2H), 3.79

(s, 3H), 3.50 (dJ=12.8, 1H), 3.31 (d)=12.8, 1H), 2.85 (ddd]=10.2, 8.0, 5.2, 1H), 2.60

(td, J=9.4, 66, 1H), 2.37 (dtdJ=9.1, 7.0, 2.0, 1H), 2.061.89 (m, 2H), 1.66 1.55 (m,

1H), 1.56i 1.37 (m, 3H), 1.05 (dd]=9.0, 6.0, 1H), 0.53 (ddi=5.7, 4.7, 1H).13C NMR
(125MHz,CDCY§) 4 = 158.6, 131.9, 130.0, 193.6,

26.5, 19.8, 11.9Exact mass fo€16H21NO [M+Na]*; calcd: 266.1521, found: 266.1504.

(+)-358a

4-M ethoxy-N-(2-(3-methyl-2-oxocyclopentyl)ethyl)benzenesulfonamide (358af:rom
compoundd57ausing general proceduBe2. Purification by column chromatography with
30% EtOAc/hexanegave the title compound as a colorlésam (45%). Rs = 0.17 (30%
EtOAc/hexanes IR (neat): 3274, 2933, 2869, 1727, 1596, 1323, 1149, 832, 666%¢in
NMR (500 MHz, CDC¥) & = J¥9.0;728l), 696 (dJ=9.0, 2H), 5.01 (t)=6.1, 1H),
3.86 (s, 3H), 3.14 3.00 (m, 1H), 2.97 (dddl=12.7, 7.0, 3.9, 1H), 2.202.04 (m, 3H),
1.81 (dd,J=14.0, 7.7, 1H), 1.58 1.51 (m, 2H), 1.43 1.29 (m, 2H), 1.09 (d]=7.0, 3H).
3CNMR (125MHz,CDCG)) & = 223. 0, 16 21143,557,3149,41.3, 129 .
41.7, 30.0, 27.8, 14.5Exact mass foC17H21NOsS [M+NaJ'; calcd: 334.1089, found:

334.1078.

162



2
3=
HN\| o}

(+)-358b

2,4,6 Trimethyl -N-(2-(3-methyl-2-oxocyclopentyl)ethyl)benzenesulfonamide (358b):

From compound357b using general procedur&.2  Purification by column
chromatography with 15%tOAc/hexanegave the title compound as a colorless solid

(55%). Rr = 0.51 (30%EtOAc/hexanes mp =12671 128°C. IR(neat): 3268, 2960, 2871,

1721, 1323, 1154, 653 cm*H NMR (500 MHz, CDC4) @ = 6. 95 Jg6sl, 2 H) ,
1H), 3.05 (dd,J=12.7, 6.4, 1H), 2.98 2.86 (m, 1H), 2.63 (s, 6H), 2.29 (s, 3H), 2.18 (dd,
J=13.6, 5.6, 1H), 2.14 2.00 (m, 3H), 1.81 (tdl=14.1, 6.3, 1H), 1.55 (d#=20.3, 6.4, 1H),

1.437 1.29 (m, 2H), 1.09 (d}=7.0, 3H). 3C NMR (125 MHz,CDG)) & = 223. 0,
139.1, 133.8, 132.0, 47.0, 44.3, 41.1, 30.1, 30.0, 28.0, 23.0, 21.0,Bxa6t mass for

C17H25NOsS [M+Na]"; calcd: 346.1453, found: 346.1431.

(+)-354

1-(4-M ethoxybenzyl)decahydrocyclopropa[ilquinoline (354): Prepared according to
general procedur2.3from 353 Purification with column chromatography withi 20%

EtOAc/hexanegyave the title compound as a colorless oil (73%3 = 0.52 (20%
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EtOAc/hexanes IR (neat): 2925, 2854, 1509, 1457, 1241, 1168, 1037. 830, 86.1'tin
NMR (500 MHz, CDCY) U = J8.5,128), 6(82(cl}=8.6, 2H), 3.90 (dj=13.5, 1H),
3.78 (s, 3H), 3.71 (dI=13.5, 1H), 2.67 2.55 (m, 2H), 2.26 2.19 (m, 1H), 2.09 2.00
(m, 1H), 2.000 1.89 (m, 1H), 1.71 (dddi=25.1, 12.7, 4.4, 2H), 1.661.61 (m, 1H), 1.60
i 1.50 (m, 2H), 1.44 1.35 (m, 1H), 1.24 1.14 (m, 3H), 1.12 1.06 (m, 1H), 0.57 (dd,
J=9.8, 4.5, 1H), 0.48 (1=4.9, 1H). ®C NMR (125MHz,CDCGJ) & = 158. 4, 133
113.6, 55.4, 52.7, 46.9, 46.2, 27.3, 26.7, 22.9, 21.1, 19.2, 19.0, Exdct mass for

Ci1sH26NO [M+H]"; calcd: 272.2014, found: 272.2033.

H
N

Oo=wnw=0

(o)

Nes

(¥)-361a

4-M ethoxy-N-(3-(3-methyl-2-oxocyclohexyl)propyl)benzenesulfonamide (361a).

From compound 360a using general procedur8.2  Purification by column
chromatography with D 30% EtOAc/hexanegave the title compound as a colorless oil

(18%). Rf=0.48 (50%EtOAc/hexanes IR (neat): 3273, 2925, 2854, 1701, 1596, 1325,

1257, 1153, 1095024, 833, 668 crth H NMR (500 MHz, CDC}) a = J8979 (d,
2H), 6.97 (d,J=8.9, 2H), 4.46 (t)=5.9, 1H), 3.87 (s, 3H), 2.91 (t=12.7, 6.2, 2H), 2.54

i 2.42 (m, 1H), 2.40 2.28 (m, 1H), 1.97 1.89 (m, 1H), 1.86 (dt}=13.0, 6.7, 1H), 1.75

i 1.65 (m, 3H), 1.59 (dt}=11.5, 5.2, 2H), 1.5# 1.43 (m, 2H), 1.43 1.30 (m, 3H),1.05

(d,J=6.8, 3H). ®C NMR (125 MHz,CDG) U = 216. 6, 163. 0, 131.
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482, 43.1, 42.9, 35.0, 32.8, 27.6, 27.4, 20.5, 184assfor C17H2sNO4S [M+H]*; calcd:

340.1583found:340.2.

L
1] o
6 |

(Yo

(+)-361b

2,4,6 Trimethyl -N-(3-(3-methyl-2-oxocyclohexyl)propyl)benzenesulfonamide (361b).
From compound360b using general procedur&.2  Purification by column
chromatography with D 15% EtOAc/hexanegave the title compound as a colorless oil

(30%). Rr = 0.50 (30%EtOAc/hexanes IR (neat): 3304, 2931, 2861, 1699, 1603, 1452,

1151, 734653 cmt. '"HNMR (500 MHz,CDCJ) U = 6. 95 J&2,1HRH) ,

2.97i 2.78 (m, 2H), 2.63<, 6H), 2.50' 2.41 (m, 1H), 2.36 2.26 (m, 1H), 2.29 (s, 3H),
1.987 1.88 (m, 1H), 1.87 1.78 (m, 1H), 1.74 1.63 (m, 2H), 1.62 1.54 (m, 2H), 1.54

1.45 (m, 1H), 1.43 1.30 (m, 3H), 1.03 (dJ=6.8, 3H). *C NMR (125 MHz, CDG) U

216.4,142.1, 139.0, 133.7, 131.9, 48.1, 42.8, 42.4, 34.9, 32.7, 27.6, 27.3, 23.0, 20.9, 20.3,

15.6. Massfor C1gH290NOsS [M+H] *; calcd:3521946 found:352.2.
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CHAPTER 4

ENHANCING THE INTERRUPTED KULINKOVICH DE -MEIJERE
REACTION: ACCESSING MOLECULAR MOTIFS

4.1. Introduction

Synthesis of molecular scaffolds has been a cornerstone of organic chemistry as a
challengingmotif can present an intriguing target for the synthetic chemist. Not only are
challenging molecularstructurestargeted forthe pure excitement of the synthetic
challenge these skeletal systemssought after by medicinal chemists to explore
pharmacophore spac Welldefined scaffolds, that contain reactive sites that can be
readily elaborated or used to further develop more complex structures, are desirable in
many ways to a medicinal chemist. More importantly the synthesis of these molecular
scaffolds, espmally in the modern era, are desirable when the transformations are
controlled by abundant, inexpensive and-taxic reagents. When used in synthetic routes
for biologically active compounds, such as pharmaceuticals or molecular probes, toxic
reagents wh extremely low thresholds for percent composition can require additional
expensivepurification stepsas well aggenerating significanvaste. The use of netoxic
reagents to dramatically transform one substrate into another is paramount in modern
sywt hetic fAigreeno methodol ogy.

In Chapter 2 andChapter 3the ability to transform simple olefin tethered lactams
into functionally rich cyclic aminkk et ones t hrough a Bredt ds

interrupted Kulinkovich déVeijere reactionswas descrbed. The sulfonyl arrested
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Kulinkovich deMeijere reaction affordettans-U , -tlisubstituted cyclic ketones which

are notoriously difficult scaffolds to synthesize. These transformations afforded products
with two synthetic handles, an amine and carlhomith which to add further
functionalization and that are capable of a plethora of transformatinthis chapter the
stability of the tricyclic titanafuran intermediate is further functionalized and diversified
into several product pathways. Also discussed are several transformationdrahshe

U, -tisubstituted cyclic ketones that can rapidly divgrsihd further enhanctheir

synthetic potential.

4.2. Titanium (II) 7 A 1,2-dicarbanion

Originally proposed by Kulinkovich, the titanium (ll) species present in the
Kulinkovich and Kulinkovich deMeijere reactions is a 1-@carbanionic titanium alkoxy
specieghat can be envisioned as the dialkoxytitanacyclopr@dhner the dialkoxy( 4
alkene) titanium compleR2, Figure 4.1 These species are formed by the addition of a
Grignard reagent to titanium (IV) tetraisopropoxide or another suitable titanium (IV)
specieg* The resulting dialkyltitanium (IV) complex undergoes disproportionation to
produce equimolar amounts of a reduced alkane species derived frémgihard reagent
and a Ti(llyalkene complex with resonance structubdsand A2, Figure 4.1a The
related structur®1 has an Xray crystal structurefigure 4.1b°> The bond lengths and
angles of the complex suggests substantial electron back donation from the titanium into

the carbons, resulting in significant cyclopropane like character sho®®.a\lthough
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it should be noted that alkoxy and alkyl groups exhibit different backbonding

characterisitcs.

a) b)
PrQ PrQ =2 y =4 g
Ti—| <— Ti Ti - Ti
prg | prg Y Y
A1 A2 B1 B2

Figure 4.1Ti t ani um (1 1) éloridyng anckoycioprapane eharactgr.

4.2.1. Reactivity of the 1,2dicarbanion

The 1,2dicarbanionic nature of the dialkoxytitanacyclopropane species varies in
reactivity depending on thesubstitution on the carbon atomBigure 4.2  Silyl
titanacyclopropanes and monosubstituted titanacyclopropaBeand C tend to favor
direct 1,2insertion into the reactive electrophffé. Disubstituted, bicyclic
titanacyclopropaneB andE, on the other hand, react poorly with electrophiles and tend
to favor ligand exchange onto less substituted ol€fin€!! If the postulated intermediate
is actually 1,2dicabanionic, the ability to synthetically diversify molecules through two

sequential additions of an electrophile in a single step would be extremely beneficial.
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TMS
iPr-O._, iPr-O._, iPr-O._, iPr-O._, iPr-O._,
. _Ti . ,le . Ti . Ti . _Ti
iPr-O iPr-O iPr-O iPr-O iPr-O
A B C D E
Favors 1,2-insertion Favors Ligand Exchange

Figure 4.2 Reactivityof varying 1,2dianionic titanacyclopropanes.

The 1,2dicarbanionic character of the titanacyclopropane is further supported by
the experimentsof Shi and coworkef$ in which an alternative method of generating a
titanium (Il) species was reported. Starting with titanium tetraisopropoxide, two
equivalents oh-butyl lithium were added, reducing the metal to titanium Al)Scheme
4.1  Addition of ethylene gas to the reduced titanium (ll) species afforded
titanacyclopropaneB. This titanacyclopropane reacted with benzonitrile to give
intermediateC, hydrolysis of wich gaveketone40l, Scheme 4.1 The 1,2dianionic
nature of the initial species was further demonstrated by addition of a second electrophile,
carbon dioxide to giv®. Hydrolysis of this intermediate afforded the katod 402 in

modest yield:?
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2 n-BulLi H,C=CH, 0-iPr
Ti(0-Pr)y —— | Ti(0-iPr); | ——> | [1i
~O-iPr
A B
Ph Ph ]
PhCN \ co, N
—_— ,N e N
“Ti _1i-0-iPr
iPr-0” "0-iPr 0”7 9" b.ipr
88% 33%
o} 0
N . Ph)WOH
401 a02 ©

Scheme 4.55equential electrophilic trapping of the -Hianion of the
titanacyclopropane.

422. Si x06s wo rdicarbanion trapding 2

I n 2006 Six and cowor ke r-syclopenerme)titanguch t h a't
could be used for the synthesis of -@lj2ubstituted cyclopentanes with high
diastereoselectivityscheme 4.23 Electrophilic trapping of the 18icarbanion was first
demonstrated with carbon dioxide and iodine ghwes-2-iodocyclopentanecarboxylic
acid403in an excellent 88% yieldcheme 4.2 Six and coworkers also demonstrated that
electrophiles such as nitriles;bromosuccinamide, esters and even allyl bromide were

suitable for trapping this 1@icarbanion:>*
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o)

O-iPr CO; I CO,H
| 2w | (T |
O-iPr TII 'l/,l

o A 0-iPr
iPr-0 (+)-403

Scheme 4.5i x 6 s t r a p-gianiorgof tbeftitartadyaoprapan2.

4.3. Deuterium Trapping of the Carboni Titanium Bond.

The availability of the titaniumi carbon bond in the titanafuran for further
functionalization after the initial cyclization with the carbonyl has been demonstrated by
Chal® As previously proposed i€hapter 3, the intermediateitanafuran is persistent
until further functionalization ohydrolysis. Incorporation of deuterium was used to
demonstrate the exestce 0f405 Scheme 4.3 When subjected to titanium (1) conditions,
enelactam 346d was converted entirely to the presuhmtanafuran4d04, Scheme 4.3
(TLC), deuterium oxide was added. Deuterium incorporation into the product was greater
than70%! This suggests that the titanafuran is persistent until hydrolysis and might be

further intercepted by other electrophiles.
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_ Ti(O-iPr),
0 c-C5H9MgBr
N THF, 0 °C
SOzAr

wo AN
D,0
\No \ L | q
Ar—s=°  Ti”
\\ L nn
o

(£)-346d 404 (£)-405-D
> 70% D

Ar = § OMe

Scheme 4.Deuterium trapping of the persistent intermediiéd

4.4. Oxidation of the Carboni Titanium bond.

In addition to deuterium trapping experiments, previous literature approgeches
functionalization of the Kulinkovich dbleijere intermediates presented strong evidence
that the carbositanium bond is persistent until hydrolytic worktip.” Organotitanium
compounds are sensitive to oxygen, affording the corresponding alcohols in high¥ields.
To demonstrateéhat the carbon titanium bond persists and can be intercepted in our
systems, molecular oxygen was used to oxidize the metallocycle and install an alcohol on

the remaining carbanion.
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. Ti(0-iPr),
o c-CsHoMgBr 0, { o
N THF, 0 °C 10 °C é)
SO,Ar

(+)-346d 404 (£)-406

Ar = OMe

Scheme4HDxygen trapping of -hydioe ketonetOa na f u

Compound346d was subjected to the standardized interrupted Kulinkovieh de
Meijere conditions and upon conepeé consumption of the starting material the reaction
mixture was cooled tel0 °C. The argon atmosphere was replaced by oxygen, which
sl owly turned the black solution to-bright
hydroxy ketone406 in a modes#5% yield after column chromatograpt§cheme 4.4
Interestingly, THF as solvent was reported to disfavor oxidation of the titanafuran
intermediaté® The sulfonimideinterrupted Kulinkovich déVieijere reactions were
inefficient andpoor yielding in diethyl ether, but performed well in THf contrast with

Cha's examples.

4.5. Lewis acid activation
In addition to functionalization of the remaining cardganium bond in the
titanafuran intermediate, the reaction pathway couletieected. If theudbstituent on the

amide nitrogens an alkyl group the lone pair on the nitrogen promotes departure of the
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titanium alkoxide to afford iminiunA, Figure 4.3 This standard Kulinkovich dileijere
pathway affords the aminocyclopropad®7. As discussed irChapter 3, if the
functionality on the amide nitrogen is an aryl sulfipras with intermediateB, it is
proposed to bstable untilhydrolysisto give aminecyclopentanond08 Interestingly,
sever al e X amp | e sarrasted ahdothe haryl Bulfargiresied sulbstiakeg,
yield aminoecyclopropanolD as the minor product in varying ratios and yiéftisThe
formation of aminecyclopropanol derives extrusion of the nitrogem B yielding C and
thus aminecyclopropanolD. An ability to make aminayclopropanolD the major

productcould add value to this chemistry.

R
¢ Ti(ll)
® © ®
| 0\ L - 1 O\ — 1 © /0\
Ti- R Tick Tick
L L L
A B c
¢R=PMB ¢ R=Ts ¢R=EWG
H

I
(@)

: { Ts—NH EWG-N
o
N H
PMB mn nn

(+)-407 (+)-408 D

Figure 4.3Possible reaction pathwaysifs u b s t Fatkylatee lactarbs.
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In 2001 Szymoniak and coworkers reported the conversion of nitriles to primary
cyclopropylamines by addition of BfOEt or TiCls to Kulinkovich deMeijere
reactions’®>?? Several years later it was reportédt interrupted Kulinkovich d&leijere
reactions of imides, such &&x¥-alkenyl imides, that would normally result Macyl
aminals, afforded the corresponding cyclopropanes wherOBE was added® In the
case of the nitriles, the Lewis acid would coordinate to the nitrogen in the ring and activate
it for nucleophilic attack by cleavage of the cartibanium bond and subsequent collapse

of the azatitanacyclopentar@hapter 3, Scheme 3.1
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1. Ti(O-iPr),

_ c-CsHgMgBr  ArO;S—NH ArO,S—NH
THF, 0 °C o] HO
o > + H
N 2. BF;-OEt,

'S0,Ar .30 °C
()-346b-c (+)-347b-c ()-348b-c
¢ Ti(l) T
©BF, OBF,
vrh ) vl!l &
—
[® oL [ 7~ L
Ar0,S L ArO,S L
A B c
‘.’.’ 9
Ar= ﬁ—N Ar = ﬁ—N
o] o]
(+)-347b : (+)-348b (+)-347c : (1)-348¢
1:15 1:3
41% 45%

Scheme 4.%ontrolling the reaction pathway thia Lewis acid.

A similar effect was observed for the sulfoiiyterrupted Kulinkovich dévieijere
reactions. Treatment of intermediate titanafubawith BFs-OEt at-30 °C gave amino
cyclopropanoB4&b in a ratio of1.5:1 to amineketone34 7, which is a drastic increase in
ratio of the aminecyclopropanols.Mesitylene substituted ef@ctam346cgave amine
cyclopropanoB48cin a ratio of 3:1 to aminé&etone347¢ an even greater increase in the

ratio of aminecyclopropanols!
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4.6. Intramolecular reactions of the Amino-Ketones
These functionally rich sulfonamide tetheradans-U , -tisuibstituted cyclic
ketones can be converted into bicyclic hydrocyclopenta[b]pyridines through condensation
reactions and a Mitsunobu cyclization demonstrates thehetym utility of this
methodology for use in pharmacological library diversificat®oheme 4.@andScheme

4.7.

4.6.1. Self-condensation

Amino-ketone 410 underwent seltondensation under acidic conditions in the
presence of 4 A molecular sieves. The mixture was heated until complete consumption of
starting material was observed yielding an inseparable mixture of regioisdfritand
413 The thermodynamally equivalent structures were formed in an approximate 1:1

ratio.

_SO,Ar
HN SO,Ar SO,Ar
o TsOH, 4A M.S. N“T 2 N2
—_— = +
nmn PhMe, 90 °C
(#)-410 (#)-412 (+)-413
Q
Ar = |s|_N
o)

Scheme 4.6elf condensation of amidAaetone410.
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4.6.2. Reduction and Mitsunobu cyclization

Alternatively, reduction of thetransU , -tyélopentanone410 with sodium
borohydride in methanalfforded the corresponding alcoldl4in near quantitative yield
as a 1:1 mixture of diastereome&;heme 4.7 The sterically hindered-kelectride
changed the diastereomeric ratio to 2:1. Attempts to reduce the ketone more selectively

through MeerweisPondortVerley reduction were unsuccessful in this se.

_SOLAr _SOLAr
HN HN
_SO,Ar _SOLAr
o NaBH, HO DIAD, PPh, hu 2 N2
—_— —_— , = + H
MeOH THF, 0 °C Qf
(£)-410 (2)-414 (£)-415 (2)-416
Q
Ar = ﬁ—N
0

Scheme 4."Reduction and Mitsunobu cyclization of the amkeione410.

The crude mixture of diastereomdisAwere subjected to Mitsunobu conditions in
an attempt to close the piperidining. The Mitsunobu reaction proceeds throughsxdh S
displacement of an activated alcohol and therefore it was unsurprising that only a single
diastereomer reacted to afford ttis-fused piperidinet15in excellent yield, 90% from
the reactive diasteoener,Scheme 4.7 Thecis-fusion of the piperidine ring fusion was
unambiguously confirmed via single crystalr&y diffraction,Figure 4.4 Only thecis-
fused piperidine was possible becausg 8isplacement of the alcohois to the amine

would be enagetically disfavored. Instead, this diastereomer underwent elimination to
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afford cyclopentend16, also in good yield. The elimination was regioselective as only
one hydrogen was arperiplanar to the alcohol and therefore compatible with E2

elimination

Figure 4.4Single crystal Xray structure of fused piperididid 5.

4.7.Conclusion
The transformations reported herein has utilized subdiested approaches to
interrupt the Kulinkovich déMei j er e reacti on ChaptesQgnd Br e d
through an electronic approachG@hapter 3. Building on the initial success, stabilization
of the tricyclic titanafuran intermediate has allowed installation of functionality in place of
the last carboth i t ani um bhgdrory.cyclic kefbrreesulting from oxidation of

this bond is reminiscent of a stereo selective aldol reaction.

Modification of the reaction pathway tgield a different product also adds
significant utility to this transformation. Addition of a Lewis acid to the stabilideyclic

titanafuran coaxes the intermediate to eliminate nitrogen and form an -amino
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cyclopropanol. This ring contraction is similar to the traditional Kulinkovich reaction of
esters to form cyclopropanols but from an amide rather than an ester. yidiepeopanols

have tremendous synthetic potential for additional cadawshonyl bond formation and
further functionalization with the benefit of amine tether which can act as an additional

synthetic hand|é>

Transforming the amin&etone products to bicyclic amines further enhances this
powerful transformation. In one or two elementary steps;iptatuptedKulinkovich de
Meijere reaction can convert simplesulfonylated olefidactams into bicyclic pipedines
that can be used in substrate diversification for the synthesis of small molecules, modified

naturd products and pharmaceuticals.
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4.8. Experimental
A summary of general experimentation techniques, instrumentation, purification

procedures anteagent handling can be found mages841 85.

1.Ti(0-iPr);  ArO,S—NH
CQ\: c-CngMgBr { (o) D
o .
N THF, 0 °C {j)

'S0,Ar 2.D,0
(+)-346d (+)-405-D
>70%D
Ar= MeO $
4-M ethoxy-2,6-dimethyl-N-(3-(3-(methyl-d)-2-
oxocyclopentyl)propyl)benzenesulfonamide (400): To a solution of the

corresponding enkctam 404 (1 eq) in THF (0.03 M) was added titanium
tetraisopropoxide (1.1 eq). The reaction mixture was cooled to 0 °C with stirring before a
solution ofcyclo-pentylmagnesium bromide (3.4 eq) was added dropwise4fyminutes

until starting material was consumed as indicated by TLC. After the reaction was
complete, the black solution was diluted with deuterium oxide and the resulting mixture
was stirred for 10 minutes followed by dilution with ethyl acetate. rébgting suspension

was filtered through a pad of celite and the layers were separated. The aqueous layer was
extracted with ethyl acetate (3x). The combined organics were washed with water and
brine then dried over anhydrous sodium sulfate, then otratedin vacuo Purification

was achieved via column chromatography with 20% EtOAc/hexaneso yield the title

188



compound as a colorlesslid (70%). R=0.65 (20%EtOAc/hexanes mp = 86i 88 °C.

IR (neat): 3322, 2937, 2868, 1721, 1592, 130aA1, 1085, 873, 667 cin *H NMR H

NMR (500 MHz, CDCY) & = 6. 64 J{6%,1H)23t82 (s, 3H),.2.852.82((, ,

2H), 2.64 (s, 6H), 2.20.2.14 (m, 1H), 2.13 2.06 (m, 1H), 2.06 1.98 (m, 1H), 1.94 (ddt,

J=8.2, 6.0, 4.1, 1H), 1.74 1.65 (M, 1H), 1.55 1.48 (m, 2H), 1.36 1.30 (m, 3H), 1.08

(d,J=7.0, 1H), 1.07 1.03 (m, 2H)..3C NMR (125MHz,CDC)) U = 222. 4, 161
128.5,116.1, 55.3, 48.2,44.2, 44.1, 42 .4, 27164, 27.2, 23.4, 14.3, 14.2, 14Nlass for

Ci18H26DNO4S [M+H] *; calcd:355.1802 found:355.2

1. Ti(0-iPr), ArO.S—NH
— C-C5H9MgBr rOz5— OH
(o] _
N\ 2. 02, -10 °C |||||&
SOZAr
(£)-346d (£)-406
Ar= MeO §

N-(3-(3-(Hydroxymethyl)-2-oxocyclopentyl)propyl)}-4-methoxy-2,6-
dimethylbenzenesulfonamide (406):To a solution of the corresponding daetam404

(1 eq) in THF (0.03 M) was added titanium tetraisopropoxide (1.1 eq). The reaction
mixture was cooled to 0 °C with stirring before a solutioncyélo-pentylmagnesium
bromide (3.4 eq) was added dropwise over 40 minutes until starting material wasedns

as indicated by TLC. The reaction solution was cooled@3C. The argon atmosphere

was replaced with an oxygen atmosphere and the reaction temperature was maintained for

several hours. After four hours, as indicated by TLC the reaction mixasewarmed to
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room temperature and diluted with water and ethyl acetate and stirred for 15 minutes. The
resulting suspension was filtered through a pad of celite and the layers were separated. The
agueous layer was extracted with ethyl acetate (3x).c@imbined organics were washed

with water and brine then dried over anhydrous sodium sulfate, then concentratedo
Purification was achieved via column chromatography with8D% EtOAc/hexaneso

yield the title compound as a colorless foam (50%).= 0.44 (100% EtOAc)IR (neat):

3479, 3305, 2939, 2867, 1727, 1592, 1464, 1309, 1146, 1086, 733, 659 dnMNMR

(400 MHz,CDC#) U = 6. 64 JE63,1H)23BF 3.784m, 6H), 3.82t(s, 3H),

3.69 (dd,J=10.9, 6.2, 1H), 2.94 2.82 (m, ), 2.64 (s, 6H), 2.28 (dd=12.7, 7.1, 1H),

2.237 2.05 (m, 2H), 2.03 1.90 (m, 1H), 1.75 1.63 (m, 3H), 1.63 1.47 (m, 2H), 1.38
(ddd,J=24.3,12.2, 6.4, 2H)>*C NMR (100 MHz,CD&) & = 222. 9, 161. 4,
116.4, 62.3, 55.6, 53, 49.6, 42, 27.9, 27.7, 27.1, 24.2, 23.81ass forCigH26NOsS

[M+H] *; calcd:370.1688 found:370.2.
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1. Ti(0-iPr),

_ c-C5HgMgBr ArO,S—NH ArO,S—NH
THF, 0 °C (0] HO
(0] > + H
N mn nn

! 2. BF;-OEt,
SOzAr -30 °C

(+)-346b-c (£)-347b-c (+)-348b-c

Ar = Q—i or

N-(3-(1-hydroxybicyclo[3.1.0]hexan2-yl)propyl) -2-methylbenzenesulfonamide

(348b) andN-(3-(1-Hydroxybicyclo[3.1.0]hexan2-yl)propyl) -2,4,6

trimethylbenzenesulfonamide (348c):

To a solition of the corresponding ettectam346b-c (1 eq) in THF (0.03 M) was added
titanium tetraisopropoxide (1.1 eq). The reaction mixture was cooled to 0 °C with stirring
before a solution afyclo-pentylmagnesium bromide (3.4 eq) was added dropwise over 40
minutes until starting material was consumed as indicated by TLC. The reaction solution
was cooled te30 °C. Freshly distilled BEOE® (2 eq) was addedropwise over 10
minutes. The reaction was stirred-80 °C for one hour and warmed to ifter two

hours, as indicated by TLC the reaction mixture was diluted with water and ethyl acetate
and stirred for 15 minutes. The resulting suspension was filtered through a pad of celite
and the layers were separated. The aqueous layer was extractechyiticetate (3x).

The combined organics were washed with water and brine then dried over anhydrous
sodium sulfate, then concentratéd vacuo Purification was achieved via column
chromatography with ® 30% EtOAc/hexaneso yield the title compound ascalorless

foam, 348b yield (45%),348c yield (41%).
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nn PhMe, 90 °C

0

1]

S—NH \\

o TsOH 4A M.S. N~ \‘ [ N \‘

(£)-410 (+)-412 (+)-413

To a 3dram vial was added activated 4A molecular sieves and a stir bar. Arkétone
410(21.2 mg, 61 pmol) and-mluene sulfonic acid (2.5 mg, 15 pmol) were added and the
vial purged with argon (3x) then dissolved in anhydrous toluene (2.5 mL). The reaction
mixture was heated in an oil bath with stirring at 90 °C for 20 hours. After etioyplf

the reaction (TLC) the sieves were filtered through celite and the solvent remeaedo
Purification by column chromatography with 1®#Ac/hexaneafforded an inseparable

mixture of regioisomers as a clear oil (59%).

1-(Mesitylsulfonyl)-7-methyl-2,3,4,5,6,fhexahydro-1H-cyclopenta[b]pyridine and 1-
(mesitylsulfonyl)-7-methyl-2,3,4,4a,5,ehexahydro-1H-cyclopenta[b]pyridine

Rt = 0.74 (20%EtOAc/hexanes IR (neat): 299, 2847, 1441, 11471058, 777, 658m™.

IHNMR (500 MHz, CDCJ) U = 218),.69B(s2H)s4.26 (ddtJ=13.9, 3.8, 1.8, 1H),

3.98 (dt,J=13.4, 3.4, 1H), 3.04 2.99 (m, 1H), 2.96 (ddd=14.8, 8.9, 2.2, 1H), 2.86 (td,
J=13.6, 2.7, 1H), 2.63 (6H), 2.57 (spH), 2.29 (s3H), 2.28 (s3H), 2.14i 2.06 (m,2H),

2.057 1.95 (m,3H), 1.68 (ddtJ=17.1, 13.3, 6.02H), 1.53 (ddddJ=15.3, 14.1, 9.6, 6.1,

2H), 1.43 (ddtJ=12.9, 8.6, 2.3, 1H), 1.361.27 (m,2H), 1.16 (dddJ=24.9, 12.8, 3.8,

1H), 1.01 (s3H), 0.75 (d,J=6.8,3H). 3C NMR (15 MHz, CDCk) & = 142. 3,

140.2, 139.9, 139.6, 135.0, 134.4, 134.3, 132.1, 131.9, 129.6, 123.8, 48.5, 46.5, 41.1, 39.6,
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34.9, 34.6, 31.8, 29.5, 28.2, 24.6, 24.11232.8, 21.7, 21.5, 21.0, 18.6, 13ass for

Ci1gH2sNO.S [M+H] *; calcd:320.1684 found:320.2.

N /,o
h
(o]
7
2

0,
\
HN, 0 HN ;S\\ /s\
0 NaBH, { o DIAD, PPh; (\N o N0
_— _— |, X +
Illll MeOH mn THF 0 °C ’I@

(+)-410 (+)-414 (+)-415 (+)-416

To a solution 0#10(171 mg, 0.50 mmol) in anhydrous MeOH (2.5 mL) and DCM
(0.5 mL) in a round bottom flask with a stir bar was added NgBB0 mg, 2.5 mmol) in
portions. The mixture was stirred at O °C for 1 hour with monitoring by TLC. The mixture
was diluted with NHCI and DCM and stirred until gas evolution ceased. The aqueous
layer was extracted with DCM (3x) and the combined orgawere washed with water,
brine and dried over anhydrous 48&x, then concentratedh vacuo The alcohols were
isolated as an inseparable mixture of diastereomers and used without further purification,
solid (171 mg, 99%). R= 0.76 (30%EtOAc/hexanes

To a solution of the crude alcohols (50.5 mg, 0.147 mmol) and
triphenylphosphine (51.3 mg, 0.176 mmol) in THF (1.0 mL) was added DIAD (41.2 pL)
dropwise at 0 °C. The reaction mixture was stirred for 2 hours at 0 °C and monitored by
TLC. After completiorof the reaction the solvent was removwedacuoand the residue
taken up in DCM. The crude reaction mixture was loaded onto a preparatory TLC plate

and eluted in 20%tOAc/hexanes
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(+)-415

1-(Mesitylsulfonyl)-7-methyloctahydro-1H-cyclopenta[b]pyridine: Isolated as a

colorless solid (45%). /& 0.74 (20%EtOAc/hexanegs mp = 9093 °C. IR (neat): 2924,

2868, 1312, 114@90, 821, 656¢cm 'H NMR (500 MHz,CDCJ) 4 = 6. 92 ( s,

i 3.43 (m, 2H), 2.90 (td}=13.4, 2.6, 1H), 2.61 (s, 6H), 2.28 (s, 3H), 22814 (m, 1H),

2.10 (td,J=12.3, 6.2, 1H), 1.99 1.89 (m, 1H), 1.79 (ddt}=13.6, 11.0, 6.9, 1H), 1.65

1.60(m, 1H), 1.52 1.45 (m, 1H), 1.41 1.22 (m, 3H), 1.16 (dddd=13.2, 11.0, 8.4, 4.7,

1H), 0.79 (d,J=6.6, 3H). 3C NMR (126 MHz, CDGJ)) & = 142.1, 140. 2,
63.6, 40.0, 36.4, 30.9, 29.5, 27.9, 27.7, 24.8, 22.9, 21.1, E&&:t mass fo€1gH2sNO2S

[M+H] *; calcd: 322.1841, found: 322.1845.

(£)-416

2,4,6Trimethyl -N-(3-(3-methylcyclopent1-en-1-yl)propyl)benzenesulfonamide:
Isolated as a colorless solid (41%). =F0.38 (30%EtOAc/hexangs mp = 8082 °C. IR

(neat): 3283, 2922848, 1315, 1148, 1075, 851, 651 tntH NMR (500 MHz, CDCJ)
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U = 6J=®162H], 5.13 (dJ=1.5, 1H), 4.43 (s, 1H), 2.88 (dd#11.8, 6.4, 1H), 2.67

i 2.60 (M, 1H), 2.63 (s, 3H), 2.30 (s, 3H), 2i19.95 (m, 4H), 1.59 (p}=7.2, 2H), 1.33

i 1.27 (m, 1H), 0.94 (d}=6.9, 3H). ®C NMR (126 MHz,CDG)) U = 142.35, 14
139.23, 132.86, 132.09, 130.96, 42.46, 39.94, 34.60, 32.54, 28.22, 27.57, 23.11, 21.34,

21.06. Exact mass fo€18H2sNO2S [M+H]"; calcd: 322.1841, found: 32B43.
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CHAPTER 5

INTRAMOLECULAR [4 + 4] PHOTOCYCLOADDITIONS OF
2-PYRIDONE AND SILYL -3-ENOL-1-YNES

5.1.Introduction and Motivation

One of the most powerful synthetic transformations afouadation of organic
chemistry is the cycloaddition. A cycloaddition is defined as the formation of at least two
new bondgorming a cyclic structure (ring) and frequently these reactions can create as
many as six new stereocentérslhese processes can occur in a stepwise or concerted
manner and are generally photochemical or thermal in nature. Concerted fericycl
reactions are governed by the orbital symmetry rules proposed by Woodward and
Hoffman? The most ubiquitous pericyclic reaction is the [4 + 2] thermal cycloaddition
known as the Diel&\lder reactior? This reaction is a fundamental component of modern
synthetic organic chemistry, it is completely atom economical, Yisfielreoselective and
is inherently a Agreeno process.

Cycloadditions are extremely synthetically useful, especially in the modern era as
chemists strive to reduce waste and create more efficient transformations. One process that
meets these requiremeatsnd has been Agreeno from its di

Photocycloadditions are powerful transformations that have great synthetic
potential. The first photocycloaddition reaction was reported in 1867 by Fritzche, a [4 +
4] reaction of anthracerte give its dime501, Scheme 5.F Since this first report50

yearsago of a photochemical reaction there have been a wealth of transformations that
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demonstrate the tremendous synthetic potential of photochemi§int. of the many
examples of photocycloadditions one class of substrapgri@ones will be discussed
herein, highlighting Zoyridone cycloadditions with conjugated dienes and enynes,
discerning the [2 + 2] and [4 + 4] pathways and the synthetic poterftiais highly

stereoselective higher order cycloaddition towards the synthesis of cyclooctanoids.

o LI
DO v

(£)-501

Scheme 5.14 + 4] Photoisomerization of anthracene, the first reported
photoreactia.

5.2.General Principles of Photochemistry

Fundamentallyan organic photochemical reaction occurs between two reactive
species, one in the ground state and one in the excited state. Photons of light are absorbed
by a molecule directly or energy is transferred from another molecule known as a
photosensitizer. Tbe photochemicallyeactive a molecule must have an empty orbital
above a filled orbital that is energetically accessible. The wavelength of light required to
excite a molecule is determined by the absorbance spectrum of the substrate. The
wavelength ofhe light used can be controlled by light source and filters. The wavelength
needed is highly substrate dependent, which can be modified through structure

manipulation, and can vary from the far ultraviolet (UV) to the visible region of the
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electromagneti spectrum. Upon absorption of a photon at the correct wavelength an
electronic transition occurs. These transitiomkere an electron is excited to a higher
energy orbitalar e t ypi &¢awi yh rettod enfeswioorh carbonyl s.
to a higher orbital level the electronic spin is maintained (singlet state) with multiple
relaxation pathways possible such as vibrational relaxation, fluorescence and possible
intersystem crossing ()@o the triplet statediscussed further i@hapter 6. Hectronically

excited molecules that collide with ground state molecules can result in fundamental

structural changes such as the formation of new bonds.

a) Ground State Excited State

vl 989 v 3930 — Lumo
v 00 8 — Lumo v 3983 4 womo
v 5499 4 wowo v 399

b)
LUMO - ground state HOMO - ground state

HOMO - excited state LUMO - excited state

Figure 5.1Frontier molecular orbital diagram of ibBitadiene. a) photoexcitation ¢
an electron into the excited state. b) HOMO/LUMO interactions of the
ground state and excited states.
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Frontier Molecular Orbital Theory (FMOJrigure 5.1, is often used to desbe the
interactions between two molecules, one in the excited state and the other molecule in the
ground stateFigure 5.1a These molecules may be identical or substantially different.
Arguments based on FMO typically use two energetically profitatmatiér orbital
interactions: (1) interactions betweenthesirglg cupi ed “~* orbital of
and the LUMO in the ground state, and (2) interactions between the-srmipied n or

orbital of the excit edcummthegroundstattigarel t h e
5.1b. These interactions are most favorable when the energies of the orbitals interacting
are similar. In this case two Ritadiene molecules are showrkigure 5.1band depicts
the [4 + 4] cycloaddition which is photochemically allowed but thermally forbidden in
orbital symmetry rules.

The source of light for a photoreaction is extremely important, as excitation of a
compound occurs best at the maximum absorptigheo€Ehromophore. Common sources
of light are traditionally mercury vapor lamps of the {pwedium, and highpressure
variety, although light emitting diodes have recently become popular. The major
absorption bands for-gyridones generally fall withithe range of 300 310 nm. The
source of light used for this study was a medpn@ssure mercury vapor lamp which emits
primarily at 265310 and 365 nm. The wavelength selectian be controlled using glass
filters such as Vycor or Pyrex and even fertfiltered by the use of solutionslf Pyrex
is used approximately 90% of the light below 290 nmastransmitted through trggass

and wavelengths of 300 nm and above are unfiltered.
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5.3. Historical Perspective of 2Pyridone photocycloalditions

In 196Q nearly a century after the photodimerization of anthracene was reported,
Taylor and ceworkers reported the photocycloaddition opyidones,Scheme 5.F
Initially irradiation of N-methyl2-pyridone503 wasreported to give the [2 + 2] pheto
dimer (not shown) based on iafedspectroscopy, lateorrected by Paquette as the head
to-tails transdimer504, using'H NMR spectroscopyScheme 5.2 The corrections were
accepted in a later report by Tayfor.

The photochemistry of-pyridones is highly carentration dependent. In 1964, a
report by Corey and Streith described the formation-wfe2hyt2-azabicyclo[2.2.0]hex
5-en3-one 502 (Dewarpyridone) when extremely dilute solutio®3 in ether were
irradiated® Interestingly 2pyrones undergo similathptocycloadditions to afford similar

products.

o)
hv AN hv
e S I —_— / N\
lil O <o.01m rll o >0.1M N

o
(£)-502 503 (£)-504

Scheme 5.Zoncentration dependerdp¥ridone photoisomerization and
photodimerization.

In 1974, Nakamura and emorkers rigorously teidied the [4 + 4]

photocycloadditions of-pyridones. All four possible [4 + 4] photoisomers were reported,
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in addition to confirming that these photochemical processes were concentration
dependent. Nakamura reported that at concentrations less timvh th@ Dewaipyridone

502 dominated the reaction mixtufe. At higher concentrations (>100 m)Mphotoe
dimerization dominated the processes. These piiaterizations would afford four
possible [4 + 4] adducts dependent on the approach ofplyedbne503 Approach in a
headto-tail A or headto-headC fashion where the carbonyls were distal to one another
would afford trans photadimers505and508 respectively. Approach ineadto-tail B or
headto-headD fashion would afford theis photodimers506 and509 respectively:® A

simple method was used by Nakamura to differentiateithandtrans photodimers, a

[3,3] sigmatopic (Cope) rearrangement upon heating the reaction mixtures to ca. 60 °C
which afforded cyclobutaneés07, 510and511!! As thetrans photodimers lacked the
necessary proximity of the alkenes they were thermally stable. Careful analysis of the
resulting products allowed for a complete assignment-pyrilone photodimerizatin

products Scheme 5.31°
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(0] —_—
~NT —> N- 7 —
o o
hv c (+)-508
h-h o)
~N—= Ny N N
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D (+)-509

(o)
(+)-510 (+)-511

Scheme 5.34 + 4] photodimerization dN-methyl2-pyridone showing the all the
possiblecis andtransproducts and potential Cope rearrangements.

In 1970, Sharp and Hammond reportedechanistic study on the photochemistry
of 2-pyridones. In this report, they identified a sHortd singlet excited state that was
responsible for the photochemistry epgridone. They determined that the life time of
the excited state was less tia ns. They, also concluded that unsensitized dimerization
of 2-pyridone does not involve a triplet excited state.
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-
-N-g
R=H R-N— R = Me
O —
512 503

7 N
R=H %0 R = Me
(+)-513 o / (£)-505

Figure 5.2Proposed bimolecular association gby#idones.

A report by Matsushima and -eworkers in 1985 postulated a bimolecular
association of 2yridones to eplain the dominance dfans headto-tail productsFigure
5.2 They suggested that a grquilibrium of the 2pyridones must occur to afford the
observed photdimerized products. Without bimolecular gassociation, the necessary
molecular interactions during the short lived excited state would not btcdihe
formation of thetrans headto-tail adduct505 or 513 could occur through two major
pathways, dependent on the substitution on thgrZlone nitogen. If the 2oyridone was
not substituted on the nitrogen {NH), preassociation could occur through hydrogen
bonding, especially in nepolar solvents as seen i. Upon irradiation,
photodimerization 0612 affords thetrans photoadducb13as themajor productfigure

5.2 Interestingly, substitution on the nitrogen gb@idone, as in the case Nfmethyt
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2-pyridone503, irradiation also affords thieans-adduct505. In this case, thil-methyt
2-pyridone503 cannot form the hydrogen bond pah, prior to irradiation as it lacks the
necessary hydrogen bond donor. These studies indicate a stronedgioddeassociation,

B, controls the resulting regioselectivifigure 5.213

5.4.Cross [4 + 4] photocycloadditions of conjugated systems anepgridones

In 1977, Nagano and emorkers reported a [4 + 4] photocycloaiitat of 2-methyt
1,2,5triazolo-pyridine 514 with 2-pyridone, Scheme 5.4* Irradiation of a ong¢o-one
mixture of514 and512 gave the crospl + 4] photeadduct of515 with the 2pyridone
513 Increasing the ratio of triazo¥l4to the 2pyridone to 3:1, the [4 + 4] addusi5
was isolagd in a higher yieldScheme 5.4a WhenN-methyl2-pyridone was used the
cross [4 + 4] photadduct516was reported in a much higher 66% yield. In the absence
of 2-pyridone, upon irradiation-ehethyt1,2,4triazolo-pyridine afforded the [4 + 4] photo

dimer517, Scheme 5.4b
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N"0 X-N-N / /
R 514 o °
512 R=H 1eq. 1 eq. (¥)-513 R=H 29% 31%
512 R=H 1eq. 3 eq. (#)-513 R=H 47% 17%
503 R=Me 1eq. 3eq. (¥)-516 R =Me 66% 24%
b) N
(/\FN>— hv NEN./N/)\
S N\N/ —_— /:N‘ 7
514 (£)-517

Scheme 5.4Cross photocycloaddition of@yridones and 1,2;%iazolo-pyridines.

Over the past 40 years, the photoreactivity -glyidones with other conjugated
systems has receivegignificant attentio>?® The [4 + 4] photocycloaddition of-2
pyridones has been extensively reported on in the last 20 years by the Sieburth lab and
extended to other conjugated systems such aglidr@s?! furans?? naphthalene,
anthracen&?3 and enyned*?® The conjugated enyne as a [4 + 4] cycloaddition partner

had not been studied previously and has received significant attention, which will be

discussed herein.

5.4.1. Thermal [4 + 2] cycloadditions ofconjugated enynes
The conjugated enyne has received significant attention over the years since the
first reported use of an enyne almost 125 years ago. Enynes have been reported to undergo

thermal [4 + 2] cycloaddition reactions. In 1895 Michael and Buckported a thermal
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[4 + 2] cycloaddition of Sohenylpropiolic acid in the presence of acetic anhydfidEhe

postulated intermediate, a strainednémbered ring containing an allene, undervigdt

hydrogen migratiomo afford518 Scheme 5.5a Nearly 100 years later in 1994anheiser

and ceworkers reported an intramolecular [4 + 2] thermal cycloaddition of an enyne
tethered to an ynone. On heating, enyi® afforded the highly strained aelie
intermediate which isomerized to furnish bicyBR0in an excellent 78% yieldscheme

55b2” These thermal [ 4 + 2] r elnicetlisonssl daerred erxea
of alkynes with alkynes or alkenes and are a powerful method for the construction of

polycyclic molecules containing aromatic rirfgs.

a)
CO,H
= Ac,0 0 0
| Q0 | T QK
Ph O Ph O
518
b)
||0 // 180 °C
78% o o)
519 520

Scheme 5.8Cycloadditions of conjugated enynes.
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5.4.2. Photochemical [4 + 4] cycloadditions of enynes

Despite the inherent strain in cyclic allene intermediates resulting from
cycloadditions of enynes, expansion of the use of enynes as reactive partners was unabated.
In 2011 Margaretha and -eworkers reported a photochemical [4 + 4] cycloaddition of an
eryne, Scheme 5.6 The enyneb2l, part of a coumarin, in the presence of-2,3
dimethylbutadiene, after irradiation afforded [2 + 2] addiZ&2as the major product. The
coumarin derivativé21also underwent a [4 + 4] photocycloaddition, leading to th&-1,2,
cyclooctatriene and rapid isomerization to 1.8y6looctatriene523 in a modest 25%
yield, Scheme 5.6° Around the same time as Margaretha, the Sieburth lab reported a
powerful [4 + 4] phabcycloaddition of enynes with-Ryridones and will be discussed in

great detaif?

25%

isomerization T

Scheme5@Mar garet hads [ 4 + 4] pB2d.t ocycl «
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5.5.[4 + 4] Photocycloadditions of 2Pyridones and Enynes

In 2010, Sieburth and Kulyk were the first to report the ahdft2-pyridones and
conjugated enynes to form a wealth of products, largely a result of a [4 + 4]
photocycloadditionScheme 5.7 The complex mixture of products resulted from a
competition between [2 + 2] and [4 }gathways with the inherent regselective issues
deriving from heado-headand heado-tail complicationsScheme 5.7 When a mixture
of N-methyl2-pyridone 503 and an enyne (R = H, GBH) were irradiated, [2 + 2]
cycloaddition gave cyclobutane addus®l, 525and526, as minor products. When the
enynes reacted wits03through a [4 + 4] pathway, intermediate 1;2y&looctatriené27
was the result. This allene is highly strained eaqadly dimerized via a thermal [2 + 2]
cycloaddition to afford a complex mixture of dimesgheme 5.7 It should be noted that
[2 + 2] adductsb24 i 526 could potentially arise from a [3,3] sigmatropic (Cope)
rearrangement of 1,2&yclooctatrienes27 although computational studies suggest this
path is disfavored* The intermolecular [4 + 4] photocycloaddition cpgridones and
enynes, due to the high reactivity of allé&y®y and formation of cyclobutanoid®4i 526,
had the potential to form 72 different products! While this demonstrated-ghaiddnes
and enynes have the potential to be a powerful method for cyclooctanoid synthesis the

complexity of the reaction product mixture was not promising.
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N
I
(+)-524 (£)-525 (+)-526

Scheme 585 v i t | an apykdane gnkgng mtertolecular cycloadditions.

5.5.1. Intramolecular 2-pyridone enyne photocycloadditions

Shortly after the initial report of-gyridone enyng@hotocycloadditions, Sieburth
and Kulyk reported that the product distribution was simplified using intramolecular
reactions>® Tethering the enyne to the@ridone had an additionalfett of partitioning
the [2 + 2] and [4 + 4] reaction pathways. With use of a thtem tether and
arrangement of t hepyridens %8 upandrradiatiom the exdlusiteo t h e
product was [2 + 2] addudR9, Scheme 5.84° On the other hand, with a thragom
tether and the enyne wBa3§the[2-e3mthwagwhast hr ough
eliminated. Pyridne530exclusively resulted in a [4 + 4] photocycloadditiorgive
1,2,5cyclooctatrienés31, Scheme 5.8b This highly unstable intermediate rapidly

dimerized to give a mixture of thermal alleakkene [2 + 2] dimeric products.
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5.5.2. Strained cyclic allenes

Cycloadditionsof enynes, either thermally or photochemically, leads to highly
strained cyclic allenes. Cumulated double bonds, where the central carbon is sp hybridized,
are reactively fascinating molecules. Cyclic allenes are particularly intriguing as they can
be extremely high energy molecules. Depictedrigure 5.3are several examples of cyclic
allenes. Normally, an allene is a linear structure with the adjadeomnds orthogonal to
the other. Small cyclic allenes on the other hand are bent, describethwithti b endi n
angl e and t heFigureb.3atThesegvalueangebsare the, relative strain in
bending and twisting of the-grbitals relative to the acyclic homologtfe. For allenes in
smaltto-medium sized rings (i.e.i69) the bendig and torsional strain energige shown

in Figure 5.3b
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Figure 5.3a) Bending and twisting angles of cyclic allenes. b) Relative strain en:
of smaltto-medium sized allenes.

Remarkably, these highbtrained moieties have been observed and even isolated,
for example 1,Zyclononadiene is stable at room temperature and will only thermally
dimerize when exposed to temperatures greater than 180 36hnson has reported a
stable 8member ring with a sterically shieldingrt-butyl group branched at the allene,
isolable atroom temperaturg® Several additional examples of highly sterically shielded
cyclic allenes in six and sevenember rings have been reporfé® These literature
examples demonstrated that the allenes formed as a resultpgfid@neenyne

photochemistry mighdlsobe stabilizedy steric shielding.
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5.5.3. Silicon as a blocking group

Several years after the initial reports, Sieburth and Kulyk reported that the allene
formed from the Zoyridoneenyne [4 + 4] photocycloadditions could be stabilized through
steric bulk®® As Johnson had previously achieved witlerd-butyl group, Kulyk insalled
a diisopropylsilyl moiety532 in the 3atom bridge used to tether the enyne to the 2
pyridone, Scheme 5.9 On irradiation, the [4 + 4] cycloaddition led to the 12,5
cyclooctatriene 533 flanked by a large diisopropylsilyl group. This was obsdrto
undergo a 1;hydrogen migration to the 1,3¢yclooctatriene534 in near quantitative
yield2® The mechanism of this isomerization, important for the work reported herein is
discussed irsection 5.6.2.1Sterically flanking the allene intermediate even further with
additional silicon groups and the fascinating transformations of those photosubstrates will

be discussed in greater detailGhapter 6.

[4 + 4] lfl z
532 / \‘o

- 533 -

Scheme 5.%terically shielding the 1,2-8ycloctatrienes32with silicon.

5.6. Results and Discussion
The ability to make a 1;2yclooctadiene more persistent by shielding the reactive
allenewith a diisopropylsilyl group proved to be a powerful strategy for the photochemical

synthesis of cyclooctanoids through [4 + 4py@idonei enyne cycloadditionsscheme
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5.9. To expand on the previous work by the Sieburth group, it was proposed thi&ribe
could be sufficiently shielded at other positions on the en@ebeme 5.10 It was
envisioned that a siy8-enol1-yne cycloaddition partner, would provide sufficient steric
bulk and lead to additional synthetic utility. The ability to accgstooctanoids using a
silyl-3-enol1-yne such as35to afford536would further enhance the@ridone [4 + 4]
cycloaddition methodology as silyl enol ethers are rich in potential transformé&ions

synthetic diversification.

[TBSO ] TBSO
N 0T h 1,3]H
(I\ /\TOTBS _____ o C):/\o _[__"]“> o
'il o [4 + 4] : 5 : :
535 /7 \\o 7/ \\o
L i (+)-536

Scheme 5.1®hotochemistry of silyB-enol1-ynes with 2pyridones.

5.6.1. Synthesis of starting materials

Synthesis of the photosubstrdid5 was straightforward as outlined Bcheme
5.11 Starting from hydroxymethyl pyridori&87, transformation into the corresponding
chloride 538 proceeded smoothly in the presence of thionyl chloride in dichloromethane
and this was used without purificatiddcheme 5.11a The Williamson ether synthesi§
coupling partne540 was achieved in three steps from commercially available starting

materids. The starting-dutyne2-ol was protected as thert-butyldimethylsilyl etheb39
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using standard protecting protocéisThe alkyne was then hydroxymethylated witira-

formaldehyde to affor840 Scheme 5.11b

a)
Xy " YSOH socl, B cl
| I [
lil o) DCM ril o
537 99% 538
b)
imidazole 1. 'nr;-IBFULi’S ¢ HO
\\\(OH TBSCI \/OTBS 7 /\OTBS
DCM, 0 °C 2. (CH,0),, rt

(£)-539 (£)-540

95% 73%

Scheme 5.1Bynthesis of the photosubstrate precursors.

A Williamson ether synthesis, using sodium hydride in tetrahydrofuran with
chloromethyl pyridon&38and the hydroxymethyl alkyr@10in the presence of sodium
iodide (n situ Finklestein) afforded the coupled prodbdtlin an excellent 95% yield. A
onepot tandem deprotection and oxidation protocol was used to access the substrate
precursor® Scadium (lll)triflate deprotection of the secondasrt-butyldimethylsilyl
ether541afforded the secondary alcol®@l2 Oxidation of the alcohol to the ynone using
(diacetoxyiodo)benzene and TEMPO afforded the ya@32n an excellent 91% vyielfbr
the two step€® The ynone 543 was converted into the correspondingrt-
butyldimethylsilyl enol ether withtert-butyldimethylsilyl triflate and triethylamine in

dichloromethane affording photosubstra®bsin an excellent 86% yieldscheme 5.12
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The triisopropylsilyl enol ether derivative was prepared using the same conditions with

triisopropylsilyl trifluoromethanesulfonate and triethylamine afforcdsdg in 70% vyield.

A Cl HO NaH, Nal AN 0

EI\ X__omBS _ o | X _oTBS
N0 THF, 0 °C N0
| |

88%

538 (£)-540 (£)-541
Sc(OTf)3 (I\ PIDA TEMPO (I\
ACN rt ACN rt
93%
(£)-542

TBSOTH, Et3N
543 OTBS
DCM 0°C
85%
TIPSOTT, Et3
543 OTIPS
DCM 0°C
70%

Scheme 5.12Synthesis of photosubstrate35and544.

5.6.2. Initial test of 2-pyridone silyl-3-enol1-ynes

With photosubstrat&35 in hand, a 0.025 M solution in anhydrous deuterated
benzene was prepared, transferred to a 5 mm NMR spectrometentliideoxygertad
with a gentle stream of argoScheme 5.13 Irradiation of the photosubstrate with light

above 290 nm (nominally 300 nm) was achieved with a 450 W megliggsure mercury
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lamp in a watecooled jacket with a Pyrex filter. After one hour of irradiat{chonitoring

by NMR) all the starting materiél35was consumed and resulted in a complex mixture of
products. Disappointingly, the photosubstr&®5 was presumed not to be sterically
hindered enough to shield the reactive allene interme8idie Photochemically, 1;3
hydrogen migrations are alloweslhereasthermal antarafacial 1;8ydrogen migratiomre
geometrically disallowed. In this case, a photochemical suprafacighydr®gen

migration is not observed.

TBSO
N 0T h
EI\ XX__OTBS Y o) , Complex
N o CeDg, 5 °C : : Mixture
! 535 d \O
- 545 -

Scheme 5.13nitial test of 2pyridone silyt3-enol1-yne photochemistry.

5.6.2.1. 1,3Hydrogen migration
Two mechanisms might explain ihydrogen migration of an allene to the
corresponding 1;8iene. Thermal processewolving an antarafacial 1,8ydrogen shift
are theoretically possible, the high energy required to facilitate this process generally
requires flash vacuum pyrolysi®&* Photochemically, a suprafacial ih$drogen

migration is allowed under orbital symmetry rufe3ohnson and eworkers have reported
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several examplesf the photochemical isomerization of alleié€ Isomerization of

allenes is also possiblgth Bransted acids, via an ionic mechanisth.

/< >\ D5C \(J\ H/D,C DIHY{
X 0t Si 131H Si
I \H/ch hv \ [ ) ] \
—_— o —_— o]
"|‘ o [4+4]

546
(+)-547

Scheme51B8uddha Khatri 6s deuterium stud
intermediate.

Efforts to elucidate the mechanism of thpyZidoneenyne photocycloadditon led
Buddha Khatri in the Sieburth lab to prepare the deuterated version of thengi@546.
Irradiation 0f546in dry benzene gav@47with a D:H ratio of 86:14Scheme 5.14In the
water saturated benzene, the D:H ratio was 10:90. This work demonstrated that the

isomerization of these allenes is largely ionic in nature.

56.22. Johnsonds allene isomerization
As previously discussed, t@clooctadienes such &48 Scheme 5.15ae
unstable and thermally dimerize through a [2 + 2] cycloadditeerctionto afford
cyclobutané49. There have been several reports of prengi2 + 2] dimerizatiorusing
bulky substituents near the allendohnson and eworkers installed aert-butyl group

directly on the allené&y50, Scheme 5.15 This allene was stable at room temperature, quite
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rare for an eighinember ring allene. Johnson demonstrated that in the presgrae-of
toluenesulfonic acid, 1;8ieness51and552dominated the reaich mixture®® The Ltert-
butyl-1,2-cyclooctadiene Johnson prepared is reminiscent ofeftdutyldimethylsilyt
enolyne [4 + 4] photocycloaddition addus#t5 Scheme 5.13 It was proposed that an

isomerization pathway wadi be accessible with a Busted acid.

® = CHO

(+)-549

Scheme5%Johnsondés wo r-tert-bwtyl-1,Acyckodctadiendb@ d 1

5.6.3. Proton source for photochemistry

Photocycloaddition of pyridones is largely independent of solvent effects for the
[4 + 4] cycloaddition, with many solvents compatible with trensformatiorf+4¢ In
certain cases the choice of solvent éd@ct regioselectivity of intermolecular-pyridone
[4 + 4] cycloadditions, but with amiramolecular cycloaddition, approach of the-érgne
is substrate controllef:*® Using methanol as solvent facilitates the-fiy@lrogen shift
after the [4 + 4] photocycloaddition. Irradiation 85 in deuterated methanol under
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standard photochemical conditions ledb&8-d in near quantitative yieldscheme 5.16
Interestingly and delightfully the photoreaction was extremely clean but was not the
desired 1,3,&yclooctatrienes36. The product that was observed was thesitigated
cyclooctadienon®53-d incorporating deut@um at the site of théormerreactive allenic
carbon. Addition of aBrenstel acid leads to rapid allene protonation to prevent
dimerization. Methanol removed the silyl group through either nucleophilic addition to
silicon or through photochemical fortan of formic acid and subsequent hydrolysis of

the silyl enol etherScheme 5.167

o D
AN
rlq o MeOD5°C = )
TN
535 95% % o
(£)-553-d

Scheme 5.1@hotochemistry 0535in deuterated methanol.

Encouraged by these initial results, other protic solvents were screened. The highly
polarized and protic solvent hexafluorgisopanol was teste@cheme 5.17 The solution
was irradiated for one hour and monitored by TLC to confirm complete consumption of
starting material. Subsequent NMR analysis, after removal of the solvent, showed
guantitative desilylation to the photosigirate precursor ynortgl3 Removal of the silyl
enol ether prior to the [4 + 4] photocycloaddition is most likely the result of the acidity of

hexfluoroisopropanol (pKa = 9%)or the presence of fluoride impuriti&.
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99%

Scheme 5.1Attempted photochemistry &35in hexafluoroisopropanol.

I n the presence of Awet 0 acetonitr.i
irradiation for 1 hour the photosubstr&t@swas completely consumed and afforded near
guantitative conversion into [4 + 4] photoadducts. Two prodimisinated the reaction
mixture: the previously observed cyclooctadiend@®8 in a modest 47% vyieldnd the
isomerized silyl enol ether 1,3¢yclooctatrienol536, in a modest 45% vyield (92%
combined yield!) Scheme 5.18 Water present in the acetonitrile proved to be suffibye
nucleophilic to partially hydrolyze theert-butyldimethylsilyl enol affording the enone.
Hydrolysis of the silyl enol ethein situ afforded 553 which would generatdert-
butyldimethylsilanol, this could account for the presence of the-tyg&Boatriene536

in the reaction mixtureside infra

o) TBSO

X (o) N hv

COSsom o (% ()

lil o) "wet" ACN 5 °C H \ 3 \
TN TN

535 7 o 4 o

(+)-553 (£)-536
47% 45%

Scheme 5.1&hotochemistry 0535in acetonitrile.
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Johnson had previously demonstrated that allenes would readily isomerize in the
presence of an acid,a more acidic, sterically hindered and less nucleophilic source of
proton might afford a clean isomerizatioh tbe [4 + 4] cycloadduct. Several proton
sources were selected under the criteria that: (1) the proton additive would not interfere
photochemically with the cycloaddition (absorb light), (2) the proton source was
sufficiently acidic and (3) the proton wwe lacked significant nucleophilicity. Three
additives were selected, butylated hydroxytoluene (Bk&r;butyldimethylsilanol and
diphenylsilanediol. All three of these compounds lack significant UV absorbance at the
wavelength required to photoexeisubstrates35°° As shown inScheme5.19 the
substrates vary in acidity, butylated hydroxytoluene (BHT) with a pKa = 1érB,
butyldimethylsilanol with a pKa = 13, and diphenylsilanediol with the most acidic proton
at a pKa = 11.4! Solutions of the photosubstrdi5in deuterated benzene were prepared
as previously described with the addition of one equivalent of additive prior to
deoxygenation. After irradiation and complete consiimnpof the photosubstrate, BHT
performed no better than Ffyecledctatrierses3@im @ ni t r i |
modest 54% vyield with significant byproduct formation, no cyclooctadEs® was
observed. Diphenylsilanediol on the other hgastethe photoproducb36in a slightly
lower 41% vyield. On the other hand, tieet-butyldimethylsilanol performed admirably
well and after irradiation the desired 1;8)clooctatriend36was isolated in an excellent

90% vyield!
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535

CGDG’ 5°C / \\o
(+)-536
1 Eq. R'-OH pKa trxn (h) yield
tBu
16.8 1 54%
OH
tBu
/
Si-oH 13 1 90%

Si, 1.4 41%
o o

Scheme 5.1%creening proton sources wWhB5.

With the significantly larger triisopropylsilyl enol ethé&44 did not prove to be
more efficacious, as the [4 + 4] photocycloaddition required a -fotdeincrease in
irradiation time,Scheme 5.20 In the presence of butylated hydroxytoluene, after three
hours, the corresponding triisopropyl silyl enol ether ayclatrienes54was isolated in a
modest 49% vyield. The silanediol was inefficient for the photocycloaddition and
isomerization. Irradiation of this mixture afforded less than 15% vyield of the
cyclooctatriené54, with a significant decomposition and sitag material dominating the
crude mixture as the reaction mixture solidified during irradiation. Delightfullyeiie

butyldimethylsilanol performed exceptionally well, even with the increased irradiation
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time, the cyclooctatrien854 was isolated in good 65% yield. The efficiency aért-
butyldimethylsilanol in facilitating the silyl allenol isomerization to the corresponding
diene was demonstrated. Tteet-butyldimethylsilanol proved to be a nowicleophilic

source of proton in addition to demaraging any interference in light transfer from the

source to the-pyridone.

TIPSO
N (0] " o]
= =
’il 0 CSDG! 5°C /N \o
544 (+)-554
1 Eq. R'-OH pKa txn (h) yield
tBu
16.8 3 49%
OH
tBu
/
/S'“OH 13 3 65%

Si, 11.4 3 <15%*
Shs

*sample solidified during irradiation

Scheme 5.2@creening proton sources whA4.
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5.6.4. Optimization and trapping experiments

Initial tests of the Zyridone silyt3-enoll-ynes on substratés35 and 544 used
one equivalent of the corresponding proton sourcetettibutyldimethylsilanol providing
the best yieldsScheme 5.21 Proton transfer is dependent on proximity of thectige
allene to the acid, therefore increasing the quantity of ashbuld facilitate the
transformation more efficiently. Witiert-butyldimethylsilyl substraté35in the presence
of five equivalent®r greateof the silanol, on irradiation with outasxdard conditions, the
yield of the cyclooctatriene was near quantitative and an excellent 95% vyield after
purification! Delightfully, the triisopropyl enol ether substr&#44 afforded similar results
when irradiated with five equivalents of silanol,@3glooctatrienés54 was isolated in an

excellent 91% yield after purification.

RO

A hv, TBSOH
N~ O

s

CgHg 5 °C
| 66 p ﬁ\o
# R Eq TBSOH tren (h) % Yield

|
535 %*SII—? 5 1 95%

544 >,js\,/_§ 5 1 91%

Scheme 5.21ncreasing the ratio of acid to photosubstrate.
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Demonstrating that the allene intermediate was intercepted with a sufficiently
acidic and sterically demanding acid such asilanol, it was thought that additional
electrophiles could react at the allene carbon, adding additional utility to the [4 + 4]
cycloaddition. Addition of an aldehyde to the photocycloaddtion, if successful in trapping
the allene would present a unigaed synthetically useful transformation: a [4 + 4]
photocycloaddition within situ aldol condensation, with the potential to set three new

carboncarbon bonds and stereocenters.

Photosubstrate535 and 544 were irradiated using the standard photochemical
conditions with varying quantities of acetaldehy8eheme 5.22 In the presence of one,
five and fifty equivalents of acetaldehyde25 mMthe results were less than satisfactory.
Unfortunately, the desired [4 + 4] cycloaddition followed by aldehydiiad to the allene
carbon did not occur in detectable quantities. The crude reaction mixtures were complex,
similar to earlier examples lacking the acidic silanol. Surprisingly, the silylated
cyclooctatriene$36 and555were observed as majproducts. The observation of these
1,3-dienes is attributed to an adventitious proton source, such as water or tautomerization
of the aldehyde. Tautomerization of the aldehyde to the enol to provide a proton for
isomerization has been reported to bevsid room temperature and would presumably be

slower at lower temperatures, making it less likely to be the catalyst.

Irradiation of butyraldehyde doped solutions of the pyridone-3ighol1-ynes
535and544gave results similar to those containing acetaldehyddetextable quantities
of the intercepted products were detected. Again, even with pivaldehyde, which lacked an

enolizable carbon, the trapped aldehyde was not detected. Trapping the allene
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intermediate with an aldehyde with a standard silyl enol etrmwrep to be unreactive
without further activation. To afford a more reactive silyl allenol ether, attempts were
made to use the silacyclobutane chemistry of Denthztko trap the aldehydes.
Unfortunately, the silacyclobutane proved to be too unstable to install on the photosubstrate

543cleanly,Scheme 5.22

TBSO TBSO
hv, RCHO
535 —_— O|—> o)
Ce¢Dg, 5 °C = = = =
/Nﬁ\o /Nﬁ\o
(+)-536

R = Me, n-Pr, t-Bu % x&

Scheme 222 Attempts to trap the reactive allene intermediate with various aldeh
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5.6.5. [4 + 4] Photocycloaddition with an aromatic system

After demonstrating that sii8-enoll-ynes readily undergo a [4 + 4]
photocycloaddition with yridones in the presencd a selective proton source it was
proposed they would react with other photoexcited systems. The Sieburth group had
previously demonstrated that simple enynes would undergo a [4 + 4] photocycloaddition
with napthalenes to afford benzocycloocatrienegaad yield>® The addition of sily3-
enoll-ynes would add an additional synthetic handles for these benzocyclooctanoids as

either the silyl enoéther or ketone.

The synthesis of the photosubstrate was straightforward and followed the previous
synthesis of the-pyridone substrates and is outlinedSoheme 5.23 Starting from 2
methoxyhydroxymethylnapthalen®&58 the alcohol was converted with thionyl chloride
to the corresponding chloride. Williamson ether synthesis with tbiéyl3enol1-yne
precursors40 afforded the coupled produB69 in quantitative yield. The Lewis acid
mediated Ipot deprotection andkalation methodology previously used was unsuccessful,
SO a twestep deprotection and oxidation protocol was used. Deprotection térthe
butyldimethylsilyl ether with tetrabutylammonium fluoride gave the corresponding alcohol
560in 70% vyield. Subsegent oxidation of the alcohol using the Dess Martin reagent
afforded the ynon®61 in an excellent 94% vyield. Treatment of the ynone ettt
butyldimethylsilyl trifluoromethanesulfonate and triethylamine afforded the naphthalene

tethered sily3-enol1l-yne562in a good 84% yield.
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Scheme 5.2F8ynthesis of substituted naphthal &2

In deuterated benzene and absencetart-butyldimethylsilanol, significant
byproduct formation without the [4 + 4] adduct, was observed. In the presence of an excess
of tert-butyldimethylsilanol, the desired [4 + 4] isomerized product was observed as the
major product. Irradiation in methanelhich was expected to provide the enone, as with
553, proved to be unsuccessful as the starting material exhibited extremely poor solubility
in the solvent.Irradiation in acetonitrile or benzene provided the methoxy vinyl &&@&r
in 25% vyield, Schemeb.24. The structure was determined by careful NMR analysis of the

isolated product.
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Scheme 5.244 + 4] photocycloaddition of-Pnethoxynapthalenes.

5.6.6. Reactions of the [4 + 4] prducts.

Although highly functionalized scaffolds such as 1;8yblooctatrien&45and 2,5
cyclooctadienon&53 are prepared from a planar precursor, further transformations after
the photocycloaddition would serve to enhance the synthetic utility of #tisotiology.
These bridged bicyclic systems contain the carbon framework for many natural pféducts.
Attempts to further transform these products into other carbon frameworks was met with

mixed results, although when successful the results were fascinating none the less.
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Scheme 5.2%Reactions of photoprodubb3

Simple transformations were attempted on these photopro&atisme 525 It is
known thatdepending on the source of hydride, théuctionof ketonesr enones can be
highly diastereoselective. Reduction of cyclooctadie@deising Luche conditions gave
the corresponding allylic alcohok64 and565in an excellent 99%ield, Scheme 5.25
The stereoselectivity of the reduction was paottee two diastereomers formed ina 1.1:1
ratio. Known to be highly stereoselective reductions, the MeerR@imdorfVerley
reductio?”®® was expected to give a much better ratio of the resulting diastereomers.
Trimethylaluminum in toluene, with an addition of an excess of isopropanol gave a near
guantitative yield of the thermodynamically favored diestener in >20:1 ratio at 93%

yield after isolation. Attempts to determine the individual diastereomers through nOe
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nuclear magnetic resonance were unsuccessful. Derivatization of the alcohols using acetic
anhydride and triethylamine afforded the two esponding acetatés6 and 567 in an
excellent 99% yieldScheme 5.25 Subsequent nOe analysis of the aceiat#isated the

thermodynamically favored diastereonasb67.

(0] o

(o]
O 2 (O
O 5 [o]
lfl 5 91% lfl B
/ Ne) / \\0
(+)-553 (+)-570

Scheme 226 Autoxidation of553to the corresponding lactone.

Interestingly, although not surprisingly as these systems are highly strained and
reactive, the cyclooctadienoB3underwent an autoxidation of the furan ring. Prolonged
exposure of the cyclooctahone to air gave lacto®€8in near quantitative yielcheme
5.26 This was only observed in the solid phase with atmospheric oxygen. Attempts to
replicate autoxidation conditions using molecular oxygen in the solution phase using
various solvents are met with failuré® The most effective method for the autoxidation
was to create a thin film of cyclooctadienob®3 on glass and expose to atmospheric
oxygen for a prolonged period of time (efgur weeks). The product of the autoxidation
wasdetermined through NMR analysis amdambiguously confirmed with single crystal
X-rayanalysisFigure 5.4. | nt er e subsaturaged ketone mayesuffér frdm poor

"-orbital overlapbecause the dihedral anglen@t in plane
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Figure 5.4 Autoxidation producb68( | ef t ) vi ewe d -btnsaurated
car bonyl s bodialiovedap @igho.r

Attempts were made to install additiodahctionality onto the cyclooctadienone
553 through conjugate additions andcdeophilic substitutionsScheme 5.27 After
formation of the cuprate from allyimagnesium bromide and copper (1) iodidadtijion
i nt o -tnbaturated cérbonyl 663failed to produce the desired carbon homologated
product. Sakurai conditions tdlylate the enone with allyltrimethylsilane and titanium
(IV) tetrachloride were also unsucces$fuPoor or bi t al-systemginthiap of

structure may explain the lack of success in the attempted conjugate additions.

Direct displacement of either the secondary allylic alcohols or allylic acetates were
also unsuccessful. Lewaidmediated nucleophilisubstitution othe alcohol$64 and
565directly with allyltrimethylsilane and titanium (IV) tetrachloride failed to produce the
desired substitution. Similarly, nucleophilic displacement of the ac&i@@esd567 with

allyltrimethylsilane and BOEt was unsuccessful in allylating the ring system. Work is
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ongoing in this area to install a terminal olefin moiety for subsequent titanium (II) mediated

intramolecular Kulinkovich déleijere reactions as discusseddhapter 2.

(0]
0o —X>
/ N _\‘o
(+)-553
RO
0O —X>
/ \‘o

(+)-564, (+)-565 R =H
(£)-566, (+)-567 R = OAc

Scheme 5.2°Attempts to derivatize the cyclooctanoid for an intramolecular
Kulinkovich deMeijere reaction.

5.7.Conclusion
The ability to turn achiramolecules into complex threimensioml structures
through a highly atom economicpl + 4] photocycloaddition was demonstrated. On
irradiation 2pyridones efficiently form a highly strained allene intermediate with-3ilyl
enoll-ynes thawill isomerize to theorrespondind.,3-diene usinga selective and mild
acid Cycloctanoids containing the id#ne silyl enol ether can be accessed directly using

tert-butyldimethylsilanolas the acid The reaction pathway can be controlled through
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choice of protic media. Directly accessing a cycta@;5-dienone can be achieveding
methanoks the solvent

These products can be readily transformesing simple chemical reactions.
Although these systems were relatively inert to many derivatization conditions, further
transformations to more complsystems can be imagined. These systems, as with 1,3,5
cyclooctatrienes45 and 2,5cyclooctadienoné53 contain unique synthons for further
photochemical transformations. The presence oflli4e n e s -ursatudated ketones
suggested potential othese systems to undergo-‘dmethane or oxdi-"-methane
rearrangements, also known as the Zimmerman rearrang&nidre.work towards a more
sterically hindered allene system and the exploratory photochenmstrgi-" -methane

and oxadi-" -methane rearrangements are discuss&hapter 6.
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5.8. Experimental
A summary of general experimentation techniques, instrumentation, purification

procedures and reagent handling barfound ormpages841 85.

TBSO
N (o) X hv
(I\ X OTBS > o)
N o) CGDG! 5°C ﬁ H
| 535 d Yo
(+)-545

General Procedure 5.1 Photochemistry: A solution of the photosubstrate was prepared

in the indicated solvent (0.025 M) and degassed with a gentle stream of argon for 15
minutes. The photosubstrates were irradiated for the indicated tiim20(fhours) using a

water cooled, Pyrefiltered 40W mediumpressure mercury vapor lamp contained within

a wooden box to trap all light. The reaction was monitoretHo) MR or TLC and after
completion the reaction mixture was concentratedacua Purification with column
chromatography gave the titempound as indicated.

Note: Due to heat given off by the light source the air temperature within the photoreaction
container was typically 35 °C (as monitored by a probe insidectht@iney. Temperature

of the reaction can be controlled by placing #ntire setip inside of a Dewar flask with
circulating water and ice.

Flow Photoreaction Setup:Usi ng t he above I|isted |ight s
x 0.1250 |1 D) was wr ap p&dlinggacketeTheatubioglength a Py r

was such that had an internal volume (in contact with the light source) of 40 mL. A KD
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Scientific syringe pump was used to drive sléutionand control the flow rate

(irradiation time). Reaction progress was monitored by TLC.

3-(Hydroxymethyl)-1-methylpyridin -2(1H)-one (537)%* 52 A flame dried round bottom

flask was charged with THF (200 mL) and cooled to 0 °C. With stirring, lithium aluminum
hydride (4.098g, 107.9 mmol) was added in several portions at 0 °C. After 15 minutes 2
hydroxynicotinic acid (10.1g, 71.9 mmol) was addedeveral small portions taking care

to allow the gas evolution to cease. The mixture was stirred and slowly warmed to rt then
refluxed overnight. The reaction mixture was cooled to rt, then 0 °C and diluted with ether.
Slow addition of water (4.09 mL}5% aqueous sodium hydroxide (4.09 mL) and then
additional water (12.3 mL) afforded a white suspension. The suspension was filtered and
the solid residue was extracted with methanol in a Soxhlet extractor for 3 days. The solvent
was removedn vacuoandthe crude product was used without further purification. The
crude pyridone alcohol was dissolved in anhydrous methanol (150 mL) and potassium
carbonate (24.8 g, 179.7 mmol) was added with stirring. To the suspension was added
methyl iodide (22.4 mL, 35 mmol) and stirred overnight. The solid potassium carbonate
was removed via filtration and the mother liquor was concentratgdcuo The solid
potassium carbonate was placed into a Soxhlet extractor and extracted for 3 days with ethyl

acetate. Thecombined organics were concentrated vacuo and purified by
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recrystallization in ethyl acetate and hexanes to afford the title compound as a colorless
solid (65%). R= 0.31 (3% MeOH/DCM).*H NMR (500 MHz, CDC}) 4 = 7. 30
J=6.7, 1.8, 0.8, 1H), 26 (dd,J=6.8, 1.9, 1H), 6.19 (1)=6.8, 1H), 4.57 (s, 2H), 3.57 (s,

3H).

\/OTBS

(£)-539

(But-3-yn-2-yloxy)(tert-butyl)dimethylsilane (539)3” To a flame dried flask was added
2-butyn-1-ol (2.50 mL, 31.8 mmol) and DCM (30 mL). To the reaction mixture was added
imidazole (6.31g, 92.5 mmol) and cooled to 0 °C. A solutionteft-butyldimethylsilyl
chloride (9.32 g, 61.7 mmol) in DCM (30 mL) was added dropwise over 30 minutes. The
reaction was warmed to room temperature and stirred for 5 hours. Upon completion, as
indicated byl LC, the mixture was diluted with saturated aqgueous ammonium chloride and
H2O. The layers were separated and the aqueous layer was extracted with DCM (3x). The
combined organics were washed with brine, dried over anhydrous magnesium sulfate and
then conentratedn vacuo The crude product was distilledth a Kugelrohrdistillation
apparatug50 °C, 0.01 Torr) to afford the title compound as a clear oil (95%) (R49

(5% EtOAc/hexanes 'H NMR (500 MHz, CDCf) U = 4&6.5 2.1, {H), 8.37 (d,

J=2.1, 1H), 1.42 (dd}=6.5, 2.7, 3H), 0.90 (s, 9H), 0.12 (6.6, 6H).
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HO\OTBS

(+)-540

4-((Tert-butyldimethylsilyl)oxy)pent-2-yn-1-ol (540)2° To a flame dried flask charged

with THF (20 mL) was adde839 (1.02 g, 5.42 mmol) and cooled {88 °C. To the
reaction mixture was added a solutiomddutyl lithium in hexanes (5.51 mL, 6.78 mmol)
dropwise over 15 minutes. The reaction mixture was stirréetB£tC for an additional 30
minutes. To the reaction mixture was added smid-formaldehyde (217 mg, 7.23 mmol)

via solid addition funnel ovet5 minutes. The reaction was warmed to room temperature
and stirred for 2 hours. Upon completion, as indicated by TLC, the mixture was diluted
with saturated aqueous ammonium chloride apd.HThe layers were separated and the
agueous layer was extradtwith ether (3x). The combined organics were washed with
brine, dried over anhydrous sodium sulfate and then conceninatedtuo The crude
product was distilled under reduced pressure to afford the title compound as a clear oll
(73%). Rf = 0.24 (5%EtOAc/hexangs *H NMR (500 MHz, CDCY) U = X%6.%5 (qt ,

1.7, 1H), 4.28 (dJ=1.3, 2H), 1.41 (dJ=6.5, 3H), 0.90 (s, 9H), 0.12 (#6.3, 6H).

AN

(I\o X_ _OTBS
N"o

(4)-541

3-(((4-((Tert-butyldimethylsilyl)oxy)pent-2-yn-1-yl)oxy)methyl)-1-methylpyridin -

2(1H)-one (541): To a flame dried flask charged with the pyridone alc&331(1.02 g,
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7.18 mmol) was added DCM (25 mL). The reaction flask was vented while thionyl
chloride (1.04 mL14.4 mmol) was added dropwise. After the evolution of gas ceased, the
reaction mixture was stirred for an addition 30 minutes. Upon completion of the reaction,
as indicated by TLC, the reaction mixture was concentiatedcuo To another flame
driedflask was added sodium hydride (316 mg, 7.89 mmol) and THF (30 mL) then cooled
to 0 °C. A solutiorof 540(1.69 g, 7.89 mmol) in THF (10 mL) was added dropwise over

15 minutes then stirred for an additional 15 minutes. The previously prepared pyridone
chloride was dissolved in THF (10 mL) and added to the reaction mixture over 30 minutes.
The reaction was stirred for 3 hours at room temperature. Upon completion, as indicated
by TLC, the reaction mixture was diluted with saturated aqueous ammoniundeldod

water. The layers were separated and the aqueous layer was extracted with ethyl acetate
(3x). The combined organics were washed with water, brine, then dried over anhydrous
sodium sulfate and concentratedvacuo The crude product was purifietia column
chromatography to afford the title compound as a colorless oil (88%6}. 0.64 (100%
EtOAc). IR (neat): 2981, 2955, 2856, 1651, 1585, 1564, 1150, 1098, 831, #764dm

NMR (500 MHz, CDCY) & = 7=6.8,2.2, (.3, dH),7.23 (d&6.8, 2.0, 1H), 6.18

(t, J=6.8, 1H), 4.59 4.53 (m, 1H), 4.52 (s, 1H), 4.29 @1.7, 2H), 3.55 (s, 3H), 1.40 (d,
J=6.5, 3H), 0.89 (sJ=2.9, 9H), 0.11 (dJ=6.7, 6H).13C NMR (125 MHz, CDG)) U =
161.8, 136.8, 136.0, 129.3, 105.6, 89.2, 79.1, 67.1, 59.1, 58.7, 37.6, 25.9, 254.48.3,

-4.8. Exact mass fo€1sH290NOsSi [M+Na]*; calcd: 358.1814, found: 358.1797.
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1-Methyl-3-(((4-oxopent2-yn-1-yl)oxy)methyl)pyridin -2(1H)-one (543): To a flame

dried flask charged with41(2.08 g, 6.21 mmol) was added acetonitrile (50 mL). To the
reaction mixture was added Sc(QsT€174 mg, 0.31 mmol) at room temperature. The
reaction mixture was stirred for 4 hours until complete disappearance of the starting
material as indicated by TLC. Upon completion of the deprotection, as indicated by TLC,
TEMPO (48 mg, 0.31 mmol) was added in one portion followed immediately by
bisacetoxyiodbenzene (3.01 g, 9.32 mmol) and sodium bicarbonate (1.51 g, 18.6 mmol)
in one portion at room temperature. The reaction mixture was stirred for an additional 4
hours at room temperature. Upon completion of the reaction mixture the solvent was
removedn vacuoand the residue taken up in ethyl acetate. The organic layer was washed
with water, brine then dried over anhydrous sodium sulfate and conceirtreéedo The

crude material was purified via column chromatography to affaditle compound aa
colorless solid93%). R = 0.44 (100% EtOAc). IR (neat): 2981, 1675, 1652, 1585, 1561,
1224, 1092, 767 cth 'H NMR (500 MHz, CDCJ) a = 7J=54752.0( 1d0d1¢H),

7.28 (dd,J=6.7, 2.0 1H), 6.20 (t)=6.8, 1H), 4.55 (s, 2H), 4.44 (s, 2H), 3.56 8H), 2.35
(s,3H). ®C NMR (125MHz,CDCJ) U = 184.0, 161.8, 137.3,
85.8, 67.8, 58.2, 37.6, 32.Exact mass fo€12H13NOs [M+Na]*; calcd: 242.0793, found:

242.0784.
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535

3-(((4-((T ert-butyldimethylsilyl)oxy)pent -4-en-2-yn-1-yl)oxy)methyl)-1-

methylpyridin -2(1H)-one (535): To a flame dried flask was add&d3 (0.56 g, 2.56

mmol) and DCM (10 mL). The retagn mixture was cooled to 0 °C and triethylamine
(0.51 mL, 3.58 mmol) was added. With stirring neat TBSOTf (0.55 mL, 3.07 mmol) was
added dropwise over 15 minutes at 0 °C. The reaction mixture was slowly warmed to room
temperature and monitored by TL@fter completion, as indicated by TLC, the reaction
mixture was diluted with saturated aqueous sodium bicarbonate and water. The layers were
separated and the aqueous layer was extracted with ethyl acetate (3x). The combined
organics were washed with tea, brine, then dried over anhydrous sodium sulfate and
concentrateth vacuo The crude product was purified by column chromatography with 0

T 50% EtOAc/hexaneso afford the title compound as a clear liyellow oil (85%). R

= 0.61 (100% EtOAC). R (neat): 2929, 2856, 1651, 1600, 1563, 1279, 1253, 1104, 1015,
829, 782 cnt. H NMR (500 MHz, CDGJ) U = 7=648,8.2,(1.8,dH),7.24 (dt,

J=7.9, 3.9, 1H), 6.19 (1]=6.8, 1H), 4.69 (s, 2H), 4.54 (8.1, 2H), 4.38 (s, 2H), 3.56 (s,

3H), 0.93 (s,J=3.0, 9H), 0.20 (sJ=3.2, 6H). 3C NMR (126 MHz, CDG&) 4 = 16 1.
139.1, 136.9,136.2,129.1, 105.7,103.3, 84.1, 83.2,67.4, 58.8, 37.6, 25.4.48Eact

mass forC1gH27NO3sSi [M+Na]*; calcd: 3561658, found: 356.1654.
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1-Methyl-3-(((4-((triisopropylsilyl)oxy)pent -4-en-2-yn-1-yl)oxy)methyl)pyridin -

2(1H)-one (544): To a flame dried flask was addBd3(0.21 g, 0.95 mmol) and DCM (5

mL). The reaction mixture was cooled to 0 °C and triethylamine (0.26 mL, 1.91 mmol)
was added. With stirring neat TIPSOTf (0.38 mL, 1.43 mmol) was added dropwise over
15 minutes at 0 °C. The reaction mixture was slowlymeal to room temperature and
monitored by TLC. After completion, as indicated by TLC, the reaction mixture was
diluted with saturated aqueous sodium bicarbonate and water. The layers were separated
and the aqueous layer was extracted with ethyl ac&eate The combined organics were
washed with water, brine, then dried over anhydrous sodium sulfate and concentrated
vacua The crude product was purified by column chromatography with 3D%
EtOAc/hexaneso afford the title compound as a clear liglaflow oil (70%). R=0.47
(30%EtOAc/hexanes IR (neat): 2943, 2865, 1651, 1600, 1563, 1462, 1281, 1104, 1015,
881, 766, 684 cth 'H NMR (500 MHz, CDGY) U = 7=648,£2.2,1.4,dH),7.23

(dt, J=10.9, 5.5, 1H), 6.18 (fI=6.8, 1H), 4.71 (sJ=0.7, 1H), 4.67 (s, 1H), 4.53 (357.2,

2H), 4.37 (sJ=3.4, 2H), 3.55 (s)=6.3, 3H), 1.26 1.16 (m, 3H), 1.09 (dJ=7.2, 18H).

3C NMR (125 MHz,CDG) & = 161.8, 139.4, 136.9, 136
82.9, 67.3,58.7, 37.6, 17.9, 12.6Exact mass fo€21H33NO3Si [M+Na]"; calcd: 398.2127,

found: 398.2119.
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(+)-545-D

10-M ethyl-6,7-dihydro -3H-6,3a(epiminomethano)cycloocta[c]furan8,11(1H}

dione-9-d (545d): A solution 0f535(10.1 mg, 0.030 mmol) in MeOD (1.2 mL) was
treated according tgeneral proeedure 5.1 Purified by column chromatography with O

T 40% EtOAc/hexaneso afford the title compound as a clear oil (88%}.=R.26 (30%
EtOAc/hexanes IR (neat): 2925, 1635, 1238, 1079, 940, 731 .chid NMR (500 MHz,
CDCk) U = 6=9.0 6.2, (H),6.14 (dd=8.9, 4.5, 1H), 4.89 (dI=9.0, 1H), 4.52

(d, J=14.7, 1H), 4.44 (d)=14.7, 1H), 4.04 (dtJ=6.2, 3.9, 1H), 3.93 (d=9.0, 1H), 3.37

3.25 (m, 1H), 3.09 (s, 3H), 3.08 (d#:17.4, 3.8, 1H)3C NMR (125 MHz, CDGJ) U =
197.5, 9.4, 158.8, 134.5, 128.5, 76.53.0, 55.9, 55.5, 51.8, 33.0, 29.8ass for

C12H12DNO3 [M+H] *; calcd:2211036 found:222.1

20
O

2

s N
(+)-545

(0]

10-Methyl-6,7-dihydro-3H-6,3a(epiminomethano)cycloocta[c]furan8,11(1H)dione
(545): A solution 0f535(595 mg, 1.78 mmol) in MeOH (90 mL) was treated according

to general procedure 5.1using theFlow Reaction Setup The reaction mixture was
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concentratedin vacuo and purified by column chromatography with 10 30%
EtOAc/hexaneso afford the title compound as a colorless solid (95%)= BR56 (50%
EtOAc/hexanes mp =113 116 °C. IR (neat): 2960, 2843, 1653, 1633, 1235, 1068, 940,
763, 748 cnt. 'H NMR (500 MHz, CDCf) U = 6=9.@2 6.2, {H), 6.13 (dI=9.0,
1H), 5.91 (tJ=1.9, 1H), 4.88 (dJ=9.0, 1H), 4.51 (dd}=14.7, 1.9, 1H), 4.44 (dd=14.7,

1.9, 1H), 4.03 (dtJ=6.2, 3.9, 1H), 3.93 (d]=9.0, 1H), 3.31 (dd}=17.3, 4.1, 1H), 3.08 (s,
3H), 3.08 (ddJ=17.3, 3.8, 1H).3C NMR (125 MHz, CDG)) 4 = 197.5, 169
134.4,128.5,122.8, 76.5, 73.0, 55.9, 55.5, 51.8, IXAct mass fo€1,H13NO [M+Na]*;

calcd: 2£2.0793, found: 242.0772.

TBSO

(+)-536

8-((Tert-butyldimethylsilyl)oxy) -10-methyl-1,6-dihydro-3H-6,3a
(epiminomethano)cyclooctalc]furanll-one (536): A solution of 535 (9.9 mg, 0.03

mmol) with tert-butyldimethylsilanol (2% L, 0. 16 sDerfid®2im)) wasrtreated

according tageneral procedure 5.1 The reaction mixture was concentraitegacuoand

purified by column chromatography with 10 30% EtOAc/hexanego afford the title

compound as a colorless oil (90%)+ R056 (50%EtOAc/hexanes IR (neat): 2952,

2928, 2865, 1665, 1402, 1111, 840, 781'ctd NMR (500 MHz, CDCY) a = 5.80 (

J=8.9, 6.2, 1H), 5.76 (4=2.0, 1H), 5.57 (dd}=8.5, 2.2, 1H), 5.51 (dI=8.9, 1H), 4.88 (d,
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J=9.0, 1H), 4.46 4.35 (m, 2H), 4.00 (dJ=9.0, 1H), 3.96 (ddJ=8.5, 6.2, 1H), 2.99 (s,
3H), 0.91 (s,J=3.0, 9H), 0.13 (sJ=0.5, 6H). 3C NMR (100 MHz, CDC)) U = 168. 1
153.7, 149.7, 124.0, 120.6, 118.8, 114.5, 76.6, 74.1, 54.3, 53.3, 32.1, 25.7%.48:4.5.

Exact mass fo€1gH27NOsSi [M+Na]*; calcd: 356.1658, found: 356.1627.

TIPSO

(+)-554

(7E,9E)}10-Methyl-8-((triisopropylsilyl)oxy) -1,6-dihydro-3H-6,3&
(epiminomethano)cyclooctalc]furan-11-one (554): A solution of 544 (10.5 mg, 27.9

emol ) tertbiutthy | di met hyl si | anobDes(L.RrAL) wak treatéd. 1 6 m
according tageneral procedure 5.1 The reaction mixture was concentrategacuoand

purified by column chromatography withi0 30% EtOAc/hexanedo afford the title

compound as a colorless oil (70%)+ R0.63 (50%EtOAc/hexanes IR (neat): 2943,

2866, 1651, 1463, 1284, 1068, 881, 685'ciH NMR (500 MHz,CDC§) U = 5. 85 |
J=2.0, 1H), 5.80 (ddJ=8.9, 6.2, 1H), 5.58 (dd}=8.5, 2.2, 1H), 5.51 (dl=8.9, 1H), 4.89

(d, J=9.0, 1H), 4.41 (t)=1.7, 2H), 4.00 (dJ=9.0, 1H), 3.95 (ddJ=8.5, 6.2, 1H), 2.99 (s,

3H), 1.201 1.12 (m, 3H), 1.06 (d}=6.9, 18H).13C NMR (125 MHz, CDG)ti = 168. 1,
153.3, 150.1, 124.0, 120.7, 119.0, 113.1, 78461, 54.4, 53.3, 32.2, 18.0, 12 ass for

C21H33NO3Si [M+H] *; calcd:376.2308 found:376.2.
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(+)-559

Tert-butyl((5-((2-methoxynaphthalen1-yl)methoxy)pent-3-yn-2-

yl)oxy)dimethylsilane (559): To a flame dried flask charged with-§2ethoxynaphthalen
1-yl)methanol (1.01 g, 5.31 mmol) was added DCM (20 mL). The reaction flask was
vented and charged with thmg chloride (0.5 mL, 5.84 mmol). After the evolution of HCI

and SQ gas ceased, the reaction mixture was stirred for an addition 30 minutes. On
completion of the reaction, as indicated by TLC, the reaction mixture was conceirtrated
vacuq to yield thecorresponding chloride as a viscous yellow oil. To another flame dried
flask was added sodium hydride (254 mg, 10.6 mmol) and THF (20 ml) then cooled to 0
°C. A solutionof 540(1.71 g, 7.97 mmol) in THF (5 mL) was added dropwise over 15
minutes then gtred for an additional 15 minutes. The previously prepared chloride was
dissolved in THF (5 mL) and added to the reaction mixture over 30 minutes. The reaction
was stirred for 3 hours at room temperature. Upon completion, as indicated by TLC, the
reacton mixture was diluted with saturated agueous ammonium chloride and water. The
layers were separated and the aqueous layer was extracted with ethyl acetate (3x). The
combined organics were washed with water, brine, then dried over anhydrous sodium
sulfae and concentrateth vacuo The crude product was purified via column
chromatography to afford the title compound as a colorless oil (9&%%¥ 0.71 (20%
EtOAc/hexanes IR (neat): 2928, 2855, 1626, 1462, 1249, 1086, 1069, 1023, 830, 806,

777, 745 crt. 'H NMR (500 MHz, CDCY) U = J88.6115i), 1.8d (dJ=9.1, 1H),
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7.78 (d,J=8.2, 1H), 7.54 7.46 (m, 1H), 7.35 (ddd}=8.0, 6.8, 1.0, 1H), 7.28 (d=9.1,

1H), 5.11 (s, 2H), 4.63 (qd=6.5, 4.9, 1H), 4.28 (dI=1.6, 2H), 3.97 (s)=4.6, 3H), 148

(d, J=6.5, 3H), 0.92 (s)=2.9, 9H), 0.15 (dJ=6.4, 6H). 1°C NMR (125 MHz, CDC)) U =
155.8,133.9, 130.6, 129.2, 128.3, 127.0, 123.8, 123.6, 118.0, 113.3, 88.9, 79.7, 61.7, 59.2,
57.8, 56.8, 25.9, 25.6, 18.3}.4,-4.8. Massfor CzsHa,0sSi [M+Na]*; calcd:407.2018

found:407.2

(+)-560

5-((2-M ethoxynaphthalen1-yl)ymethoxy)pent3-yn-2-ol (560): To a flame dried flask

was adde®59(178 mg, 0.46 mmol) and THF (2.0 mL) then cooled to 0 °C. A solution of

1 M tetrabutylammonium fluoride (0.5 mL, 0.5 mmol) was added dropwise at 0 °C. The
reaction mixture was stirred at O °C for 4 hours. After completion, as indicated by TLC,
the reation mixture was diluted with saturated agueous ammonium chloride and water.
The layers were separated and the aqueous layer was extracted with ethyl acetate (3x). The
combined organics were washed with water, brine then dried over anhydrous sodium
sulfae and concentratedh vacuo The crude product was purified by column
chromatography with ® 10% EtOAc/hexaneso afford the title compound as a colorless

oil (66%). R=0.17 (20%EtOAc/hexanes IR (neat): 3382, 2978, 2933, 2840, 1625,

1595, 15121268, 1249, 1146, 1063, 1022, 995, 807, 746.citH NMR (500 MHz,
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CDClk) U = J88.211Hl), 7(8d (dJ=9.0, 1H), 7.80 (t}=7.2, 1H), 7.53 (ddd]=8.4,

6.8, 1.3, 1H), 7.37 (ddd}=8.0, 5.4, 1.0, 1H), 7.27 (d=9.0, 1H), 5.13 (s, 2H), 4.59 (qt,
J=6.6, 1.6, 1H), 4.27 (dl=1.6, 2H), 3.96 (s, 3H), 2.35 (s, 1H), 1.48 §d6.6, 3H). 1°C

NMR (125MHz,CDCY) & = 155.9, 133.9, 130.7, 129.
113.4, 88.3, 80.6, 62.0, 58.4, 57.6, 56.9, 24Mass for Ci7H160s [M+Na]*; calcd:

293.1154 found:293.1.

561

5-((2-M ethoxynaphthalen1-yl)ymethoxy)pent3-yn-2-one (561): To a flame dried flask

was adde&60(40.2 mg, 0.15 mmol) and DCM (1.0 mL). The reaction mixture was cooled

to 0 °C and DesBlartin Periodinane (75 mg, 0.17 mmol) was added. The reaction mixture
was slowly warmed to room temperature and monitored by TLC. After completion, as
indicated by TLC, the reaction mixture was diluted with a 2:1:1 mixture of saturated
sodium thiosulfatesaturated agqueous sodium bicarbonate and water. The layers were
separated and the aqueous layer was extracted with DCM (3x). The combined organics
were washed with water, brine, then dried over anhydrous sodium sulfate and concentrated
in vacuo The eude product was purified by column chromatography to afford the title
compound as a colorless oil (99%). + :R0.42 (5%EtOAc/hexanes IR (neat): 2936,

2841, 2206, 1675, 1268, 125122, 1075, 810, 749 cn 'H NMR (500 MHz, CDC}) U
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= 8.11 (dd,J=10.0, 9.5, 1H), 7.85 (8=9.0, 1H), 7.87 7.74 (m, 1H), 7.58 7.48 (m, 1H),
7.417 7.33 (m, 1H), 7.32 7.23 (m, 1H), 5.14 (dl=20.5, 2H), 4.36 (s, 2H), 3.97 (@2.7,
3H), 2.35 (s, 3H).*C NMR (125 MHz, CDG)) 4 = 184.1, 156,.0, 13
128.4, 127.2, 123.8, 123.5, 117.1, 113.1, 88%5, 62.4, 57.0, 56.7, 32.7Massfor

C17H1603 [M+Na]*; calcd:291.0997 found:291.1.

562

Tert-butyl((5-((2-methoxynaphthalen1-yl)methoxy)pent1-en-3-yn-2-

yl)oxy)dimethylsilane (562): To a flame dried flask was add&6@1(40.1 mg, 0.15 mmol)

and DCM (1.0 mL). The reaction mixture was cooled to 0 °C and diisopropylethylamine
(31 €L, 0.18 mmol) was added. With stirri:ri
dropwise at 0 °C. The reaction mixture was slowly warmed ¢onréemperature and
monitored by TLC. After completion, as indicated by TLC, the reaction mixture was
diluted with saturated aqueous sodium bicarbonate and water. The layers were separated
and the aqueous layer was extracted with ethyl acetate (3x)comtt#ned organics were
washed with water, brine, then dried over anhydrous sodium sulfate and concentrated
vacua The crude product was purified by column chromatography to afford the title
compound as a clear liggellow oil (99%). R = 0.87 (10% EO/hexanes). IR (neat):

2929, 2854, 1715, 1625, 1595, 1348, 1268, 1250, 1093, 810, 782, 74 #¢tMNMR (500
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MHz, CsDs) U = J88.6315), 1.6d (dJ=8.2, 1H), 7.57 (dJ=9.0, 1H), 7.40 (ddd,
J=8.4, 6.8, 1.3, 1H), 7.21 (ddds8.0, 6.8, 1.1, 1H).85 (d,J=9.0, 1H), 5.21 (s, 2H), 4.79

(d, J=11.1, 2H), 4.12 (s, 2H), 3.40 #3.2, 3H), 0.99 (s, 9H), 0.25 (33.2, 6H). 13C

NMR (125 MHz,CDC})) u = 155.9, 139.4, 133.9, 130.

117.9, 113.3, 103.2, 84.0, 83@1.9, 57.8, 56.8, 25.7, 18.3}.4 Massfor Cz3H3003Si

[M+H] *; calcd: 383.204Zpund:383.2

(£)-563

Tert-butyl(((3aE,5E)-12-methoxy-3,7-dihydro-1H-7,11b
ethenobenzo[3,4]cycloocta[l1;2]furan-5-yl)oxy)dimethylsilane (563): A solution of
562(17.3mg,45.2¢ mo | ) tertbutyldimethylsilaml (71€ L ,45mMmol) in CsDs (1.8
mL) was treated according tgereral procedure 5.1 The reaction mixture was
concentratedin vacuo and purified by column chromatography with 0 5%
EtOAc/hexanego afford the title compound as a colorless aB%). R = 0.81 (10%
EtOAc/hexanes IR (neat): 2954, 2924, 2853, 148213, 1168, 1071, 836, 777 ¢m'H
NMR (500 MHz, CDC#) U = JF7.90B1, XH) 78257.21 (m, 1H), 7.18 (tdl=7.4,
1.3, 1H), 7.12 (ddJ=7.4, 1.4, 1H), 5.74 (d=9.9, 1H), 5.45 (d)=2.0, 1H), 5.16 (dJ=7.0,

1H), 4.90 (d,J=9.8, 1H), 4.59 (dJ=9.8, 1H), 4.49 4.38 (m, 2H), 3.75 (dd}=9.9, 7.0,
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1H), 3.56 (s, 3H), 0.84 (§=2.9, 10H), 0.03 (sJ=18.4, 3H),-0.01 (s,J=9.8, 3H). 13C

NMR (125 MHz,CDC})) u = 155.2, 151.9, 145.6, 138.

1224, 117.3, 94.7, 74.6, 73.6, 55.3, 52.1, 35.9, 25.8, 18.4, Massfor Cz3H3003Si

[M+H] *; calcd:383.2042found: 383.2.

(o) HO HO
NaBH, -
CeCl;
o) _— 0O + [o)
= E MeOH = E = E
/N—\\o /Nﬁ\o /Nﬁ\o
(+)-553 (+)-564 (+)-565

To a solution 0645(29.2 mg, 0.133 mmol) in methanol (1.0 mL) was added cerium (l11)
chloride (49.5 mg, 0.201 mmol) at rt. In one small portion sodium borohydride (24.5 mg,
0.201 mmol)was added, a vigorous evolution of gas was observed. After 5 minutes the
reaction was complete, as indicated by TLC. The solvent was removed by concentration
in vacuoand the crude reaction mixture was diluted with methanol and concentrated
vacua The residue was dissolved in ethyl acetate and filtered through celite. Purification

by column chromatography gave the title compounds as indicated.
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HO

7

7

/ N
(+)-564

(o]

8-Hydroxy-10-methyl-1,6,7,8tetrahydro-3H-6,3a
(epiminomethano)cyclooctalc]furanll-one (%4): Colorless foam.Rs = 0.19 (00%
EtOAc). IR (neat): 360, 2924, 282, 1716, 16301402 1067, 1026, 933755, 699 cn™.
IH NMR (500 MHz, CDCY) & = J€8.9,11B), 6(1d (ddJ=8.9, 6.3, 1H), 5.46 5.36
(m, 1H), 4.64i 4.59 (m, 1H), 4.58 (dJ=8.9, 1H), 4.42 (dtJ=13.0, 2.0, 1H), 4.28 (dft,
J=13.0, 2.4, 1H), 4.06 (ddd=7.8, 6.3, 1.9, 1H), 3.92 (d=8.9, 1H), 3.12 (s, 3H), 2.56
2.47 (m, 1H), 2.13 (dddi=14.0, 9.6, 1.9, 1H), 1.79 =144, 1H). 3C NMR (15 MHz,
CDCl) U s141.8 135.8130.1, 123.1, 75.6, 72.0, 6Bal2, 54.9, 39.8, 33.1IMass

for C12H1sNO3z [M+H] *; calcd: 2221130,found:222.1

X
\\\0

5

7

/ N
(£)-565

(0]

8-Hydroxy-10-methyl-1,6,7,8tetrahydro-3H-6,3a
(epiminomethano)cycloocta[c]furanll-one ($%5): Colorless foam.Rs = 0.11 (100%
EtOAc). IR (neat)3411, 2923, 2852, 1640, 1402, 12407411073, 1047, 934, 755, 737

cml. BH NMR (500 MHz, CDCY) 0 = 6=9.G @.2, {H), 8.74 (d=9.0, 1H), 5.58
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(s, 1H), 4.84 (ddd]=7.5, 4.8, 2.3, 1H), 4.79 (d=8.6, 1H), 4.44 (dt)=12.6, 2.3, 1H), 4.29

i 4.21 (m, 1H), 3.98 (1J=6.2, 1H), 3.76 (dJ=8.6, 1H), 2.99 (s, 3H), 2.392.28 (M, 1H),

2.10 (ddJ=13.8,11.6, 1H).*CNMR (125MHz,CDG) G = 170. 7, 141.

126.4, 76.2, 72.167.2, 56.9, 54.5, 42.2, 33.7Mass for C12H1sNOs [M+H]*; calcd:

2221130, found222.1

HO AcO AcO
Ac20 <
Et;N, DMAP
—_— O + [o)
ﬁ E DCM lfl E lfl E
7 \‘o 7 \‘o 7 \‘o
(+)-564 + (+)-565 (+)-566 (+)-567

To a solution of diastereomes$4 and565 (540 mg, 2.46 mmol) in DCM (10 mL) was
added acetic anhydride (0.46 mL, 4.92 mmol) at rt. Triethylamine (0.51 mL, 3.69 mmol)
was added dropwise with a catalytic amount of DMAP. After 5 minutes the reaction was
complete, as indicated by TLC. The solvesis removed by concentrationvacuoand

the crude reaction mixture was diluted with methanol and conceniratexttuo The
residue was dissolved in ethyl acetate and filtered through celite. Purification by column

chromatography gave the title compas as indicated.
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AcO

7

7

% N
(+)-566

(o)

10-Methyl-11-ox0-1,6,7,8tetrahydro -3H-6,3a(epiminomethano)cycloocta[c]furan

8-yl acetate (%6): Colorless solid.Rf = 0.53 (100% EtOAc).mp = 881 91 °C. IR

(neat): 2931, 2887, 1730, 1646, 1366, 1235, 1070, 1022, 932, 736 %hMNMR (500

MHz, CDCk) U = J88.9,11B), 6(06 (ddJ=8.9, 6.5, 1H), 5.70 5.61 (m, 1H), 5.26

(d, J=1.8, 61H), 4.53 (d]=8.9, 64H), 4.41 (tt)=10.0, 5.1, 1H), 4.25 (di=13.1, 2.7, 63H),

4.05 (tt,J=12.4, 6.2, 1H), 3.93 (d=8.9, 1H), 3.18 (s, 199H), 2.52 (ddd&13.5, 8.5, 4.7,

1.0, 63H), 2.02 (s, 3H), 2.031.96 (m, 4H). 3C NMR (126 MHz, CDCJ) & = 169. 9.
168.77, 148.31, 135.52, 129.70, 119.00, 75.40, 71.890,/85169, 54.93, 35.45, 33.10,

21.29. Massfor C14H17NO4 [M+H]"; calcd: 264.1236, foun@64.1.

AcO

5

l

(£)-567

10-Methyl-11-ox0-1,6,7,8tetrahydro-3H-6,3a(epiminomethano)cycloocta[c]furan
8-yl acetate (%7): Colorless solid.Rf = 0.34 (100% EtOAr mp =961 98 °C. IR (neat):
2925, 2849, 1727, 1651, 1233, 1071, 1020, 728 ¢shNMR (500 MHz, CDCJ) a = 6.37

(dd, J=9.0, 6.3, 1H), 5.84 (ddg}=10.6, 5.3, 2.6, 1H), 5.80 (d=9.0, 1H), 5.40 (s, 1H),
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4.78 (d,J=8.6, 1H), 4.43 (dt}=12.8, 2.4, 1H), 4.26 (d8=12.8, 2.2,1H), 4.00 (t,J=6.2,
1H), 3.76 (dJ=8.7, 1H), 2.98 (s, 3H), 2.33 (dt=12.8, 5.9, 1H), 2.11 (dd=13.6, 11.7,
1H), 2.04 (s, 3H).*C NMR (125 MHz,CDCG) 4 = 170.5, 170.1, 14
122.1, 76.1, 72.0, 69.4, 56.5, 54.5, 38.5, 33.6, 2MAiss forCiaH17NO, [M+H]*; calcd:

264.1236, found: 264.1.

o

N
4 o)
(+)-568

J

10-M ethyl-6,7-dihydro -3H-6,3a(epiminomethano)cycloocta[c]furanr1,8,1ktrione

(568): On standingb53afforded the autoxidized title compound. The residue was purified

by column chromatgraphy with 0" 15% EtOAc/DCM affording the title compound as a
colorless solid (90%). /&= 0.45 (25% EtOAc/DCM).mp =169 C (decomp) IR (neat):

3026, 2956, 1754, 1683, 1661, 1455, 1206 1150, 1026, 765, 712 éhh NMR (500

MHz, CDCk) U = J&0.8 BH), 6.38,(dd]=9.0, 6.2, 1H), 6.12 (d=9.0, 1H), 5.34

(d, J=9.0, 1H), 4.24 (dJ=9.1, 1H), 4.16 (ddd)=6.2, 4.7, 3.1, 1H), 3.30 (dd516.5, 3.1,

1H), 3.19 (ddJ=16.5, 4.7, 1H), 3.10 (s, 3HY*C NMR (125 MHz, CDCJ)) U = 197 . 3
168.3, 168.1, 137.8, 134.41, 132.7, 130.4, 72.1, 55.6, 51.9, 3BxAct mass for

C12H11NO4 [M+Na]™; calcd: 256.0586, found: 256.0580.
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CHAPTER 6

EXPANSION OF INTRAMOLECU LAR [4 + 4] PHOTOCYCLOADDITIONS:
A DI-"-METHANE REARRANGEMENT

6.1. Introduction and Motivation

As discussed iChapter 5, photocycloadditions are extremely powerful methods
for the synthesis of complex systems. The Sieburth group developed a powerful
photocycloaddition methodology using the photoexcitation-pf2r i dones -and va
systems. These reactions with aromatit8-dienes, enynes and-siyl-enoll-ynes
(Chapter 5) have demonstrated a wealth of transformations that incorporate a high degree
of complexity with excellent stereocontrol in a few synthetic transformatidiosving an
initial [4 + 4] photocycloaddibn. In addition, the Sieburth group has also demorestrat
[2 + 2] photocycloadditions that gener&iighly complex unnatural scaffolds, again with
a high degree of selectivity.

The [4 + 4] photocycloaddition products reported by the Sieburth group exhibit
interesting synthetic handles that allow for rapid transformation in several synthetic steps
toward natural product sdafds?® Accessingdistinct molecular scaffolds, inaccessible
or prohibitively difficult through standard chemical transformations, is a defining feature
of photochemical transformations. In addition, many of these photochemical reactions are
rearrangemen@andtherefore ompletely atom economita, highly efficient

These [4 + 4] adducts contain many opportuniicedgurther functionalization. tl

has been shown that these cyclooctanoids lsantransformed through additional

266



photochemistry. The work towarfdrther developing the-pyridonesilyl-3-enol1-yne
photochemistry is discussed below. The synthesis of a highly sterically shielded and
functionally rich cyclooctanoid from simple@/ridonebis-silyl-3-enot1-ynes, through a
photochemicH4 + 4] cycloaddition andsubsequent unique photochemiadnmrangement

to form bullvalendike scaffolds is discussed herefcheme 6.1

A~

—(>\ o Si~g
X O,Sl S
| X _OTBS >
N0 N
| / 5
601 (+)-602

Scheme 6.1Synthesis of Bullvalenéke scaffolds.

6.2.Increased persistence of the 1,2&yclooctatriene
Previous work in the Sieburth lab by Khatri and Kulyk on [4 + 4]
photocycloadditions discussed @hapter 5 Section 5.5.3resulted in exclusive 153
hydrogen migration to afford an exgclic 1,3diene fromthe cyclic allene, as seen in
Scheme 5.9 This resultwas the catalyst for work discusseddhapter 5 exploring [4 +
4] photocycloadditions of -pyridones tethered to siid-enotl-ynes and subsequent
isomerizaton by mildly acidic silanols Sincgterically hindered allenese known to be
stable it was thought that adding additional bulky silicon groups would sufficigmdtect

the allene from isomerizatioh® A shielded and persistent allene could be modified to
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afford molecular scaffolds containing a high degree of complexity from siagbigal

molecules.

6.2.1. Pyridonei enyneand a [4+ 4-1]

In 2017 The Sieburth group reported that pyridones tethered to an enyne
containing two silicon functionalities would cleanly afford the [4 + 4] cycloaddition adduct
as the 1,2 syclooctatriene604 in a solution containing the triplet quenchingygen
Scheme 6.2 Oxygen would proceed to react with the allene and oxidize the center carbon.
Subsequent ring closure would afford the cyclopropanone (not shown). On heating, the
cyclopropanone would lose carbon monoxide to afforecygloheptenoné05, a process

referred to as the [4 +i41] reactior®

Scheme6.Xul yk and

6.2.2. Pyronei enyneand a low temperature Cope rearrangement

In 2015, Khatri and Sieburth reported a [4 + 4] photocycloadditionmfr@nes
and enynes. As with the previously reported-@ridone variant, on irradiation the
resulting [4 + 4] adduct was expected to rapidly isomerize to the correspondiagehe3

through an ionic 1:Biydrogen migration. Substitution on the pyrone, however, was found
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to drastically altetheoutcome. Irradiation of the @yrone enyn€06when R = H &orded
theexpected.,3-diene608as the exclusive product. Interestingly, with R = OMe, the 1,3
diene was not observed in appreciable quantitisggadthe cyclobutane specié®9was
observed as the major product. This unusual product is explaeGa@pe rearrangement
of allene intermediaté07, affording the cyclobutane species. On standin@@tC for

an extended period, this species was observed t&OBEX = OMe) apparently through

a reversible low temperature Cope rearrangement bable @llene whichhengives608

througha 1,3-hydrogen migration.

=<
o\
Jith cg °
= x
o /: . _( J\ (+)-608

g R = H, OMe a0 \\ % so'\

(£)-609

Scheme6.X hatri 6s p h o-pymredOéand ssldwrteynpecature Cope
rearrangement.

6.3.[4 + 4] Photocycloaddition of 2pyridones and bissilyl enolynes
The ability to transfom simplemolecules such asf@yridones tethered to various

systems, such as sHglenol1-ynes, has clear potential for efficient and green synthesis of
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complex natural produs®*° Product distribution affording drastically different skeletal
structures is highly dependent on te¢hered groupsScheme 6.2and Scheme 6.3 In
addition, further photochemical manipulation of the initial [4 + 4] photoadducts, could
serve to enhanceithmethodology as a highly atom economical argteen process for
complex structure synthesis. In this section, the synthesis of the photosubstrates and the

interestingresulting motoreactions will be discussed.

6.3.1. Synthesis of photosubstrate

Synthesis of the moreomplexphotosubstrate was straight forward and similar to
the previously discussed synthesesChapter 5. Starting from the hydroxymethyl
pyridone610 andethynyldiisopropylsilan&11, the silane was first converted to the silyl
bromide with n-bromosuccinamide. Coupling of the two species with triethylamine
afforded the known pyridone silyl alky®d 2in near quantitative yield. Deprotonation of
the alkyne moiety witm-butyl lithium and subsequent addition of acetaldehyde gave th
secondary alcoh@13in a good 85% yield. Oxidation of the alcohol to the yn@héwas
achieved using the De#4artin periodinane in an excellent 94% yield. Finally, conversion
into the silyl enolyne usintgrt-butyldimethyl trifluoromethanesulfonaséad triethylamine
gave photosubstra0l in 82% vyield. It should be noted that the tatep addition of
acetaldehyde followed by Ded#artin oxidation was found to be more efficient than a
single step coupling of the alkyne wititrmethoxyN-methyl acetmide developed by

Weinreld! due to difficulty in the separation d12and614
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Scheme 6.48ynthesis of photosubstra@®l

6.3.2. Photochemistry

Irradiation of the photosubstra®®1was conducte using the standard conditions
of irradiation at 300 nm with a Pyrdittered 450W mediurpressure mercury lamp
Schemeb.5. After 1 hour, the reaction was complete as determined by NMR spectroscopy.
Isomerization of the resulting allene intermediate proceeded smoothly in the presence of
the silanol acid. The desired 1,&¥%clooctatrienes15was isolated in an excellent @b
yield. Although this reaction proceeded smoothly and efficiently there was a small, almost
undetectable quantity of an unknownmpduct. As thermal [2 + 2] dimerization of the
allene is highly unlikely, the unknown {product was proposed to be phdiemical in

nature.
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(£)-615

Scheme 6.4 + 4] photocycloaddition affording 1,3@&yclooctatriené15.

These 1,3,&ycloctatrienes, such &5 and the 1,&ycloctadienon&53 exhibit
unique structures for further photochemical rearrangements. In the search for application
of these unique molecular scaffolds and an explanation of the unknown photochemical by
product found witl615, it was proposed that a-dimethane (DPM) ooxa-di-" -methane
(ODPM) rearrangement would afford another molecular scaffold, also inaccessible through
standard transformations. The photoproducts, containing trteehds necessary for the
di-"-methane rearrangement and with their rigid ring sys$tadithe potential to be highly
steree and regieselective. The history, synthetic challenges and derivatives of-the di
methane rearrangement are discussed below. In addition, the exploration of a unique

transformation of the [4 + 4] photoproduéts5and 553 are discussed herein.

6.3.3. Di-" -methane rearrangemensg
The di” -methane rearrangement was first reported by Zimmerman in 1967 wherein
irradiation of two vinyl moieties bound to an3sparbon center affoetl a vinyl

cyclopropaneScheme 6.62 Triplet-sensitized photoexcitation of then newly synthesized
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barrelene in acetone gave 'dimethane produds17, Scheme 6.6&>'® Not limited to
highly strained bicyclic systems, acyclic structures sudq3&dimethylpental,4-diene
1,1,5,5tetrayl)tetabenzene618 were also found to give the corresponding vinyl
cyclopropane 619 upon direct irradiation, showing a more general use of this
rearrangemenScheme 6.68* In addition to alkenes, vinyl moieties could be contained
within an aryl ring. Irradiation of 1,1;8iphenyl-3-methytbut-1-ene 620 gave 1,1,2
triphenyt3,3-dimethylcyclopropané2lexclusively, exhibiting regioselectivity within the
reaction, following a path energetically favored by the rearomatizing of the benzene ring,

Scheme 6.6¢>16

a)

Ay 2 D

616 617
b)
Ph
hv
ph—’  N—ph Ph |
Ph PH Ph” “Ph
618 619
c)
hy Ph
\ Ph 3 Ph
PH
620 621

Scheme 6.6/arious d-"-methane rearrangements of cyclic and acyclic systems.
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These reactions, at first glance, seem like complex transformatioums
mechanistically these reactions proceed in a straightforward manner. piiddictability
has made this transfoation ynthetically useful sincenany of these products cannot be
accessed by alternative routes. Heteroatom containing analogues of the reaction have also
been developed, such as the -oka-methané’ rearrangement and ada” -methane

rearrangemenit

6.3.3.1. Mechanism of the di" -methane rearrangement

The mechanism of the-dimethane rearrangement proceeds through several basic
steps. Excitation of substrates can occur throughitigget or triplet excited state, through
direct irradiation or use of a sensitiZét> Upon iradiation of barrelen&16, in the
presence of a sensitizer, two vinyl groups form a cyclopropyl biradical, intermédiate
Figure 6.1 Radical rearrangement cleaves the first formed cyclopropane moiety,
reforming a divinyl diradical intermediai& This divinyl intermediate cabe redrawn as
biradical C. Consummation of the final carb@arbon bond afford¢he di-"-methane

product617.
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Figure 6.1 Mechanism of the di-methane rearrangement.

Irradiation of acyclic and unsymmetrical ig#&enes can proceed through either the
singlet or triplet excited state. Excitation to the singlet state can lead to the triplet state
through #Ai nthgrsystlehe caxcistied state can
regiochemical outcome of the rearrangentérif In addition, substituents on the vinyl
moieties can have a significant influence on product distribution. For example, irradiation
of 3,3,5dimethyl1,1-diphenyt1,4-hexadien&22affordsthe cyclopropyl biradical shown
in Figure 6.2 Radical rearrangement then affords the second biradical. Patngaylts
in an energetically disfavored biradical whereas pathayroduces a biradical
intermediate stabilized by the neighboring aryl sing Tetramethyl substituted
cyclopropane623 is not observed whereas diphenyl substituted cycloprop2des

produced on irradiatiot?.
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Ph Ph
623 624
Not observed Observed

Figure 6.2Regioselectivity of the di-methane rearrangement.

Regioselectivity of the di-methane rearrangement can also be controlled by
electron donating and withdrawing groups. gbneral, it has been observed that electron
donors remain on the vinyl moiety after irradiation. The cyclopropyl biradical intermediate
will rearrange to favor electron withdrawing grospbstitution on the cyclopropane
product,Scheme 6.7° Irradiation of the cyano substituted d#ne625aselectively
affords the cyano substitutegiclopropané26. Conversely, if the 1;diene contains an
enol ether, such &25b, irradiation exclusively retains the enol ether, affordd®3.°
Predictable regi@ontrol through substitution enhances the synthetic utilitthefdi” -

methane rearrangement.
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Scheme 6.7Regioselectivity of the di-methane rearrangement, controlled by
substitution on the olefin.

6.3.3.2. Oxa-di-" -methanerearrangements
The first oxadi-" -methane rearrangement was first discovered by Tenney and Lutz
who reported t r-ansaufaied ketane to thercorce$pondingfeyclopropyl
ketone,Scheme 6.87 Irradiation of thetetrap h e n y | S U furssdturated ket b, o
628 usinga high pressure mercury arc lamp and Pyrex filtration gave the cyclopropyl

ketone629in 7% vyield through an oxdi-" -methane rearrangement.

Ph H Ph_ H
S Ph N
/h L’ Pth,ll Ph
o ph I
Ph Ph (0]
(+)-628 (4)-629

Scheme 6.80xadi-" -methane rearrangement to afford a cyclopropyl ketone.

T h e s ainsdturated ketones can undergo two main photochemical reactions, a
formal 1,3acyl migrationandtheoxdi-' -met hane r earrangement .

unsaturated ketones are decarbonylations, ketene formation, [2 + 2] cycloadditions and
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Norrish type | and type Il reactions, to name a few, depending on the substitutions present.
Such complexity in potential side reactions warranted additional scrutiny of tkdi-Oxa

methane rearrangement and nieshanism thereof.
N > <'\ > 1
\cr>|/\” g) ° g \/ 0
A B c

@% A

E

Figure 6.3Mechanism of the oxdi-" -methane rearrangement.

The oxadi-" -methane rearrangement formally consists of two elementary steps
after initial photoexcitation, a 1s@cyl migration and subsequeryclization as seen in
Figure 6.3 Phot oex ci -umsdturatech ketonke affortisethe first diradical
intermediateA. Divergence of the mechanistic pathway results in two unique products.
Restoration of the olefin frorA, through cleavage of tleyclopropane, affordess stable
biradicalD. Cyclization of the oxygen and methyl radicals would result in vinyl epoxide
E. Radical reformation of the ketone, which can be considered a forratyl, @igration,
affordsmore stabldiradicalB. Closue of this biradical intermediate affords cyclopropyl
ketoneC.?! The selectivity of oxali-"-methane reaangements is accounted for by this

mechanism as the ketone moiety is always restored.
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Both di"-methane and oxdi-" -methane rearrangements can result in drastically
different outcomes depending on how the starting material is photoexcited. Oren and
Fudchs demonstrated that direct irradiation of kester630 exclusively forms oxali-" -
methane rearranged produgBl, whereas irradiation in the presence of a sensitizer
exclusively forms the ring opened prod#82 Scheme 6.9 This drect irradiation
induced oxadi-" -methane rearrangement was unique as the acyl group was not directly
part of the ring containing the alkene moiety. Whwsalkene is contained within a 7 or
8-member ring the oxdi-" -methane rearrangement is suppresseliesultinglow yields

of the cyclopropane moiefy?*

(o]
hv
—
(0]

CO,Me
(+)-631
CO,Me o

(+)-630 hv

—

sens.

C02Me
632

Scheme 6.®Praduct divergence based on direct or sensitized irradiation.
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Spirocyclic compounds also can be sensitive to the method of photoexcitation for
the oxadi-"-methane rearrangement and vyield drastically different producish are
dependent on the irradiation wavelength or addit8e&heme 6.10 When an oxali-" -
methane rearrangement occurs a high degree of regioselectivity can result, depending on
the excited stat®. Direct irradiation 0633, yields a singlet excited state and affotbe
products 634 and 635 respectively, depending on the waveleng@@bheme 6.10a
Intersystem crossing into the triplet excited state affords a regioselectideoxaethane
reaction andé36. Sensitization 0633 directly into the triplet state yielddhe other
regioisomer637, Scheme 6.10a Adding substitution on the vinyl moiety such as an
electron withdrawing carboxylic este838 leads t0639 exclusively, regardless of the
photoexcitation method,Scheme 6.108%> Irradiation wavelength and substrate
substiution have drastic effects on product distribution in -dika-methane
rearrangements. This is consistent with the previously reported examples involving

electron donors and acceptors in the all carbgnmiethane rearrangemeBgheme 6.7°
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g COzMe dwed
sens.
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Scheme 6.1@) Product distribution and regioselective outcomes at different
wavelengths of irradiation. b) regioselective irradiation controlled by
Ssubsti t ut jursaturated ketone.e b, 2

Regioselective formation of the oxi& -methane product is controlledith
electron donating or withdrawing groups and the wavelength of irradiation. Although
product distribution can be highly predictable when evoking either solely-thendthane

or oxadi-" -methane rearrangement, when both pathways are present ttegaswary’®
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Substrates containing both a-ti4 e n e amsaturaded ketorze, when irradiated, result

in products thaare highly substratdependent afiscussed below.

6.3.3.3. Competition between the DPM and ODPM pathways
Substrates containing both a-ti4 e n e o-umsatdratéd ketone moiety have the
potential to undergo either a -dimethane rearrangement or ekia -methane
rearrangement artiese systems have been extensively studied. Luibrand and coworkers
reported that3,3-dimethylbicyclo[2.2.2]octdb, 7-dien2-one 640, when irradiated in

acetone, selectively affords-dimethane addu@41, Scheme 6.114’

a)

hv
» 0 I 7
keto-vinyl N/ acetone (o)

A
*=="  vinyl-vinyl
(+)-640 (+)-641
benzo-vinyl keto-vinyl
b) YV 4 y
| [ hv
[ =L —
acetone (o]
o
(+)-642 (+)-643

Scheme 6.1hR) A selective di -methane rearrangement, b) A selective-dixa-
methane rearrangement.

Givens and Oettle reported the acetspasitized irradiation of the

benzobicyclo[2.2.2]octadienon@42, Scheme 6.11B% On irradiation, the compound,
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exclusively afford643via an oxadi-" -methane rearrangement. The associated energies
required to break vinyl, aryl and carbdnybonds follow the same trend as the observed
reactivities of these di-methane and oxdi-" -methane rearrangements, as \Anylyl >
ketovinyl > benzaevinyl bridging. Competition betweedi-"-methaneand oxadi-" -
methaneaearrangementappear to beependent on the most stable biradical intermediate

and does not always follow the general order aBdve.

In 1983 Cerfontain and eworkers reported the competition between the-di
methane athway and oxdli-" -methane pathways within the same structé4d, Scheme
6.12%° The products wer645, from a di’ -methane rearrangemeanda retro oxadi-" -
methane rearrangeméht? affording646, showcasing that these cyclopropyl moieties can

thermally isomerize easily.

X
hv
B +
o sens.
(1)-644 (+)-646
34%
ODPM

Scheme 6.1Zompetition between the-dimethane and oxdi-" -methane.
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6.3.4. Results and Discussion

As previously stated, the photo induced [4 + 4] cycloadditidg0af affords 1,3,5
cyclooctatriené15in an excellent 95% yieldgcheme 6.5 The 1,3,5cyclooctatriend15
dominated the reaction mixture, but a small almost undetectable quantity (< 5%) of an
unknown product was also observed. Although not observedviopse2pyridoneenyne
photochemistry, 1,3;6 ycl ooct atri ene c esysterasifor eadh it he nec
methane rearrangement and -@kd -methane rearrangements.!’ Analysis of the

potential products, mechanisms agdthetic challenges are discussed herein.

6.3.4.1. Di-"-methane and oxadi-" -methane rearrangements.

Irradiation of photosubstrag&l5results in either a direct-drmethane or an oxa
di-"-methane rearrangement through the wiglyl or ketovinyl bridging. Andysis of
possible product outcomes of a’dmethane rearrangement are showisameme 6.13
On irradiation, the two 1;dienes, contained within the 153riene can be photoexcited
and form the two biradicals andB. In each case, cleavage of the first cyclopropyl moiety
affords a second biradical. Divergence occurs in cyclization pathwaysAfrtmrafford
Al or A2. Ring closure oAl would afford the highly electron rich cyclopropane maiety
647. This rearrangeant pathway would be disfavored based on literature precedent (see

Scheme 6.Y72° The biradical intermediat&2 closesto afford the cyclopropyl amid@48

Rearrangement of biradicBl can occuwia B1 or B2. Ring opening to givéhe
vinyl moiety inB1 hasthe diisopropyl silyl ether and the amide carbonyl directly bound to

the cyclopopane. Ring closure oB1 would afford 649 with the electron donor atfe
284



terminal cyclopropane is disfavored due to electronic effects. Finally, the last product from
a direct di’ -methane rearrangement would aff@%l0 via B2, Scheme 6.13 Although
vinyl-vinyl bridging is favored, in certain cases ketoyl bridging is preferred, affording

an oxadi-" -methane rearrangemeit.

TBSO < J\\ TBSO < J\\ TBSO < J\\
57N ny 5i i
o) B o) + [o)
N
/ 0 i /
(+)-615

'

,( >\ TBSO

\( \< TBSO
TBSO
TBSO Si J\ \(
> Si S|~
O ° 0 @;S/ML
N N~ 0 N
/ (o) | /

(+)-647 (+)-648 (+)-649 (J_r) -650

Scheme 6.1Potential products from a directdimethane rearrangement

Il n bi cycl i-wnsatusated carbonyls refadilyo afford ekia -methane

rearrangement&: 32 Photoexcitation of the carboriyl615would producehe cyclopropyl
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oxabiradical A, and consequentlg51, Scheme 6.14 Photoexcitation to biradicd®
affords the allylic radical, pot eihiconi al | vy
effect>® Rearrangement d affords the barrelenkike structure652, with an internal
cyclopropyl moiety highly shielded by the silyl substituents, enhancing stability of the

highly strained systen§cheme 6.14*

(+)-615

TBSO

(£)-651 (£)-652

Scheme 6.1#otential photoproducts from an eda” -methane rearrangement.

6.3.4.2. Rational of observed product ratios
Analysis of the crude reaction mixture from irradiatio®dbfound thregroducts
resulting from a di -methane rearrangemeshbminating the mixtureScheme 6.15 No
oxadi- -methane rearranged products were observed, consistenthe/pheference for
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vinyl-vinyl bridging when both 14 i e n e s -ursatulated garbonylre present?

The three products of the reaction mixture are discussed herein.

SEO — Si\o
. _
N~ O /'l "o
I OTBS
(+)-648 (+)-649

mso )\
S,
= 0

I o
(4)-647 (4)-653

Scheme 6.1%roduct distribution after irradiation 615

Irradiation of615gavea mixture of the shown products witd8 isolated in30%
yield after one hour of irradiatiorilhe structure o648was determined through extensive
NMR analysiswith important correlations highlighted in the supporting information.
Thermally, these compounds are extremely stable. Heating solutions of these products up

to 200 °C afforded no observable rearrangaser decomposition. Althoughermally
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stable,648 proved to be unstable photochemically, and was consumed on irradiation,
Scheme 6.15 After 17 hours, compoungb3 dominated the reaction mixture, isolated in
35% vyield PreliminaryNMR data indicates that compoufd9is also present in a ~1:1
ratiowith 653 work is ongoing to confirm th&ructure through NMR analysi$ this other

bullvalenelike moiety.

Formation of653 proved quite interesting. The presumed ghethane product
647is transient due to the highly electron rich cyclopropyl mowstych undergoes a low
temperature divinylcyclopropane rearrangement to afford the energetically favorable
bullvalenelike tricyclic system653 Hydrolysis of the enol using a 1:1 mixture of
trifluoroacetic acid and methanol afforded the bullvalbke structure, 654, in an
excellent 86% yieldScheme 6.16 This structure was unambiguously confirmed bra}

crystallographyFigure 6.4.

— o TFA o

—_—
N= MeOH, rt N-
/ /
o 86% o
(£)-653 (£)-654

Scheme 6.1@1ydrolysis of theert-butyldimethylsilyl ether.
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Figure 6.4 X-ray crystal structure @54

Irradiation of615 with wavelengths >30 nm using a mediurpressure mercury
lamp® could initiate anri ©~ * e xci t at i o ndi-t-methane pathwsay. Thih e 0 X :
excitation would afford biradicdd, Scheme 6.14a formal 1,2acyl shift and subsequent
cyclization to afford bullvalenéke, tricyclic system652 Thisproduct was not isolated.
An idealized bicyclic oxali-" -methane substrate is showrHigure 6.5showing reactive
and unreactive speci es. The | ack of el ect
positions, presumably deactivates the ODPM pathwfavoring di'-methane

rearrangement products exclusively.
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ODPM reactive 7/ lo) ODPM unreactive

Figure 6.5Substitution dependent oxi" -methane rearrangements.

6.3.4.3. A Photoexcited state rational of the observegroducts.

General principles of photochemistry were discusseflection 5.2and will be
discussed in further detail herein as relevant to the observedhdthane and oxdi-" -
methane rearrangements. In most examples-ndeéthane rearrangements proceed
through a triplet excited state. Singlet excited states are generally short lived (< 0.2 ns), as
was the case with-gyridones3® and are known to have multiple relaxation pathways such
as vibrational relaxatigrfluorescence, and intersystem crossing into the triplet state. A
mediumpressure mercury lamp provides a wealth of emissions bands, with strong bands

at 296nm, 302 nm, 312nm, and 366 ¥m.

The direct irradiation 0615 as discussed, wented two different mechanistic
pathways for the subsequent rearrangements. As thecy@doctatriene had a UV
absor ban gses29inm, irea phetoexcitation was possible through a presumed
T * transition t o t hfi#iratigniohtliellight, exatdtien tofethe Wi t
diene moiety was possible. Once photoexcited to the singlet state-thmedhane
rearrangement could occur directly or the system could undergo intersystem crossing to
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the triplet state. Intersystem crossiogthe triplet state is most likely necessary as such
rigid systems would likely not react as a singlefA persistent triplet excited state would
allow for the biradical intermediate to undergo a conformational relaxation, a feature
unique to all di' -methane rearrangements of bicyclic systems, andzeytd afford the
products649 and653 Irradiation of615was done in acetonitrile and acetone with little
difference in the resulting product rati®&;heme 6.15 Direct irradiation in acetonitrile
could result in photoexcitation into the singlet seatd subsequent inwrstem crossing to

the triplet. Inacetone the photosubstrate could undérigtet sensitized excitation.

The oxadi-" -methane pathway could only occur through the triplet excited state.
Irradiation of the carbonyl would promoteann * transi tion directly
Although possible, this is not as likely, asthe h* absor batyexdemelg gene
weak. In acetonitrile, direct irradiation of the substrate using a medium pressure mercury
lamp would provide the necessary wavelengths and energy to photoexcite the carbonyl
directly.  Although possible, no products resulting from an -dixamethane

rearrangement have been isolated.

Divergent product pathways in substréfib were a consequence of the-tljdne
present in the ring system. Irradiation in either acetone or acetonitrile had little effect on
product distribution. Increasinipe irradiation time afforded two major bullvaleliee
compound$49and653 Lacking the 1,3liene to access the excited state, it was thought
that photoexcitation of the corresponding enone leads to a more selectiveethane

rearrangement.
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6.3.5. A selective di’ -methane rearrangement

Successful transformation 615into bullvalonelike structure$49and653led to
the exploration of this transformation in related cyclooctanoid systems. In systems with
both 1,4d i e n e s-unsatuthtedcarbors/hs withb53 competition is possible between
reaction pat hways. -undatoratéddetorecas paatofithedigned f t he
through a singl ét *onir't*mi p¢edl d t'lanetkahe(t o a
rearrangement. On the other hapldotoexcitation of the amide carbonyli(h * ) di r ect |

to a triplet state could lead to an edia’ -methane rearrangement.

Photoexcitation ofn enonenormally produces an excitédpletstate (nr = * o r
i~ *3%40 |f E/Z alkene isomerization is possible, energy can be lost and decay into the
ground state can occur. Intersystem crossing into the excited triplet state can lead to
subsequent carberarbon bond forming radical intermediates. This process generally
cannot occur in acyclic systems or in flexible rings larger than cyclohexane dsi&rams
isomerizations that can waste enetyg/though highly rigid bicyclic systems can be an

exception.

(o]
hv
[o) —_—
N ACN, 35°C
4 o]
(£)-553

Scheme 6.1Di-"-methane rearrangements53
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Irradiation of enon&53at 2537 A (254 nmgould lead to singlet manifoldi-" -
methane or oxdi-"-methane rearrangemebuit this was not loserved Irradiation in
acetonitrile at >300 nm, however, was extremely effective, albeit slow, and after 20 hours
afforded a single product. SubsequeMR analysis would determine that a’dmethane
rearrangement occurred exclusively and affordedsitiigle bullvalondike structure655,
Scheme 6.17in an excellent 88% yield! Irradiation in acetone under the same conditions
afforded the same product, equally as selective and efficiavitty no significant
decomposition detectable by nucle@aagneticresonance spectroscop¥he structure of
655 was unambiguously confirmed through single crystabX crystallographyfigure

6.6.

Figure 6.6 X-ray structure 0655
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Photoexcitation of the enone moiety of the starting matésiaat >300 nm would
presumably form théiplet biradical intermediaté, Figure 6.7. This triplet excited state
is supported by a weakin®” * t r an s i t-isepectrummAs thé tacyclic\dystem
in 553 is extremely rigid, loss of energy througt¥/trans isomerization of the olefin is
impossible.Reformation of the carbonyl moiety and subsequent radical cyclization would
afford the 1,4biradical cyclopropaneB. Restoration of the vinyl moiety through
cyclopropane bond cleavage affofflsRedrawn a€ @onsummation of the final carben

carbon bond through radical coupling affords the observed pré86ct

Conformational relaxation

Figure 6.7 Proposed mechanism to afford dmethane addu@&55
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Interestingly, wher655is treated with potassium carbonate and methanol a bright
orange solution results. Unfortunately, subsequent NMR analysis revealed extensive
decomposition. Bullvalone, and derivatives thereof, are known to be reactive under basic

conditions and rapidlyearrange affording numerous isomé&rs.

~0  K,CO0,
—_— Decomposition

N MeOH
/o
(+)-655

Scheme 6.1&\ttempted ring opening @55

Other derivatives of enongb3 were also irradiated in an exploratory search to
determine the generality of this transformation in these oampystems. Epimeric
acetate$66and567, upon irradiation foB hours were completely consumed, significantly
faster than enon&53 One major product dominated each of the reaction mixtures.
Unfortunately, exposure to acidic media gave a complex mixture of products. Solvolysis
of the acetate after rearrangement would afford a cation, stabilized by the neighboring
cyclopropane, lading to a complex mixture of products. Work is ongoing to optimize

further di " -methane rearrangements with derivativeS5s
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AcO

hv
o] —_—

acetone, 35 °C

N
7 o]
(+)-566
AcQ: OAc
0 hV ~ /O
B —
N acetone, 35 °C N
/ o) / o)
(+)-567 (+)-657

Scheme 6.19nitial results of a di -methane on acaes566and567.

6.4. Conclusion

The ability of more sterically hindered sH$tenoll-ynes to efficiently afford
stereochemically rich cyclooctanoid molecular scaffolds by an intramolecular [4 + 4]
photocycloaddition with Pyridones was demonstrated. Acidic, sterically hindered
silands isomerize the intermediate allene to the-dighe. The resulting 1,3,5
cyclooctatriene is further transformed through photochemical manipulation. Irradiation of
the 1,3diene product yields a-diFmethane rearrangement affording two méyatvalene
like scaffolds containing a sterically hindered cyclopropane. One of the rearranged
products is derived exclusively from awdnyl cyclopropane rearrangement of the primary
di-" -methane product. Hydrolysis under acidic conditions affords a-ssilystitited
bullvalone moiety, unambiguously confirmed byra§ crystallography. The di-methane
adducts are thermally stable when heated up to 200 °C. Further photochemical

rearrangement of these compouds and650leadsto bullvalenelike 649and653
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Less sterically hindered substrates, also, on irradiation Yyield -mliethane
rearrangement products. Substrates containing an enone, or allylic acetates, readily afford
di-"-methane adducts. EnoB&3results in formation of bullvalonelike scaffold in nea

guantitative conversion.

It has been shown th&tom simple 2pyridones, through a sistep sequence
highly diastereoselective [4 + 4] photocycloadditadfordeda 1,3,5cyclooctatriene with
several synthetic handles. In one photochemical stepdromehiral starting material, a
several interestingcaffolds are accessiblmany inexcellent yields. Work is ongoing to
probe this unique example of @-"-methanerearrangement antb further access

synthetically interesting scaffolds.
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6.5. Experimental
A summary of general experimentation techniques, instrumentation, purification

procedures and reagent handling can be fouruhges841 85.

3-(((Ethynyldiisopropylsilyl)oxy)methyl) -1-methylpyridin -2(1H)-one (612)# Prepared
according to the literature procedure fré8i7 and diisopropylethynylsilane. Purification

by column chromatography with 50%tOAc/hexaneggave the title compound as a

colorless solid. R= 0.47 (70%EtOAc/hexanes H NMR (500 MHz, CDCY) 0 = 7.

(dd, J=6.7, 1.5, 1H), 7.17 (d}=6.0, 1H), 6.21 6.13 (m, 1H), 4.76 (s, 2H), 3.50 (s, 3H),

2.67 (5J=9.7, 1H), 1.19 0.95 (m, 14H).

(L s'\

(+)-613

3-((((3-Hydroxybut-1-yn-1-yl)diisopropylsilyl)oxy)methyl) -1-methylpyridin -2(1H)-

one (613): To a solution of pyridone silyyne612 (738 mg, 2.66 mmol) in THF (10 mL)
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at -78 °C was addea solution ofn-butyl lithium in hexanes (1.27 mL, 3.19 mmol)
dropwise over 30 minutes. The resulting dark red solution was stirred for 1 hé8r° &t

After 1 hour, a solution of acetaldehyde (0.31 mL, 5.32 mmol) in THF (5 mL) was added
dropwise overl5 minutes. The reaction mixture was stirred for 1 hou7&t°C and
monitored by TLC. After completion of the reaction, the mixture was warmed to room
temperature and diluted with saturated agueous ammonium chloride and ethyl acetate. The
layers wereseparated and the aqueous layer was extracted with ethyl acetate (3x). The
combined organics were washed with water and brine then dried over anhydrous sodium
sulfate then concentratesth vacuo The crude product was purified by column
chromatography with 50%tOAc/hexaneso afford the title compound as a colorless solid
(81%). R =0.51 (100% EtOAC).IR (neat): 3345, 2943, 2864, 2161, 1649, 1581, 1564,
1462, 1115, 1093, 937, 881, 765tmH NMR (500 MHz,CDCJ) 4 = 7J=68B2 (ddd
3.4, 1.5, 1H), 7.24 7.16 (m, 1H), 6.23 (t}=6.8, 1H), 4.80 (s, 2H), 4.554.46 (m, 1H),

355 (s, 3H), 2.47 (d]=5.2, 1H), 1.44 (d)=6.6, 3H), 1.14 0.99 (m, 14H).23C NMR (15

MHz, CDCk) 614, 15.8, 134.4, 132.2, 110.4, 105.9, 82.4, 61.5, 58.5, 37.4, 24.3,

17.2, 17.1, 1®. Massfor C17H27NOsSi [M+H] *; calcd:322.1838 found:322.2.
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3-(((Diisopropyl(3-oxobut-1-yn-1-yl)silyl)oxy)methyl)-1-methylpyridin -2(1H)-one

(614): A solutionof pyridonesilyl-yn-ol 613 (178 mg, 0.55 mmol) in DCM (2 mL) was
cooled to 0 °C in an ice bath. With stirring, D&4artin Periodinane (282 mg, 0.66 mmol)

was added in one portion as a solid. The reaction mixture was removed from the ice bath
and stirred at room temperature fd finutes. Once the reaction was complete, as
indicated by TLC, it was diluted with a 2:1:1 ratio of saturated sodium sulfite, saturated
sodium bicarbonate and water and stirred for 15 minutes. The layers were separated and
the aqueous layer was extratteith DCM (3x). The combined organics were washed
with brine and dried over anhydrous sodium sulfate then concentmategcuo
Purification by column chromatography withi070% EtOAc/hexanegyave the title
compound as a clear oil. t R 0.49 {0% EtOAc/hexanel IR (neat):2945, 2866, 1682,

1652, 1595, 1563, 1194, 1107, 1091, 881, 830, 764¢®81 H NMR (500 MHz, CDC4)

0 = (ddd,J@.8,3.4,1.6, 1H), 7.21 (ddd19.7, 10.3, 9.4, 1H), 6.20 (k12.8, 4.8,

1H), 4.79 (sJ=18.4, 2H), 3.54 (s)=8.5, 3H), 2.34 (s)=3.5, 3H), 1.15 1.05 (m, 14H).

13C NMR (125MHz, CDCk) 0 = 1 8§ 436.Q, 133.9, @31.6,305.8, 103.6, 91.6,
62.0, 37.3, 32.9, 17.2, 17.1, 12Massfor C17H2sNOsSi [M+H]"; calcd: 320.168Zpund:

320.1.
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601

3-(3,3-Diisopropyl-8,8,9,9tetramethyl-6-methylene 2,7-dioxa-3,8-disiladec4-yn-1-

yl)-1-methylpyridin -2(1H)-one (601): To a solution the ynon&14 (330 mg, 1.03 mmol)

in DCM (5 mL) at 0 °C was added triethylamine (0.29 mL, 2.06 mmol) dropwise. After 5

minutes tert-butyldimethylsilyl trifluoromethanesulfonate (0.36 mL, 1.55 mmol) was
added dropwise at 0 °C. The reaction was veaita room temperate over 4 hours and

monitored with TLC. After completion of the reaction it was diluted with saturated

agueous sodium bicarbonate. The layers were separated and the aqueous layer was

extracted with DCM (3x). The combined organics were washed with esadidorine then
dried over anhydrous sodium sulfate and concentratedcuo The residue was purified
by column chromatography withi040% EtOAc/hexaneso afford the title compound as
a clear lightyellow oil (67%). R = 0.26 (30%EtOAc/hexanes IR (neat): 2929, 2863,
2142, 1653, 1599, 1564, 1462, 1254, 1114, 1018, 824, 764 ¢hh NMR (500 MHz,
CDCk) U = 3=6.8 9.7, (H),d.19 (dd=6.3, 1.2, 1H), 6.20 (J=6.8, 1H), 4.79
(s,J=13.1, 2H), 4.74 (s]=10.9, 1H), 4.72 (s, 1H), 3.54 (s, BH.15i 0.98 (m, 14H), 0.91
(s,J=8.5, 9H), 0.18 (s)=3.0, 6H).13C NMR (125 MHz, CDG) U = 130.5 135.%
133.8, 132.2, 105.8, 104.7, 103.9, 87.0, 61.8, 37.3, 29.8, 25.6, 18.2, 17.3, 17:4.83.1,

Massfor C23H39NO3sSiz [M+H] *; calcd:4342547, found:434.2.
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(£)-615

(7E,9E)-8-((T ert-butyldimethylsilyl)oxy) -1,1-diisopropyl-10-methyl-1,6-dihydro -3H-
6,3a(epiminomethano)cycloocta[c][1,2pxasilo}11-one (615): A solutionof 601(10.5

mg,27.9emol)withterttb ut y |1 di met hyl si | ain @sDs (1(1Enb) was

—

treated according tgeneral procedure 51. The reaction mixture was concentraiad
vacuoand purified by column chromatography with 80% EtOAc/hexane$o afford the
titte compound as eolorless oil (790). Rs = 0.45 (30%EtOAc/hexanes IR (neat): 2928,
2862, 1648, 1612, 1462, 1165, 1031, 863, 838, 800, 778, 671 #nNMR (500 MHz,
CDCL) U = J61.811H), §.76 5.65 (m, 2H), 5.53 (d}=9.0, 1H), 5.05 (dJ=9.9,
1H), 4.09 (d,J=9.9, 1H), 3.89 (dd]=8.1, 6.3, 1H), 2.96 (s, 3H), 1.19.98 (m, ZH), 0.92
(s,J=9.7,9H), 0.13 (dJ=3.4, 6H). 3C NMR (125 MHz,CDC$) & = 169. 1,
134.5, 124.7, 118.7, 118.6, 74.7, 54.1, 54202329.8, 25.7, 18.1, 17.4, 17.3, 17.2, 17.1,

12.8, 12.6;4.4. Massfor Co3HzgNOsSix [M+H] *; calcd: 434.254,found: 434.2.
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Si hy _— N Si
[o] e + (o]
N ACN, 5°C N-
(£)-615 (£)-653 (+)-648

7-((Tert-butyldimethylsilyl)oxy) -5,5-diisopropyl-1-methyl-2a1,5,8a,8ktetrahydro -
3H-4-oxa-1-aza5-silacyclopentalilcyclopropalcdlazulen2(1H)-one 648): A solution

of 615 (101 mg, 0.23 mmol) wagrepared in anhydrous acetonitonitdld (1 mL) and
placed in aPyrex NMR sample tube then deoxygenated for 15 minutes by bubbling the
solution with a gentle stream of argon. After deoxygenation, the NMR tube was placed in
irradiation chamber and cooled with a water and ice bath. Irradiation of the starting
materialwas achieved with a 450W medium pressure mercury lamp for one hour. After
the reaction was complete, as indicated by NMR spectroscopy the solvent was reamoved
vacua The crude material was purified by column chromatography @ith 10%
EtOAc/hexanedo afford the title compound as a clear a#5%). R = 057 (30%
EtOAc/hexanes IR (neat): 2926, 2863, 1689, 1672, 1462, 1193, 1046, 782 NMR

(500 MHz, CDC¥) U = J$0.9,aH), 5.82(ddJ=4.2, 1.31H), 4.36 (d J=10.0,1H),

4.04 (d,J=10.0,1H), 2.87 (s3H), 2.87i 2.81 (m,1H), 1.85 (tJ=7.1,1H), 1.57 1.45 (m,

303



































































































































































































































































































































































































