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Abstract

Optimization and Development of Nickel-Catalyzed [32]-Reductive and Alkylative

Cycloadditions

Five-membered carbocycles are important structomatifs in natural products and
biologically active compounds. One way to constriiise rings is to combine a two-atom
component and a three-atom component together [B+2] cycloaddition. Many traditional
cycloaddition methodologies make use of polar retgevinyl carbenoids, or strained rings.
Unfortunately, these methodologies require spesidistrates that may be difficult to carry
through a synthesis or difficult to install in ddastage of a synthesis. It is therefore desirable
use simple, readily available-components for these purposes similar to more eatnnal
cycloaddition reactions such as Diels Alder proess®ther methodologies have been developed
that circumvent the problems of traditional metHodes and the complications of combining
simple m-components by changing the substrate oxidatiote st& rearranging the atomic
connectivity of the molecule. The Montgomery grcugs long worked on methodologies that

take advantages of changes in substrate oxidaad® s

This dissertation presents the development anon@attion of nickel-catalyzed [3+2]-
reductive cycloadditions for the synthesis of cpentenone products. This methodology utilizes
enoate and alkyne simptecomponents and combines them with a nickel catalgger mild
conditions. This methodology is also tolerant ofaaiety of functional groups and substitution

patterns. Reductive coupling products isolated femmme reactions lend support to our proposed

XXiii



mechanism. Interesting trends in product selegtifot reductive coupling vs. [3+2]-reductive

cycloadditions were also rationalized.

Sometimes further functionalization of carbocyclgroducts is necessary, but
functionalization requires further reaction andification steps. Multicomponent reactions offer
a solution to this difficulty by combining many mtants in a single pot to form a highly
functionalized product. The reactants are assemhledsequential cascade of simple reactions.
A major challenge of multicomponent couplings itmduct the reaction in such a way that all
reactants funnel down to a single product. Theeeraany examples of [3+2] cycloadditions
involving polar reagents, but these methods sufifem the same difficulties as the two-
component cycloadditions. Methods that make us&mplen-components for multicomponent
cycloadditions are rare. Catalytic intermoleculanltctomponent methodologies would be a

welcome advance for several two-component methguedo

This dissertation describes the optimization areletbpment of nickel-catalyzed
multicomponent [3+2]-alkylative cycloadditions fdhe synthesis of highly functionalized
cyclopentenones. This methodology is an extensibrthe enoate-alkyne [3+2]-reductive
cycloaddition methodology and adds an aldehydéhaghird component. While the yields are
lower for this chemistry, it is a welcome advanoe [3+2] cycloaddition methodology. The
mechanism of the reaction is presently uncleaterial redox products isolated from some
reactions suggest a mechanism similar to thate{3k2]-reductive cycloadditions. On the other
hand, experiments conducted in aprotic solventsthgy Ogoshi group are suggestive of a

mechanism involving a ketene intermediate.
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Chapter 1
[3+2] Cycloadditions: Methods for the Formation ofFive-Membered Rings
1.1 Introduction

Five-membered rings are an important structuraifnmo biologically active compounds
and considerable study has been devoted to théesistof five membered ring&. Common
methods used to make five-membered rings involvE®t+a] cycloaddition where a two-atom
component is combined with a three-atom compor@ifioim a five-membered ring. Many of
the oldest [3+2] cycloaddition methodologies us8-dipolar reagents for the synthesis of
heterocycles. Other methodologies have developadate exclusively focused on carbocycle
synthesis. Many of these carbocycle methodologee® lideveloped within the last thirty years.
This work focuses primarily on these carbocycle hudblogies and presents new two-

component and multicomponent methods for the sgighad carbocycles.
Scheme 1Biologically Active Molecules Containing Five-Memted Carbocycles
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1.2 Traditional Methods: Dipolar Cycloaddition FMO Theory

1,3-Dipoles can react with two-atom componentsiébdyfive-membered ring products.
The 1,3-dipole has a resonance structure with mdbpositive charge on one terminus and a
formal negative charge on the opposite terminusstMg3-dipoles have a heteroatom in the

center to stabilize the electron deficient terminfithe dipole (Scheme 3).

Scheme 2[3+2] Cycloaddition with a 1,3-Dipole
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1,3-dipoles can preferentially react with eithexatlon-rich or electron-poor dipolarophiles. This
reactivity is due to a move from HOMRLILUMO gipolarophiecontrolled (normal electron
demand) to LUM@poid HOMOgipolarophilecontrolled (inverse electron demand) reactionshas
dipolarophile goes from electron rich to electramop(Scheme 3). Reactions with substrates of
intermediate electronic character react slowlyether HOMO/LUMO sets of orbitals are close

together in energy.

Scheme 3HOMO and LUMO in 1,3-Dipolar Cycloaddition
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1.2.1 Traditional Methods: Dipolar Cycloadditions

Dipolar reagents are the most widely used reagar&t+2] cycloadditions, and most of
these result in the formation of heterocycles. ¥ fecent reviews have focused on their use in
intramoleculat and asymmetric reactioisA recent book focuses on the use of azomethine
ylides, nitrones, carbonyl ylides, azides, nitdlades, nitrile ylides, nitronates, diazoalkaned an

several other dipolar reagents for heterocycleratdral product synthesis (Schemé 4).

Scheme 4Common 1,3-Dipolar Reagents
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More specialized methods are necessary for ththesis of carbocyclic five-membered
rings. It would be advantageous to use simptmmponents such as alkenes, alkynes, dienes,
unsaturated carbonyls and others for a two-comgan@mtoaddition reaction because of the ease
of access and the ability to advance these presudsough a complex linear synthesis
compared with specialized or reactive reagentsotimiately, the direct formation of a five-
membered carbocycle from these simple precursortdduequire the formation of a biradical

species or result in the formation of a fused Hicygroduct (Scheme 5)



Scheme 5Use of simple precursors complicates formationasbocycles
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In order to get around this complexity, specializedgents that form 1,3-dipoles can be
used. Some of the earliest examples of this inwblveetallated iron and cobalt reagents that
undergo cycloadditions with-systems. For example, Baker and co-workers synthesized ally
iron reagentl to react with electron deficient olefid to form metallated cyclopentarie
(Scheme 63° Cyclopentane can be demetallated under oxidative carboxylationditions to
form highly substituted cyclopentane proddct his is one of many examples from an extensive

review in this area of chemistry by WelKer.

Scheme 6Early Dipolar Cycloadditions with Metallated Sulagés
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Another way to access these carbocyclic produgt$oiuse a trimethylenemethane

intermediate5, which is an all carbon 1,3-dipole (Schemé*")*? Accessing this species was



originally difficult and its reactivity was diffidt to control*** There was some success in

synthesizing an iron-tricarbonyl TMM complex, btivias unfortunately not very reactive"’

Scheme 7 Trimethylenemethane for the Synthesis of Carblesyc
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Due to the problems in developing the TMM syntBomuch of the initial excitement about its
synthetic potential disappeared. Many groups tuoethe use of synthetic TMM equivalents.
Some of the trouble with generating TMM equivalerdsthat the synthon has to have a
functional group that acts as anion equivalent anflinctional group that acts as a cation
equivalent. Groups that are mutually compatible may have the desired reactivity. This
problem was solved by using a palladium complexaasactivator which could ionize poor
leaving groups (Scheme B8).In this solution, the palladium coordinates to the
trimethylenemethane reagehtesulting in the ionization of the acetate grolipe acetate group
can then attack the silyl group resulting in theefing TMM intermediat@. This intermediate
can then react with an electron deficient olefintie generic example shown to form the
cyclopentene produ&'® Many different TMM scaffolds can be made whichadifens the range
of products availabld There have also been several revietvand a book chaptéron the use

of these TMM synthons.



Scheme 8Generation of the TMM reagent and Reaction witkcEbn Deficient Olefins
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1.2.2. Strained Rings

Strained rings have long been used to accesspamiy rings. Earlier examples make
use of methylene cyclopropane derivati9efReactions 09 with olefins have been catalyzed by
either nickel or palladiury’® The regioselectivity of the reaction depends aihéf metal inserts
into the distal or proximal end of the cyclopropaimg (Scheme 9). With palladium catalysts the

regioselectivity is distal only.

Scheme 9Distal vs. Proximal Addition Determines Regioséiety
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There is some disagreement about the mechanisimegpalladium catalyzed reaction.
Trost proposes that instead of oxidative additibthe metal to the distal end of the methylene

cyclopropane, that the palladium coordinates tt blo¢ methylene cyclopropane and the alkene



and then undergoes an oxidative cyclization to gerethe palladiumy®-intermediate10
(Scheme 10j.Reductive elimination of palladium from the interdiate then forms the product.
Alternatively, the metal undergoes oxidative aduhtito the cyclopropane ring forming a
metallacyclobutane intermediatd.’® The metallacycle then coordinates to the olefit imserts
into the olefin forming am® intermediatel0 which can then undergo reductive elimination to
form the product. The chemistry of this reagent hasn well explored and is the subject of

several reviewd?!®

Scheme 10Mechanistic Uncertainty about Oxidative AdditiStep
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Donor-acceptor (DA) cyclopropanes provide anothpopular way to make
cyclopentanoid and heterocycle products. The DAopropane acts as a 1,3-dipole equivalent
in these reactions and activation of the ring isessary to achieve the desired reactivity
(Scheme 113° The electron-donating and electron-withdrawingugo on the ring can serve to
make these polar processes more favorable. Afteration, these rings react with a polarized

two-component group to form the five-membered ring.



Scheme 11Donor Acceptor Cyclopropane Basics
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Donor-acceptor cyclopropanes have been commonty inseeterocycle synthesis. There
are many examples of reactions of DA cyclopropamith substrates such as aldehydes,
nitrones, isocyanates, imines as well as other lédotnd containing functionali. In a recent
example by Johnson and co-workers, they demondtrébat they could transfer the
stereochemistry of the cyclopropane rit@jto the tetrahydrofuran produtB without the use of
a chiral ligand (Scheme 12).This reaction was general with respect to bottmatia and

aliphatic aldehydes.

Scheme 12Donor-Acceptor Cyclopropane Transfer of Subst&tegeochemistry to Products
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Further investigation of this reaction with theewsf a deuterium labeled substrateled
Johnson and co-workers to conclude that the reacdarurred by an & process where the
aldehyde attacks the activated cyclopropane, imgerthe stereochemistry at the C2 carbon
(Scheme 13). A concerted mechanism was ruled ocause experiments with electron-poor
aldehydes were sluggish, and it would be expedtetl ¢lectron-poor aldehydes have lower
LUMO energies with better interaction with the dgpélOMO for faster reactions.
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Scheme 13Deuterium Studies Indicatg, & Pathway
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The Kerr group has developed a class of intranaddeaeactions of DA cyclopropanes
with nitrones formed in situ. They were able to Igpfheir chemistry to the synthesis of
allosecurinine from the Securinega alkaloid fan{Bcheme 1452% The cycloaddition was a
key step at the beginning of the synthesis andamsaglucted on multigram scale with excellent

yields.

Scheme 14Donor-Acceptor Cyclopropanes in Allosecurininen®aesis
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Donor-acceptor cyclopropanes have also been usddrin cyclopentenoid rings, but
these reactions are less common. In an early exartipp Kuwajima group demonstrated that
they were able to react cyclic and acyclic silybleethers with donor-acceptor cyclopropanes in
the presence of a catalytic amount of SnGlform monocyclic and bicyclic products (Scheme

15) .24



Scheme 15Donor-Acceptor Cyclopropanes in Carbocycle Sysithe
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In a separate experiment the DA cyclopropdbewvas shown to epimerize under the
reaction conditions as evidence for a zwitteriomiermediate. A scrambling experiment was
performed to determine if the silicon-oxygen boacdlieaved during the cycloaddition (Scheme
16). A mixture of TMS-protected cyclohexyl enol etli6 and TES protected enol ethef was

reacted with the DA cyclopropai® with no silyl scrambling in the producis.

Scheme 16Silyl Scrambling Experiment
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Other examples have appeared involving electrdicidet alkyne$® and alkenés, silyl

ynol?” and end® ethers, terminal alkynésand glycal-derivelf DA cyclopropanes.

Despite the usefulness of DA cyclopropane chemisthe Lewis acid activated
cyclization of simple cyclopropyl ketones is inefént. The Montgomery group has developed a
dimerization reaction of simple cyclopropyl ketonssch a2, using nickel catalysts to form

trisubstituted cyclopentane rings (Scheme®t7).

10



Scheme 17Dimerization of Cyclopropyl Ketones to Form Tiistituted Cyclopentane Rings
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The reaction proceeds by oxidative addition ofrilekel into the cyclopropyl group and
expansion to a six-membered metallacyi®gScheme 18). The metallacycle can then undergo
B-hydride elimination to form enone produi@. The enone then adds to another equivalent of
metallacyclel9 in solution to form21. Reductive elimination 021 then forms the produ@2.
After further development and careful syringe dromimization, Montgomery and co-workers

were able to expand the scope of this methodologydssed reactions.

Scheme 18Mechanism of Nickel-Catalyzed Cyclopropyl Ketddienerization
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The Ogoshi group also reported the same reactfityyclopropyl ketones with nickel
catalysts’? They reported the isolation and characterizatiba dimeric metallacyclé3 as well
as an enone dimer coordinated to the nickel cdtalygey were able to tre@&3 with carbon

monoxide (5 atm) to form a lactone prod@dt(Scheme 19).

11



Scheme 19Dimerization and Interception of Metallacycle €O
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1.2.3 Vinyl Carbenoids

Vinyl carbenoids have also been useful for the petidn of cyclopentenoid products.
The Davies group has been involved in the developnoé this chemistry with rhodium
catalysts’>** They found that they could combine a vinyldiazaatewith an electron rich olefin
in the presence of a chiral catalyst to form emandrically pure, highly-substituted
cyclopentenoid products (Scheme 20The products were further transformed with a \tgrae
other known reactions to demonstrate the synthdility of the products. The mechanistic
details of the reaction are unclear, but the aislpct stereochemistry is indicative of a concerted
attack on the front face of the carbenklby the vinyl ethe26 followed by elimination of the
metal. Alternatively, the reaction could be proagagdhrough a [4+2] mechanism followed by

reductive elimination.

Scheme 20Rhodium Vinyl Carbenoid Transformation of VinylHetrs
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There have also been earlier reports by the Dayiesp with vinyldiazoacetates, vinyl
ethers, and rhodium catalysts, but these reactiomthought to be mechanistically different than
the ones previously discussed (Scheme®*20n the basis of substitution and solvent effects,

these reactions are thought to proceed througépavgise ionic mechanism.

Scheme 21Rhodium-Catalyzed Vinyl Carbenoid Cycloaddition
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Barluenga and co-workers have demonstrated thamehm vinyl carbenoids can be
used to form cyclopentenone products from alkySehéme 225 The initial product formed is
methyl ether27 which upon exposure to acidic conditions forms tlgelopentenone product.
Ynol ethers as well as boron and tin-substitutdd/raeds were demonstrated to be suitable
reaction partners for the vinyl carbenoid reag®mbducts featuring a boron or tin functional

group could be carried through further synthetmsformations.
Scheme 22Formation of Cyclopentenones from Chromene Vi©gtbenoids
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Barluenga proposes that the reaction starts bysnhnatallation of the chromium
carbenoid with nickel (Scheme 23). Next, regiogétecinsertion of the vinyl-nickel carbenoid

28 into the alkyne forms a new nickel carben@i@ After formation of carbenoi@9, a [3,3]

13



electrocyclic ring closure can occur followed bguetive elimination to form the vinyl methoxy

ether27. Exposure to or acidic silica converts the eth&w the cyclopentenone.

Scheme 23Mechanism of Cyclopentenone Formation
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1.3 Simpler-Components

While several of the previous methods are very | wagveloped for forming
cyclopentanoid products, there are some challetmése use of such methods. Many of these
methods require the use of specialized reagentc#imabe difficult to install at a late stage in a
synthesis or may be difficult to carry through athgsis. Some of these methods also involve
prior reagent preparation or the use of highly poéal functional groups. It would be ideal to
use simple, readily available, and easily installesbmponents, but the use of these suffers from
the complications of trying to perform a simple logddition reaction to form a five-membered
ring. One way to circumvent these difficulties ¢ rearrange the atomic connectivity of the
three-atom component during the cycloaddition (8@h@4). There are methods which involve a

1,2-silicon or 1,2-hydride shift to accomplish this

Scheme 24Rearranging Atomic Connectivity
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1.3.1 1,2-Silyl Shifts

Much methodological development has surroundedl alilane, allenyl silane, and
propargyl silane reagent$® This methodological work has been accompanied gy t
development of [3+2] cycloadditions for the fornaatiof carbocycles. In 1981, the Danheiser
group developed a [3+2] cycloaddition with allesijtanes and cyclic and acyclic enones to form
cyclic and bicyclic products (Scheme 2%Reaction of the enone oxygen with Ti@enerates
an allylic carbocation which is attacked by themyll silane. The vinyl cation is stabilized by the
silicon group, and intramolecular attack of thisaa by the titanium enolatg0 closes the ring.
The reaction has since been expanded to reactithsaayl silanes to form similar carbocyclic
products’® This reaction has also been expanded to formdmtelic products from aldehydés,

N-acylium ions?! imines?? and ethyl glyoxylaté®
Scheme 25[3+2] Cycloaddition of Allenyl Silanes
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In 1992, the Danheiser group applied this reagtid propargyl silanes (Scheme 26§’
Cycloadditions with propargyl silanes with is thbtido proceed by the same mechanism as
allenyl silanes starting with reaction of the enavith TiCl,. Attack of the titanium enolatgl
on the stabilized vinyl cation closes the ringw#s necessary to use bulky silane groups in this
reaction to suppress desilylation which leads lenalk. They also demonstrated that propargyl
silanes can be reacted with an N-acyliminium salbstto form a heterocycle or with a tropylium

substrate to form a bicyclic carbocycle.
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Scheme 26[3+2] Reaction of Propargyl Silanes with Enones
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Danheiser and co-workers also disclosed the adfi allyl silanes with enones to form
cyclopentane products within the same report apthpargyl silane$’ The reaction is highly
diastereoselective, which arises from a preferdaceéhe synclinal transition sta®? (Scheme
27)%*8 The electron withdrawing group shows a preferefwrethe endo rather than exo
transition state, which minimizes charge separataod benefits from secondary orbital
interactions. The reaction has since been expatwdad asymmetric variant. Considerable study
has also been devoted to the use of allyl silamestife [3+2] cycloadditions of various

heterocycleg®®
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Scheme 27[3+2] Cycloadditions of Allyl Silanes and Diasteselectivity
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1.3.2. 1,2-Hydrogen Shifts

Similar to 1,2-silyl shifts, 1,2-hydrogen shiftave been used in phosphine-catalyzed
transformationd? In 1995, Lu and co-workers demonstrated that Rfadienoates or 2-
butynoates could be treated with a phosphine cstalythe presence of an electrophilic olefin to
form cyclopentene products (Scheme 28)t was proposed that the reaction started with
addition of the phosphine into the allene to forth 2xdipole33. This dipole then reacts with the
olefin to form a cyclic intermediatéd. A 1,2-hydrogen shift then enables the phosphatalygst
to be eliminated forming the product. Zhang andmookers later developed an asymmetric
version of this reaction with chiral phosphine tats>' Nitrogen heterocycles can also by
synthesized by the phosphine-catalyzed reacti@i@foates and iminé>2and alkynoates and

imines>*
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Scheme 28Phosphine-Catalyzed [3+2] Cycloaddition of Allates and Olefins
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Inspired by Lu’s work, the Krische group developsd intramolecular version of the

phosphine-catalyzed alkynoate and olefin cycloaatit(Scheme 29° They found that

increased temperatures were necessary becauséptiaraphile was more highly substituted

than those that Lu had used. The alkynones weme talerated in the reaction, and aryl,

cyclopropyl, and ester groups were tolerated ondipelarophile. The reaction is thought to

proceed in a stepwise fashion starting with additd the phosphine into the alkyno&s. A

proton transfer generates the 1,3-di@8evhich then undergoes an intramolecular cycloaoaliti

with the enone. A 1,2-hydrogen shift followed bymehation of the phosphine affords the

product.

Scheme 29Intramolecular Phosphine-Catalyzed [3+2] Cyclaotolal
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Krische was able to apply his group’s methodolaegythe synthesis of hirsutene, a
member of the triquinane family known for its bigical activity (Scheme 30f. They were able
to maintain the previously developed conditions tlee cyclization, which occurred in good
yield. A highlight of the synthesis is that the atation yields a single stereoisomer. Further

elaboration of the annulation product yielded hizge.

Scheme 30Phosphine-Catalyzed Annulation in the SynthekRisutene
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1.3.3. Reductive Cycloadditions

Other strategies for making five-membered ringsvily component processes involve a
change in substrate oxidation state during the oegldition. For example, in a reductive
cycloaddition, a net two-electron reduction occulat allows a stable five-membered
intermediate to be formed without any changes éndtiginal atomic connectivity of the starting

reagents (Scheme 31).

Scheme 31General Scheme for Reductive Cycloadditions
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1.3.3.1 Dianion Synthons

An early example of this reaction was demonstrdigdthe Molander group. They

demonstrated that 3-halo-2-[(trimethylsilyl)metiprhpene37 could be treated with a metal to
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create a dianionic synthd8 (Scheme 32)7 Synthon38 could then be reacted with a dione to
yield cyclopentenoid products. Zinc was origindityeed as a reducing agent with no success.
However, when SnFwas employed the reaction was successful, predynbeitause of the
greater Lewis acidity of Sn(IV), and the fluorideniincreased the nucleophilicity of the allyl

silane. The stereochemistry of the product is ¢lwalaontrolled.

Scheme 32Reductive Cycloadditions with Allyl Silanes
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The Yamamoto group has also demonstrated this srt reactivity with
carboranyltrimethyl silane89 and conjugated carbonyl compounds to form cycltgend

products (Scheme 33). The stereoselectivity was powever?

Scheme 33Dianionic Reaction of Carboranyl Silanes
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The reaction is thought to proceed by attack onctmboranyltrimethyl silan89 by TBAF to
generate a carboranyl anid0 (Scheme 34). This anion then reacts with the enanone in
solution to form an enolatl. Intramolecular deprotonation of the carboranyeimediate42
by the enolate and addition into the newly formadbonyl revealed the carbocyclic product.
Reactions stopped prematurely reveal the presehedlytic alcohols. Silane-protected allylic
carboranyl alcohols treated with TBAF also yieldbzyclic products.
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Scheme 34Mechanism of Carboranyl Annulation
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A much later example by Bergman and Toste demdestthat cobalt dinitrosyl complex

43 can be used for [3+2] annulations of unsaturateshes and ketimines in the presence of

Sc(OTf) and LHMDS (Scheme 35.Initially, reactions with enones were developet an X-

ray structure of the polycyclic tertiary alcohol svabtained. The reaction was also applied to

ketimines which yielded tertiary amines. Exposufethe intermediate cobalt compleid to

norbornadiene under microwave conditions yieldedydlic cyclopentenol products. The

reaction likely proceeds by deprotonation of éheitrosyl hydrogen o#3 which undergoes 1,4

addition with the carbonyl or iminyl compound. Acsed deprotonation of the-nitrosyl

hydrogen is responsible for closing the ring areldgd the polycyclic cobalt intermediaté.

Scheme 35[3+2] Cycloaddition of Cobalt Nitrosyl Complexes
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1.3.3.2. Other Metal-Mediated Reductive Cycloadditins

Other methods have made use of very simple, easdgssibler-components. In 1996,
Sato reported titanium-mediated [3+2]-reductivelegdditions of acetylenic enoates to yield
bicyclic ketones (Scheme 38).This reaction was originally uncovered while afpimg to
optimize the reaction for a related monocyclic spteduct. They found that when a limited
amount of acid (1.1 equiv) was used in the reactioa unexpected bicyclic ketone proddét
could be obtained in high yields. The authors psepothat after oxidative cyclization by the
titanium, the bicyclic metallacyclel6 could be protonated vyielding7. If this bicyclic
metallacycle was exposed to excess acid, then myohocproducts resulted (from vinyl
protonation of47). However, if the amount of acid is limited, tharsecond ring closure takes

place yielding the bicyclic ketone.
Scheme 36Titanium-Mediated [3+2]-Reductive Cycloaddition
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CO,Et O Tix
H  co,Et s
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A subsequent report published by Sato broadenedutbstrate scope of this reactfn.
This reaction was general with respect to tetheakgnyl and alkenyl enoates. Additional
experiments with deuterated alcohols elucidatedhéur clues about the mechanism of the
reaction. When metallacyck8 was treated with excess acid o) monocyclic productg49
and50 from with incorporation of the deuterium at tiee€arbon adjacent to the carbonyl and at
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the alkenyl position (Scheme 37). Howeverd&is treated with 1.1 equiv oPrOD and then
with excess acid, they found that only thearbon was deuterated in prod&dt This indicates
that the titanated-ester portion of the moleculmdse reactive than the alkenyl-titanium moiety.
The difference in reactivity of titanium-carbon lisnis responsible for the divergent product

selectivity in presence of excess or a limited amad acid.

Scheme 37Deuterium Experiment for Titanium-Mediated [342}cloaddition
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In recent studies, the Cheng group has publishedtarmolecular cobalt-catalyzed [3+2]
reductive cycloaddition with allenes and enoneshéBte 38f? This cobalt-catalyzed reaction
yields cyclopentenol products with exclusive reglestivity and good diastereoselectivity. This
reaction is tolerant of aliphatic and aromatic ra#ie and unsubstituted aliphatic enones. This

reaction also yields lactone products when estestguted allenes are employed.

Scheme 38Cobalt-Catalyzed [3+2] Cycloaddition of AllenasdaEnones

Ph Q Col,(dppe), Zn, Znl, H_ |.OH
+ Ph
ﬁ MeCN, H,0, 80 °C

88%
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Cheng proposes that the reaction begins by readucioCo(ll) to Co(l) by zinc dust
(Scheme 39). Next the Co(l) undergoes cyclometaHatvith the allene and enone to form a
mixture of O- and C-enolate metallacycles2& & 52b), which are proposed to be in
equilibrium. Protonation 062 and intramolecular insertion of the cobalt inte ttarbonyl yields
alkoxide 53. The alkoxide is then protonated yielding the obsé product. The use of,D
instead of HO in the reaction supports this mechanism as théedam atom is incorporated in

the 5-position of the cyclopentenol ring and thggen in the product is deuterated.

Scheme 39Mechanism of Cobalt-Catalyzed [3+2] Cycloaddison
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1.3.4. Montgomery Group [3+2]-Reductive Cycloadditbn History

The Montgomery group has had a long-standingesten [3+2] cycloaddition chemistry
and carbocycle synthesis. In 1996, Savchenko anatddmery were studying the reactivity of
alkynyl enones and demonstrated that intramoleadapling reactions that yielded carbocyclic
products were possible with a catalytic amount ickeél and an organozinc reducing agent
(Scheme 40). The cyclization reaction was eithe@oapanied by alkylation5@) or reduction
(55) depending on the structure of the organozinceetgnd if phosphine ligand was presént.

Later Montgomery and co-workers discovered that phesphine ligands, because of their
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electron-donating ability, promoted3-hydride elimination processes. Aftef-hydride
elimination, reductive elimination yields reductigeupling product5. This was only possible
with organozincs containing f-hydroger’*®® Similar to Sato’s chemistry, the reaction is
thought to proceed through a metallacycle interated6. Unlike, Sato’s titanium mediated

cyclizations, intermediatg6 is intercepted with a reducing agent which regatesrthe catalyst.

Scheme 40Nickel-Catalyzed Cyclizations

Red. 2
Elim. ; /R
R® L=THF R >
o Lt / =
Q Ni_ g2 R3ZnQ L,Ni
R! | R2 Ni(0) |R! / ZnR?%, =/ R2
A/ 2,
Z R p-H 0 H

Elim. 2
R s
56 L=PPh, 56
R=Et

They were probing the substrate scope of this imaatith bis-enone substrates and
obtained bicyclooctenol products when dibutylzireswsed (Scheme 4%)Unlike the reductive
cyclizations, the organozinc is not incorporatetd ithe product and the organozinc reagent must
be sp hybridized for the reaction to be productfi&* It is speculated that this reaction proceeds
through a metallacycle based pathway initiated Hey riickel catalyst, and this metallacycle is

intercepted by the organoziftt.
Scheme 41Nickel-Catalyzed [3+2] Cycloadditions with Bis-&mes

o o Q 0ZnBu
BULiZnCl, _
R T R nicop),
3 mol%
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This bis-enone cycloaddition methodology was laguanded to include oxazolidinone
moieties for the synthesis of the Crimmins key uigne intermediat®. The Crimmins
intermediate is a common synthetic intermediatéhan synthesis of the pentalenene family of
triquinane natural products. The cycloaddition preor was available in four steps frds.
Treatment of the dicarbonyl intermedia®® with a nickel catalyst yielded the Crimmins

intermediate (Scheme 42).

Scheme 42Synthesis of Crimmins Intermediate from DicarbdPsecursor

0 6 o
""" 4 steps w&o BuLi/ZnCl,
— Ni(COD),
0 CHs Ti(OiPr),
57 58 Crimmins

Intermediate

The Montgomery group also experimenteih alkynyl a,f-unsaturated carbonyl substrates
59 and discovered that these bicyclooctenol prodé€tswere also accessible, albeit with
stoichiometric amounts of nickel and TMEDA ligar8theme 435’ Treatment of alkynyl enone
substrates also yielded these reductive cycloaadiroducts, but upon workup with diluted

acid, rearranged tertiary alcohol products eme(get).

Scheme 43Nickel-Mediated [3+2] Cycloadditions

o HO, R1
; Nl(COD)2
R | = CH, tmeda
59a, R'=H 60a, R'=H, 72% 60b, R' = Ph, 52%

59b, R = Ph

The mechanism was proposed to proceed via an osedeyclization with the nickel to
yield a C- or O-nickel enolate. Protonation of gmolate followed by insertion of the metal into
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the carbonyl and protonation of the metal alkoxafeords the product (Scheme 44). This
proposed nickellacycle intermediatél was later isolated and characterized by X-ray
crystallography?® The substrate scope of the [3+2] cycloaddition egsanded in later papers to

include tricyclic products, but all attempts to reahis reaction catalytic were unsucces&tul.

Scheme 44Mechanisms of Nickel-Mediated [3+2] Cycloadditiand X-ray

\
; O\ N—
y o Ni(COD), i Ni—NZ MeOH Ph
| = tmeda / ~Ph - H

They key problem in enabling a catalytic reacticssvio have a suitable electrophile or
Bregnsted acid co-exist with a suitable reducingnage convert the Ni(ll) alkoxide to a Ni(0)
species and a cyclopentenol product. The probletim the stoichiometric reactions was that no
suitable reducing agent could be found that coatsfy these criteria (Scheme 45). There were
a couple of reports involving a organoborane rauyegent in a protic solvent that offered the

solution to this probler "

27



Scheme 45Strategy for Nickel-Catalyzed Reductive Cycloaidtis
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In order to explore potential catalytic reductiyeloadditions, a simple substr&2 was
synthesized and screened against several ligariflse organoborane reducing agent with a
THF/methanol co-solvent system enabled catalytducgve cycloadditions of substraG.
Furthermore, this transformation was possible vatimumber of monodentate and bidentate
ligands. The best yields were possible with DPEpBosthe substrate scope was expanded to
include aliphatic alkynes and oxygen linkers tdd/teeterocyclic product83 (Table 1). In short,
the organoborane and protic solvent system alloa@okss to products that had only been

previously accessible with stoichiometric amouritsiokel.

Table 1 Substrate Scope of Intramolecular Nickel-Catatlyj@*2]-Reductive Cycloadditions

o Ni(COD), (10 mol%) R} JOH ,
o JHV . DPEphos (10 m.ol%) ] R
| X/ THFE/;I\ﬁchm;?)U,I\go °C X

62 63

Entry R’ R2 X 63 Yield (%)
1 H Ph CH, 87
2 H Me CH, 78
3 H Ph o 44

This nickel-catalyzed [3+2]-reductive cycloadditioras next expanded to intermolecular

reactions (Scheme 46). DPEphos was not an effitigendd for intermolecular transformations,
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so after further ligand screening, it was found By was a much more effective ligand. The
procedure was re-optimized, and a broad range aif @ibstrate$4 and alkynes$5 could be
transformed into cyclopentenol produé8 with this catalyst systedf. These conditions were
even applicable to tethered substrates for thehsgig of triquinane ring systend3 (Scheme

46).

Scheme 46Nickel-Catalyzed Intermolecular [3+2]-Reductivgabadditions

o) RS Ni(COD), (10 mol %) OH
9y R, I PBus (20 mol %) R! RS
| BEt; (4.0 equiv) R2 66
R3"R2 R*  THF/MeOH (1:8), 50 °C R® R
64 65 60-85%
OH
Q R Ni(COD), (10 mol %) A__R
H I = PBuj (20 mol %)
BEt; (4.0 equiv) 67
THF/MeOH (1:8), 50 °C Y
R =Ph, 72%
R = Me, 67%

The mechanism of this reaction is thought to bmilar to that of the stoichiometric
nickel-mediated intramolecular [3+2] cycloadditidA® The mechanism is proposed to involve
oxidative cycloaddition to form comple&8 (Scheme 47). It is known that triethylborane
undergoes partial methanolysis to,E{OMe) which is depicted instead of BEh reactions
conducted in co-solvent systems with methdh@omplexation of the Lewis acidic borane to
enal 64 accelerates oxidative cyclization, and fast pratamm of the enolat&8 by methanol
affords a vinyl-nickel intermediat®9. Insertion of vinyl-nickel intermediat@9 into the tethered
aldehyde closes the cyclopentene ring affordingyatle intermediat&0. Release of the product
66 along with the nickel (Il) species followed by esgration the nickel catalyst with the borane

restarts the catalytic cycle with another substpaie
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Scheme 47Mechanism of Nickel-Catalyzed Enal-Alkyne ReduetCycloaddition
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R' 7 ~R*
RZ R®

69

It is unclear exactly how the organoborane intisragth enal64 or the metallacyclé8.
However, computational studies of similar metaltdeg in the presence of organozincs when no
phosphines or N-heterocyclic carbenes are presemgigest a complex interactidn’®
Organoboranes have also been the subject of recemputational studies involving oxidative
cyclizations’’ There are also several possibilities for theahistructure of the product alkoxide
70 as the initial product can be also envisionechasickel alkoxide. The borane is essential for

ring closure because acyclic products are formeehwhere is no reducing agéht.

In the context of some of our findings in laterapters, a report by our group that
immediately followed the catalytic [3+2] cycloaddit communication is particularly relevant.
The protic-cosolvent system and organoborane radu@agent also allowed access to
intermolecular, catalytic reductive couplings ofoeas and alkynes yieldingod-unsaturated
&% or

ketones as product8 These transformations had been limited to intr@amdhr reaction’

had required the formation of metallated couplirgtipers for intermolecular reactioffs®* so
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the development of this methodology was a welcodwaace. The proposed mechanism shared
several steps with the proposed mechanism of th&][8ycloadditions. Coordination of the
metal to the enone and alkyne was followed by dwidacyclization to yield the seven-
membered metallacyclél. Protonation of the metal enolate then gives acyatermediater2.
Unlike the proposed cycloaddition mechanism, inediate 72 is intercepted with the
organoborane reducing agent and transmetallatggvéoa dialkyl nickel (ll) intermediat@&3
which can underg@-hydride elimination to yield a nickel hydride spex74 (Scheme 48). The

nickel-hydride then reductively eliminates to fotiney,5-unsaturated carbonyl produt3.

Scheme 48Nickel-Catalyzed Reductive Coupling with Enoned &lkynes
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72

1.4 Metal-Mediated [3+2] Cycloaddition Cascade

Several of the metal-mediated [3+2] cycloaddititimst require protonation prior to the
final cyclization can also be intercepted with dectophile under aprotic conditions. These

transformations are uncommon and yield highly fiomalized cycloaddition products.
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Moreover, these transformations have syntheticitytisince multiple rings, bonds, and
stereocenters can be constructed in a single-poe ©f the main drawbacks to these
transformations is that they require stoichiomegimeounts of metal and are generally limited to

intramolecular examples.
1.4.1 Titanium-Mediated [3+2]-Alkylative Cycloadditions

Sato also reported interception of this@macycles with electrophiles such as aldehydes
and ketones along with [3+2]-reductive cycloaddis®f alkynyl enoates (Scheme 49§ This
was possible with both alkynyl enoates and alkemgates. In some examples Elcb elimination
of the hydroxyl group was observed. In the readtiovith aldehydes the reaction was not

diastereoselective at the hydroxyl position (63:37)

Scheme 49Metal-Mediate [3+2]-Alkylative Cycloaddition witlitanium

TMS

™S Ti(0-i-Pr)sCl
= (1.2 equiv) 0
. CO,Et -

E* = EtCHO, Et,CO
1.4.2 Iron-Mediated [3+2]-Alkylative Cycloadditions

In 2008, Urabe reported similar reactivity with nroand tethered bis-enoate
substrate&>® Deuterium-labelling indicated that the iron-cardmmds had similar reactivity to
the titanium carbon bonds and a similar mechanisas proposed to Sato’s mechanism for
titanium-mediated [3+2] cycloadditions. Like Satoigork, the reaction was limited to
stoichiometric amounts of iron. Urabe’s group destmated both protonation (not shown) and

alkylation (Table 2) of the proposed iron metallaey’6.
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Table 2 Iron- Mediated [3+2]-Alkylative Cycloaddition

FeCl 76 CO.R CO,R

ZCO,R etla, 102
d N _amBuMgll FeL, _RIRCO_ o

X-CO,R (n equiv) (1.3 equiv)
CO.R R 2OH
R

R n R? R2 Yield

Et 1.5 Me Me 55

Me 125 Et H 70

Et 1.5 Et
iPr 1.5 Et

46
62

1.4.3. Nickel-Mediated [3+2]-Alkylative Cycloadditons

Similar to the iron and titanium-mediated [3+2]ckyations, in 2003 the Montgomery
group also expanded their [3+2]-reductive cyclizasi to include alkylative exampl&€sOur
group’s substrate scope was more expansive angdietithe use of acyl halides, alkyl halides,
a,B-unsaturated carbonyl components, and aldehydég($z 50). Our group also demonstrated
that tricyclic products, including spirocycles, tbibe accessed. Unfortunately, like all other
metal-mediated examples, these transformationgdamatl be performed with catalytic amounts
of metal. The fundamental problem was creatingrasirenment in which the metal enolate can

be protonated, but the metal catalyst must alseebeced from the nickel (1) to the nickel (0)

species.
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Scheme 50Nickel-Mediated [3+2]-Alkylative Cycloadditions
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The cycloaddition chemistry previously discussaeblves at most two components that
are brought together in a single pot to form theedmembered ring. The alkylative
intramolecular cyclizations are two-component psses. However, if intermolecular variants of

these are developed, the reaction becomes a mujimoent coupling reaction (MCR).
1.5 Multicomponent Couplings

Multicomponent reactions are reactions in whiale¢hor more reactants come together to
form a single product. These reactants are assdmbl@ sequential cascade of simple reactions
which eventually funnels down to a single prodddte challenge is to conduct the reaction in
such a way that side products are minimized antd aaw bond formed is high yielding. There
are several common named multicomponent reactiBoieme 5157 Several of these have

many variants, such as the Ugi reaction.
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Scheme 50Common Named Multicomponent Reactions
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1.5.1 1,3-Dipolar Reagents

While there are several common named MCRs, muatipmment cycloaddition reactions
are less common. Most MCR [3+2] cycloadditions imred the use of dipolar reagents, which is

not surprising given their widespread use. Assaltemost MCR cycloadditions result in highly
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functionalized heterocycles. The use of MCR cyctbons for the synthesis of highly

functionalized carbocycles is not well developed.
1.5.1.1 Azide Alkyne Couplings

Multicomponent cascades involving azide-alkyne23e¢ycloadditions are some of the
most common dipolar multicomponent cycloadditionere have been a few recent examples
of these types of couplings. The Kurth group dertrated that they could couple propargyl-
amines, isatoic anhydride, and aromatic azidessimgle pot to form benzodiazepines (Scheme
52)88 The reaction proceeds by addition of the propamajiyne into the isatoic anhydride
followed by decarboxylation to form intermediat@ The aniline77 then condenses with the
activated keton&’8 to form imine intermediat&9. Molecular iodine promotes nucleophilic
attack of the amine ii9, but Kurth also suggests that it acts as an dotivar the ketong8. A
dipolar azide-alkyne [3+2] cycloaddition forms tieal two rings and yields the triazole product

80.
Scheme 52Multicomponent Azide-Alkyne Cycloadditions to RoiTriazolodiazepene Products
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The Zhu group has also demonstrated a three-compaogper-catalyzed azide-alkyne
coupling (CUAAC) to form bis-triazoleés. The reaction between the bis-azide and the differe
alkynes is chemoselective and chelation controllBgey found chelating azides possessed
unusually high reactivity in CuAAC reactions. Inetlpresence of both chelating and non-
chelating azides, alkynes selectively react with¢helating azide. Addition of sodium ascorbate
to the reaction after the first cyclization increaghe concentration of the Cu(l) catalyst and
enables triazole formation with non-chelating agidehis group first developed a one-pot, two-
step sequence where both alkynes were separatddnbyof addition, but they eventually
developed a one pot protocol that took advantagéiftdrences in alkyne reactivity. The first
CUuAAC [3+2] cycloaddition occurs between the alkyifegreater reactivity and the selectively
chelating azido group. Next sodium ascorbate idddnd the less reactive alkyne undergoes

another CUAAC reaction with the non-chelating azmgenerate the product (Table 3)

Table 3. CUAAC Reactions to Form Bistriazoles

4
R — N3 Rr2 1. Cu(OAc); (10 mol%) 1 N X N=N
- OGS
x N N 7 2. NaAsc (20 mol%) N=N N AN
Entry bistriazole Yield

N
ON~©\(\N N NN ow .
1 2 | / 70%
N:I\/l N~ N\/)\/ °
_N
2 02"‘@%’,“ D 98%
=N N~ N/
N
o O
N=N N~ N/
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1.5.1.2 Azomethine Ylides

MCR cycloadditions with azomethine ylides are at®mmon. Azomethine ylides are
often formed in situ by reaction with a carbonylietyp followed by reaction with a dipolarophile
to yield the coupling product. Recently the Gongl druo groups demonstrated catalytic-
asymmetric assembly of spiro[pyrrolidin-3,2’-oxindpscaffolds using isatin-based azomethine
ylides®® Several of the product compounds showed cytottyxici bioassays. The reaction is
proposed to proceed by phosphoric acid-catalyzedhathine ylide formation from the amine
and ketone followed by the [3+2] cycloaddition witie electron deficient olefin (Scheme 53).
The reaction was amenable to a number of diffeemtérs, olefins, and substitution on the

nitrogen atom of the isatigi.

Scheme 53MCR Enantioselective Azomethine Ylides for Spkmwlole Scaffolds
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R

In a similar example, Wen and Li synthesized spiragidine derivatives in good yield
from a five-component reaction that involves a [B€fcloaddition with an olefin83 and
azomethine ylide84 which were both generated in situ (Scheme®54his reaction was also
catalytic, but unlike Gong and Luo’s report was asymmetric. The olefiB3 is generated by a

catalytic Knovenagel condensation between an altke®§ and nitrile86. The azomethine ylide
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is generated from condensation of an aromatic aia®ir, with ninhydrin88 to form a ketone
89. Condensation of ketor&9 with the amine cataly€0 followed by thermal decarboxylation
generates the azomethine yli@d. This reaction was conducted with a variety afnaatic

aldehydes and either malonitrile or cyanic ester.

Scheme 54Five-Component Azomethine Ylide [3+2] Cycloadaiiti
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1.5.1.3 Nitrones

Multicomponent couplings using azomethine ylidesl azide/alkyne combinations are
the most common, but nitrones have also been usedulticomponent [3+2] cycloadditions.
The Wu and Ye groups have demonstrated these wmitiocnent [3+2] cycloaddition reactions
with nitrones to synthesize 1-aminoisoquinolife$hey reported that an alkynyl-benzaldoxime

91, could be combined with molecular bromine and rb@diimide under milder conditions and
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with milder reagents than had been previously use@ccess such structures. The authors
propose that the oxim@l, undergoes a 6-endo cyclization with the bromméotm a bicyclic
intermediate oxid®2 (Scheme 55). Intermedia8®? undergoes a [3+2] cycloaddition with the
diimide to yield cycloadduc®3, which rearranges to form ur@d. This urea is hydrolyzed to
form the final producB5. Aliphatic and aromatic substituents were toletad@ the oxime as

well as both cyclohexyl and isopropyl substituesrighe carbodiimide.

Scheme 55Multicomponent [3+2] Cyclizations of Nitrile-Oxes
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In another example, Coldham demonstrated that icgmnines could be accessed by
treating halo-alkyl aldehydes with amino acids stees, which after cyclization forms an
azomethine ylide6 in situ (Scheme 56% This azomethine ylide then reacts with an ole€in t
form a bicyclic product. These bicyclic producte ardinarily accessible using stannylated or
silylated amines, but this option provides a muchpter route. This methodology was also
extended to hydroxyl amine which forms nitrd®i&in situ. Nitrone97 reacts with the olefin in

the same way the azomethine ylide does and yieldsabe products.
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Scheme 56Multicomponent Cycloadditions with Nitrones antéfins

H QOQMB
CHO J\ MeO,C CO,Me N
H,N" > CO,H é\l \—/ L )rcosMe
PhMe, A ® j@ [3+2]

Cl

96 12:1
MeO,C  CO,Me H CO:Me
CHO  NH,0HeHCI é \—=/ ﬁf’/>
—_— © 11CO,Me
iPrNEty, PhMe No [3+2] Nog =2
cl A o7 16:1

Like the reductive [3+2] cycloadditions most ofetldipolar reagents used for this
transformation result in the formation of heterdegc Accessing carbocycles is much more
difficult, and multicomponent [3+2] cycloadditiorfer carbocycle synthesis are uncommon.

There have been a few reports involving carbenaiglgined rings, and 1,2-silyl shifts.
1.5.2. Carbenoids

Recently the Jin and Yamomoto groups reported #Hadpam-catalyzed [3+2]
cycloaddition involving a palladium carbenoid imtediate102%* The authors had noted that
propargyl compounds react with hard nucleophilestia presence of palladium to form
allenes™" They reasoned that they could intercept the ptedallenyl palladium intermediate
101 with a soft nucleophile to form a vinyl carbendl@®2 Carbenoid102 could then be
intercepted by a third component and cyclize tanfoa five membered ring. After some
experimentation, they found that treatment of prgpla trifluoroacetates98, ethylidene
malonitriles99, and allylstannan&00 with a palladium catalyst yielded cyclopentenedpiais.
The reaction was high yielding with both aliphatitd aromatic olefins and alkynes. The authors
propose that the propargyl compou®@8d reacts with palladium to form an allenyl palladium

intermediatel0l, which is attacked by the allyl stannab@0 (Scheme 57). A vinyl palladium
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carbenoid compoun#i02 is formed, which reacts with the malonitrile tarfor-allyl palladium
complex 103 This allyl palladium complex undergoes C-alkyatito give the cyclopentene

product104.

Scheme 57Palladium-Catalyzed Multicomponent [3+2] Cycloditah

99 104
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100
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xPd Pd o hd®
X
\ 100 , NeT T
R1 101 —Bu3SnX R1 R2 —
102
X = OCOCF, 103

Gold catalysts have also been employed in [3+2]oaglditions involving carbenoid
species. Zhang and co-workers have demonstratett¢hément of alkynyl ketones and electron
rich olefins with gold catalysts results in therf@tion of bicyclo[3.2.0]heptane05.°® One of
the initially proposed intermediates is a gold eadid specied06 which undergoes a dipolar
cycloaddition with the olefin to form a complex Wotic intermediatel07 (Scheme 58).
Intermediatel07 then goes through a series of rearrangement®lo gh unstable intermediate
108 This intermediate converts to produd®5 under acidic conditions. The crude reaction
mixture could also be treated with a nucleophildamvarious conditions to yield a variety of

three component coupling products.
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Scheme 58Gold-Catalyzed Multicomponent Cycloadditions
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1. 5. 3. Strained Rings

There have also been a few reports of strainedsrim multicomponent [3+2]
cycloadditions. Feldman reported radical-mediatgdoadditions of vinylcyclopropanes with
olefins?® These reactions yielded allyl-cyclopentane prasiuict an effort to exploit the chain-
nature of radical mediated cyclizations, they sgsibed cyclopropane substrai®9 and
subjected it to reaction conditions in the preseot®lefin 110. This reaction delivered the
cyclopentyl product in modest vyields, but withlétistereocontrol. The reaction is initiated by
AIBN which reacts with Pi§5, to create a thiophenyl-radical (Scheme 59). Thepttenyl
radical ring-opens the cyclopropyl rings in a chpmcess that affords an acyclic homoallylic
radical intermediatdd11 The homoallylic radical then reacts in a chakelfashion with the
olefin to form the carbinyl radical intermedidat&2 Radical elimination of the thiophenyl group

yields the product and regenerates the thiophemytal.
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Scheme 59Radical Mediated Multicomponent [3+2] Cycloadalits with Strained Rings
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Donor-acceptor cyclopropanes have also been usedulticomponent cycloadditions.
Cycloadditions with donor-acceptor cyclopropanesallg require stoichiometric amounts of
Lewis acid for a productive reaction. The Takasougr discovered that triflic imide (IXIH)
reacts with silanes to formsBINTf, in situ to catalyze [2+2] cycloadditions with $ilgnol
ethers’? They extended this methodology to [3+2] cycloaddi of silyl enol ethers with donor-
acceptor cyclopropanes and found that they couiah foyclopentane products in good yiéfd.
Cyclic enol ethers could be used to form bicyclioducts in good yield. When they tried to
expand the bicyclic method to a [4+2]/[3+2] cascadieere the cyclic enol ethetl3 is
constructed by a [4+2] cycloaddition, the reactgave a complex mixture of products. They
were able to access the desired tricyclic prodimctaodest yield when the DA cyclopropane is

added sequentially (Scheme 60).
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Scheme 60Multicomponent Cycloadditions with DA Cyclopropem

1
TF,NH 3

y o T e T
+ —_— =
MeO,C MeO,C
113 o COPh
Ph TE,NH TBDPSO
OTBDPS (2 rool%)
N —_—
MeOZC 3

R MeOZC
PMP PMP

1.5.4 1,2-Silicon Shifts

Allyl silanes have been successfully used in roaftiponent [3+2] cycloaddition
reactions for the construction of bicyclic ring ms. Knoélker previously demonstrated
transformations similar to Danheiser’s allylsilankefin cyclizations (Scheme 27) to form
cyclopentane product§? Specifically, they had demonstrated this transfdiom with
cyclopentenes which resulted in the formation afyblic products similar td14 Knoélker then
reasoned that similar products could be accesseaddrying two equivalents of allylsilane with
an alkyne substrate in a multicomponent [3+2] cgdttition (Scheme 61§° Experiments with
alkyne115and allylsilanel16 demonstrated that this hypothesis was correctlask products
were accessible in good yields. The reaction waswveoy efficient with the bulky phenyl

substituted allylsilane (SRr)Ph).
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Scheme 61Multicomponent Allylsilane Cycloadditions with ly¢nes
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Knolker later reported a multicomponent couplingthwallylsilanes and bis-enone

substratel 17.1%* Similar to his previous work, he intended to dialate the bis-enonkl7 and

form a spirocyclic product18this time. Treatment of bis-enofé&7 with the allylsilane instead

afforded a complex polycyclic produti9 (Scheme 62). The desired produci8 does form,

but coordination of the Lewis acid to the ketoneses a Wagner-Meerwein rearrangement to

form cationic intermediat&20. Freidel-Crafts alkylation of this carbocation agldnination of

water upon workup affords the observed product.

Scheme 62Multicomponent Reactions with Allylsilanes and&ilefins
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Allenylsilanes have been used in multicomponenpting reactions for the formation of
heterocyclic products. Recently, Panek demonstritadiminium ions formed in situ could be
treated with allenylsilanes to form pyrrole produdScheme 63f° Carbamates were the
optimum amine source and BBE} was the optimal Lewis acid for iminium ion fornati The
reaction was highly diastereoselective. The diastzlectivity is thought to arise from either an
antiperiplanar or synclinal transition state whigre axial chirality of the allene transfers to she
face of the iminium ion. Gauche interactions araimized in the antiperiplanar transition state,

but the synclinal transition state places the Rigraf the iminium furthest from the allene.

Scheme 63Multicomponent Allenylsilane [3+2] Cycloadditions
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1.6. Conclusion

There are many methods available to access fivebasd carbocycles and
heterocycles. Accessing cyclopentenoid productsase difficult than accessing heterocyclic
products, although many methodologies have beeelal@ed to address these difficulties. Many
of these methods use 1,3-dipolar reagents, vimjder®id species, or strained rings and have
enjoyed widespread use. Despite the success of theshodologies, some of the drawbacks

include the use of specialized reagents or comdititt may also be difficult to install some of
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these groups at a late stage in a synthesis oy ttathrough a synthesis. Other methods have
evolved to address these difficulties and thesénoust rearrange the skeleton of the reagent or
change the oxidation state of the substrate. Atikydavariants of metal-catalyzed reactions
unfortunately require stoichiometric amounts of ahetMulticomponent variants of these
methodologies offer ways to further functionalire tcarbocyclic products without additional
isolation and purification steps. While reportsatwing 1,3-dipolar reagents are more common,
they suffer from the drawbacks of the two-componeatipling processes. Unfortunately,
multicomponent variants of methodologies that talleantage of rearrangements or changes in

oxidation state are much less common and thisvaoedd benefit from additional research.
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Chapter 2
Nickel-Catalyzed [3+2]-Reductive Cycloadditions oEnoates and Alkynes
2.1. Introduction

The [3+2] cycloaddition is a common way to constrdoze-membered rings.
Methodologies for accessing carbocycles make uskpolar reagents, vinyl carbenoid species,
or strained rings. These methods suffer from drakéauch as the need for specialized reagents
or conditions. These specialized groups may nads#ly installed at a late stage in a synthesis
or carried through a synthesis. Methods that us@lsi, readily availabla-components that can
be easily installed or easily carried through atlsgsis offer a way to circumvent these
difficulties. Combining thesen-components to form a five-membered ring requires
rearrangement of the skeleton of the reagent diaage in substrate oxidation state. The work of
the Montgomery group over the last decade falls ihe latter category. Our group has made use
of enone or enals and coupled them with alkyne®nm cyclopentenol products. Initially, this
chemistry was limited to intramolecular, stoichidnwe reactions, but methodologies were
eventually developed that enabled both nickel-ga& intra- and intermolecular couplings of
enals and alkynes to form cyclopentenol productsis Thapter details the development of
nickel-catalyzed enoate and alkyne couplings tanfathe corresponding cyclopentenone
products. This methodology is complementary toahal-alkyne couplings and enjoys the use of
more stable enoate starting materials than thesenakd in the enal-alkyne coupling

methodology.
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2.2 Leaving Group Screen

After the nickel-catalyzed enal-alkyne reductiyeloadditions had been developed, we
sought to access the corresponding cyclopentendihese cyclopentenones could be accessed
by performing a nickel-catalyzed enal-alkyne retgctcycloaddition and then oxidizing the
product; this requires multiple steps includingifyimg unstable enal starting materials. After
some study of the proposed catalytic cycle, wezedlthat we could change the X group on the
a,B-unsaturated carbonyl starting matedall, to a leaving group, which would allow access to
the desired cyclopentenone products (Scheme 64).pftposed pathway would be much the
same as the proposed pathway for the nickel-cadlyanal-alkyne reductive cycloaddition.
Coordination of nickel td21 and the alkyne followed by oxidative cyclizatiowes the seven-
membered metallacycl&22 The metallacycle is next protonated by methaoafjive acyclic
vinyl-nickel intermediatel23. Insertion of the vinyl-nickel moiety into the banyl closes the
ring to give intermediatd24. Next, instead of transmetallation to yield th@darct, a labile
leaving group can be eliminated from either theatfetied ro borylated intermediai24 to give

the cyclopentenone product.

Scheme 64Leaving Groups Allow Access to CyclopentenonedBobs
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We began by screening several leaving groups Hgr ttansformation and found that
while methyl enoates were unreactive (entry 1),zokdinones, phenyl enoates, and N-
acylpyrroles all yielded the desired cyclopenten¢hable 4). The oxazolidinone and phenyl
enoate were efficient for conversion to the despeaduct, but phenyl enoates gave the best
overall yield (entry 2). The N-acylpyrroles wereryeefficient at yielding acyclic reductive
coupling products,126, and afforded the cyclopentenont25 as a minor side product.

Oxazolidinones also gave acyclic reductive couppraducts in low yields.

Table 4. Enoate Derivative Leaving Group Screen for Regadycloadditions

0 Ph Ni(COD), (10 mol%) ] Q
PBu3 (20 mol%
fj\x ’ |“ BEtB((E’O 'o)) ﬁ/Ph o XJj\‘/\
3 (5.0 equiv; =
Me Me  THF/MeOH (50:1) Me Me e Ph
25 126

Me
1

Entry X Product, Yield
1 OMe
2 OPh 125 (75%)
b
0,
3 %-N o 125(64%)
\/
4 ‘;\N \7 125(5%) + 126d (90%)

2.2.1 Oxazolidinone Notes: A Brief Aside

We conducted a brief, but noteworthy study on okdimone substrates and believe this
chemistry has potential for further development. Wlikcovered that the yield of the reductive
coupling product and the reductive cycloadditioadarct varies from substrate to substrate, with
the reductive coupling product forming in 10% vyiald less and the reductive cycloaddition

product forming in less than a 50% yield (Table®)e yield of the reductive coupling product

51



increased when a substrate with a large benzyltitudast on the oxazolidinone ring was used
(Entry 4). Mechanistically, the reductive couplipgoduct is thought to emerge when ring
closure does not occur from intermedial®3 and instead the acyclic intermediate
transmetallates with reducing agent thghydride and reductively eliminates to afford the
acyclic reductive coupling product. This is similay the reductive coupling methodology

developed by our group in 2007 (See Scheme 48,t€ha)®
Table 5. Reductive Coupling and [3+2]-Reductive Cycloaidais with Oxazolidinones

Ni(COD),, 10 mol%

(6]
1
O/1<N o R* PBus, 20 mol% ())K 9 R
L * / BEts, 3 equiv o N)k)\%l?4 + R
F 74 \J R3 R!
R /RZ

R? 3 THF/MeOH (50:1) .
R 50 °C R
Reductive [3+2]
Coupling Cycloaddition
Substituent Product Yield
Enty R'" R?2 R® R* R.C. [3+2]
1 H H Me Ph 10% 27%
2 Me H Me Ph 5% 51%
3 Me H Et Et 11% 35%
4 Me Bn Me Ph 38% 16%

Oxazolidinones are perhaps best known for theirassehiral auxiliaries in Evans aldol
methodology *°'" Because these imide derivatives gave reductivelimuproducts, albeit in
low yield, we sought to use chiral auxiliaries fdiastereoselective reactions. Like Evans
chemistry, we could potentially separate both pobdiiastereomers after a diastereoselective
reaction and cleave the auxiliaries to yield emmmire products. Our examination of this area
was brief and we only studied a single oxazolidenaierivative. This is a plausible avenue for
future research as few publications have emerge@rmamtioselective reductive coupling of
enones and alkyné® ™ |n general, we found it difficult to optimize far diastereoselective

reaction while also maintaining selectivity for treductive coupling product (Table 6). Many

52



reactions were not diastereoselective, low yieldiog were not selective for the reductive

coupling product.

Table 6. Optimizing for Diastereoselective Reactions witkazolidinones

o]
oA o Ph  Ni(COD), (10 mol%) 0 Me
LN .y L (20 mol% )kN Me
= / BEts, 3 - 4 equiv O\J |
Bn Me THF/MeOH (7:1), 50°C  Me Ph
127 Me [3+2] R.C.
Entry L (X) [3+2] R.C. dr
1 PMes 0.8 1 0.1 ND
, 127 : [3+2] : R.C.
2 PBu3 15 1 17 >01 < o 6% - 380
3 PPh; 2.7 1 18 1:2
MeO
4 P OMe 47 1 1 ND
MeO 3
5 PCys 0.3 1 13 211
6 DPEphos 0.3 1 8.3 1.4:1
7 dppf 32 1 5 1:1.2

Products are given in GC Ratios

2.2.2 Electrophilicity of Phenoxy Group

Based upon our early understanding of the reactienhanism and our experience with

the oxazolidinone chemistry, we sought to conth@ teductive cycloaddition vs. reductive

coupling product selectivity or make the reactioarenefficient by altering the electronics of

intermediatel28 If the phenoxy group were more electron defigi¢hén it should make the

carbonyl more electron deficient making the insertinto intermediatel28 more facile and

resulting in higher yields of the product (Scherbg &lternatively, if the ring becomes electron-

rich, then insertion into the carbonyl may beconséagtored resulting in selectivity for reductive

coupling products.
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Scheme 65Does Electrophilicity of the Phenoxy Group Coh®ooduct Selectivity?
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[3+2]-Reductive Cycloaddition Reductive Coupling

We tested a few different electron-deficient arectbn-rich phenoxy groups. However,
no trends were evident (Table 7). In general, sdvef the electron-deficient groups were
reactive under the reaction conditions; the nitreug was reduced to the amine and the ketone
substituent reacted to form several side produetsry 2 & 3). Less reactive groups such as the
CFs group or the methoxy group did not give substamifference in yield in most cases. The
reductive coupling product was not observed in @imhese cases either. It could be that the size
or type of X group on the,f-unsaturated carbonyl component plays a largerinolee product

selectivity than the electronics of the ring.
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Table 7. Effects of Phenoxy Electronics on [3+2]-ReduciBcloaddition

(¢} 1 Q
X R Ni(COD), 10 mol%
0 | . | | L, 20 mol% R?
BEts, 5 equiv, 50 °C e
Me R2 THF/MeOH (50:1) R?
Entry L X = R? Yield
1 PBu; CF3 Ph Me 29%°
2 PBU3 N02 Ph Me <5%°2
3 PBus COCH3 Ph Me 52%2
4 PBug H Ph Me 74%
5 PBus OMe Ph Me 72%°2
6 PCys; CF3 n-Hex n-Hex 71%
7 PCy; H n-Hex n-Hex 81%
8 IMES? CF3 n-Hex n-Hex ~78%
9 IMES? H n-Hex n-Hex 86%

a) NMR Yield; b) 10 mol%, 10 mol% ¢-BuOK

2.3 Substituents on the Enoate and Alkyne

After we realized that phenoxy group electroniosndt have a significant impact on the
reaction, we further explored the substrate scople re@spect to the substitution pattern on the
enoate (Scheme 66). We found tfahethyl and unsubstituted enoates gave highergistule
reactions with th@-phenyl andr-methyl substituted enoates were inefficient. Bseaactions
were inefficient with thei-methyl and3-phenyl substituted enoates, we decided to mowesfiat

and begin optimizing the better yielding substritss.

55



Scheme 66Enoate Substitution Screen

0 Ph Ni(COD), (10 mol%) o
R! PBus (20 mol% 1
oph+ || a A . R Ph
| BEt; (5.0 equiv)
R2 Me THF/MeOH (50:1) RZ  Me
o] o}
Me
Ph Ph
Me
Me Me
74% 20%
o] o]
i%ph ﬁ%ph
Ph
Me Me
56% 5%

Optimization was initiated by examining the alkyséstrate scope (Table 8). Reactions
of the 3-methyl substituted enoate were low yielding witty @ther alkyne than phenyl-propyne
(entry 1). However, reaction of the unsubstitutedate with terminal alkynes (entry 4) was
similar to reactions with phenyl-propyne (entry &phd good reactivity was seen with diphenyl
acetylene (entry 8). The reaction yield of unsubstd enoate and aliphatic alkynes (entry 6)
was lower. We decided to move forward with the mptation of thef-methyl enoate with the
aliphatic alkyne because of the intermediate natfitbe yield. We also decided to optimize the
reaction of the terminal alkyne with the unsubs$titl enoate because this presented an
opportunity to optimize a higher yielding exampledagave additional opportunity to study

regioselectivity.
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Table 8 Initial Alkyne Substrate Scope for Reductive @gadditions

o) R®  Ni(COD),10 mol% o
@\ PBus, 20 mol% ,
Ty - Il BEts, 5 equiv R
R’ 2 R’

R THF/MeOH, 50 °C R2

Entry R! R? R3 Yield

1 Me Me Ph 74%*

2 H Me Ph 56%

3 Me H n-oct 15%

4 H n-oct H 59%*

5 Me n-hex n-hex ~39%

6 H n-hex n-hex ~39%

7 Me Ph Ph 10%

8 H Ph Ph 66%

*NMR Yield

2.4 Ligand Optimization

Ligands were screened to optimize reaction efficyefor substrate pairs from Table 9
(entries 4 & 5). In general, bulky and basic ligandorked best for the more sterically
encumbere@-methyl enoate and internal aliphatic alkyne. Unfoately, yields were low with
the most sterically encumbered ligands, which stbiiee desired reaction (entries 8 & 10), and
conjugate addition of the ethyl group to the engagglominates (see Section 7E)e reaction
trend of the smaller unsubstituted enoate and t&imaliphatic alkyne is more complex. It
appears that the oxidative addition into the unstutbsd enoate is far more facile than fhe
methyl enoate, therefore, reaction efficiency i$ highly dependent upon the basicity of the
ligand. The size of the unsubstituted enoate akyhalmakes the reaction amenable to a variety
of ligand sizes. The regioselectivity of the reactseems to be high with very small and large

ligands. It was confusing to us that the yieldsio$ubstituted enoates with the B@xere so low
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(entry 7). We initially wondered if this was a steeffect, so we also screened ligands of
intermediate size between RPdnd PCy (entries 4-6) since the yields were good with £Ph
(entry 4). These ligands revealed no steric tremul] repetition of the PGyresult gave
inconsistent results. Also notable is the extrentalyh selectivity that the NHC ligand IPr

affords when it is used with unsubstituted enoatesterminal alkynes.

Table 9. Ligand Screen for Optimization of Reductive Cyalditions

0 R3 Ni(COD), (10 mol%) o)
L (20 mol%)
PRO™ Y / BEts (5 equiv) R®
1 R THF/MeOH (50:1) R!
R 50°C R?
R'=MeR?=nHex | R'=HRZ=nOct
R3 = n-Hex ' R3=H

Entry L Yield : Yield (rs°)
1 PMe; ~24% L ~12% ND
2 PBus 44% ; 53% (9:91)
3 DPEphos? 63% I ~36%  (15:85)
4 PPh; ~35% ; 65% (21:79)
5  PCyPh; © o 58% (12:88) IPr
6 PCy,Ph L 55% (6:94) "P'Nr-\N"Pf
7 PCys 81% L 4T% (1:99) Porpr
8 P(tBu)s <10% Poo~12% ND
9  IMes®? 86% L 62% (15:85)
10 IPra® 46% L 66% (1:99)

a 10 mol %, b 20 mol %, ¢ GC ratio,

With the IMes ligand in hand, the generality of substrate scope was investigated. The
reaction was successful with simple substrates |€TaB). The yields did not improve when
phenyl-propyne was used as the alkyne couplingneartit was also noted that a substrate
mismatch occurs with th@-methyl enoate and terminal alkyne. Also notabléhis lack of
selectivity with any asymmetric aliphatic alkynehig is not surprising given the difficulty of

enabling regioselective reactions with alkynes witthelectronic or steric bias.
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Table 10 Simple Substrate Scope for Reductive Cycloaduktio

) Ni(COD), (10 mol%) o

R! [=3
| IMES, tBuOK (19 mol%)
07\)/ + // BEt; (5 equiv) /i}*@
©/ S RS THF/MSeOOog (50:1) R! ko
Entry R! R2 R3 Yield rs

1 Me Me Ph 74% 71
2 H Me Ph 65% 12:1
3 Me H n-oct ~21% 2:1
4 H n-oct H 62% 9:1
5 Me n-hex n-hex 86% NA
6 H n-hex n-hex 1% NA
7 Me n-pent Me 61%* 21
8 H n-pent Me 56% 2:1

*5-10% impurities

2.5 Reducing Agent/Temperature Optimization

Different reducing agents and temperatures wer@ edsmined for this transformation
(Table 11). Silanes have typically been used in lhoation with NHC ligands instead of
boranes. Attempts to use silane reducing agentisnchemistry, resulted in very low yields,
while yields were similar with various boranes. Wmpose that this is because the rate-
determining step of the reaction occurs beforeptioposed transmetallation and reduction of the
catalyst. Therefore, the type of borane should Hatle impact upon the reaction itself. The
mechanism of the reaction or the catalyst resttatescould be changed when silanes are used
which would explain the low yields with the usetoéthylsilane We also briefly examined the
effects of higher temperature on the reaction. H@rea small increase in reaction temperature

had little effect on yield. Only slightly higherngperatures were tried because during the ligand
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screening for this reaction, the temperature wastakenly left at 60 °C instead of 50° C and
about 10% higher yields resulted. Further expertateon revealed that higher yields were not

experimentally different.

Table 11 Reducing Agents and Temperature for Reductivddagclitions

Ve Ni(COD), (10 mol%) 0
o\”J IMES, tBuOK (10 mol%)
N

// Reducing Agent (5 equiv). Me
(0] THF/MeOH (50:1)

n-Pent

Temperature n-Pent
Entry Reducing Agent Temperature Yield rs
1 Et;SiH 50 °C <5% ND
2 BBu; 50 °C 43% 1.5:1
3 BEt; 60 °C 51% 117
4 BEt; 50 °C 56% 2:1

2.6 Substrate Scope

The substrate scope of this reaction was furttinegstigated and expanded to include all
substitution patterns on the enoate and a variétyunctionalized alkynes. This reductive
cycloaddition is efficient with simple unsubstitdteenoates with either terminal or internal
alkynes (Scheme 67). Cycloadditions with thmethyl substituted enoate and 1-decyne are also
efficient, but when the internal alkyne, phenylypyoe is used, reductive coupling products
predominate. The reductive coupling produd@9, has mechanistic implications (discussed in
Section 2.9). A number of functional groups suchiras hydroxyls, esters, and free amines are
also tolerated under the reaction conditions. Inegal regioselectivity (in parentheses) tends to
be good with IMes and in some cases, better witl{d€e Table 9), but IPr was not efficient with

all substrates (discussed in Section 2.7). Als@abletare the high yields wirphenyl enoate
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under optimized conditions. Regiochemical outcomesere determined by 2D NMR

experiments: gCOSY, gHSQC, and gHMBC.

Scheme 67Substrate Scope of Reductive Cycloadditions

0 R4 Ni(COD),, (10 mo 1%) , 9
R’ IMes, +BUOK (10 mol %) R
PhO - R*
| BEts, (5 equiv) )
R? R3 THF/MeOH (50:1) RT ks
50 °C
o] o] o] o]
iéfph H Ph /iéfph
Ph Ph
Me n-Oct Me
NH
69% 67% 78% Bn 97%
(93:7) (90:10) (95:5)
0 0 o] 0
Ph Me /liéfPh n-Hex
n-Pr n-Pr Me' Me’
Me n-Hex
OMe OH
o]
78% 68% 7% 87%
(92:8) (87:13) (86:14)
o o}
O 129 Me Me O
63% Ph
(95:5) PhO Z “Ph + H Ph
Me Me Ph
19% a
©436) 09%" 1-Oct gy, (CHa)ZOH
a) L = PCys, SD alkyne ’ (97:3)

It should also be noted at the time of our pubitabf this work, a similar publication
from the Ogoshi group appeared (SchemeB8Dgoshi's conditions for this transformation
were not the same as the conditions we developatiiibomethodology. Ogoshi used R@g the
ligand for this transformation, and the reactiorsyparformed in isopropanol at 130 °C. During
our ligand screening exercise (section 2.4, Tablev@ found that PGyenabled good yields
when -methyl enoate was used, but the results were et sonsistent with the unsubstituted
enoate and 1-decyne. IMes was chosen over; BEgause it gave the best overall yields
consistently. Ogoshi’s methodology also included tise of isopropanol not only as a proton

source, but also presumed to act as the reduciexgt &gy the nickel (1) species that is liberated
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after product formation. Our own group has usedhar&l as the reducing agent in related
nickel-catalyzed couplings> Ogoshi and co-workers proposed that the role efzihc dust is

either to reduce the nickel (Il) species back ®rictkel (0) catalyst or to promote the reduction
of the nickel catalyst by the isopropanol. The zilust is not necessary for a catalytic reaction,

but yields are better when it is used.
Scheme 680goshi’s Nickel-Catalyzed [3+2] CycloadditionstvEnoates and Alkynes
o) Et Ni(COD), (10 mol %) o
PhO . | | PC}@ (20 mof %) £t
| Zinc (4 equiv) Ph

Ph  Et iPrOH, 130 °C Et
91%

2.6.1 Alkynol Optimization

The reductive cycloaddition ¢¥-n-propyl enoatel30 with alkynol 131 required special
optimization for good vyields and selectivity (Seable 12). The pursuit of this particular
substrate combination grew out of the desire tolatala similar example presented in Ananda
Herath’s dissertatidn® with a hydroxyl directing effect (Scheme 69). Imakda’s example, it
was proposed that the hydroxyl group was acting kbile ligand. If the hydroxyl group were
coordinated to the metal when oxidative additiombermediatel32 occurred, then the opposite
regioisomer is predicted. However, dissociatiorth&f hydroxyl group and coordination of the
enal with retention of configuration on the nickdl33) makes the regioselectivity of the

observed product highly favorable.

62



Scheme 69Perfect Regioselectivity with Alkynols in Enal#8ine Reductive Cycloaddition

o OH Ni(COD),, 10 mol% OH
PBus, 20 mol%
H * BEts, 4 equiv Single
| // THF/I\3/IeOI-(|1(1'8) Me Regioisomer
n-Pr - Me 50 °C ’ n-Pr
................................................................ OH .
n-Pr n-Pr OH
OH HO
PO HO \ Me
[ =~ 4 | n-Pr
L Me Ni-O
Me Me Ln OH
L 133
OH
y. 0O _—» Regioisomer
132 ||—Ni Not Observed
Pz
Me
n-Pr

Using the enoat&30in place of the hexenal, we sought to use thedwydigroup on the
alkyne as a labile ligand to direct the regiochémisf the reaction. However, the reactivity of
131 proved to be entirely different than that of thexénal (Table 12). Yields were initially low,
but were improved with slow addition of the alkyiteappears that there is no hydroxyl directing
effect. The smaller ligands such as PBnd ITol were not regioselective. As the bulk loé¢ t
ligand increased, the reaction was more regiose&ecwvith IPr and PCy providing the best

regioselectivity.
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Table 12 Alkynol Optimization

fe) OH
PhO | +

)kL /
n-Pr e

130 131

10 mol% Ni(COD),, L
BEt; (5 equiv)

THF/MeOH (50:1)
50 °C

n-Pr

OH

Entry L

Yield

RS

1 PBU3a

2 PCy3?

ITol®

(n-BuLi)

IMES?
(t-BuOK)

IS

5 PP

(t-BuOK)

~10%

73%

~12%

57%

~47%°

73:27

87:13

~50:50

73:27

88:12

a) 20 mol %, b) 10 mol % L, Base,
c) No alkyne syringe drive

We propose that the absence of the directing eeditie to the formation of a tetrahedral

bis-enoate comple%34. Ni(0) tetrahedral bis-enone complexes have baatiexl by our group

in the past and are characteristically stdbl@he Ogoshi group has managed to obtain X-ray

crystals of similar dienoate complexes Treatment of these complexes with alkyne yieldes t

desired cycloaddition product. The enoates coult iaca similar fashion and prevent

simultaneous coordination of the hydroxyl group @nelz-bond of alkynol131 (Scheme 70).

Oxidative cyclization would have to be precededdissociation of one of the enoates followed

by coordination of the alkynol at the triple borithis proposed sequence of events would not

allow for hydroxyl group of the alkynol to diredte regiochemistry of the cycloaddition.
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Scheme 70Rationale for Alkynol Regioselectivity

L
o L o O l" Me OH
n .
| PhOﬂ/N'\ I/l o #n
PhO Ni—__ OPh LS .
J\m/ Jl)k / n-Pr PhO)HI\/NI\ i
-Pr n-P
n-Prn-Pr OH NP md
134 /\/ HO
Stable Me J ‘
0 O
OH
Me
n-Pr n-Pr
OH Me
Major Minor

2.7 Limitations

2.7.1 Regioreversals and Ligand Size Effects

Due to our experiences with ligand based regiagobimi the aldehyde-alkyne reductive
couplings*® we attempted to exert the same regiocontrol ta@ipbproducts with reversed

regioselectivity on our reductive cycloadditionsngslarger ligands (Scheme 71).

Scheme 71Regioreversal with Large NHCs.

(0] R. O 2
Ni(0), BEt Ni(0), BEt
R (0), BEts ’ | PhO ), BEls Rs
IMes + | Large L
Me’ R Me Me
RS S 135 RL
Current Regioreversal

We attempted this transformation with phenyl progy-methyl enoate, and the large
NHC IPr and the selectivity for the regioisomer wgmod. Unfortunately, yields were low
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because 1,4-addition of an ethyl group it85 predominates when the ligand is large (Scheme
72). This is also evident in the reactionl85 with an aliphatic alkyne with large ligands sush a
PtBus or IPr. The larger ligand likely makes the enebgyrier for oxidative addition too high
and reduction of the enoate becomes faster thatatixeé addition so enoate reduction products

predominate.

Scheme 72Large Ligands and Regioreversals

Ni(COD), (10 mol%)

o) Ph
IPrHCI, (10 mol%)

PhOH +

tBuOK (10 mol%)

BEt; (5 equiv)

6]
/E?*Me
Me'
Ph

(0]
Pho)i\/

135 Me Me THF/MeOH (50:1)
50°C 25%* 52%
(80:20) (NMR)
Ni(COD), (10 mol%) o
Q nHex PtBus, (20 mol%) 7
Pho)‘\”\ + | | BEt (5 equiv) /(é*nHex + Pho)i\/
e [ THF/MeOH (50:1) Me
135 50°C nHex
<10% 75%"
Ni(COD), (10 mol%
Q nHex II(DrHCI,)z(‘I( 0 mol%)) ¢ Q
F,hOJ\l + |‘| tBuOK (10 mol%) /l:‘%—nHex * Pho)j\/
BEt; (5 equiv) Me’
135 Me nHex THF/MeOH (50:1) nHex

50°C 48% 36%
*10% impure

We also sought to repeat analogous examples fh@remnal-alkyne substrate series to
demonstrate complementary of the enoate methodoltmgythe enal-alkyne reductive

cycloaddition methodology. In doing so, limitationsf the enoate-alkyne reductive
cycloadditions emerged. Initial optimization waseatipted with disubstituted enodt86 and a
variety of alkynes and conditions (Table 13). Rieact of disubstituted enoal86 with phenyl-
propyne only gave trace products, visible only loe@ GC. The reaction was unproductive even

with smaller ligands. Smaller terminal alkyne, Ioy®ee, was also tried, but the reaction was
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unproductive. The reaction was slightly more prdohecwith an internal aliphatic alkyne, but

yields remained very low even at higher reactiongeratures.

Table 13 Attempted Optimization of Disubstituted Enoates

Me

PhO |

136 Me

R2

BEt; (5 equiv)

o]
Ni(COD), (10 mol%) Me
R?
Conditions Me

R2

Entry

Alkyne

Conditions

Yield

Me

H

nHex

Ph

nOct

nHex

IMES, tBuOK (10 mol%)
THF/MeOH (50:1), 50°C

PBus (20 mol%)
THF/MeOH (50:1), 50°C

PBug (20 mol%)
THF/MeOH (50:1), 50°C
SD Alkyne

PCys (20 mol%)
THF/MeOH (50:1), 50°C

IMES, tBuOK (10 mol%)
THF/MeOH (50:1), 50°C

IMES, tBuOK (10 mol%)
THF/MeOH (50:1), 50°C

IMES, tBuOK (10 mol%)
Tol/BnOH (50:1), 90°C

IMES, tBuOK (10 mol%)

Dioxane/MeOH (50:1), 90°C

Sealed Tube

Trace
(GC)

0%

0%

0%

Trace

(GO)

<5%

<5%

<5%

Other limitations of this methodology were evidewten we sought to compare the

reactivity of other substrates (Scheme 73a). Famgpte, B-dimethyl enals reacted favorably

with phenyl-acetylene, but when this reaction wadtwith ap-dimethyl enoate, no productive

reaction occurred (products837). When this result is considered in the contextigbroductive

reactions disubstituted enodt86 and the cyclohexyl enoate (produdt38h), it is evident that

where reactions with disubstituted enals are faderahose with disubstituted enoates are not

favorable. The3-dimethyl group seems to seriously impede the diidacyclization which is

why the vyield is very low. Reactions with a TMS stituted alkyne was also unproductive
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(product139h). Ogoshi experienced similar limitations with tegbstrates. We further probed
the similarities between the enal-alkyne coupliagsl enoate-alkyne couplings by comparing
regioselectivity of terminal alkyne couplings (pumts 140). The enal-alkyne coupling with
acrolein and 1-decyne however only yielded alkya@uction products (produdi40g. There
were no examples of enal-alkyne couplings with leiman the 2006 communicatidi,and the
only example with a terminal alkyne was withBalisubstituted enal. This suggests that the
substrate pair is not well matched for the desmeakction. We also attempted to apply the
enoate-alkyne coupling conditions to the enal-atkgouplings, but were only met with limited
success (Scheme 73Db). Yields were low, and the swgpoegioisomer was formed when the

IMes ligand was used.

Scheme 73Limitations in Comparison of Reactivity of Enositend Enals

138a 139a 137a 140a
n-Oct
68% 60% 60% 62% ! c Op:'m/kzl‘:d
(87:13) (82:18) (85:15) ’g’:nfj‘iﬁonﬁ“e
138b 139b 137b 140b
OH
% Y} 4& E} e
: Pr
: Ph
0% 0% 0% 0% <11%

2.7.2 Intramolecular Examples

We also tried to perform intramolecular exampleshwiethered alkynyl enoat&4l
However, the reaction yields were low and the ré&daccoupling productl42 was favored.
Transesterfication of the product with methanol w&s® problematic. Interestingly, this has not

been observed in intermolecular couplings, esgdgciathen reduced enoate products
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predominate. The selectivity for the monocyclic uetive coupling product, instead of the
bicyclic reductive cycloaddition product has alsseb observed with a tethered alkynyl imide
143 (Scheme 74)*"*°The reaction of the phenoxy enoate was also atedngsing bidentate
ligands such as TMEDA and bipyridine, however yselshly decreased with these ligands.
These bicyclic products can be accessed more ehsdygh the nickel-catalyzed enal-alkyne
intramolecular reductive cycloadditioffs” Simple oxidation of the product alcohol would viel

the cyclopentenone cycloadduct.

Scheme 74Intramolecular Reactions with Enoates and Imides

Ni(COD), (10 mol %)

o} IMes (10 mol %) O 142a O 142b O

t-BuOK (10 mol %) Y Ph / Ph . Ph

PhO | = Ph BEt; (5 equiv) PhO MeO
THF/MeOH (50:1)

141 50 °C 5% <o 7o
Reductive Coupling [3+2]-RedL.|(':tive
0 1) Ni(COD), (10 mol %) o Cycloaddition
PBus; (20 mol %) (0] Ph
O)kN Ph ) \}N 74
_J | = BEt3 (4 equiv) g \)
THF, r.t.
143

1%

Inspection of hand-held molecular models of tlamgition state for the insertion of the
vinyl-nickel species into the carbonyl helped taerstand and justify the formation of reductive
coupling products (Scheme 75). This analysis tlated that this transition state is eclipsed,

which may be why the reductive cycloaddition pradadisfavored.

Scheme 75Hand-Held Model Justification for Low Yield of Rective Cycloaddition Products

— Bk [3+2]-Reductive
Cycloaddition

o}
g/Ph

PhO.
i ONiL,
/~Ph MeOH

—_—
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2.7.3 Other Substrates

We also examined the reactivity of enoates witfensubstrates, however these reactions
for were unproductive. Reactions of tethered bisa¢es only resulted in ethyl reduction of one
of the enoates. Reactions of allenes instead ghakkwith enoates, resulted in low yields, and
the reaction was not regioselective. Reactions walikenes instead of alkynes were also tested,
but were found to be unproductive. Phenoxy aldebyadal ketones were also examined for their

reactivity with alkynes, but these substrates ditlymeld coupling products.

2.8 Trends with a-Methyl Enoates

The a-methyl enoate substrate showed interesting regctihat merits discussion.
Reactions with 1-decyne gave the expected cycltiaddproduct in good vyields. However,
when these substrates were reacted with other edkythe yield of the reductive cycloaddition
product was depressed and the reductive couplioguct 144 emerged. The reductive coupling
productl44is formed when the vinyl-nickel speci#45 does not insert into the carbonyl and is
instead intercepted by the reducing agent. Traralagbn of 145 with reducing agent forms
another acyclic intermediafel6 which canB-hydride eliminate and then reductively eliminatge t

form the producfi44(Scheme 76).
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Scheme 76Proposed Mechanism for the Formation of Redud@ieapling Products
0 145

PhO._O-NiL, —_—
| )R®_MeoH opn | InoMe
Me 1 — = Me 7 R?
R

R!

1 2
R, RZ=H Et,B
}’EtQBOMe
0 0 NiEt
LA =
PhO Z R2 PhO R2
Me R' RE Me R’
144 146

2.8.1 Phthalimide Series Optimization

The special reactivity of themethyl enoate was first noted while examining@sction
with a phthalimide alkyne derivativi47. Initially we tried to focus on improving the yi of
the cycloadduct, however the yield of the reducttyeloaddition producti48 could not be
improved beyond 50% (Table 14pespite not being able to optimize for the reduwetiv
cycloaddition product, this study provided someights about the reductive cycloaddition
methodology. We reasoned that if we used the Lewid Al(OiPr) it could favor insertion of
the vinyl nickel species into the carbonyl by caoating the carbonyl and activating it for
addition, but yields decreased with the use of #uditive. We also thought that lowering the
concentration of borane may slow the transmetaltastep and disfavor the reductive coupling

product, but that resulted in either lower yieldsignificantly longer reaction times.
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Table 14 Optimization for Cycloaddition Products with Paliimide Substrates

o}
o Ni(COD), (10 mol %) Me
e} IMes (10 mol %) Ph
_ £-BuOK (10 mol %) 1%
Me -
o O)HT + Ph—=—(CHy)s N§>© N S
147 4 THF/MeOH (50:1) N
50 °C 148
o]
Isolated Yield Prod Ratio®
Entry Conditions [3+2], RC [3+2]: RC
1 Optimized [3+2] 43%, <8% 77:23
2 Syringe-pump ~22%, ND ND
Enoate ’
Syringe-pump o o .
3 Alkyne 38%, 29% 63:37
Catalyst o .
4 higiip 46%, ND >94:6
5 Syringe-pump ~31%, <4% 84:16
BEt, ’ ‘
6 AIOIPr)s 43%, ~10% 76:24
(1.5 equiv)
Al(OiPr)3,
7 Syringe-Pump <10%, ND ~81:19
BEt,
8 BEt; ~49%, ND ~94:6
(3 equiv)
a) NMR Ratio

2.8.2 Reductive Coupling Products and General Obseations

Because of low yields in the phthalimide cycloaddid8 we decided to turn our
attention to a simpler substrate system for opttion. Attempts at optimizing the reaction with
the highly reactive phenyl-propyne for the reduetoycloaddition product were not successful
(Table 15). Using a smaller ligand such as P&id result exclusively in the formation of the

cycloaddition product, however yields were very l@onversely, we discovered when terminal
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alkynes are used, the reductive cycloaddition pcodiuthe only product observed. Yields were

initially low with the terminal alkyne but could iaproved by slow addition of the alkyne.

Table 15 Divergent Reactivity of Alkynes with theMethyl Enoates

Ni(COD), (10 mol %) o

o R IMes (10 mol %) Me
t-BuOK (10 mol %)
Me 1
Pho)km * // BEt, (5 equiv) Wi}’R
R? THF/MeOH (50:1) R2
50 °C
Yield Prod Ratio
Entry Conditions R R? [3+2], RC [3+2], RC
1 Optimized Ph Me 19%, 63% 31:69
[3+2] (64:36), (95:5)
2 L = PBus Ph Me 20%, --- NA
3 Standard H n-Oct 51%*, - NA
Catalyst g opx
4 20 mol % H n-Oct 46%*, NA
5 i}{:inge‘p”mp H n-Oct 60%*, — NA
yne

*10-15% impure

When the reactivity patterns of different substitiseof the enoate are mapped out, a
trend emerges (Table 16). Reactions wifhmethyl enoate give exclusively reductive
cycloaddition products. Conversely, reactions wiihmethyl enoate give predominantly
reductive coupling products when reacted with maérlkynes. The regioselectivity is low for
the cycloaddition product, but high for the reduetcoupling product. But when thesemethyl

enoate is reacted with a terminal alkyne, onlyrdtRictive cycloaddition product is observed.

73



Table 16 Enoate Substituent Trends for Reductive Coupkmgl Reductive Cycloaddition

Product Formation

Ni(COD), (10 mol%)

R N A L g
PhOJ\[ i m BEL, (5 equiv) | Jf} R - PhoJ\)\/\ R
R? R3 THF/MeOH (50:1) R RS R'" R®

S0%c [3+2] RC

Yield

Entry R! R? R® R* [3+2] RC RS

1 H Me Me Ph 76% _ (86:14)

2 Me H Me Ph 16% 63%  (64:36);(95:5)

3 Me H n-Oct H ~60% _ (97:3)

We propose that both themethyl and the alkynyl phenyl group sterically ember the
vinyl-nickel coordinated intermediate (Scheme 7If).entry 1, there are steric repulsions
between the alkenyl phenyl group and the phenoaymrThe phenoxy group has room to orient
away from this large substituent so the reductiyeloaddition product forms. In entry 2, the
same steric repulsion is present between the dldgr@nyl group and the phenoxy group, but the
phenoxy group also encounters steric repulsions ftive a-methyl group. These unfavorable
steric interactions disfavor the 1,2-insertion itih@ carbonyl resulting in the formation of the
reductive coupling product. The reductive cyclo&ddi product regioselectivity (entry 2) is low
compared to other substrates on the table (entri&s3). Conversely, the reductive coupling
product regioselectivity is very high. These ratiws consistent with our model in that when the
phenyl group is geminal to the nickel, 1,2-insartie less favored and the reductive coupling
product is easily formed. When the methyl grouphef phenyl propyne is geminal to the nickel,

the reductive cycloaddition product is favored whis why so little of the minor reductive
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coupling regioisomer is observed and also why #mgoselectivity is low for the reductive
cycloaddition products. In entry 3, a terminal alkyis used, so there is no alkenyl-phenyl group
present and the vinyl-nickel coordinated intermtlia less sterically encumbered. It is much
easier for the 1,2-insertion to occur because thenpxy group can orient away from the

methyl group, so the reductive cycloaddition pradsdavored.

Scheme 77Substitution Patterns and Reductive Couplingdrai

Entry 1 Entry 2 Entry 3
O----- NiL,,
Me
n-Oct
>=<
Q/
Ph H-
[3+2]-Reductive Cycloaddition Reductive Coupling [3+2]-Reductive Cycloaddition

Favored Favored Favored

2.9 Mechanism

The mechanism of this reaction likely proceedscogrdination of the nickel catalyst to
the enoate and alkyne followed by oxidative cyd¢imato form a seven-membered metallacycle
(Scheme 78). We believe that the metal-bound emd¥ is then protonated by the methanol in
solution to yield an acyclic intermediat&0 (path A). The vinyl-nickel species can then underg
an intramolecular insertion into the carbonyl tosd the ring followed by-elimination of the
phenoxy group and regeneration of the catalyst Wiéhborane in solution. Alternatively, after
metallacycle formation, the phenoxy group could ergd a-elimination to form an acyclic
ketene intermediatel51 (path B). The vinyl-nickel species then insertsoirthe ketene

intermediate closing the five-membered ring. Thetainenolate152 is protonated by the
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methanol in solution and the catalyst is regendrati¢h the reducing agent to reform the Ni(0)

species.

Scheme 78Mechanism of [3+2] Cycloadditions

(0] L,
Ni R®
PhOJ\l/ U /
R1 R2

PhO__O-NiL, O
x\ LiOMe  peoH | R —NiL,OPh
o~r¢ 5 R / on R1 4
R , -OPh R F~R
150 R2 149 R R R? Rs 151
lBEtZOMe
T PhO

h
A Ni(0)
BEt,OMe BEtQOMe
\ /
M = NiOMe or BEtOMe \ﬁ/

2.9.1 Metallacycle vs. Ketene

We strongly favor path A because protonation ig/¥ast and because of the reductive
coupling products we have seen with some substrébese reductive coupling products are still
accessible through the ketene mechanism, howenephienoxy group must reinsert back into
the ketene for the product to form. This seemskehjias no transesterfication products were
observed in intermolecular examples. It is alscahblat that experiments with unsaturated acyl
oxazolidinones, which undergo reductive couplingsve been demonstrated to undergo

proposed metallacycle based mechanisms withoutsatr of the oxazolidinone urfit’**°
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The Ogoshi group has published evidence in supgddite ketene mechanism B. They
performed a low temperature NMR experiment in whilcay treated-phenyl enoate and 3-
hexyne with stoichiometric amounts of nickel (Scleen®). They observed and characterized by
NMR the nickel enolate comple¥53 When this enolatd53 was treated with deuterated
isopropanol, ther-deuterated cyclopentenod®4 formed in high yield. While this experiment
demonstrates the possibility of the ketene mechanisshould be noted that this experiment
was performed in an aprotic solvent, toluene, wathichiometric amounts of nickel. Our
catalytic reductive cycloaddition is performed ipratic co-solvent system. In Ogoshi’s catalytic
reductive cycloaddition methodology, the reactisrperformed in isopropanol instead of a co-

solvent system.

Scheme 790goshi’'s NMR Experiment

P
(0] Et Ni(COD), \ i OPh D
PhO)H\ SO/ S \L _ POD  _ phe é,o
| dB -toluene ﬁ d8 -toluene
Ph Et -20 °C, 5 min -15°C, <56 min Et Et
quant 86%

154

2.9.2 Probing Metallacycle vs. Ketene

We also sought to verify whether the reaction peals by mechanistic path A or B. We
found that the reaction was productive in the abseaf methanol, but the yields were
significantly lower (Scheme 80). This finding indtes that the ketene mechanism is viable
under aprotic conditions. We used deuterated meth@DsOD) in place of methanol, and
witnessed deuteration of the product at dhgosition, with the product forming in much higher

yields.
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Scheme 80Probing Mechanism without Methanol and with 4CID

0 Ph Ni(COD), (10 mol%)
PhO . | ’ IMes, tBuOK (10 mol%)
| BEt (5 equiv), THF
Me Me 50 °C
% Ph Ni(COD), (10 mol%)
PhO . | ’ IMes, tBuOK (10 mol%)
| BEt; (5 equiv)
Me Me THF:CD30D (50:1)

50 °C

6]
Ph
Me'
Me
55%
6]
D
Ph
Me'
Me

84%

We thought that it might be possible to differetgtigdhe mechanism by studying the

product stereochemistry at the deuterated posfg@heme 81a). The 7-membered metallacycle

might yield different stereochemistry than the opentene-metal enolate. We performed this

experiment with CBOD under the same conditions as Scheme 80 and fthatddeuterium

incorporation most often occurred trans to the yleginoup, but this was not highly selective

(Scheme 81b). We also witnessed some deuteriurmbtirey of the alkynyl methyl group.

Scheme 81Deuterium Experiments with Metal-Enolates

a)

Pho._O~NiL, Ln
wph Ph - cp,op
Me
b)

Ho P D p
DiéfPh HiéfPh Hi}fPh
Me Me Me'

CDH, CDH, Me

15 15 1
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However, when we tried quenching with €D, when the reaction proceeds through
path B, there was no deuterium incorporation in ghaduct (Scheme 82). The proton source
must come from somewhere else in the reaction. Bl@sims could be drawn in which the
hydrogen is derived from the borane. Probing thesmanistic possibility would require complex

synthesis of a deuterated borane reagent.
Scheme 82Quench with CBOD Results in No Deuterium Incorporation
0 Ph Ni(COD), (10 mol%) o
PhO | . ’ | IMes, tBuOK (10 mol%) Ph
BEt3 (5 equiv), THF Me

Me Me 50 °C Me
quench w/ dppe then CD3;0D ~37%

We also conducted an experiment with thenethyl enoate substrate to probe if the
reductive coupling product was accessible undeditions that were known to favor the ketene
mechanism. We conducted the reaction with dhmethyl enoate and phenyl-propyne under
aprotic conditions (Scheme 83). Under protic coodd, the reductive coupling product is
favored with the reductive cycloaddition productnfing in low yields. However, when the
reaction is conducted under aprotic conditionsréuictive coupling product does not form and
the reductive cycloaddition product forms in higlygld than observed under protic reaction

conditions.

Scheme 83 Reaction a-Methyl Enoate Under Aprotic Conditions Favors Retie

Cycloaddition Product

0 Ph Ni(COD)a, (10 mo 1%) 0

Me IMes (10 mol %) Me
PhO + | | t-BuOK (10 mol %) Ph
Me  BEts (5equiv), THF
50 °C Me
39%*
*NMR Yield
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2.10 Conclusion

In conclusion, a reductive cycloaddition has bdewmeloped with enoates and alkynes.
This methodology is complementary to the nickekbated enal-alkyne cycloadditions, however
accessing the cyclopentenone products in someratdssistill requires a nickel-catalyzed enal-
alkyne cycloaddition followed by oxidation of theoduct. The mechanism of this reaction is
thought to proceed through protonation of a metgtiee, but we acknowledge that the ketene
mechanism is also possible. Further developmettisfchemistry should aim to alkylate the in
situ metal enolate instead of protonate to form 3aZ2]-alkylative cycloaddition product
(discussed in Chapter 3). Other future directiomsthis project include the development of
allene-enoate couplings. Alternatively, diasterémgeye reductive coupling reactions could be
further investigated. Our examination of this aness brief and there is potential for accessing

enantiopure products from diastereoselective reasti
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Chapter 3
Nickel-Catalyzed [3+2]-Alkylative Cycloadditions

3.1 Introduction

Sometimes further functionalization of canpdic [3+2] products is necessary, but
functionalization requires further reaction andification steps. Multicomponent reactions offer
a solution to this difficulty by combining many mtants in a single pot to form a highly
functionalized product. The reactants are assenhbledsequential cascade of simple reactions.
There are many examples of [3+2] cycloadditionimwg polar reagents, but these methods
suffer from the same difficulties as the dipolaroteomponent cycloadditions. Methods that
make use of simple-components for multicomponent cycloadditions are rand variants only
exist for methodologies that take advantage ofrasgements. Methods that use changes in
oxidation state are limited to two-component preess However, there is another way to create
an MCR cycloaddition reaction. Several of the reigeccycloaddition methods involve an
intramolecular reaction between the twecomponents to form the five-membered ring.
Alkylation instead of protonation introduces a sataomponent to the methodology. If the
tether between the two-components is removed, then three-componentseapared. All of
these two-component alkylative cycloadditions reguwtoichiometric amounts of metal and
development of catalytic conditions would be anaasbe for these methodologies. This chapter
details the development of nickel-catalyzed [3+HRjdative cycloadditions with enoates,
alkynes and aldehydes to form highly functionalizegtlopentenones. This methodology

expands on the previously developed nickel-catalya@oate-alkyne methodology and offers a
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solution to the limitations of stoichiometric [3+2lkylative cycloadditions. It is also one of the

few examples of a multicomponent cycloaddition teacwith simpler-components.

While we were developing the nickel-catalyzed ke cycloadditions, we decided to
test the reactivity of the proposed metal-enoldi with a carbon-based electrophile instead of
an acidic hydrogen to yield an alkylated producth@ne 84). Interception of these metal
enolates with other electrophiles had been acceimgli previously, however, these

transformations were only possible with stoichioneeamounts of nickel?

Scheme 84Protonation and Alkylation of Nickel-Enolates

X_ OH X

(ON X_ OH
Ni
H R H* / E* E R
(o B {0

’
[ ) 8
~ - ~

~

155
3.2 Initial Optimization of [3+2]-Alkylative Cycloa ddition

Similar transformations had been attempted witlel®des after catalytic conditions had
been developed for enal-alkyne reductive cycloamust Unfortunately, the reaction led to
complex mixtures of products, presumably becausth@fsimilar reactivity of aldehydes and
enals. Enoates, on the other hand, are not asweas aldehydes. During the development of
the reductive cycloadditions we saw an additionppartunity to develop transformations
employing catalytic quantities of metal based uperisting methodology requiring

stoichiometric amounts of metal. At the same tirhat twe screened leaving groups for the
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enoate reductive cycloaddition (Chapter 2, Tablew® also screened leaving groups for the
alkylative transformation (Table 17). The reactiwf the alkylative cycloaddition paralleled that
of the reductive cycloaddition transformations, hwihe phenyl enoate giving the best yields
(Entry 2). Reductive coupling products were noteseed with any of the leaving groups

screened for the alkylative cycloadditions.

Table 17. Comparison of Enoate Derivative for Alkylative cyadditions

o} Ph Ni(COD); (10mol%)  Ho O
(0] PBuz (20 mol%) Ph
X | * | | * J\ BEt i Ph
H™ >Ph 3 (5 equiv)
Me Me Tol, 90 °C ME e
(2 equiv) (2 equiv)

Entry X Yield

1 MeO
2 PhO 58%

0O
3 0J< 48%

LN

4 @‘2 30%
After the phenyl enoate had been selected as thieebheate derivative, other substrates
were screened, however, yields of other substiaege either similar or very low (Table 18).
The B-methyl enoate (entry 1) gave the best yields dvdadlowed by a-methyl enoate (entry

2). However, unsubstituted afiephenyl substituted enoates gave low yields (enBi& 4).
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Table 18 Initial Substrate Screen for Alkylative Cycloatiloins

0
O 2 Ph 0 Ni(COD), (10 mol%) OH
PhOJ\[ . || . HJK@ PBuj (20 mol%) Ph/ﬁg@/%
BEt; (5 equiv)
R2 Me 3 R2 M
Tol, 90 °C e
(2 equiv) (2 equiv)
Entry R R? Yield
1 Me 58%
2 H ~25%
3 Me H 45%*
4 H Ph 25%

*p-OMe enoate

A short ligand screen was performed on the bedtlyig substrate and an intermediate-
yielding substrate to see if the reaction couldebsily optimized (Table 19). Generationtef
BuOH from the deprotonation of the IMes-HCI saluldoact as a proton source for the
metallacycle in solution, therefore free carbenegewalso examined for any difference in
reactivity. However, there was little differencetween the HCI salt and free carbene.
Tributylphosphine, IMes, and IPr gave similar ygldand PCy gave lower yields. The
diastereoselectivity of the reaction was somewlmahpiex. The PBgligand gave the best
regioselectivity, with the products being epimeaicthe —OH position. The diastereoselectivity
deteriorated slightly with the IMes ligand and dave regioisomeric mixtures. Because pPBu
provided the best yields and regioselectivity, mpation of the reaction was continued with this

phosphine as the ligand of choice.
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Table 19 Initial Short Ligand Screen for Alkylative Cyclddition

Ni(COD), (10 mol%) 0

H OH
| R Me L, tBUOK (10 mol%) H O H O
BEt. (5 i Ph Ph
Oj‘j + l 2 eaul Ph Me
PhCHO (2 equiv) R R
O 0
Ph _ Tol, 90°C Ve bh
(2 equiv) R1 R2
(rs) (rs)
L R =Me (d1:d2 : d1:d2) R=H (d1:d2 : d1:d2)
PBus® 58% ~(67:33) ~25% ~(58:42)
IMes-HCI 55% ~(54:38 : 8) ~32% ~(67:33)
IPr ~62% ~(18:11:53:18) ~45% ~(19:13:17:51)
IMes® 38%° ~(61:27 :12) 36% ~(67:33)
PCys 29% ~(63:31: 6) <12% ~(94 : 6)

a) 20 mol%, b) free carbene c¢) ~60% with 1.5 equiv of aldehyde and alkyne - 38%
not experimentally representative

Optimization of the reaction solvent, temperatuseibstrate equivalents, catalyst
concentration and order or time of addition canl lEaimproved yields. Conditions similar to the
reductive cycloadditions were examined first sirtbe reductive cycloadditions had been
optimized, however, the yield did not vary sigrdgintly (Table 20). After several attempts to
improve the yield at this lower temperature, weigeat that a minor diastereomer was forming
that was not observed when higher temperaturesobad used. This diastereomer is presumed
to be the cis-alkylated diastereomer since bottondipstereomers of each regioisomer could be
accounted for. It was noted that the yields (eatbe& 8) and selectivity (entry 1) improved
under certain conditions. A combination of thesaedittons can be seen in entry 12, with no
substantial change in yield, indicating the higyietds could arise from experimental variations.
We also noted that the equivalents of alkyne addrglde could be decreased with no decrease

in yield (entry 10).
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Table 20 Alkylative Cycloaddition Optimization with PBuas Ligand

Q Ph 0 Ni(COD), (10 mol%) OH o
PhO)le\ . / . HJ\@ PBug (20 mol%) Ph
- Ph
Me M€ BEt; (5 equiv) Ve
(2 equiv) (2 equiv) Me
Entry  Solvent Temp Yield other dr (Major Regioisomer)  All isomers (currently known)
1 Tol 90 °C 52% (57% avg.) 74 : 26 74 : 26
2 Tol 50 °C 58% 64:29:7 64:29:7
3 THF 50°C 58% 65:29:6 65:29:6
« IMes-HCI (10 mol%) Lan . L2014 -8 -
0 0, ~ ~
4 THF 50°C 63% {BUOK (10 mol%) 51:35:14 44:30:11:8:7
5 Tol 50°C 62% SD Alkyne 60:30:10 60:30:10
6 Tol 50 °C 57% SD PhCHO 61:31:8 61:31:8
Ni(COD), (20 mol%)
o 0, - . . .
7 Tol 50°C 58% PBuj (40 mol%) 60:30:10 60:30:10
o 10 mol% extra oa . .ogQ -
8 Tol 50°C 63% cat. after 1 hr 64:28:7 64:28:7
9 THF/DMF 50 °C 18%* ~71:29
1.5 equiv alkyne
o 0, - . -
10 Tol 90 °C 57% & aldehyde 73:27 69:26:5
11 THF o 239 W ~50:50 Blue: Major Regioisomer
100°C ? 100 °C, 15min Red: Minor Regioisomer
SD Alkyne *NMR Yield
12 Tol 90°C ~57% 10 mol% cat 69:25:6

3.2.1 Lewis Acid/Reducing Agent Optimization

after 1hr

We had also observed that in a protic co-solvgatesn, boranes could be effective at

promoting aldehyde-alkyne reductive couplings. Ehesuplings have been shown to proceed

efficiently in the presence of silane reducing dgeand inefficiently with borane alone.

However, when a protic co-solvent system is uské,reaction becomes productive (Scheme

85).
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Scheme 85Lewis Acid Improves Efficiency of Aldehyde Alkyr@ouplings

Ni(COD), (10 mol%)
Ph  IMes:HCI (10 mol%) OH

(0]
)j\ + / t-BuOK (10 mol%) Ph)\/\Ph trace GC
Ph” H

Me BEt; (5 equiv) Me
THF, RT

Et,B~Et

P

)\/g—Ph
Ph

Me

Ni(COD), (10 mol%)
o Ph  IMes-HCI (10 mol%) OH

DI / +-BuOK (10 mol%) Ph/S/\Ph 73% (93.7)
Ph™ "H BEt5 (5 equiv)

Me Me
THF/MeOH (50:1)
RT
MeO-g-Et
B
Et hn,
~—Ni
5;0\%%
Ph
Me

Observations from these experiments and relatedereésons from the reductive

&7 and other methodologi®s?® gave inspiration for trying Lewis acids to

cycloaddition
improve reactivity. The yields in the reductive lbadditions were significantly higher than the
yields for the alkylative cycloaddition. Howevenget conditions for the alkylative cycloaddition
are different than for the reductive cycloadditidie reductive cycloaddition works best in a
THF/MeOH protic co-solvent system and it is undmost that the borane undergoes
methanolysis to form a BEDMe specie$? Furthermore, we knew that the Lewis acidic borane
species is likely responsible for promoting therantolecular insertion of the vinyl-nickel
species into the carbonyl, because in related fsemations in the absence of borane, acyclic

products predominaté.We also suspected that the Lewis acidic boraneiepenay also play a

role in promoting the initial oxidative addition thfe catalyst to the substrafég®
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Because of these observations, it was thoughtitichision of borane Lewis acids that
presumably formed in the reductive cycloadditionymiaprove the yield of the alkylative
cycloadditions. Unfortunately, protic solvents abulot be used, as the reductive cycloaddition
product would predominate. The use of EBHWle or BEtOPh (in situ) resulted in very low
yields, but showed high diastereoselectivity (TaBlB. Adding more reducing agent only
marginally improved diastereoselectivity, but hawimpact upon the reaction yield (entry 2).
Aluminum triisopropoxide has also been successfudigd in nickel-catalyzed reactiol8 but
led to low yields of both Elcb elimination produetsd reductive cycloaddition product (entry
3). It was also noted that using diethyl zinc couddult in higher yields*! but both the

selectivity and yields were diminished (entry 6).

Table 21 Lewis Acid/Reducing Agent Screen

% Ph o} OH g
Ni(COD), (10 mol%)
PRO”™Y, + V4 * H PBus, RA Ph
Tol, 90 °C Ph
Me me o Me

(2 equiv) (2 equiv) Me

Entry RA Equiv Yield dr
1 BEt, 5 58% 72:27
2 BEt, 10 ~58% 76:24
3 BEty/AI(QiPr)2 5 0%
4  BEt,OMe 5 <4% 89:11
5 BEt,OPh 5 <5% 92:8
6 Et,Zn? 3 41%° 42:58

a) 2 equiv, b) 0 °C to RT, ¢) NMR Yield

We also attempted to improve the yield by tryinffedent reducing agents (Table 22).
Other reducing agents have been shown to be stgkess other nickel-catalyzed
transformations. For example, in Ogoshi’'s nickdbbaed reductive cycloadditions zinc dust

was used as the reducing agent (entry"2Yrimethylaluminium and ESiH have also been
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successfully used in nickel-catalyzed transfornmati¢entry 4)-'°°° Triethoxysilane was also
tried because it is known to be more reactive thathylsilane, but those conditions resulted
primarily in alkyne hydrosilylation (entry 5). Untoinately, changes in reducing agent resulted
in no productive reaction. These reactions wergoedbrmed chronologically, but intermittently

after IMes had been selected as the best ovegaiidi for the alkylative cycloaddition.

Table 22 Reducing Agent Screen

Ni(COD), (10 mol%)

o)
Ph o IMes-HCI (10 mol%) OH o
PhoJ\l N / N HJ\© £-BUOK (10 mol%) Ph
Ph
" Me RA, Tol, 90 °C e
(1.5 equiv) (1.5 equiv) Me

Entry RA Equiv Yield dr/rs

1 BEt; 5 ~60%7 54:38:8
2 Zndust 5 trace ND

3 AlMes®? 3 0%

4 EtsSIH 5 0%

5 Et;OSiH 5 0%

6 BPhs 5 <7% ND

a) Free IMes, b) 0 °C to RT

3.2.2 Model Substrate Pair Discussion

The B-methyl enoate is a good model substrate and densis gave good yields when
coupled with phenyl-propyne and benzaldehyde. Haweafter optimization, the yield could not
be improved beyond 60%. Analysis of this reactismg PBuy as the ligand reveals that there is
unreactedp-methyl enoate, benzaldehyde, and phenyl-propynenwthe reaction is stopped
(even after long reaction times) (Scheme 86). $&#etions include reduction of the enoate,
alkyne, and aldehyde, along with other unidentiiete products that form from reaction of the

enoate. The alkyne and aldehyde do undergo reductivpling, but the yield for this reaction is
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low. Thep-hydroxy enone product also undergoes Elcb elinoinabut not to an appreciable

extent.

Scheme 86Thorough Analysis of Alkylative Cycloaddition Etoging PBy as the Ligand

Q Ph 9 Ni(COD), (10 mol%) OH o
PhOH . / . HJ\© PBuU, (20 mol%) Ph
R Ph
Me Mé BEt; (5 equiv) Ve
} Me
- 0]
~15% Remaining 50-60%
OH Ph
Ph™S
Ph ~ “Ph
Me Me Me
Aldehyde/Alkyne E1cb Elimination
Coupling (<5%)

(10-20%)

Under conditions employing IMes as the ligandctiems with phenyl-propyne and 4-
octyne were also thoroughly analyzed (Scheme 8HeMMes is used, there is little to no
enoate remaining at the end of the reaction. Howew®e of the main differences between the
use of IMes and PBus an increase in the amount of reductive cycldamdproducts formed.
Experiments conducted with free IMes and the IM&-s4lt reveal that this is not due to the
butanol generated from deprotonating the HCI salttleere is still reductive cycloaddition
product forming in the reaction when the free NHCused. Reductive coupling between the
aldehyde and alkyne does not increase substanimyeld when IMes is used. The vyield of
Elcb elimination of the product does increase,tbist side product typically does not form in
over 10% vyield. It should be noted that one of thhe main diastereomers could eliminate
preferentially to form the Elcb elimination produdtherefore, the measured diastereo- and
regioselectivity may not be entirely accurate. Eetomus water is a concern, but when molecular
sieves were added to the reaction, a greater pagef reductive cycloaddition product forms.

However, Elcb elimination products did not increaskich indicates that the formation of
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reductive cycloaddition products is not linked tbck elimination. Repetition of this experiment
gave the expected yield but did not reduce the amof reductive cycloaddition product
formed. A product inhibition experiment was perfean and there was no decrease in yield, so
product inhibition is not responsible for the lovelds. If the reductive cycloaddition product
and Elcb elimination products are counted towdrdsyteld, then in some cases the yield begins

to look closer to the yields in the reductive cydditions.

Scheme 87 Thorough Analysis of Alkylative Cycloaddition wihdMes is Employed as the

Ligand

? Ni(COD), (10 mol%) OH o
PhO)HL . /”\ : IMes 10 mol%) Ph/(j :i( )
R
BEt; (5 equiv)
Me Me

T R

~10% or Less 50-60%
oH O
RZ
Ph)\% R?
Me R
Aldehyde/Alkyne E1cb Elimination Reductive [3+2]
Coupling (5-10%) (10-15%)

(~15%)

3.2.3 Syringe Drive Experiments with Model Substrag Pair

It is suspected that because there are a large maiu side products (alkyne
trimerization, alkyne reduction, aldehyde reductiemoate reduction, and other unidentified side
products in low yields) generated from this reactibat perhaps some small quantity of side
product is inhibiting the catalyst. Nearly all céans slow or show little change after two hours,
so this may be likely. It was thought that syrimysve experiments or dilution could improve the
yield by lowering the concentration of substratessolution and increasing the lifetime of

catalyst. Furthermore, when IMes is employed theyred was not observed in the crude GC

91



trace in some cases, so slow addition of the alkyogld prevent the alkyne from being
converted to undesired side products. A dilutiopeziment did not improve the yield. Syringe
drive experiments with a variety of addition tecfues also did not lead to improvement of the
yield (Table 23). In some cases with longer timéeg, yield actually decreased. It was also
noticed that there were side products that preslynfiabmed as side reactions with the borane in

the crude NMR. Borane was slowly added, but it hadmnpact upon yields (entry 2).

Table 23 Alkyne Syringe Drive Experiments

Q Ph 0 Ni(COD), (10 mol%) OH o
PhOH . / . H IMes (10 mol%) Ph on
Me Me BEt; (5 equiv) "
(1.5 equiv) (1.5 equiv) Tol, 90 °C ® Me
156 157 158
Entry Time SD Yield

1 10 min 157 47%

2 10 min 157, BEt, 43%*

3 30 min 157 38%

4 90 min 157 32%

*IMes-HCI = ligand

More syringe drive experiments were conducted witle intent of lowering the
concentration of all reaction constituents exceptthe catalyst in an effort to slow down side
reactions or catalyst degradation (Table 24). Tleageriments did not lead to improvements in

yield, but the yields were higher than the previsysnge drive experiments in most cases.
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Table 24 Syringe Drive Experiments for All Substrates

Ni(COD), (10 mol%)

Q Ph 9 IMes-HCI (10 mol%) OH o
PhOJ\u . / N H)K© £-BUOK (10 mol%) Ph
. Ph
BEt; (5 equiv)
Me 3
Me _ Tol, 90 °C Me
(1.5 equiv) (1.5 equiv) Me
156 157 158
Entry Time SD Yield
1 10min 156, 157, 158 55%
BEts
2 10 min 156, 157 51%
BEts
3 60 min 156, 157, 158 50%
BEts
4 90 min 156, 157, 158 39%
BEts

3.2.4 Pre-Optimized Alkylative Substrate Scope

The substrate scope was further expanded tonegfenerality of the reaction (Table 25).
However, experimentation with other substratesatethat this reaction was not general with
respect to aliphatic alkynes, even if ffunethyl enoate is used. Aliphatic aldehydes wese al

tolerated.

Table 25 Substrate Scope of Alkylative Cycloaddition

o) R4 Ni(COD), (10 mol%) OH ©O
PhO)K[W . H X o] PBuj; (20 moll%) - R4
H™ R® BEt; (5 equiv)
R? R3 Tol R? R®
Entry R R? R® R* R®  Yield
1 H H Me Ph Ph ~25%
2 H Me Me Ph Ph  58%
3 H Me Me Ph Ph  25%
4 Me H Me Ph Ph  54%
5 H Me nPr nPr  Ph 9%
6 H Me Me Ph  nHex 52%"

a) NMR Yield; b) Rxn at 50 °C
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3.3 Optimizing Alkylative Substrate Scope

3.3.1 Ligand Optimization

Looking back to the reductive cycloaddition prajet was noticed that yields for other
substrates dramatically improved when the IMesnlijaas used (Table 9). Notably the yields
for reductive cycloadditions employing aliphatikyle substrates doubled when switching from
PBw to IMes. We wondered if we could apply this adwanc the alkylative cycloaddition

chemistry, and if it worked, how much the yield Wwbimprove (Scheme 88).

Scheme 88Applications of Lessons from Reductive Cycloaidadis

(0] Ho ©
ﬁ/nHex Ph)\ﬁnm
Me nHex Me nPr
L Yield L Yield
PBu;  ~39% PBu; 9%
IMes 82% IMes ?

When we tested our hypothesis by employing IMeshasligand for a transformation
using 4-octyne, gratifyingly we found that the gieinproved (Table 26, entry 5). The yields of
other substrates classes such as the unsubsténtede (entry 6) and thephenyl substituted
enoate (entry 4) also improved but only by ten @ercUnfortunately the yields of other high

yielding substrates did not improve and yields weiminal alkynes were also low (entry 7).
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Table 26 IMes improves yields of inefficient Alkylative Clpadditions

0

% " R* 0 Ni(COD), (10 mol%) OH \

PhOJ\[ . | ‘ . H)b L, BEt; (5 equiv) Ph#ﬁ/R
R2 R Tol, 90 °C T

Entry L R' R? R3 R4 Yield

1 PBus H Ph Me Ph ~25%

2 PBus H Me nPr nPr 9%

3 PBuz; H H Me Ph  ~25%

IMes H Ph Me Ph 43%

IMes H Me nPr nPr 52%
H

IMes H Me Ph  ~35%

N o o M

IMes Me H nOct H 17%

3.3.2 Syringe Drive Optimization

The cycloaddition yields of some substrates, sasif-phenyl enoate, unsubstituted
enoate, and reactions with 1-decyne, were still. IBased upon the syringe drive experiments
performed with the model substrate pair, we decitietl despite the lack of improvement in the
model substrate, slow addition may improve thedyi&éhe 10 minute syringe drive had the least
impact upon the yield with the model substrate.ti@iagly, a variation of the syringe drive
addition was found that improved the yields by 18&toss several substrates (Table 27), but had
no effect on the model substrate pair (Table 2#&ye?). The reductive cycloaddition proceeds in
much better yields than the alkylative cycloadditiand there is some reductive cycloaddition
product formed in these reactions. It may be thatfbrmation of the C-C bond is a high energy
step in the reaction which may be why the vyields lawer for the alkylative cycloaddition
chemistry. Increasing the concentration of aldehywlethe reaction relative to the other

components has led to slightly better yields, wigapports the initial hypothesis.

95



Table 27. Syringe Drive Optimization of Lower Yielding Subastes

Ni(COD), (10 mol%) o

0 Ph o) IMes-HCI (10 mol%) HO
PhO)H - H —BUOK(10mol%) _ Ph
| Conditions

Me BEt3 (5 equiv), 90 °C Me
(1.5 equiv) (1.5 equiv)
Entry Conditions Yield
1 No Syringe Drive (SD) ~35%

SD enoate, alkyne, aldehyde,

~ 0,
and borane into catalyst 35%

SD enoate, alkyne, and borane 47%
into catalyst + aldehyde

Yields with the terminal alkyne were still very [of#30%), so additional syringe drive
experiments with variable amounts of aldehyde alkgine were devised (Table 28). It was
thought that since the alkylation step is difficaltd because yields were low with terminal
alkynes that increasing the concentration of thiefayde would improve the yields as it did in
syringe drive experiments with other substratesfoliunately, greater concentrations of
aldehyde either did not affect product yields atHar inhibited the reaction. The concentration
of the alkyne was also increased in case alkyneetization was limiting yields, but this also did

not improve yields.
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Table 28 Optimization of Alkylative Cycloadditions with Tminal Alkynes

Ni(COD), (10 mol%) o

0 H le) IMes-HCI (10 mol%) 6]
t-BuOK (10 mol%) Ph
Me + | | + H H
PhO BEt; (5 equiv)
- T | (oY
n-Oct ol, 90 °C h-Oct
1eq. 1.5eq.
Entry Conditions Eq. Aldehyde Yield
1 No SD 1.5 ~17%
SD enoate, alkyne, and borane o
2 into catalyst + aldehyde 15 27%
SD enoate, alkyne, and borane o
3 into catalyst + aldehyde 3 21%
SD enoate, alkyne, and borane o
4 into catalyst + aldehyde 5 <%
5 SD enoate, alkyne, and borane 1.5 28%

into catalyst + aldehyde (3 eq. Alkyne)
3.3.3 Alkylative Cycloaddition Substrate Scope

Since terminal alkynes were low yielding, we dedido further investigate the substrate
scope of the reaction. Several substrate combmativad not been subjected to reaction
conditions when IMes was employed and some of theaetions led to further insights into
alkylative cycloaddition chemistry (discussed itetasections). The nickel-catalyzed alkylative
cycloaddition proceeds in good yield with respextstbstitution pattern (Scheme 89). Both
aliphatic and aromatic alkynes, aldehydes, and tesoare tolerated. The reaction was also
tolerant of functionality such as esters and ptett@alcohols. The diastereoselectivity is slightly
higher when PBuyis employed as the ligand, but the reaction iseffi¢tient with all substrates.
The IMes ligand offers the best generality withgistly diminished regioselectivity and
diastereoselectivity. The yields of reactions wdhphatic aldehydes are also significantly
diminished when IMes is employed as the ligandt Bathe reason for the lower yields is the

selective conversion of one diastereomer to formbEdlimination products. This result is not
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entirely reproducible and repetition of the reacti@sults in variable amounts of the minor

diastereomer and the amount of Elcb eliminatiordped forming. However, the sum of the

yields of both diastereomers and the amount ofieéitron product is lower than the yields of

many of the other products. Also of note is therfation of a small amount of acyclic redox

product (~20%) when the-methyl enoate is reacted in the presence of thesihigand.

Scheme 89Nickel-Catalyzed Alkylative Cycloaddition Subs&écope

A, L = PBu3 (20 mol%)

o R o Ni(COD);, (10mo %) HO B, L = IMes-HCI/fBUOK
R! 4
PhO . ‘ | . J\ . R5 ) R (10 mol%)
| H” RS BEts, (5 equiv) R C, L = IMesHCI/tBuOK
RZ R® toluene, 90 °C RZ R3 (10 mol%), SD
OH o OH o OH o OH ¢
Ph Ph Ph
/5:/}7% wph Ph Ph
Me Me Me
Me Me Me
A B A B A B B OTBS
57% 61% 54% 50% 52% 18% 57%
69:26:5 45:35:20 61:39  52:36:11 3763  86:14 54:37:9
OH 4 OH OH 4 OH o
Ph Ph Ph
%Ph n-pr /KE‘éfPh Ph Ph
Ph Me
Me n-Pr Me Me
c B c B
50% 52% 48% 47% o/ OMe
65:29:6 58:42 69:25:6 54:33:13

3.3.4 Electrophiles and Other Substrates

Other substrates such as alkyl and acyl halides wsed in the stoichiometric alkylative

cycloadditions. We decided to briefly investigateng of these substrates as electrophiles for the

alkylative cycloaddition (Table 29). One of our cems was that the halogens on many of these

substrates could be problematic for the nickel lgataTo circumvent this problem, we used

syringe drive addition to lower the concentratidntttese potentially reactive electrophiles so



that we could intercept the metal-enolate in $@se was added to each reaction to soak up any
acid. However, none of these substrates led t@dugtive reaction. Small amounts (<10%) of
reductive cycloaddition products were noted in saaes. The reaction was also attempted with
an epoxide and a ketone, but these reactions ve¢ngroductive. Alkylative cycloadditions with
different electrophiles was not extensively invgsted or developed, so this area should be the

subject of future investigations.

Table 29 Alkylative Cycloadditions with Different Electrbges

Ni(COD), 10 mol% o

Me
| P PBus, ZQ mol% E
o) | E Ph
©/ BEt;, 5 equiv
o Me Tol, 90 °C Me™ e
(1 equiv)

Electrophile Additive Procedure Yield
BnBr None 0%
BnBr None SD BnBr 0%
BnBr NEtiPr, SD BnBr 0%

(0]
@%n NEt/Pr, SD PhCOCI 0%
2 9 NEtiP SD Ac,O
iPr. C: 0%
A : : .,
TMSCI None Sealed Tube 0%
TMSCI NEt/Pry Sealed Tube 0%

Substrates that would undergo intramolecular reastwere also investigated (Scheme
90). Unfortunately, substrates that undergo intdacwar alkylations were inefficient while
substrates that underwent intramolecular cycliratiere unproductive. Reactions with these
tethered alkynyl enoates were unproductive andaoted starting material as well as reductive

cycloaddition product was recovered from the reactiSimilar to the reductive cycloaddition
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chemistry, reactions with disubstituted enoatesewampletely unproductive. Reactions with

alkynes with unprotected alcohol led to reductiyel@addition products.

Scheme 90Intramolecular Alkylative Cycloadditions and Mistubstrates

L = IMes L = PBus L = IMes L = IMes
Ho § Ho @ o Q Ho ©
Ph Ph Ph
& Ph Ph’j‘?ﬁ/ Ph OH
Me Me Me Me Me
~25% 0% 0% ~15% Reductive
L = PBus [3+2]

(~15%)
3.4 Regioselectivity and Diastereoselectivity
3.4.1 Regioreversals

In 2010, we reported that we could control theiagsglectivity of aldehyde-alkyne
couplings with carbene ligands (Scheme Bi)if large NHC ligands were used, the large
substituent of the alkyne would be forced to ortemtards the aldehyde and the C-C bond forms
at that the more hindered terminus of the alkynethVgmaller carbene ligands, the large
substituent orients away from the aldehyde andCH@&bond forms at the less hindered terminus

of the alkyne.

Scheme 91Regiocontrol with Carbene Ligands

OSiR; ITT‘ iPr , OSiR;
' Ni(0), RsSiH O __Niw_ Ni(0), RsSiH
n-Hex = Ni-Pr Small L H” ~neHex Large L n-Hex ~ "Me

Me Me i-Pr

We decided to see if we could improve regiosel#&as with smaller carbenes than IMes

or reverse regioselectivity with larger carbenemntiPr. Also, since IMes and IPr had worked
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well for most substrates we also thought that wghinsee better substrate yields with different
carbenes (Table 30). Unfortunately smaller carbgase poor yields and did not improve on the
selectivity of the reaction. Larger ligands tham #s0 gave poor yields, but could reverse the
regioselectivity of the reaction. Overall, thereedaseem to be a trend from smaller to larger
ligands where the terminus of the alkyne with thels substituent forms a C-C bond with the

enoate when the ligand is small and the terminukeflkyne with the larger substituent forms a
C-C bond with the enoate when the ligand is largkere were significant amounts of

uncharacterized side products formed when larggmtis such as SIPr were used. There is

potential for optimization of regioselectivity withe larger ligands as a possible future avenue

of research.

Table 30 Regioreversals with Carbenes

0 Ph o) Ni(COD), (10mol%)  HO @
L (10 mol%) Ph
PhOH ' | | ' ©)J\H Conditions Ph)ﬁ/
Me Me BEt, (5 equiv), 90 °C M Me
(1.5 equiv) (1.5 equiv)
L Conditions Yield Selectivity
PBuj Toluene 57% 69:26:5
20 mol% cat oy % ~74:26

IPrBAC BuLi, Dioxane 5% ~70:23:7

ITol tBUOK (10 mol%) 10%*  ~78:20:ND:2

Toluene
~56" IPrBAC
IMes t B“OTKO I(Jgn’;m'%) 61% an f’%-g‘_* 20
135: (i-Pr)sN___N(i-Pr),
i {BUOK (10 mol%) hd
i-Pri-Pr u mol% —AD0 VI =
IPr oo 62%  18:11:53:18
tBUOK (10 mol%) o e
SiPr oo 36% 11:65: 23
sipr  fBUOK (10 moi%) 229 ~20:60 : 20

Dioxane
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3.4.2 Diastereoselectivity

The isomeric ratio of the products reflects therfation of two major diastereomers of
the major regioisomer of the reaction with the minegioisomer forming in small quantities
(Scheme 2). The stereochemistry is epimeric ahtfigoxyl position. The substituent at the
position is oriented trans to the methyl (or phgmsybstituent at thp-position. There are a few
exceptions to this selectivity, with thesubstituent an@-substituent being orientets to one
another. The first exception appears as a minaiymtowhen the reaction is conducted at 50 °C
which is suggestive of isomerism of the productsigher temperatures. The second case is

when aliphatic aldehydes are used, the cis isoarers in minor quantities.
3.4.2.1. Determining Diastereoselectivity

This stereochemistry was established by an n@éigakhip between thg substituent of
the ring and the--hydrogen. The stereochemistry at the epimerictjposivas more difficult to
determine and involved Luche reduction and acstalzation of the resulting diol (Scheme 92).
The acetal was then subjected to nOe experimerdstia nOe relationships of the protons
geminal to the acetal oxygens and the methyl gafube acetal were indicative of the relative

stereochemistry.

Scheme 92Relative Stereochemistry is Determined by Prod@x Relationships

nOe
HO o)

H
R“ @
nOe R3 Me/g /(%

R1 R
R?
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A representative example is shown in Scheme 93thefreduction to the diol and
protection to form the acetalide. The reductionthe diol was performed on the purified
diastereomer and the diol diastereomers were deplab@fore acetal protection. Scheme 93b
shows all the cases where the relative stereochgmisas determined. The relative
stereochemistry was determined for both diasterepraé the model substrates9, but was
determined for only one diastereomer of the othdysgates160 (minor diast.),161 (major
diast.), andL62 (major diast.). The J-values of these protons \atse evaluated and found to be
consistent with the stereochemistry indicated ke nlde experiments (see Chapter 5). The J-
values of the protons in the product (before acetallization) were also calculated and

compared to known examples (See Chaptéf Blost of these J-values were found to be similar.

Scheme 93Luche Reduction and Acetal Formation RevealstiRel&tereochemistry

a) OH O OH OH MeO OMe OX
NaBH4 (4 equiv) ]
Ph Ph
" CeCly (1 equiv) TpTsA(omo) TN Ph
Me MeOH, 0 °C
Me Me'
11, 83% (1.2:1) 11, 99% Me
single diasteroemer 12, quant (1.7:1)  Separate diastereomers I2, 77%
159a 159b

3.4.1.2 Improving Diastereoselectivity

A few different Lewis acids such as Ti&nd Sn(OTf) were added to the model reaction
to improve the diastereoselectivity. Unfortunateyth as little as two equivalents of these acids,
the reaction was completely unproductive. Alumintimsopropoxide was also used but resulted

in low yields of reductive cycloaddition and E1dbmenation products. We also tried to improve
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the diastereoselectivity by increasing the bulkfua phenyl ring of the phenoxy group. The use
of the mesityl phenoxy group led to a slight impment in selectivity, but significantly lower

yields (Table 31). The use of the di-tert-butyl pbxey group led to an unproductive reaction.

Table 31 Modification of Phenoxy Group to Improve Diastselectivity

, R" o Ph Ni(COD), (10 mol%) o O
R o IMes-HCI/t-BuOK (10 mol%) Ph
(o) <+ : Ph
| H Ph BEt3 (5 equlv)
R! Me Me Tol, 90 °C Me  Me

Entry R! R2 Yield Selectivity

1 H H 61% 45:35:20

2 Me Me 36% 67:24:8

3.5 Mechanism

The alkylative cycloaddition could proceed througto different mechanistic pathways
(Scheme 94). The pathways proposed are the samée gwoposed for the reductive
cycloaddition. Oxidative addition of the metal teetenoate and alkyne yields the metallacycle
163 which can follow path A and alkylate the metablere to yield a second metallacydlé4.
Transmetallation with the borane in solution foledvby intramolecular insertion of the vinyl-
nickel species into the ester closes the five-meatheng. The phenoxy group is extruded and
the catalyst is regenerated with the reducing agdternatively if the reaction proceeds through
path B, the phenoxy group can be eliminated frortatteeycle163 resulting in the formation of
a ketene intermediate65. Intramolecular insertion of the vinyl-nickel sjpes into the ketene
closes the five membered ring and alkylation of nietal enolatel66 with the aldehyde yields
the product. The reducing agent in solution regaesrthe catalyst to start the catalytic cycle

again. There is evidence supporting both mechanisms
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Scheme 94Proposed Mechanism of Alkylative Cycloaddition

O Ly -
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3.5.1 Redox Products

Whena-methyl enoates were used, a small amount of acpebductl67 forms along

with the expected cycloaddition proddd&8 (Scheme 95).

Scheme 95Formation of Acyclic Redox Products

167 168
o Ph Ni(COD),, (10 mo 1%) HO O PhO Ve H
o) IMes-HCI/tBuOK (10 mol%
Mer ||+ L (_ ) P Ph, 4 Ao
PhO BEts, (5 equiv) €
H” ~Ph Me

Me toluene, 90 °C Me O~ "Ph
50% 19%

The acyclic product that forms whermethyl enoates are used can only form throughweath
A. After oxidative cyclization and alkylatiofi:hydride elimination fronl69 can occur yielding
an acyclic nickel-hydride intermediate/Q. This can then reductively eliminate forming an
acyclic internal redox produé®.Experiments with deuterated-benzaldehyde confhis tesult

(Scheme 96). This has been previously demonstiatedternal redox couplings utilizing-
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substituted and unsubstituted enones, aldehyddsalynes in the absence of reducing ad&nt.
This product was also formed in the absence ofaieduagent, albeit in significantly lower
yields, and the alkylative cycloaddition productsaaso not formed in the absence of reducing

agent.

Scheme 96Proposed Mechanism of Redox Product Formation

>95% D >95% D~
0 Ph Ni(COD)y, (10 mo 1%) HOp O PRO D
0 . 9
Me + ‘ | - IMes-HCI/tBuOK (10 mol%) Ph Ph, o A,
PnoO D Ph BEts, (5 equiv) Me Ve
Me toluene, 90 °C Ve 0% ph
46% 23%

L,

O Me | Ph PhO._O~NiL, P
Ni_ Ph _PhCDO_ "pn
phd’ N\ // Ij /
PhO e D PhO \NiLn
O)‘I\%Ph O)j/\/\Kkph
07 phe o7 prMe
3.5.2 Probing the Mechanism

It was thought that we could probe the mechanisnthef reaction by excluding the
reducing agent. Without reducing agent, if the tieacwas proceeding through path A, we
would expect to see acyclic redox products predateinbecause the structure of these
intermediatel69 is not significantly different than the structureisthe intermediates proposed
from the studies of Herath, Li, and Montgométyowever, in reactions without reducing agent,

and withp-methyl enoates, these products do not form (Scl8fe
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Scheme 97No Redox Products Form in the Absence of ReduBigent with-methyl Enoate

N Ph .
0 Ph  Nicopy, PhO |0 NiL,, Ny O~NiL, O Me H
PhO N || IMes. tBuOK / Ph  PhCHO o / Ph PhO Pz Ph
| Tol, 90 °C " Me
Me Me me Ve PhO ¢ Me O~ "Ph

157 NOT OBSERVED

Ogoshi has demonstrated that in the absence otragbdes in aprotic solvent
conditions, that five-membered nickel-enolates loarobserved by using low temperature NMR
experiments (See Chapter 2, Scheme *9Upon quenching with-PrOD, the reductive
cycloaddition product forms. It is possible théie talkylative cycloaddition is therefore
proceeding through pathway B and that the acyelitox products are afforded exclusively as a
consequence of the special reactivity of dhemethyl enoate. Furthermore, it is noteworthy that
in the multicomponent redox pap@rsubstituted substrates were unreactive. Inteiggtimafter
constructing hand-held molecular models, the drluteerlap for insertion of the vinyl-nickel

into the ketene intermediate seems to be poor.
3.6 Conclusion

In conclusion the first catalytic, intermolecul&+2]-alkylative cycloaddition has been
developed. This reaction is general with regardsubstitution pattern of the enoate and is
tolerant of both aryl and alkyl alkynes and aldeds/dlhe actual mechanism is presently unclear.
This methodology expands the reductive cycloadditioemistry to a multicomponent alkylative
reaction. It also advances to the metal-mediatkgatlve cycloadditions to catalytic alkylative
cycloadditions. Further development of this chemighould aim to expand the scope of
electrophiles, as conditions for alkylation withhet electrophiles were not extensively

investigated. Regioreversals could also be optichaeyields were low because of the formation
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of side products when SIPr was employed as thendigharge NHC ligands were also not
extensively explored. Other-components such as allenes or alkenes could alsulbstituted

for alkynes.
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Chapter 4

Context and Conclusions

Five-membered rings are important structural matifa variety of biologically active
molecules. One way to access these five-membengd i$ to combine a two-atom component
with a three-atom component in a [3+2] cycloadditith would be efficient and beneficial to use
the same simpler-components that are used in Diels-Alder type pmses in [3+2]
cycloadditions. Unfortunately, the synthesis ofefimembered rings is complicated by the
inability to combine these simple-components together because a five-membered sng |
formed. In order to combine simpkecomponents to form the five-membered ring togetiter
would require a bi-radical process or complex hicyproducts would have to be formed.
Alternate strategies with different types of reagemave been developed to work around this
complication. One additional complication of theswategies is that methods to form
carbocycles are less well developed than those ftrat heterocycles, and it is carbocycle

synthesis that this work is exclusively focused on.

Many synthetic strategies utilize 1,3-dipolar resatg for the synthesis of five-membered
rings. Many of these dipolar strategies have beseldped exclusively for heterocycle synthesis
however. There are a few methodologies that hawen kdeveloped for the synthesis of
carbocycles that take advantage of dipolar reag@ltter methodologies make use of iron or
cobalt metallated reagents that react with electleficient olefins. This suffers from the

drawback of having to pre-synthesize the metallatsafjent and then the products must be
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demetallated. A newer method makes use of the aipmimethylenemethane intermediate,
which also reacts with electron deficient olefirss form cyclopentene products. A major
drawback of this method is that several synthégpsare necessary to synthesize the precursor

to this intermediate.

Other methods use strained rings or vinyl carkemeagents to access cyclopentanoid
products. Some of these methods, such as thosautiiaé the methylenecyclopropanes, are
quite well developed. Methodologies that utilizendoacceptor cyclopropanes are also well
developed, but these methodologies are mostly &mtos heterocycle synthesis; a few examples
of these reagents being used in carbocycle systliesexist, however. The methods that make
use of vinyl carbenoid reagents, make use of al\diazo compounds that are metallated by a
catalyst or use a pre-metallated carbenoid reafgentyclopentenoid synthesis. The use of
strained rings or carbenoid reagents also reqspesial synthetic manipulations to install these
structural motifs. It may be difficult to carry senof these motifs through a synthesis or install

them at a late stage in a synthesis.

There are some ways to circumvent the difficultieat surround the use of dipolar,
carbenoid, and strained rings for the synthesifvefmembered rings. It would be ideal to use
simple mt-components that are readily available, easilyalied, or easily carried through a
synthetic sequence. There are some ways to gatdtbe complications of using these reagents
for the synthesis of five-membered rings. One metisdo rearrange the atomic-connectivity of
the reagent, a 1,2-shift, during the formationha tive-membered ring. There have been several
classes of silane reagents that have been usatida@ynthesis of five-membered rings. Other
methods use phosphine catalysts to effect a 1,2egad shift during a cascade sequence for the

formation of the five-membered ring.
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Another distinct strategy is to change the subsstrexidation state during the
cycloaddition. This strategy is becoming increaingeneral and is an excellent method for
carbocycle synthesis. Some of these methods useiodia intermediates. Others use
stoichiometric or catalytic quantities of metal the reductive cycloaddition of simple-
components. The Montgomery group has been focusedhese types of transformations
throughout much of the group history. Initial deoahent in this area involved nickel-mediated
reductive and alkylative cycloadditions of tetheredomponents, which are similar to related
titanium- and iron-mediated reductive and alkylatisycloadditions. The use of organoborane
reducing agents enabled intramolecular and intexoubhr nickel-catalyzed reductive
cycloadditions of enals and alkynes to form cyctdpaol products. Unfortunately, these new
conditions did not allow for the same advancesc&talytic alkylative or intermolecular-catalytic
alkylative cycloadditions involving aldehydes oedrophiles, which is a challenge for forming
highly functionalized cyclopentenoid products. Tiheermolecular-alkylative cycloaddition is a

multicomponent reaction which presents its own gpetallenges.

Multicomponent reactions are especially useful flmming multiple bonds in a single
pot. This usually happens in a cascade sequenc@mgie reactions. A major challenge of
multicomponent reactions is to get all reactantsfuonel down to a single product. Most
multicomponent cycloaddition reactions utilize dgro reagents, mostly for heterocycle
synthesis. Variants for carbocycle synthesis ase ®mmon and these strategies make use of
strained rings or carbenoid intermediates. Threapmment processes have also been developed
for methodologies involving silane reagents thairn@nge their atomic-connectivity during the
cycloaddition. More strategies for forming highlyunttionalized carbocycles through

multicomponent processes are needed.
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Nickel-catalyzed enal-alkyne reductive cycloaaduis provided cyclopentenol products.
We sought to find a way to access the corresponciytppentenone products. These products
were still accessible through oxidation of the opentenol products, but first the nickel-
catalyzed enal-alkyne coupling has to be performvgld enal reagents which are unstable and
require purification prior to use. We believed ttte¢se products might be accessible if we used
ana,pB-unsaturated carbonyl component with a leaving githat could be eliminated during the
coupling process to form the cyclopentenone prodiiter screening different,-unsaturated
carbonyl components, we found that phenyl enoatesiged the best overall yields. The
reaction was insufficiently general and yields wieng with other substrate pairs or substitution
patterns. The generality of the reaction was gyeatproved when IMes was used as the ligand
for the reaction. We also discovered that when veeewexploring the substrate scope of the
reaction, acyclic reductive coupling products daaed when we coupled thesubstituted
enoate with internal alkynes. When we discovered When the same enoate was reacted with
terminal alkynes to yield cycloaddition productse wattributed this special reactivity to steric
effects. We propose that this reaction proceedsugir a similar mechanism as the enal-alkyne
couplings and believe that the formation of thidugive coupling product, which would be
difficult to envision forming through other mechsinc pathways, is evidence towards this
pathway. Other mechanisms involving a ketene inggliate could be envisioned. A publication
emerged, shortly after our own publication on thigject, showing that the proposed products
could form under aprotic conditions demonstratifg tviability of this mechanism. We
performed a few of our own experiments and confant@s result, and the viability of this
pathway, but experimental difficulties made it wiffit to determine which pathway

predominates. However, we were able to demondfnatethe reaction that favors the formation
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of the reductive coupling producgt under protic ditions only forms the reductive
cycloaddition product under aprotic conditions. sT'tmay indicate a change in mechanism
depending on solvent conditions, where under aprotinditions, the ketene pathway is
operative. Conversely, because protonation is § fast event, and because our reactions are
performed under protic conditions, we believe #ke¢ene mechanism to be unlikely under our
“normal” protic reaction conditions. Also, the emence of reductive coupling products in some

reactions would be more difficult to form in reacts involving a ketene intermediate.

We saw additional opportunity to expand this eeadkyne coupling to a three
component process involving alkylation with aldebydinstead of protonation. The three-
component enal-alkyne and aldehyde coupling wasaoessful largely because of the similar
reactivity of enals and aldehydes. These reacti@ssilted in a large number of different
products. Enoates and aldehydes are sufficientferdnt that a cascade process will funnel
down to a single product. We tested this three-ammpt process and found that alkylated
products formed as a mixture of two favored diasierers, but in somewhat lower yields than
the enoate-alkyne couplings. Initial optimizati@vealed that the reaction could not be readily
expanded to differently substituted enoates oetbfiit types of alkynes. We found that when we
used IMes as the ligand, the generality of thetr@admproved. There were some substrates that
were still low yielding and the yields could be iraped with the use of a syringe drive. There
were a few reasons as to why the yields were loweNVtributylphosphine was used as the
ligand, there was unreacted enoate leftover. Howewdile IMes improved conversion,
formation of small amounts of reductive couplingdaBlcb elimination product caused the
yields to still be lower than the corresponding arealkyne reductive cycloadditions. The

mechanism of the reaction is presently unclear.\Wifeessed the formation of acyclic coupling
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products which could only be formed through a regaxhway involving a seven-membered
metallacycle that is also proposed in the pathwiah® enoate-alkyne reductive cycloadditions.
Deuterium labeling experiments confirmed this resTiis acyclic redox product was only seen
when thea-methyl enoate substrate was used however. Expetsmeith other substrates
revealed no redox products and experiments withotane reducing agent — which should favor
the formation of the acyclic products also did paiduce acyclic redox products. We therefore
believe that the ketene mechanism may be operatider these conditions, because there is no
proton source in solution and our experiments alwitlg results published by others demonstrate

the viability of this pathway.

If we compare both the reductive and alkylative lagdditions, it is likely that the
reductive cycloaddition proceeds through pathwaypetause the reductive cycloaddition is
performed under protic reaction conditions (Sche@®. The alkylative cycloaddition is
conducted under aprotic conditions somewhat sintdathe conditions that Ogoshi used in his
NMR experiment. There are a few notable differenbesvever. Ogoshi’s experiment was
conducted using stoichiometric amounts of nickel ahlower temperatures than the conditions
that are used for the alkylative cycloaddition. #leo never intercepted his metal enolates with
aldehydes. Despite the similarity in conditionsg thechanism of the reaction is unclear. The
ketene mechanism is entirely plausible becdtigeeriments with other substrates revealed no
redox products, and experiments without borane dieduagent, which should favor the
formation of the acyclic products, also did notdaroe acyclic redox productk should also be
noted that thex-methyl enoate may be a special substrate thaedbidise reaction pathway
towards pathway A, as redox and reductive couppngducts are not observed with other

substrates.
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Scheme 980verview of Mechanistic Conclusions

O
0 /

o)

-
E oth'L"): ’ ——NiL,OPh
R 7 . R R I~Re
RZ R

(6] L, R4 R2 R®

PRO
PhO_ O-NiX LnN{/o

R3 R2 R3
Ni(O)Ln‘T< .
BE@& E
BEt,
e

R4
E + BEGX

R2 R3

115



Chapter 5
Supporting Information
5.1. Nickel-Catalyzed Reductive Cycloaddition Proaure

All reagents were used as received unless othemuta. Solvents were purified under
nitrogen using a solvent purification system (Inatbve Technology, inc. Model # SPS-400-3
and PS-400-3. Enoates were distilled prior to d€COD), (Strem Chemicals, Inc., used as
received), 1,3-Bis(2,4,6-trimethyl-phenyl)imidazoh chloride (IMedHCl),
tricyclohexylphosphine, DPEphos, and potassientbutoxide was stored and weighed in an
inert atmosphere glovebox. Tri-N-butylphosphine virashly distilled and used under an inert
atmosphere. Methanol (Acros SureSeal Extra Dry withlecular sieves) was used as received.
All reactions were conducted in flame-dried or owkied (120 °C) glassware under nitrogen
atmosphere’H and**C spectra were obtained in CR@l rt (25 °C), unless otherwise noted, on
a Varian Mercury 400 MHz, Varian Unity 500 MHz insient, or Varian Unity 700 MHz
Instrument. Chemical shifts 0H NMR spectra were recorded in parts per milliopni) on the
§ scale from an internal standard of residual ctitoro (7.26 ppm). Chemical shifts 5IC NMR
spectra were recorded in ppm from the central pga®DCL (77.0 ppm) on thé scale. High
resolution mass spectra (HRMS) were obtained oGar¥-250-s spectrometer manufactured by
Micromass Corp. (Manchester UK) at the University Michigan Mass Spectrometry

Laboratory. Regioisomeric ratios were determinedcoude reaction mixtures using NMR or
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GC. GC analyses were carried out on an HP 698@sS&C System with an HP-5MS column

(30m x 0.252mm x 0.2pm)

General Procedure A:Enoate-Alkyne Cycloaddition with IMes

Ni(COD), (8.3 mg, 0.03 mmol, 0.1 equiv), 1,3-bis(2,4,6-&thyl-phenyl)imidazolium chloride,
(IMes'HCI) (10.2 mg, 0.03 mmol, 0.1 equiv), and K®u (3.4 mg, 0.03 mmol, 0.1 equiv) were
combined under an inert atmosphere and dissolvedniL of THF at rt. The catalyst solution
was stirred 10-15 min. at rt. until a deep blueugsoh resulted. Enoate (0.3 mmol, 1 equiv),
alkyne (0.45 mmol, 1.5 equiv) and methanol (0.1 mve)e then cannulated over from a nitrogen
purged vial in 2 mL of THF. BEt(217 uL) was then added via syringe and the reaction was
placed in a 50 °C oil bath until TLC analysis irateed disappearance of the enoate. After

reaction completion the general procedure for wpnkmas followed.

General Procedure B:Enoate-Alkyne Cycloaddition with PGy

Ni(COD), (8.3 mg, 0.03 mmol, 0.1 equiv) and tricyclohexylipphine (16.8 mg, 0.06mmol)
were combined under an inert atmosphere and diedalv 1.5 mL of THF at rt. The catalyst
solution was stirred 10-15 min. at rt. until anraya/yellow solution resulted. Enoate (0.3 mmol,
1 equiv) and methanol (0.1 mL) were then cannulatesd from a nitrogen purged vial in 1.5 mL
of THF. The alkyne (0.45 mmol, 1.5 equiv) was tliéssolved in 2 mL of THF. BE{(217 uL)
was then added via syringe. A small amount (0.2 wofL)he alkyne solution was then added
followed by placement of the reaction in a 50 °Chaith, and by 1.5 hour syringe-pump addition
of the alkyne. The reaction was monitored until Th@alysis indicated disappearance of the

enoate. The general workup procedure was thenafetlo
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General Workup Procedure for Nickel-Catalyzed [3+2]Cycloaddition Product Formation

Upon completion of the reaction the septum was fuwad with an needle to allow air in, and the
reaction was stirred at rt. for 30 min. Saturatédh®l (2.5 mL) was then added and the aqueous
layer was extracted 3x with 5mL methylene chlorilee combined organic layers were then
washed with 0.5 M NaOH (20 mL) followed by a briwash (20 mL). The organic layers were
then dried over anhydrous PRO, followed by filtration through a pad of silica and
concentration via rotary evaporation. The produetsre then purified via flash column

chromatography.

5.2 Nickel-Catalyzed [3+2]-Reductive CycloadditiofProduct Characterization

(E)-3,4-dimethyl-5-phenyl-1-(1H-pyrrol-1-yl)pent-4-en-1-one (Table 4, Entry 4)

0]

-
Me ~ “Ph
Me

Ni(COD), (8.3 mg, 0.03 mmol, 0.1 equiv) was weighed outeurah intern atompshoere and 1.5
mL of THF was added after the vial was transfet@a schlenk line. Next, tributylphosphine
(12 mg, 0.06mmol) was added dropwise to the pdlewesolution resulting in a bright yellow
solution after 10-15 min. The rest of the setupofes General Procedure A with (E)-1-(1H-
pyrrol-1-yl)but-2-en-1-one (0.041 g, 0.3 mmol) amt phenyl-propyne (0.056 mL, 0.45 mmol).
The product was isolated after column chromatograih075 g, 90%)*H NMR (500 MHz
CDCL): § 7.34-7.39 (m, 4H), 7.23-7.28 (m, 3H), 6.40 (s, 16135 (t, J = 2.3 Hz, 2H), 3.05-3.10
(m, 2H), 2.89-2.92 (m, 1H), 1.92 (s, 3H), 1.30J¢; 7.0 Hz, 3H)**C NMR (100 MHz, CDCJ):

0 169.5, 141.0, 137.9, 128.9, 128.0, 126.1, 129,9,d, 113.1, 40.5, 39.8, 19.3, 15.1.
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(E)-3-(4-methyl-5-phenylpent-4-enoyl)oxazolidin-2-ne (Table 5, Entry 1)

O

8
o N
\J)‘\H/\Ph

Me

Ni(COD), (8.3 mg, 0.03 mmol, 0.1 equiv) was weighed outeurah intern atompshoere and 1.5
mL of THF was added after the vial was transfet@a schlenk line. Next, tributylphosphine
(12 mg, 0.06mmol) was as a solution dropwise topile yellow solution resulting in a bright
yellow solution after 10-15 min. The rest of théeupefollows General Procedure A with (EB1
acryloyloxazolidin-2-one (0.04 g, 0.28 mmol) andl gvhenyl-propyne (0.050 mL, 0.43 mmol)
and triethylborane (0.124 mL, 0.85 mmol). The pridwas isolated after column
chromatography as an impure product (0.007 g, 1&86NMR (400 MHz CDCJ): 6 7.29-7.33
(m, 2H), 7.17-7.23 (m, 3H), 6.33 (s, 1H), 4.39-4(4% 2H), 4.02-4.06 (m, 2H), 3.15-3.19 (m,

2H), 2.54 (t, J = 8.0 Hz, 2H), 1.90 (d, J = 1.2 Bi).

(E)-3-(3,4-dimethyl-5-phenylpent-4-enoyl)oxazolidir2-one (Table 5, Entry 2)

0]

1
g N
\Jl\j:jY\Ph

Me

Ni(COD), (8.3 mg, 0.03 mmol, 0.1 equiv) was weighed outeurah intern atompshoere and 1.5
mL of THF was added after the vial was transfet@a schlenk line. Next, tributylphosphine
(12 mg, 0.06mmol) was as a solution dropwise topile yellow solution resulting in a bright
yellow solution after 10-15 min. The rest of theugefollows General Procedure A with (E)-3-
(but-2-enoyl)oxazolidin-2-one (0.05 g, 0.32 mmoitjdaand phenyl-propyne (0.060 mL, 0.49

mmol) and triethylborane (0.13 mL, 0.96 mmol). Theoduct was isolated after column
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chromatography (0.004 g, 5%H NMR (400 MHz CDC})): § 7.26-7.30 (m, 2H), 7.14-7.20 (m,
3H), 6.31 (s, 1H), 4.33-4.38 (m, 2H), 3.97 (t, 8.8 Hz, 2H), 3.17 (dd, J = 15.6 Hz, 6.8 Hz,
1H), 2.87-3.10 (m, 2H), 1.83 (d, J = 1.2 Hz, 3H),6L(d, J = 7.2 Hz, 3H}*C NMR (100 MHz,

CDCl): 5 172.2, 153.5, 141.6, 138.1, 128.8, 127.9, 12628,7, 61.9, 42.5, 40.5, 39.6, 19.4,

14.9.

4-methyl-2-octylcyclopent-2-enone (Table 8, Entry)3

0]

/éfn-Oct

Me’

Ni(COD), (8.3 mg, 0.03 mmol, 0.1 equiv) was weighed outeurath internal atmosphere and 1.5
mL of THF was added after the vial was transfet@a schlenk line. Next, tributylphosphine
(12 mg, 0.06mmol) was added dropwise to the pdlewesolution resulting in a bright yellow
solution after 10-15 min. The rest of the setupgofes General Procedure A with phenyl 3-
butenoate (0.049 g, 0.3 mmol) and and 1-Decyne8{0AL, 0.45 mmol). The product was
obtained as an impure single regioisomer afterroalehromatography (10% EtOAc/Hexanes)
as a colorless oil (0.011 g, 17%) NMR (400 MHz CDCJ): 6 7.16 (s, 1H), 2.88 (m, 1H), 2.62
(dd, J = 18.8 Hz, J = 6.4 Hz, 1H), 2.13 (tt, J8 Mz, J = 1.6 Hz, 2H), 1.95 (dd, J = 18.8 Hz, J =
2.0 Hz, 1H), 1.43-1.48 (m, 2H), 1.25-1.31 (m, 10H}6 (d, J = 7.2 Hz, 3H), 0.87 (t, J = 6.8 Hz,
3H). The minor regioisomer could be isolated usseneral Procedure B. The products form in
roughly a 2:1 ratio isolation yields the impureicegomers (0.016 g, 27%). Minor Regioisomer:
H NMR (400 MHz CDCY): § 5.89 (s, 1H), 2.86 (quin, J = 6.8 Hz, 1H), 2.6d, (@ = 18.8 Hz, J

= 6.8 Hz, 1H), 2.44 (ddd, J = 17.6 Hz, J = 8.8 Bz, 7.6 Hz, 1H), 2.27 (ddd, J = 15.6 Hz, J =
10.0 Hz, J = 6.0 Hz, 1H), 2.00 (dd, J = 18.8 Hz, 2.4 Hz, 1H), 1.50-1.63 (m, 2H), 1.32-1.39

(m, 10H), 1.19 (d, J = 7.2 Hz, 3H), 0.88 (t, J & Bz, 3H).
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2,3-dihexylcyclopent-2-enone (Table 8, Entry 6)

n-Hex

n-Hex

Ni(COD), (8.3 mg, 0.03 mmol, 0.1 equiv) was weighed outeurah intern atompshoere and 1.5
mL of THF was added after the vial was transfet@a schlenk line. Next, tributylphosphine
(12 mg, 0.06 mmol) was added dropwise to the pall®w solution resulting in a bright yellow
solution after 10-15 min. The rest of the setupofes General Procedure A with pheagrylate
(0.044 g, 0.3 mmol) and and 7-tetradecyne (0.10 @45 mmol). The product was obtained
after column chromatography as an impure colord#s$0.034 g, 39%)H NMR (500 MHz
CDCL): § 2.47-2.49 (m, 2H), 2.40 (t, J = 7.5 Hz, 2H), 2386 (m, 2H), 2.15 (t, J = 8.0 Hz,
2H), 1.52 (quin, J = 8.0 Hz, 2H), 1.27-1.36 (m, JABI90 (t, J = 7.0 Hz, 3H), 0.87 (t, J = 7.0 Hz,

3H).

2,3-diphenylcyclopent-2-enone (Table 8, Entry 10)

Ph
Ph
Ni(COD), (8.3 mg, 0.03 mmol, 0.1 equiv) was weighed outeurah intern atompshoere and 1.5
mL of THF was added after the vial was transfet@a schlenk line. Next, tributylphosphine
(12 mg, 0.06 mmol) was added dropwise to the peall®w solution resulting in a bright yellow
solution after 10-15 min. The rest of the setupofes General Procedure A with pheagrylate

(0.044 g, 0.3 mmol) and and diphenylacetylene (@08.45 mmol). The product was isolated
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after column chromatography (0.046 g, 66%).NMR (400 MHz CDC}): § 7.24-7.34 (m, 8H),

7.19-7.22 (m, 2H), 3.03-3.05 (m, 2H), 2.68-2.71 ).

2,4-dimethyl-3-pentylcyclopent-2-enone (Table 10,rEry 7)

Me

Me’
n-Pent

General procedure A was followed with phenyl 3-botge (0.049 g, 0.3 mmol) and 2-octyne (0.
065 mL, 0.45 mmol). TLC indicated disappearanceploényl 3-butenoate after 1 hour. The
product was obtained as an impure colorless oieraftolumn chromatography (5%
EtOAc/Hexanes) (0.033 g, 61%). Major Regioisomantains 20% minor regioisomeriH
NMR (500 MHz CDC}): & 2.82 (quin, J = 6.5 Hz, 1H), 2.60 (dd, J = 19.Q iz 7.0 Hz, 1H),
2.46 (ddd, J = 13.5Hz,J=9.5Hz,J=7.0 Hz,, 4831 (ddd, J = 145 Hz, J =9.0 Hz, J = 5.5
Hz, 1H), 1.95 (dd, J = 18.5 Hz, J = 2.0 Hz, 1HB8L(s, 3H), 1.51-1.56 (m, 1H), 1.38-1.46 (m,
1H), 1.22-1.37 (m, 4H), 1.14 (d, J = 7.0 Hz, 3HR®(t, J = 7.0 Hz, 3H). Minor Regioisomer
(contains 1:1 mixture of regioisomersd NMR (500 MHz CDC})): & 2.71 (quin, J = 6.5 Hz,
1H), 2.62 (dd, J = 19.0 Hz, J = 7.0 Hz, 1H), 249 & 8.0 Hz, 2H), 1.99 (s, 3H), 1.97 (dd, J =

19.0 Hz, J = 2.5 Hz, 1H), 1.25-1.35 (m, 6H), 1.d5) = 7.0 Hz, 3H), 0.86 (t, J = 7.5 Hz, 3H).

2-methyl-3-pentylcyclopent-2-enone (Table 10, Entrg)

Me

n-Pent

General procedure A was followed with pheagtylate (0.044 g, 0.3 mmol) 2-octyne (0. 065

mL, 0.45 mmol). The product was formed as a mixuireegioisomers (2:1) which could be
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partially separated to yield the pure product (8.6256%). Major Regioisomeft NMR (500
MHz CDCh): 6 2.49-2.50 (m, 2H), 2.42 (t, J = 8.0 Hz, 2H), 22389 (m, 2H), 1.70 (s, 3H), 1.54

(quin, J = 7.5 Hz, 2H), 1.29-1.39 (m, 4H), 0.92)(t 7.0 Hz, 3H).

2,3-dihexyl-4-methylcyclopent-2-enone (Scheme 67)
(6]
n-Hex

n-Hex

General procedure A was followed with phenyl 3-botge (0.049 g, 0.3 mmol) and 7-
tetradecyne (0.10 mL, 0.45 mmol). TLC indicatedagiearance of phenyl 3-butenoate after 1
hour. The product was obtained as a colorless ftigr acolumn chromatography (5%
EtOAc/Hexanes) (0.069 g, 87%H NMR (500 MHz CDCJ): & 2.82 (quin,J = 6.8 Hz, 1H),
2.59 (dd,J = 19.0 Hz, 6.8 Hz, 1H), 2.49 (ddd~ 13.5 Hz, 10.0 Hz, 6.8 Hz 1H), 2.30 (ddds
14.0 Hz, 8.8 Hz, 4.9 Hz, 1H), 2.08-2.17 (m, 1H}L®(q,J = 6.7 Hz, 1H), 1.94 (dd] = 18.5 Hz,
2.0 Hz, 1H), 1.5 — 1.63 (m, 1H), 1.19-1.48 (m, 15H}5 (d,J = 7.0 Hz, 3H), 0.90 (1] = 7.0 Hz,
3H), 0.86 (t,J = 6.8 Hz, 3H).X*C NMR (100 MHz, CDGJ): §, 209.0, 177.7, 140.1, 43.1, 34.5,
31.63, 31.56, 29.5, 29.3, 28.6, 28.4, 27.4, 23226,22.5, 19.3, 14.03, 14.00. IR (thin film): v
2956, 2928, 2858, 1702, 1639, 1458, 1412, 13771 ,1B#O3, 1194, 1163, 1114, 1054, 888, 725,

548 cm'. HRMS (El) m/2): [M]* calc for GgH3,0, 264.2453; found, 264.2452.

3-methyl-2-phenylcyclopent-2-enone (Scheme 67)

o)

-

Me

General procedure A was followed with pheagtylate (0.044 g, 0.3 mmol). TLC indicated
disappearance of phenyl 3-butenoate after 1.5 hdimes product was obtained as a mixture of

regioisomers after column chromatography (10% EtBlaganes) as a colorless oil (93:7 crude

123



}22

regioselectivity) (36 mg, 69%). The spectra of poeified majot?> and minot* isomer matched

those from the literature.

3-octylcyclopent-2-enone (Major Regioisomer) (Scheent7)
6]

H

n-Oct

General procedure A was followed with pheagrylate (0.044 g, 0.3 mmol) and 1-Decyne
(0.081 mL, 0.45 mmol). TLC analysis indicated dgagrance of the phenyl acrylate after 1 hour
(90:10 crude regioselectivity). The product wasaot#d as a single regioisomer after column
chromatography (10% EtOAc/Hexanes) as a colorl@és® 039 g, 67%)*H NMR (500 MHz
CDCL): 5.94 (m, 1H), 2.57-2.58 (m, 2H), 2.39-2.41 (rhl)41.58 (quinJ = 7.5 Hz, 1H), 1.27-
1.35 (m, 11H), 0.88 (t) = 7.0 Hz, 3H).»*C NMR (100 MHz, CDGJ): 5 210.2, 183.3, 129.4,
35.3, 33.5, 31.8, 31.5, 29.29, 29.26, 29.1, 27206,214.0. IR (thin film): v 2927, 2856, 1710,
1676, 1618, 1466, 1439, 1410, 1378, 1337, 1284212882, 1144, 1072, 985, 840, 723, 691,

622, 487, 434 cih HRMS (EI) (m/z): [M] calc for GaH»,0, 194.1671; found, 194.1677.

2-octylcyclopent-2-enone (Minor Regioisomer) (Scheen7)

o}

Eéfn-Oct

H

In the above experiment, the minor regioisomer whtined as a single regioisomer after
column chromatography (5% EtOAc/Hexane$).NMR (400 MHz CDC)): § 7.30 (m, 1H),

2.54-2.57 (m, 2H), 2.38-2.41 (m, 2H), 2.16)& 7.6 Hz, 2H), 1.43-1.49 (m, 1H), 1.26.1.31 (m,
11H), 0.88 (tJ = 6.6 Hz, 3H)*C NMR (100 MHz, CDCJ): § 210.12, 157.2, 146.6, 34.6, 31.9,

29.42, 29.36, 29.2, 27.7, 26.4, 24.8, 22.7, 1R1(thin film): v 2925, 2855, 1706, 1633, 1465,
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1407, 1345, 1296, 1254, 1197, 1057, 1001, 922, 788,cni. HRMS (EI) (m/z): [M[ calc for

Ci3H220, 194.1671; found, 194.1673.

3,4-dimethyl-2-phenylcyclopent-2-enone (Scheme 67)

o}

L}Ph
Me’

Me

General procedure A was followed with phenyl 3-bogge (0.049 g, 0.3 mmol) and 1-phenyl-1-
propyne (0.056 mL, 0.45 mmol). TLC indicated disagmance of phenyl 3-butenoate after 2
hours. TLC analysis indicated disappearance ophienyl acrylate after 1 hour The product was
obtained as a single regioisomer after column chtography (10% EtOAc/Hexanes) as a
colorless oil (0.043 g, 77%) (86:14 crude regiosiléy). *H NMR (400 MHz CDCJ): § 7.32-
7.40 (m, 2H), 7.26-7.30 (m, 3H), 2.86 (quirs 7.1 Hz, 1H), 2.77 (dd] = 18.2 Hz, 6.6 Hz, 1H),
2.14 (dJ = 18.4 Hz, 1H), 2.12 (s, 3H), 1.27 (= 7.2 Hz, 3H)*C NMR (100 MHz, CDGJ): 5,
226.2, 175.5, 139.8, 131.8, 129.1, 128.1, 127.%,487.3, 19.1, 15.9. IR (thin film): v 3056,
2964, 2872, 1694, 1634, 1599, 1496, 1443, 14139,18339, 1296, 1241, 1206, 1185, 1142,
1078, 1031, 948, 926, 894, 823, 762, 701, 671, 688, 560, 519, 496 ¢l HRMS (EI) (m/z):
[M]* calc for GsH140, 186.1044; found, 186.1046. The minor regioisomatched spectra

from the literaturé®

3,5-dimethyl-2-phenylcyclopent-2-enone (Major Regisomer) (Scheme 67)

Me
Ph

Me

General procedure A was followed with phenyl metilate (0.049 g, 0.3 mmol) and phenyl-1-
propyne (0.056 mL, 0.45 mmol). TLC indicated disagmance of the phenyl methacrylate after 1
hour (64:36 crude regioisomer mixture). The produas obtained after column chromatography
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(10% EtOAc, Hex) as a regioisomeric mixture (0.011§%). Further purification by column
chromatography (3% acetone/hexanes) separateddfmsomers giving colorless oifd NMR
(400 MHz CDC}): & 7.42-7.39 (m, 2H), 7.29-7.33 (m, 3H), 2.91 (dd; 18.4 Hz, 6.8 Hz, 1H),
2.54 (quindJ = 7.3 Hz, 2.7 Hz, 1H), 2.27 (d,= 18.8 Hz, 1H), 2.17 (s, 3H), 1.26 (0= 7.6 Hz,
3H). *C NMR (100 MHz, CDG): 8, 209.9, 169.8, 139.0, 132.0, 129.1, 128.2, 12109, 40.0,
18.2, 16.7. IR (thin film): v 3056, 2929, 1700, 164495, 1433, 1381, 1344, 1236, 1211, 1136,
924, 888, 854, 773, 739, 701, 623, 594, 544, 476, ¢4#RMS (EI) (m/z): [M] calc for G3H140,

186.1045; found, 186.1043.

2,5-dimethyl-3-phenylcyclopent-2-enone (Minor Regisomer) (Scheme 67)

(o}

Me
Me

Ph

In the above experiment the minor regioisomer waained after further purification by column
chromatography (3% acetone/hexan&d)NMR (400 MHz CDCJ): & 7.52-7.54 (m, 2H), 7.42-
7.48 (m, 3H), 3.16 (dd] = 18.0 Hz, 5.4 Hz, 1H), 2.51-2.56 (m, 2H), 1.973H), 1.27 (dJ =

7.2 Hz, 3H).**C NMR (100 MHz, CDG): §, 212.3, 164.7, 136.4, 135.3, 129.4, 128.6, 127.6,
39.4, 38.4, 16.7, 10.1. IR (thin film): v 3057, ZQA696, 1626, 1495, 1445, 1378, 1346, 1223,
1114, 1004, 962, 915, 765, 743, 697, 585, 455.dARMS (El) (m/z): [M] calc for GzH140,

186.1045; found, 186.1041
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(2)-phenyl 2,4-dimethyl-5-phenylpent-4-enoate (Scimee 67)

Me
X Ph
© Me
(0]

In the above experiment, the acyclic coupling podduas obtained as a colorless oil (0.053g,
63%) after column chromatography (5% EtOAc/Hexan#$NMR (500 MHz CDCJ): & 7.32-
7.36 (M, 4H), 7.20-7.26 (m, 4H), 7.05 (M= 8.0 Hz, 2H), 6.05 (s, 1H), 3.01 (sedt= 7.2 Hz,
1H), 2.72 (dd)) = 13.5 Hz, 8.0 Hz), 2.40 (dd,= 13.5 Hz, 7.0 Hz, 1H), 1.94 (s, 3H), 1.35Jd;

8.5 Hz, 3H).°*C NMR (100 MHz, CDGJ): § 174.8, 150.8, 138.0, 135.6, 129.4, 128.9, 128.1,
127.6, 126.2, 125.7, 121.5, 45.0, 38.3, 17.6, IR $thin film): v 3024, 2976, 2936, 1946, 1757,
1652, 1595, 1493, 1457, 1361, 1279, 1196, 11396,11026, 919, 838, 747, 700, 501 tm

HRMS (ESI+) (m/z): [M+Na] calc for GgH,00.Na, 303.1356; found, 303.1351.

3-methyl-2,4-diphenylcyclopent-2-enone (Scheme 67)

O

’>—Ph
Ph

Me

General procedure A was followed with phenyl cinatéen(0.067 g, 0.30 mmol) and phenyl-1-
propyne (0.056 mL, 0.45 mmolJLC analysis indicated disappearance of phenyl anmate
after 1 hour. Purification by column chromatogragb§% EtOAc/Hexanes) gave the product as
a colorless oil and as a 95:5 mixture of regiois@m®.072 g, 97%) (95:5 crude regioisomer
mixture). *H NMR (500 MHz CDCY): § 7.40-7.35 (m, 2H), 7.33-7.38 (m, 5H), 7.25-7.31 (m
1H), 7.16-7.20 (m, 2H), 3.96 (d,= 6.5 Hz, 1H), 3.07 (dd] = 19.0 Hz, 7.0 Hz, 1H), 2.55 (dd,
=19.0 Hz, 2.5 Hz, 1H), 1.96 (s, 3HJC NMR (100 MHz, CDGJ): § 206.6, 173.2, 141.7, 140.7,
131.5, 129.1, 129.0, 128.2, 127.8, 127.3, 127.11,494.9, 16.6. IR (thin film): v 3380, 3058,
3026, 2924, 1952, 1884, 1810, 1699, 1636, 15995,14854, 1444, 1407, 1378, 1338, 1309,
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1279, 1227, 1199, 1137, 1076, 1030, 1002, 946, 939, 847, 761, 699, 673 EmHRMS
(ESI+) (m/z): [M+Na] calc for GgH160Na, 271.1099; found, 271.1095. The minor regioisom

matched the spectra from the literattire.

5-methyl-3-octylcyclopent-2-enone (Scheme 67)

0]
Me

H

n-Oct

General procedure B was followed with phenyl metjlate (0.049 g, 0.3 mmol) and 1-Decyne
(0.081 mL, 0.45 mmol). TLC analysis indicated dizagrance of the phenyl methacrylate upon
completion of the 1.5 hour syringe drive (97:3 @udgioselectivity). Purification with column
chromatography (5% EtOAc/Hexanes) gave the pro@scta colorless oil and as a single
regioisomer (90-95% pure, 0.041g, 63%).NMR (400 MHz CDC})): ): 5.89 (m, 1H), 2.81 (dd,
J=18.4 Hz, 6.8 Hz, 1H), 2.36-2.41 (m, 3H), 2.16J¢ 18.8 Hz, 1H), 1.55-1.58 (m, 2H), 1.20-
1.30 (m, 10H), 1.17 (dJ = 7.6 Hz), 0.88 (t) = 6.4 Hz, 3H).*C NMR (100 MHz, CDG)): &
212.70, 181.37, 128.12, 40.68, 40.37, 33.47, 3128032, 29.30, 29.15, 27.02, 22.62, 16.48,
14.07. . IR (thin film): v 2927, 2856, 1707, 1618\58, 1432, 1371, 1337, 1265, 1174, 1019,

875, 780, 723, 621 M HRMS (El) (m/z): [M] calc for G4H»40, 208.1827; found, 208.1831.

3-(2-hydroxyethyl)-2-methyl-4-propylcyclopent-2-enae (Major Regioisomer) (Scheme 67)

o

Me
n-Pr

OH

General procedure B was followed wi{th)-phenyl hex-2-enoate (0.057 g, 0.30 mmol) and 3-
pentyn-1-ol (0.041 mL, 0.45 mmol). TLC analysisicaded disappearance of the (E)-phenyl

hex-2-enoate 2 hours after syringe drive completiRurification with column chromatography
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(50% EtOAc/Hexanes) gave the product as a colodsand as a mixture of regioisomers
(0.037 g, 68%) (87:13 crude regioisomer mixturelrtirer purification by column
chromatography (15% acetone/hexanes) gave the megpoisomer.*H NMR (500 MHz
CDCly): & 3.83 (m, 2H), 2.78-2.84 (m, 2H), 2.60 (dt 10.0 Hz, 6.6 Hz, 1H), 2.53 (dd= 19.0
Hz, 6.5 Hz, 1H), 2.07 (dd} = 18.5 Hz, 2.0 Hz, 1H), 1.73-1.79 (m, 4H), 1.48)( 5.0 Hz, 1H),
1.24-1.39 (m, 2H), 1.16 (dtd, = 13.0 Hz, 9.8 Hz, 4.9 Hz, 1H), 0.94 Jt= 7.3 Hz, 3H).*°C
NMR (100 MHz, CDCJ): 6 209.0, 172.4, 138.1, 60.4, 40.8, 40.5, 35.3, 3015, 14.1, 8.2. IR
(thin film): v 3423, 2956, 2872, 1697, 1638, 146808, 1383, 1342, 1205, 1148, 1049, 963,

912, 862, 747, 556 ¢ HRMS (El) (m/z): [M] calc for GiH:s0,, 182.1307; found, 182.1305.

2-(2-hydroxyethyl)-3-methyl-4-propylcyclopent-2-enae (Minor Regioisomer) (Scheme 67)

O

f: /—OH
n-Pr

Me

The minor regioisomer was obtained in an enricloechf(66:34 major:minor) from a mixture of
regioisomers after further purification by columhr@matography (15% acetone/hexanék).
NMR (400 MHz CDC}): 6 3.83 (M, 2bhajo), 3.67 (0.J = 5.9 Hz, 2Hhine) 2.78-2.84 (M, 2Hajor

+ 1Hninoy), 2.68-2.75 (M, 1kino) 2.50-2.63 (M, 2Hajor +1Hminor), 2.46 (t,J = 5.8 Hz, 2khinar)
2.11 (dd,J = 18.8 Hz, 1.6 Hz, 1kl 2.07 (dd,J = 18.5 Hz, 2.0 Hz, 1khjo), 2.03 (S, 3khino)
1.73-1.79 (M, 4Hajor + 1Hnino), 1.48 (t,J = 5.0 Hz, 1hhajo), 1.09-1.40 (m, 3H), 0.943 @,= 7.2

HZz, 3Huinoy) 0.937 (t,J = 7.3 Hz, 3khajo). ~°C NMR (126 MHz, GDg): & 208.5, 206.7, 173.7,
170.8, 138.6, 138.0, 61.5, 60.2, 42.8, 40.7, 40064, 35.3, 35.0, 32.1, 27.9, 20.6, 20.3, 14.6,
14.19, 14.16, 8.3. IR (thin film): v 3423, 2956,723 1697, 1638, 1466, 1408, 1383, 1342, 1205,
1148, 1049, 963, 912, 862, 747, 556 trARMS (EI) (m/z): [M[ calc for GiH1g0,, 182.1307;

found, 182.1305.
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3-(3-hydroxylpropyl)-2-4-diphenylcyclopent-2-enongScheme 67)

Ph
Ph

OH

General procedure A was followed with phenyl cinagéen(0.067 g, 0.30 mmol) and 5-
phenylpent-4-yn-1-ol (0.072 g, 0.45 mmol). TLC as&8 indicated disappearance of the phenyl
cinnamate after 1 hour. Purification by column chabography (35% EtOAc/Hex) gave a single
regioisomer (0.078 g, 89% ) NMR (400 MHz CDC}): & 7.39-7.435 (m, 2H), 7.24-7.35 (m,
6H), 7.17-7.19 (m, 2H), 4.10 (dd,= 7.2 Hz, 2.0 Hz, 1H), 3.39-3.45 (m, 2H), 3.04,(d¢ 19.0
Hz, 7.0 Hz, 1H), 2.62 (ddd,= 14.0 Hz, 9.5 Hz, 4.9 Hz, 1H), 2.51 (ddk 18.5 Hz, 2.3 Hz, 1H),
2.12 (dddJ = 14.0 Hz, 9.5 Hz, 4.9 Hz, 1H), 1.62-1.78 (m, 1H50-1.60 (m, 1H), 1.37-1.44 (bs,
1H). *C NMR (100 MHz, CDG)): 5 207.0, 176.2, 141.6, 141.4, 131.5, 129.07, 129126,4,
127.9, 127.4, 127.2, 62.1, 46.5, 45.1, 30.1, 2®8(thin film): v 3430 br, 3027, 2930, 1697,
1632, 1598, 1494, 1454, 1348, 1139, 1058, 929, 780, 505 crf. HRMS (ESI+) (m/z):

[M+Na]" calc for GgH140:Na, 315.1361; found, 382.1355.

3-(3-(benzylamino)propyl)-2,4-diphenylcyclopent-24eone (Scheme 67)

o]

Ph
Ph
NH

Bn

General procedure A was followed with phenyl cinagen0.067 g, 0.30 mmol) ahdbenzyl-5-
phenylpent4-yn-1-amine (0.112 g, 0.45 mmol). TLGlgsis indicated disappearance of the
phenyl cinnamate after 1 hour. Purification by omfuchromatography (30% EtOAc/Hex, 2%
NEts;) gave the product as a colorless oil and as desimgjioisomer (0.089 g, 78%) NMR

(400 MHz CDCY): § 7.42-7.45 (m, 2H), 7.24-7.37 (m, 9H), 7.19-7.21, 4H), 4.11 (dd,) = 8.5
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Hz, 1.8 Hz, 1H), 3.63 (s, 2H), 3.06 (db= 19.2 Hz, 7.2 Hz, 1H), 2.63 (dddi= 13.6 Hz, 9.6 Hz,
6.7 Hz, 1H), 2.53 (ddJ] = 19.0 Hz, 2.0 Hz, 1H), 2.43-2.55 (m, 2H), 2.18dd) = 14.0 Hz, 9.5
Hz, 5.5 Hz, 1H), 1.54-1.64 (m, 1H), 1.49-1.53 (rh),10.9-1.05 (bs, 1H):*C NMR (100 MHz,
CDCl3): 6 206.5, 176.4, 141.7, 141.4, 140.1, 131.6, 129129,10, 128.4, 128.3, 128.0, 127.9,
127.4, 127.2, 126.9, 53.6, 48.7, 46.5, 45.1, 2Z751. IR (thin film): v 3326, 3082, 3058, 3025,
2928, 2817, 1950, 1876, 1810, 1698, 1631, 1598312853, 1407, 1346, 1305, 1277, 1224,
1135, 1075, 1029, 1001, 926, 736, 698, 617, 600, 538, 508 cr. HRMS (ESI+) (m/z):
[M+Na]" calc for G/H,7NONa, 382.2171; found, 382.2159.

Methyl  3-(3-oxo0-2-phenyl-5-propylcyclopent-1-enyl)ppponoate  (Major Regioisomer)
(Scheme 67)

Ph
n-Pr

OMe
O

General procedure A was followed wi(g)-phenyl hex-2-enoate (0.057 g, 0.30 mmol) and
methyl 5-phenylpent-4-ynoate (0.085 mL, 0.45 mmolC analysis indicated disappearance of
the (E)-phenyl hex-2-enoate after 1 hour. Puriiszatby column chromatography (20%
EtOAc/Hexanes) gave the product as a mixture ofoiggmers (0.067 g, 78%) (92:8 crude
regioisomer mixture). Further purification by colnnchromatography gave yielded the major
regioisomer*H NMR (400 MHz CDC}J): § 7.36-7.42 (m, 2H), 7.30-7.35 (m, 1H), 7.20-7.22 (m
2H), 3.63 (s, 3H), 3.01 (ddd,= 14.8 Hz, 9.4 Hz, 7.0 Hz, 1H), 2.90-2.94 (m, 128 (dd,J =
18.4 Hz, 6.8 Hz, 1H), 2.65-2.73 (m, 1H), 2.52 (ddl¢, 16.0 Hz, 9.6 Hz, 6.2 Hz, 1H), 2.41 (ddd,
J=16.4 Hz, 9.4 Hz, 7.0 Hz, 1H), 2.25 (dds 18.8 Hz, 2.4 Hz, 1H), 1.77-1.85 (m, 1H), .125-
1.45 (m, 3H), 0.98 () = 7.2 Hz, 3H)."*C NMR (100 MHz, CDG)): § 206.6, 175.2, 172.4,

141.3, 131.5, 128.9, 128.3, 127.7, 51.7, 40.8,,3360, 31.3, 24.2, 20.3, 14.0. IR (thin film): v
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3056, 2956, 2931, 2872, 1738, 1703, 1634, 1598514438, 1345, 1260, 1175, 1030, 990, 949,
929, 893, 866, 765, 701, 604, 578, 500"ctHRMS (ESI+) (m/z): [M+H] calc for GgH230s,
287.1642; found, 287.1642. Diagnostic peaks forntir@or isomer seen in an attached enriched
1H NMR spectrum are as follows: 3.58 (s, 3H), i3 1H), 1.02-1.15 (m, 1H), 0.82 @=7.4

Hz, 3H).

Phenyl 3-methylpentanoate, (Scheme 72)

(0}

Pho)i\/

Ni(COD), (8.3 mg, 0.03 mmol, 0.1 equiv) and tri-tert-butydsphine (12 mg, 0.06mmol) were
weighed out separately under an inert atmosphdter placement on a schlenk line, Ni(CQD)
was solvated in 1 mL of THF and the phosphine wawalated over in 1.5 mL of THF. The
catalyst was stirred for 10-15 min and the resthef procedure follows General Procedure A
using phenyl 3-butenoate (0.049 g, 0.3 mmol) artdtradecyne (0.10 mL, 0.45 mmol). The
product was obtained as an impure colorless oieraftolumn chromatography (5%
EtOAc/Hexanes) (0.043 g, 75%H NMR (500 MHz CDCJ): & 7.38-7.41 (m, 2H), 7.24 (m,
1H), 7.08-7.10 (m, 2H), 2.58 (dd, J = 14.5 Hz,8.6:Hz, 1H), 2.37 (dd, J = 14.5 Hz, J = 8.0 Hz,
1H), 2.05 (oct, J = 6.5 Hz, 1H), 1.47 (dgd, J =818z, J = 7.5 Hz, J = 5.5 Hz, 1H), 1.33 (dquin,
J =13.5 Hz, J = 7.5 Hz, 1H), 1.06 (d, J = 6.5 B#a), 0.97 (t, J = 7.5 Hz, 3H}*C NMR (100

MHz, CDCk): 6 171.8, 150.7, 129.4, 125.7, 121.6, 41.4, 32.13,29.3, 11.3.
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(E)-phenyl 4-benzylidene-7-(1,3-dioxoisoindolin-24+2-methylheptanoate (Table 14, Entry

1)

PhO ~ “Ph
Me

General Procedure A was followed using phenyl neitate (49 mg, 0.3 mmol, 1.0 equiv), 2-
(5-phenylpent-4-yn-1-yl)isoindoline-1,3-dione (18@, 0.45 mmol, 1.5 equiv). The reaction was
complete after 1 hour. Column chromatography yetlasepure reductive coupling product (0.01
g, 8%).'"H NMR (500 MHz CDC})): § 7.81-7.83 (m, 2H), 7.70-7.71 (m, 2H), 7.34 (t, 3.% Hz,

2H), 7.18-7.21 (m, 3H), 7.09-7.14 (m, 3H), 7.03J& 7.5 Hz, 2H), 6.43 (s, 1H), 3.66 (t, J = 7.0
Hz, 2H), 2.97 (sept, J = 7.0 Hz, 1H), 2.73 (dd, 14=0 Hz, J = 8.5 Hz, 1H), 2.31-2.42 (m, 3H),

1.90 (quin, J = 8.0 Hz, 2H), 1.35 (d, J = 6.5 H4).3

2-(3-(4-methyl-3-ox0-2-phenylcyclopent-1-en-1-ympyl)isoindoline-1,3-dione (Table 14,

Entry 1, 148)

Me
Ph o

(CH2)3\N)/b

O

General Procedure A was followed using phenyl negitate (49 mg, 0.3 mmol, 1.0 equiv), 2-
(5-phenylpent-4-yn-1-yl)isoindoline-1,3-dione (18@, 0.45 mmol, 1.5 equiv). The reaction was
complete after 1 hour. Column chromatography yigliepure reductive coupling product (0.06

g, 43%).*H NMR (500 MHz CDCY): § 7.82-7.83 (m, 2H), 7.72-7.73 (m, 2H), 7.33-7.36 (m
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2H), 7.26-7.30 (m, 1H), 7.18-7.20 (m, 2H), 3.67)(& 7.5 Hz, 2H), 2.94 (dd, J = 18.5 Hz, J = 7.0
Hz, 1H), 2.59 (t, J = 7.0 Hz, 2H), 2.54 (quind, 3.8 Hz, J = 5.0 Hz, 1H), 2.29 (d, J = 18.5 Hz,

1H), 1.95 (quin, J = 7.5 Hz, 2H), 1.25 (d, J = A2 3H).

Scheme 81
T D, 0 p 9
R
Me Me " Me
CDH, CDH, Me
1.5 1.5 1

General procedure A was followed with phenyl 3-bogge (0.049 g, 0.3 mmol) and 1-phenyl-1-
propyne (0.056 mL, 0.45 mmol) and ¢ID (0.1 mL) in place of methanol. The reaction was
run for 2 hours then worked up using the generakum procedure. The product was obtained
as a single regioisomer after column chromatogrgdfgo EtOAc/Hexanes) as a colorless oil
(0.047 g, 84%)*H NMR (500 MHz GDe): 6 7.42-7.43 (m, 2H), 7.26 (t, J = 7.5 Hz, 2H), 7.14-
7.16 (m, 1H), 2.34-2.40 (m, 0.5H), 2.07 (m, 1H791.83 (m, 0.75H), 1.6 (s, 1.5H), 1.58 (m,

0.8H). 0.69 (d, J = 7.0 Hz, 3H).
3,4-dimethyl-2-phenylcyclopent-2-enone (Scheme 82)

General procedure A was followed with phenyl 3-bogge (0.049 g, 0.3 mmol) and 1-phenyl-1-
propyne (0.056 mL, 0.45 mmol) without the use othmeol. The reaction was run for 3 hours
and was then quenched by adding dppe (60 mg, 5®shdbllowed by CROD after stirring 1

min. The general workup procedure was then used. grbduct was obtained as an impure
single regioisomer after column chromatography (IB@Ac/Hexanes) as a colorless oil (0.02

g, 37%).*H NMR (500 MHz GDg): § 7.42-7.43 (m, 2H), 7.26 (t, J = 7.5 Hz, 2H), 77146 (m,
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1H), 2.37 (dd, J = 18.0 Hz, J = 6.5 Hz, 1H), 2.68iff, J = 7.0 Hz, 1H), 1.80 (d, J = 18.5 Hz,

1H), 1.60 (s, 3H), 0.69 (d, J = 7.0 Hz, 3H).
5.3. Nickel-Catalyzed Alkylative Cycloaddition Pro@dure

All reagents were used as received unless othemvaiszl. Solvents were purified under nitrogen
using a solvent purification system (Innovative Araogy, inc. Model # SPS-400-3 and PS-
400-3. Enoates were distilled prior to use. Ni(C@®trem Chemicals, Inc., used as received),
1,3-Bis(2,4,6-trimethyl-phenyl)imidazolium chloridgMesHCI), and potassiuntert-butoxide
was stored and weighed in an inert atmosphere htoweTri-N-butylphosphine was freshly
distilled and used under an inert atmosphere. Aldet were freshly distilled using a Buchi
GKR-51 kuegelrhor. All reactions were conductedfleme-dried or oven dried (120 °C)
glassware under nitrogen atmosphékeand**C spectra were obtained in CRGI rt (25 °C),
unless otherwise noted, on a Varian Mercury 400 Wrian Unity 500 MHz instrument, or
Varian Unity 700 MHz Instrument. Chemical shifts'6f NMR spectra were recorded in parts
per million (ppm) on theé scale from an internal standard of residual clitoro (7.26 ppm).
Chemical shifts of*C NMR spectra were recorded in ppm from the cempteak of CDG (77.0
ppm) on thed scale. High resolution mass spectra (HRMS) wetainobd on a VG-70-250-s
spectrometer manufactured by Micromass Corp. (Mesteln UK) at the University of Michigan
Mass Spectrometry Laboratory. HPLC purification wasducted using either a Shimadzu LC-
8A HPLC with a Grace PN 81116 Alltima Silica 5pm02% 10mm prep column or a Waters

Delta 600 Agilent Zorbax RX-SIL Prep HT 21.2 x 2%50n 7um column.
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General Procedure A

Ni(COD), (8 mg, 0.03mmol, 0.1 equiv) was added to a vidhanglovebox and the vial was then
plugged a rubber septum, removed from the glovedrok attached to a nitrogen atmosphere
filled schlenk line. Toluene (1.5 mL) was then adide the vial and the catalyst was allowed to
stir for a few minutes before tri-N-butylphosphifEsuL, 0.06 mmol, 0.2 equiv) was added
dropwise turning the pale yellow catalyst solutionbright yellow. Next, enoate (0.3 mmol, 1
equiv) was weighed out into a separate vial and/tdlewas placed under a nitrogen atmosphere
and purged three times with nitrogen. Alkyne (Omd®ol 1.5 equiv) and aldehyde (0.45 mmol,
1.5 equiv) were then added to the substrate vaasyringe and the vial was purged with nitrogen
twice more. Toluene (0.5 mL) was added to the coeibisubstrates and this solution was
cannulated over to the catalyst solution washinigewvith toluene (0.5 mL) resulting in a red
reaction. Triethylborane (217uL, 1.5 mmol, 5 equiss then added immediately to the reaction
via syringe and the reaction was placed in a ptede80 °C oil bath and stirred for 2 hours

before quenching with 1.5 mL saturated /0H

General Procedure B

Ni(COD), (8 mg, 0.03mmol, 0.1 equiv), IMes-HCI (10 mg, Or@fhol, 0.1 equiv), and t-BuOK

(3 mg, 0.03 mmol, 0.1 equiv) were added sequewntialb flame dried vial in the glovebox. The
vial was then plugged with a rubber septum, remadiveth the glovebox and attached to a
nitrogen atmosphere filled schlenk line. Toluenes (inL) was then added to the catalyst
resulting in a black-yellow or brown solution aft#® minutes of stirring. The rest of the

procedure is identical to procedure A.
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General Procedure C

Ni(COD), (8 mg, 0.03mmol, 0.1 equiv), IMes-HCI (10 mg, OrBfhol, 0.1 equiv), and t-BuOK

(3 mg, 0.03 mmol, 0.1 equiv) were added sequentialk flame dried vial in the glovebox. The
vial was then plugged with a rubber septum, remadiveth the glovebox and attached to a
nitrogen atmosphere filled schlenk line. Toluenel (BhL) was then added to the catalyst
resulting in a black-yellow or brown solution afté® minutes of stirring. Next, enoate (0.3
mmol, 1 equiv) was weighed out into a separate aal the vial was placed under a nitrogen
atmosphere and purged three times with nitrogekyrd (0.45 mmol 1.5 equiv) was then added
to the substrate vial and the vial was purged twige with nitrogen. Toluene (0.5 mL) was
added to the substrate vial followed by additionrigithylborane (217uL, 1.5 mmol, 5 equiv) by
syringe. The substrate and reducing agent solutesdrawn up into a syringe and the vial was
washed with toluene twice (0.25 mL) resulting insabstrate solution volume of 1.0 mL.

Aldehyde (0.45 mmol, 1.5 equiv) was then addedsyringe to the stirred catalyst solution and
the vial was placed in a pre-heated 90 °C oil Ballowed by a 10 min addition of the 1 mL

solution of substrates and reducing agent withrangg drive. The reaction was stirred for 2

hours before quenching with 1.5 mL of saturated,GlIH

General Workup Procedure

The reaction is quenched with 1.5 saturated,GIFand then washed into a separatory funnel.
The organic and aqueous layers are then sepanadetth@ aqueous layer is extracted twice with
methylene chloride (2 mL). The organic layers wiaen combined and washed with 10 mL of

0.5 M NaOH followed by brine (10 mL). The organayérs are then dried with p&0O, and
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fillered through a pad of silica washing with 50/810Ac/Hex. The solution was then

concentrated to yield the crude isolate.
5.4 Nickel-Catalyzed [3+2]-Alkylative CycloadditionProduct Characterization

5-(1-hydroxyheptyl)-3,4-dimethyl-2-phenylcyclopent2-enone (Table 25, Entry 6)

OH

(0]
n-Hex
Ph
Me’

Me

General Procedure A was followed using phenyl &boate (49 mg, 0.3 mmol, 1 equiv) and 1-
phenyl-1-propyne (75 pL, 0.6 mmol, 2.0 equiv), degtaldehyde (84 uL, 0.6 mmol, 2.0 equiv)
at 50 °C. The reaction was run overnight then wobrkp using the general workup procedure.
Column chromatography yielded the product as aumexbf diastereomers contaminated with
reductive cycloaddition product (calc. 0.046 g, 318ajor DiastereomerH NMR (500 MHz,

CDCL): § 7.42-7.44 (m, 2H), 7.36-7.38 (m, 1H), 7.28-7.32 BH), 4.40 (s, 1H), 3.74 (t, J = 8.5
Hz, 1H), 2.52-2.53 (m, 1H), 2.10-2.15 (m, 4H), £B62 (m, 2H), 1.40-1.44 (m, 1H), 1.25-1.35
(m, 10H), 0.89 (t, J = 6.5 Hz, 3H). Minor Diastemear: '"H NMR (500 MHz, CDCY): § 7.38-

7.41 (m, 2H), 7.28-7.33 (m, 3H), 4.20 (d, J = 34 #H), 2.84-2.85 (m, 1H), 2.24 (t, J = 2.5 Hz,
1H), 2.15 (s, 3H), 2.09 (d, J = 5.5 Hz, 1H), 1.5801(m, 3H), 1.30-1.34 (m, 10H), 0.89 (t, J =

6.5 Hz, 3H).
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Elcb Elimination Product, Mixture of Diastereomers (Scheme 86)

O

Ph™X
Ph
Me

Me

The Elcb elimination product could be isolated frthra reaction by column chromatography.
Extremely impure compounds were isolated so notspedll be given. Characteristic peaks of
each diastereomer are given as follow$:NMR (500 MHz, CDCJ): Major Diastereomers
3.83(q, J = 6.5 Hz, 1H), 2.26 (s, 3H), 1.33 (&, 3.0 Hz, 3H). Minor Diastereomei:3.73 (q, J

= 7.0 Hz), 2.22 (s, 3H), 1.07 (d, J = 7.5 Hz, 3H).

5-(hydroxy(phenyl)methyl)-5-methyl-3-octylcyclopent2-enone (Table 26, Entry 7)

OH ¢

Ph
Me

n-Oct

General Procedure B was followed using phenyl nogjtiae (49 mg, 0.3 mmol, 1.0 equiv), 1-
Decyne (81 uL, 0.45 mmol, 1.5 equiv), and benzalden(46 uL, 0.45 mmol, 1.5 equiv). The
reaction was allowed to go overnight and then wanlp using the general workup procedure.
Column chromatography yielded the product as a urexbf impure diastereomers (0.017 g,
17%, ~2:1 ratio). Major DiastereoméH NMR (400 MHz, CDCJ): ): § 7.28-7.36 (m, 5H), 5.88

(s, 1H), 4.87 (d, J = 3.6 Hz, 1H), 3.02 (d, J =418z, 1H), 2.58 (d, J = 4.0 Hz, 1H), 2.34 (t, J =
7.6 Hz, 2H), 1.97 (d, J = 18.0 Hz, 1H), 1.48-1.51, 2H), 1.20-1.28 (m, 10H), 1.03 (s, 3H), 0.87
(t, J = 6.4 Hz, 3H). Minor DiastereoméH NMR (400 MHz, CDCJ): ): & 7.27-7.35 (m, 5H),

5.79 (s, 1H), 4.74 (s, 1H), 3.96 (s, 1H), 2.72X&; 18.8 Hz, 1H), 2.29 (t, J = 7.6 Hz, 2H), 2.01

(d, J = 18.8 Hz, 1H), 1.44-1.50 (m, 3H), 1.20-1(@9 12H), 0.87 (t, J = 6.8 Hz, 3H).
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5-(hydroxy(phenyl)methyl)-3,4-dimethyl-2-phenylcycbpent-2-enone (Scheme 89)

OH

[0}
Ph
Ph
Me

Me

General Procedure A was followed using phenyl &boate (49 mg, 0.3 mmol, 1 equiv) and 1-
phenyl-1-propyne (56 pL, 0.45 mmol, 1.5 equiv), @whzaldehyde (46 pL, 0.45 mmol, 1.5
equiv). The reaction was then worked up using taeecal workup procedure and NMR of the
crude isolate revealed the product in an isomatio of 69:26:5. Column chromatography (5 to
20% EtOAc/Hex) yielded the products 20 mg and 30ahgroduct whose NMR matched that

previously published (50 mg, 57%).

General Procedure B was followed using phenyl &iogite (49 mg, 0.3 mmol, 1 equiv) and 1-
phenyl-1-propyne (56 pL, 0.45 mmol, 1.5 equiv), dehzaldehyde (46 pL, 0.45 mmol, 1.5
equiv). The reaction was then worked up using taeecal workup procedure and NMR of the
crude isolate revealed the product in an isomeatio rof 45:35:20. Column chromatography (5
to 20% EtOAc/Hex) yielded the products 16.5 mg 8idng of product whose NMR matched

that previously published (54 mg, 61%).

5-(hydroxy(phenyl)methyl)-2,4-dimethyl-3-phenylcycbpent-2-enone (Scheme 89, Minor

Regioisomer, Major Diastereomer)

OH

(0]
Ph
Me
Me

Ph

'H NMR (700 MHz, CDCJ): § 7.39-7.46 (m, 4H), 7.36-7.38 (m, 3H), 7.32-7.33 BH), 7.27 (t,
J = 4.2 Hz, 1H), 5.53 (t, J = 3.5 Hz, 1H), 3.37 (H)), 2.57 (d, J = 4.9 Hz, 1H), 2.45 (t, J = 2.8
Hz, 1H), 1.86 (d, J = 1.4 Hz, 3H), 0.63 (d, J = ABH, 3H).*C NMR (176 MHz, CDGJ): &
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209.2, 173.4, 142.2, 135.9, 135.0, 129.1, 128.8,41227.9, 127.3, 125.4, 71.9, 36.3, 18.9, 9.5.
IR (thin film) v: 3423, 2963, 1684, 1625, 1495, 044383, 1347, 1053, 773, 740, 705"tm

HRMS (ESI+) (m/z): [M+H] calc for GoH200,, 293.1536; found, 279.1537.

trans-5-hydroxy(phenyl)methyl)-3-methyl-2-phenylcydopent-2-enone (Major

Diastereomer, Scheme 89)

General Procedure C was followed using phecylate (44 mg, 0.3 mmol, 1 equiv), 1-phenyl-
1-propyne (56 pL, 0.45 mmol, 1.5 equiv), and beselayde (46 pL, 0.45 mmol, 1.5 equiv). The
reaction was then worked up using the general wongtocedure and purified by column
chromatography (10 to 30% EtOAc/Hex) to yield arpure mixture of isomers (69:25:6).
Purification of the products on the Shimadzu HPL@lded the products as a mixture of
diastereomers (84:16) (40 mg, 48%). The diastereproeuld be separated after additional
HPLC runs revealing the major diastereomer as @evsdlid and the minor as an diH NMR
(700 MHz, CDC}): § 7.28-7.42 (m, 10H), 5.47 (t, J = 3.9 Hz, 1H), 2(84 1H), 2.73 (d, J =
18.2 Hz, 1H), 2.58 (d, J = 4.9 Hz, 1H), 2.45 (dg&; 18.9 Hz, J = 7.4 Hz, 1H), 2.14 (s, 34C
NMR (176 MHz, CDC)): 6 207.8, 172.8, 142.4, 140.2, 131.5, 129.1, 1288,2, 127.7, 127 .4,
125.6, 71.9, 52.8, 33.0, 18.4. IR (thin film) v:434 3056, 2907, 1695, 1635, 1597, 1494, 1448,
1380, 1346, 1209, 1135, 1006, 964, 912, 762, 704, 868, 586 cm. HRMS (ESI+) (m/z):

[M+H] ™ calc for GgH10,, 279.1380; found, 279.1377.
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2.16 2.03

Me/‘VO/ Me/lvo//%':h

Phl/ Me Phi('Me
H™ ™ H

cis-5-hydroxy(phenyl)methyl)-3-methyl-2-phenylcyclpent-2-enone (Minor Diastereomer,

Scheme 89)

OHH 0

Ph
Ph

Me

'H NMR (700 MHz, CDCY): § 7.30-7.45 (m, 10H), 4.98 (s, 1H), 4.74 (d, 9.8 Hd), 2.91 (ddd,

J = 9.8 Hz, 7.0 Hz, 2.8 Hz), 2.49 (dd, J = 19.3 Bz, 7.3 Hz, 1H), 2.26 (d, J = 18.9 Hz, 1H),
2.14 (s, 3H)°C NMR (176 MHz, CDGJ): § 210.3, 172.7, 141.5, 139.5, 130.1, 129.1, 128.6,
128.4, 128.2, 128.0, 75.7, 51.3, 35.7, 18.3. IR(itm) v: 3442, 1676, 1635, 1494, 1429, 1381,
1346, 1205, 1140, 1040, 911, 737, 70T'ctHRMS (ESI+) (m/z): [M+Na] calc for GoH150s,

301.1199; found, 301.1199.

(4R,5R)-5-((R)-hydroxy(phenyl)methyl)-3-methyl-2,4diphenylcyclopent-2-enone  (Major

Diastereomer, Scheme 89)

4.33,2.07

SH
Ph
Ph
Ph

Me

General Procedure C was followed using phemyhamate (67 mg, 0.3 mmol, 1 equiv), 1-
phenyl-1-propyne (56 pL, 0.45 mmol, 1.5 equiv), @whzaldehyde (46 pL, 0.45 mmol, 1.5
equiv). The reaction was then worked up using theegal workup procedure and purified by

column chromatography (10 to 20% EtOAc/Hex) to dieln impure mixture of isomers
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(65:29:6). Further column chromatography and HPL@fijgation on the Waters HPLC yielded
the major diastereomer as a white solid (28 mg)thadninor diastereomer as a colorless oil (10
mg) and mixture of isomers (15 mg, 50:29:15:6) 1% 50%).*H NMR (700 MHz, CDCJ): &
7.44 (t, J = 7.4 Hz, 2H), 7.34-7.39 (m, 5H), 7.28)(= 7.7 Hz, 2H), 7.23 (t, J = 7.7 Hz, 1H),
7.12-7.13 (m, 3H), 6.70-6.72 (m, 2H), 5.51 (t, 4.2 Hz, 1H), 3.88 (d, J = 2.1 Hz, 1H), 2.92 (t, J
= 3.2 Hz, 1H), 2.68 (d, 4.9 Hz, 1H), 1.91 (s, 3HC NMR (176 MHz, CDCJ): § 207.4, 174.4,
141.6, 141.2, 141.1, 131.4, 129.2, 128.6, 128.8,22127.9, 127.4, 127.3, 126.7, 125.6, 72.2,
62.5, 50.3, 16.8. IR (thin film) v: 3445, 3026, 268630, 1495, 1379, 1149, 1054, 908, 763,

728, 698, 602, 574 ¢t HRMS (ESI+) (m/z): [M+H] calc for GsH»:0,, 355.1693; found,

355.1693.
2.35 1.73
3.28 3.17
4.47 Y\ 297 265 /N 4.31
Me NMH, 0.42 Me H : M?\HH Me HH
HU ph /g H_ ph /IVO, Ph /%o/ Ph
Me OO TH Me OO TH Me o) : H Me o) : H
Phl/ Me Phl/ Me Phl/*Me Phl/Me
H™ “Ph H™ >Ph H™ “Ph H™ "Ph

(4R,5R)-5-((S)-hydroxy(phenyl)methyl)-3-methyl-2,4diphenylcyclopent-2-enone  (Minor

Diastereomer, Scheme 89)

2.42,0.79
HO

H O
Ph
Ph
Ph

Me

'H NMR (700 MHz, CDCY): § 7.45-7.47 (m, 2H), 7.38-7.39 (m, 3H), 7.26-7.3Q GH), 7.10-
7.13 (m, 3H), 6.52 (d, J = 7.0 Hz, 2H), 4.82 (& 9.8 Hz, 1H), 4.75 (s, 1H), 3.45 (s, 1H), 2.85
(dd, J = 9.8 Hz, J = 2.8 Hz, 1H), 1.91 (s, 3HC NMR (176 MHz, CDGJ): § 209.7, 174.5,
140.7, 140.2, 140.1, 130.8, 129.2, 128.7, 128.8,412128.3, 128.2, 127.4, 127.3, 126.9, 75.9,

61.4, 52.7, 16.9. IR (thin film) v: 3449, 3028, B91679, 1635, 1599, 1494, 1454, 1377, 1334,
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1203, 1146, 1039, 912, 761, 735, 699, 572 cHRMS (ESI+) (m/z): [M+H] calc for

CasH220,, 355.1693; found, 355.1693.

5-(hydroxy(phenyl)methyl)-3,5-dimethyl-2-phenylcycbpent-2-enone (Major Diastereomer,

Scheme 89)

General Procedure A was followed using phenyl neiftate (49 mg, 0.3 mmol, 1.0 equiv), 1-
phenyl-1-propyne (56 puL, 0.45 mmol, 1.5 equiv), dw®hzaldehyde (46 uL, 0.45 mmol, 1.5
equiv). The reaction was worked up using the geneoekup procedure and the NMR revealed
the isomeric ratio of the crude to be (61:39). Térisde isolate was then subjected to column
chromatography (10 to 20% EtOAc/Hex) and 30 mg Hhang of product was isolated (48 mg,
54%). The diastereomers could be separated withi@ul flash chromatography revealing the
major diastereomer as a white solid and the misom aolorless oil'H NMR (700 MHz,
CDCL): § 7.28-7.42 (m, 10H), 4.97 (d, J = 4.9 Hz, 1H), 3(d2J = 18.2 Hz, 1H), 2.70 (d, J =
4.2 Hz, 1H), 2.13 (s, 3H), 2.10 (d, J = 18.2 Hz),1H15 (s, 3H)*C NMR (176 MHz, CDGJ):

6 211.3, 171.2, 141.0, 138.5, 131.7, 129.1, 12&88.11, 127.8, 127.6, 127.2, 76.8, 52.3, 41.7,
22.9, 18.3. IR (thin film) v: 3443, 2928, 1689, 963495, 1380, 1044, 909, 744, 700tm

HRMS (ESI+) (m/z): [M+H] calc for GoH2002, 293.1536; found, 293.1533.

General Procedure B was followed using phenyl nogjtiae (49 mg, 0.3 mmol, 1.0 equiv), 1-
phenyl-1-propyne (56 pL, 0.45 mmol, 1.5 equiv), @whzaldehyde (46 pL, 0.45 mmol, 1.5

equiv). The reaction was then worked up using teeegal workup procedure and NMR
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spectroscopy revealed a 46:36:12:6 distributioisamers. Column chromatography (10 to 20%)

of the crude concentrate yielded the product asilan a 52:36:11 ratio (44 mg, 50%).

5-(hydroxy(phenyl)methyl)-3,5-dimethyl-2-phenylcycbpent-2-enone (Minor Diastereomer,

Scheme 89)

'H NMR (700 MHz, CDCJ): § 7.38-7.40 (m, 4H), 7.26-7.34 (m, 4H), 7.18 (d, 3.% Hz, 2H),
4.85 (s, 1H), 3.95 (s, 1H), 2.86 (d, J = 19.6 H#),2.15 (d, J = 18.9 Hz, 1H), 2.08 (s, 3H), 1.32
(s, 3H)."*C NMR (176 MHz, CDGJ): § 212.4, 171.0, 140.0, 138.0, 131.3, 129.0, 1287,9,
127.8, 127.7, 127.3, 76.7, 51.2, 43.3, 18.9, IR Xthin film) v: 3443, 2929, 1688, 1638, 1495,
1452, 1381, 1046, 739, 700 ¢mHRMS (ESI+) (m/z): [M+H] calc for GoH20,, 293.1536;

found, 293.1532.

(E)-phenyl 2-benzoyl-2,4-dimethyl-5-phenylpent-4-epate (Scheme 95, 168)

PhO Me H
=

¢) Ph

o7 phMe

General Procedure B was followed using phenyl nuejtiate (49 mg, 0.3 mmol, 1.0 equiv), 1-
phenyl-1-propyne (56 puL, 0.45 mmol, 1.5 equiv), dwhzaldehyde (46 uL, 0.45 mmol, 1.5
equiv). The reaction was then worked up using #reegal workup procedure and the crude was
subjected to column chromatography (10 to 20% E#BAk). Further column chromatography
(35% CHCI,/Hex) of the impure isolate yielded the pure prddaga white solid (22 mg, 19%).

'H NMR (400 MHz, CDCY): § 7.98 (d, J = 7.6 Hz, 2H), 7.56 (t, J = 6.8 Hz, 1F%6 (t, J = 7.6
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Hz, 2H), 7.11-7.30 (m, 8H), 6.69 (d, J = 8.0 Hz,)26136 (s, 1H), 3.17 (d, J = 13.6 Hz, 1H),
3.08 (d, J = 14.0 Hz, 1H), 1.83 (s, 3H), 1.75 (d).3°C NMR (133 MHz, CDG)): § 197.0,
172.9, 150.3, 137.7, 135.8, 133.6, 133.0, 130.9,412129.0, 128.8, 128.6, 128.1, 126.4, 126.1,
121.0, 57.5, 47.5, 21.6, 19.6. IR (thin film) v:129 1752, 1685, 1597, 1491, 1446, 1379, 1276,
1236, 1192, 1162, 1084, 1001, 970, 923, 795, 789, 689, 671, 498 cth HRMS (ESI+)

(m/z): [M+H]" calc for GgH2403, 385.1798; found, 385.18009.

5-(1-deutero,1-hydroxy(phenyl)methyl)-3,5-dimethyl2-phenylcyclopent-2-enone  (Major

Diastereomer, Scheme 96)

>95% D

HO p @
Ph
Ph 1o

Me

General Procedure B was followed using phenyl nogjtiae (49 mg, 0.3 mmol, 1.0 equiv), 1-
phenyl-1-propyne (56 uL, 0.45 mmol, 1.5 equiv), &benzaldehyde (46 uL, 0.45 mmol, 1.5
equiv). The reaction was then worked up using #eegal workup procedure and the crude was
subjected to column chromatography (10 to 20% EtBAx). Further purification on the
Waters HPLC yielded the pure major diastereomea asghite solid (25 mg) and the minor
diastereomer as a colorless oil (15 mg) (40 mg, }48e6NMR (400 MHz, CDCJ): § 7.26-7.42
(m, 10H), 3.12 (d, J = 18.4 Hz, 1H), 2.69 (s, 1HN8-2.12 (m, 4H), 1.14 (s, 3H}C NMR (176
MHz, CDsCN): 6 211.3, 172.3, 143.0, 138.7, 133.6, 130.2, 1298.8, 128.5, 128.5, 128.4,
77.0 (t, J = 22.4), 53.1, 41.7, 22.9, 18.3. IRn(thim) v: 3445, 3056, 1688, 1638, 1598, 1494,
1446, 1380, 1345, 1221, 1117, 1057, 901, 779, W3 fM+H]" calc for GoH100.D, 294.15909;

found, 293.1598.
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5-(1-deutero,1-hydroxy(phenyl)methyl)-3,5-dimethyl2-phenylcyclopent-2-enone  (Major

Diastereomer, Scheme 96)

>95% D
0]

HO p
Ph
Me
4 NMR (400 MHz, CDGY): § 7.37 (t, J = 6.8 Hz, 4H), 7.27-7.34 (m, 4H), 7(tifJ = 7.2 Hz,
2H), 3.92 (s, 1H), 2.84 (d, J = 19.2 Hz, 1H), 2(d3J = J = 19.2 Hz, 1H), 2.06 (s, 3H), 1.31 (s,
3H). *C NMR (176 MHz, CRCN): § 211.5, 172.6, 142.3, 139.3, 133.2, 130.0, 12&8,5,
128.3, 128.3, 127.8, 77.2 (J = 22.1 Hz), 53.6, 42136, 17.8. IR (thin film) v: 3443, 3056, 2928,

1684, 1637, 1597, 1495, 1447, 1380, 1345, 12329,10858, 1031, 904, 873, 776, 737, 701,

666, 546 crit. [M+H] " calc for GoH190-D, 294.1599; found, 293.1592.
(E)-5-Deutero-Phenyl-2-benzoyl-2,4-dimethyl-5-pherigent-4-enoate (Scheme 96)

>95% D™\

Ph
0] Me D
=

0] Ph

o” > pne

General Procedure B was followed using phenyl negjtiae (49 mg, 0.3 mmol, 1.0 equiv), 1-
phenyl-1-propyne (56 uL, 0.45 mmol, 1.5 equiv), &benzaldehyde (46 uL, 0.45 mmol, 1.5
equiv). The reaction was then worked up using #reegal workup procedure and the crude was
subjected to column chromatography (10 to 20% E#BAk). Further column chromatography
(2.5% Acetone/Hex) of the impure isolate yielded ffure product as a white solid (26 mg,
23%).*H NMR (500 MHz, CDCY): § 8.03 (d, J = 8.0 Hz, 2H), 7.61 (t, J = 7.5 Hz, 1Hb1 (t, J

= 7.8 Hz, 2H), 7.33 (t, J = 7.8 Hz, 2H), 7.17-7(28 6H), 6.74 (d, J = 8.0 Hz, 2H), 3.22 (d, J =
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14.0 Hz, 1H), 3.13 (d, J = 14.0 Hz, 1H), 1.89 (4),3L.80 (s, 3H). NMR (176 MHz, CDg}I &
197.0, 172.9, 150.3, 137.6, 135.9, 133.5, 132.0,6L8, J = 22.8 Hz) 129.4, 129.0, 128.8, 128.6,
128.1, 126.4, 126.1, 121.0, 57.5, 47.4, 21.6, 1R thin film) v: 3057, 1753, 1684, 1597, 1492,
1446, 1378, 1304, 1192, 1089, 1024, 1001, 969, 996, 748 crit. HRMS (ESI+) (m/z):

[M+H] " calc for GeH2303D, 386.1861; found, 386.1861.

(4S,5R)-5-((R)-1-hydroxy-2-methylpropyl)-3,4-dimetlyl-2-phenylcyclopent-2-enone (Major

Diastereomer, Scheme 89)

0.91,1.38
HO

H O
%Ph
Me'

Me

General Procedure A was followed using phenyl &boate (49 mg, 0.3 mmol, 1 equiv) and 1-
phenyl-1-propyne (56 pL, 0.45 mmol, 1.5 equiv), aswbutyraldehyde (41 pL, 0.45 mmol, 1.5
equiv). Procedural Note: This reaction was condldtea sealed tube instead of a vial. The
reaction was worked up using the general workugemare and NMR of the crude reaction
revealed a (37:63) ratio of isomers. The crudeatsolas subjected to column chromatography
(5 to 20% EtOAc/Hex) followed by purification on Waters HPLC (97:3 Hex/(20%-
PrOH/Hex) yielding 18 mg of the major diastereoragra colorless oil and 22 mg of the minor
diastereomer as a white solid (40 mg, 52%)NMR (700 MHz, CDGJ): & 7.41 (t, J = 7.7 Hz,
2H), 7.33 (t, J = 6.3 Hz, 1H), 7.28 (d, J = 7.7 Bi), 4.39 (s, 1H), 3.58 (d, J = 9.1 Hz, 1H), 2.53
(q, J = 6.5 Hz, 1H), 2.22 (d, J = 9.8 Hz, 1H), 2(&53H), 1.86 (quin, J = 6.3 Hz, 1H), 1.33 (d, J
= 7.0 Hz, 3H), 1.10 (d, J = 7.0 Hz, 3H), 1.02 (&, 2.0 Hz, 3H)*C NMR (176 MHz, CDG)): §

210.5, 176.0, 139.2, 131.2, 129.1, 128.3, 127.8%,A5.4, 41.5, 31.4, 20.4, 18.0, 15.9, 14.9. IR
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(thin film) v: 3455, 2963, 1675, 1635, 1598, 149319, 1380, 1342, 1270, 1154, 1003, 733, 699

cm™. HRMS (ESI+) (m/z): [M+H] calc for G7H»,0,, 259.1693; found, 259.1694.

(4S,5R)-5-((S)-1-hydroxy-2-methylpropyl)-3,4-dimetkil-2-phenylcyclopent-2-enone (Minor

Diastereomer, Scheme 89)

'H NMR (700 MHz, CDCJ): & 7.40 (t, J = 7.7 Hz, 2H), 7.27-7.35 (m, 3H), 3(86d, J = 8.5 Hz,
J=5.5Hz,J=25Hz 1H), 2.95 (q, J = 5.4 H#),12.37 (t, J = 2.8 Hz, 1H), 2.15 (s, 3H), 1.90
(dsept, J = 2.5 Hz, J = 6.5 Hz, 1H), 1.73 (d, JG=H&z, 1H), 1.33 (d, J = 7.0 Hz, 3H), 1.10 (d, J =
7.0 Hz, 3H), 1.00 (d, J = 7.0 Hz, 3HJC NMR (125 MHz, CDGJ): § 208.1, 176.2, 139.9, 131.9,
129.2, 128.2, 127.6, 76.8, 56.8, 38.5, 31.8, 19971, 18.6, 15.9. IR (thin film) v: 3439, 2961,
1685, 1635, 1598, 1444, 1379, 1341, 1152, 1079, 991, 700 cril. HRMS (ESI+) (m/z):

[M+H] " calc for G7H2,0,, 259.1693; found, 259.1698.

1.74 239 1. 28 1.61
3. 50
/\/D 1.38 Mé\ H /> @
Me)v Me)v i o ' l:|h Me)vof
/Bu Me lBu /Bu i-Bu Me
Me H™ "Me
Cis-1-hydroxy-2-methylpropyl)-3,4-dimethyl-2-phenytyclopent-2-enone (Minor

Diastereomer, Scheme 89)

HO

h O
Yﬁ:}ph
Me

Me
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'H NMR (700 MHz, CDCY): § 7.40 (t, J = 7.7 Hz, 2H), 7.29-7.32 (m, 3H), 3(88 J = 7.0 Hz,
5.6 Hz, 1H), 3.06 (quin, J = 7.0 Hz, 1H), 2.79)(t 6.3 Hz, 1H), 2.35 (sept, J = 7.0 Hz, 1H),
2.17 (s, 3H), 1.82 (d, J = 5.6 Hz, 1H), 1.40 (&, 7.7 Hz, 3H), 1.04 (d, J = 7.0 Hz, 3H), 0.99 (d,
J = 7.0 Hz, 3H)**C NMR (176 MHz, CDGJ): § 206.9, 175.4, 138.5, 131.7, 129.2, 128.2, 127.6,
75.1, 53.6, 41.8, 30.4, 19.8, 18.0, 16.6, 16.3(th# film) v: 3499, 2960, 1690, 1639, 1600,
1493, 1444, 1382, 1341, 1082, 993, 923, 760, 7006. ¢#RMS (ESI+) (m/z): [M+H] calc for

C17H220,, 259.1693; found, 259.1697.

General Procedure B was followed using phenyl &iogite (49 mg, 0.3 mmol, 1 equiv) and 1-
phenyl-1-propyne (56 pL, 0.45 mmol, 1.5 equiv), sabutyraldehyde (41 pL, 0.45 mmol, 1.5
equiv). Procedural Note: This reaction was condligtea sealed tube instead of a vial. The
reaction was worked up using the general workugguaare and was then subjected to column
chromatography (5 to 20% EtOAc/Hex) revealing thegle minor diastereomer product along
with a small amount of the cis-diastereomer (86:Hrther purification on the Waters HPLC

(97:3 Hex/{-PrOH/Hex)) yielded the final product as a whitéd@L4 mg, 18%).

trans-5-(hydroxy(phenyl)methyl)-4-methyl-2,3-dipropylcyclopent-2-enone (Major

Diastereomer, Scheme 89)

1.35,1.90

General Procedure B was followed using phenyl &odte (49 mg, 0.3 mmol, 1 equiv) and 4-
octyne (66 pL, 0.45 mmol, 1.5 equiv), and benzajdeh(46 uL, 0.45 mmol, 1.5 equiv). The

reaction was then worked up using the general wongtocedure and NMR revealed two
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diastereomers (58:42). The crude reaction mixtuae subjected to column chromatography (10
to 20% EtOAc/Hex) to yield an impure and unseparatiastereomers. Further column
chromatography (0.5% MeOH/GAI,) resulted in purification and partial separation tioe
product diastereomers yielding 14 mg of the minaasi@reomer, 16 mg of the major
diastereomer, and 15 mg of both diastereomers 25&# as colorless oils (44 mg, 52%M
NMR (700 MHz, CDCJ): § 7.32-7.33 (m, 4H), 7.25-7.26 (m, 1H), 5.33 (t, 4.2 Hz, 1H), 2.83
(d, J =5.6 Hz, 1H), 2.75 (g, J = 7.0 Hz, 1H), 2(d0d, J = 14.0 Hz, 9.1 Hz, 7.7 Hz, 1H), 2.31 (t,
J = 2.8 Hz, 1H), 2.23 (ddd, J = 14.0 Hz, 9.1 H®, ¥z, 1H), 2.08-2.16 (m, 2H), 1.48-1.56 (m,
1H), 1.39 (sext, J = 7.7 Hz, 2H), 1.28-1.36 (m, 1486 (t, J = 5.6 Hz, 3H), 0.86 (t, J = 6.0 Hz,
3H), 0.80 (d, J = 7.0 Hz, 3HY°C NMR (176 MHz, CDGJ): § 209.6, 178.8, 142.1, 140.0, 128.2,
127.3, 125.6, 72.3, 60.0, 35.8, 30.3, 25.1, 21087,218.1, 14.1, 14.0. IR (thin film) v: 3402,
2959, 1684, 1635, 1450, 1372, 1084, 701, 556" .cHRMS (ESI+) (m/z): [M+H] calc for

C19H260,, 287.2006; found, 287.2007.

5-(hydroxy(phenyl)methyl)-4-methyl-2,3-dipropylcyclbpent-2-enone (Minor Diastereomer,

Scheme 89)

HO

0O
Ph
n-Pr
Me

n-Pr

'H NMR (700 MHz, CDCJ): § 7.29-7.39 (m, 5H), 5.09 (s, 1H), 4.57 (d, J = 98 1H), 2.43
(ddd, 14.0 Hz, 9.1 Hz, 7.0 Hz, 1H), 2.32 (q, J & Mz, 1H), 2.23 (ddd, J = 14.0 Hz, 9.1 Hz, 4.9
Hz, 1H) 2.11-2.20 (m, 3H), 1.52-1.57 (m, 1H), 1(4@ind, J = 7.0 Hz, 3.5Hz, 2H), 1.36-1.39
(m, 1H), 0.93 (t, J = 7.7 Hz, 3H), 0.90 (t, J = Az, 3H), 0.63 (d, J = 7.0 Hz, 3HYC NMR

(176 MHz, CDC}): 6 211.7, 178.8, 141.6, 139.2, 128.4, 128.1, 126599,759.1, 38.4, 30.3,
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25.0, 21.8, 20.8, 17.5, 14.2, 14.0. IR (thin film)3436, 2961, 2872, 1676, 1630, 1454, 1383,

1048, 703 crit. HRMS (ESI+) (m/z): [M+H] calc for GeHacOs, 287.2006; found, 287.2007.

Methyl-3-trans-4-(hydroxy(phenyl)methyl)-5-methyl-3-oxo-2-phenylcyclopent-1-en-1-

yl)propanoate (Major Diastereomer, Scheme 89)

1.46, 2.44

General Procedure B was followed using phenyl &ibogite (49 mg, 0.3 mmol, 1 equiv) and
methyl-5-phenylpent-4-ynoate (85 mg, 0.45 mmol, gbiiv), and benzaldehyde (46 pL, 0.45
mmol, 1.5 equiv). The reaction was worked up udhmg general workup procedure and NMR
spectroscopy revealed a 54:33:13 mixture of isonmiEngs product was further purified using
column chromatography (10 to 40% EtOAc/Hex) yietdimpure unseparated isomers. These
isomers could be further purified and separatechgughe Waters HPLC (85:15 (Heix/(
PrOH/Hex)) yielding 13 mg of pure major diastereorae a white solid, 13 mg of the pure
minor diastereomer, as a colorless oil, and 25 figixed isomers (62:17:14:7) as a colorless oil
(51 mg, 47%)*H NMR (500 MHz, CDCY): § 7.27-7.43 (m 8H), 7.20-7.22 (m, 2H), 5.45 (dd, J
=5.0 Hz, J = 3.5 Hz, 1H), 3.63 (s, 3H), 2.91-28i7 2H), 2.59-2.66 (m, 2H), 2.51 (t, J = 3.0 Hz,
1H), 2.44 (ddd, J = 16.0 Hz, 10.0 Hz, 5.5 Hz, 1H32 (ddd, J = 15.5 Hz, 8.5 Hz, 7.0 Hz, 1H),
0.90 (d, J = 7.5 Hz, 3H)1.3C NMR (176 MHz, CRRCN): 6 207.0, 177.9, 173.5, 144.5, 141.4,
133.4, 130.2, 129.2, 129.1, 128.6, 127.9, 126.%,82.0, 52.3, 36.3, 32.1, 24.8, 18.5. IR (thin
film) v: 3465, 2959, 1736, 1699, 1493, 1443, 134%97, 765, 703. HRMS (ESI+) (m/z):

[M+H] ™ calc for G3H»404, 365.1747; found, 365.1750.
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Methyl-3-trans-4-(hydroxy(phenyl)methyl)-5-methyl-3-oxo-2-phenylcyclopent-1-en-1-

yl)propanoate (Minor Diastereomer, Scheme 89)

HO 0

Ph
Ph

o OMe
'H NMR (400 MHz, CDCJ): § 7.34-7.44 (m, 8H), 7.22 (d, J = 6.8 Hz, 2H), 4831H), 4.75 (d,
J =9.6 Hz, 1H), 3.63 (s, 3H), 2.98 (ddd, J = H269.1 Hz, 7.1 Hz, 1H), 2.62 (ddd, J = 14.8 Hz,
9.2 Hz, 5.6 Hz, 1H), 2.52 (qd, J = 6.8 Hz, 2.4 BH), 2.39-2.47 (m, 2H), 2.33 (ddd, J = 16.0
Hz, 9.4 Hz, 7.0 Hz, 1H), 0.78 (d, J = 7.2 Hz, 3HZ NMR (133 MHz, CDGJ): § 209.3, 177.2,
172.2, 141.2, 140.2, 130.8, 129.0, 128.6, 128.8,31228.2, 126.9, 75.5, 59.5, 51.9, 38.4, 31.4,
24.0, 17.5. IR (thin film) v: 3454, 2961, 1734, 569635, 1597, 1493, 1436, 1345, 1199, 1048,
913, 765, 736, 702 ¢ HRMS (ESI+) (m/z): [M+Na] calc for GsH»4O., 387.1569; found,

387.1571.

trans-3-(3-((tert-butyldimethylsilyl)oxy)propyl)-5- (hydroxy(phenyl)methyl)-4-methyl-2-

phenylcyclopent-2-enone (Major Diastereomer, Schen9)

1.73

OTBS

General Procedure B was followed using phenyl &ibogite (49 mg, 0.3 mmol, 1 equiv) and
tert-butyldimethyl((5-phenylpent-4-yn-1-yl)oxy)sila (123 mg, 0.45 mmol, 1.5 equiv), and

benzaldehyde (46 pL, 0.45 mmol, 1.5 equiv). Thetiea was worked up using the general
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workup procedure and subjected to column chromatgr yielding a crude mixture of isomers
(54:37:9). These isomers were able to be furtheifipdh and separated using the Shimadzu
HPLC yielding 19 mg of pure minor diastereomer asodorless oil, 44 mg of pure major
diastereomer as a white solid, and an additionalmty of mixed isomers (22:68:10) as a
colorless oil (77 mg, 57%fH NMR (700 MHz, CDCJ): § 7.35-7.41 (m, 6H), 7.31 (t, J = 7.0
Hz, 1H), 7.28 (t, J = 7.0 Hz, 1H), 7.22 (d, J = BB 2H), 5.44 (d, J = 1.4 Hz, 1H), 3.56 (dt, J =
10.5 Hz, 5.6 Hz, 1H), 3.47 (ddd, J = 10.5 Hz, 74) 516 Hz, 1H), 2.96 (qd, J = 7.0 Hz, 2.8 Hz,
1H), 2.75 (s, 1H), 2.68 (ddd, J = 7.0 Hz, 10.5 BB Hz, 1H), 2.49 (t, J = 2.8 Hz, 1H), 2.37
(ddd, J = 13.3 Hz, 10.0 Hz, 4.4 Hz, 1H), 1.69 (@t 16.1 Hz, 7.7 Hz, 5.6 Hz, 1H), 1.50 (dquin,
J = 18.2 Hz, 5.6 Hz, 1H), 0.89 (d, J = 7.7 Hz, 3134 (s, 9H), -0.01 (s, 3H), -0.02 (s, 3L
NMR (176 MHz, CDCJ): 6 207.4, 180.1, 142.0, 140.1, 131.7, 129.1, 12&8,2, 127.7, 127 .4,
125.6, 72.2, 62.3, 60.6, 35.9, 30.6, 25.8, 25.32,187.9, -5.4, -5.5. IR (thin film) v: 3446, 2955,
2856, 1684, 1630, 1597, 1495, 1471, 1360, 12552,11699, 959, 835, 776, 702 ¢nHRMS

(ESI+) (m/z): [M+H] calc for GgHzg0sSi, 451.2663; found, 451.2672.

trans-3-(3-((tert-butyldimethylsilyl)oxy)propyl)-5- (hydroxy(phenyl)methyl)-4-methyl-2-

phenylcyclopent-2-enone (Major Diastereomer, Schen9)

2.07

OTBS

'H NMR (700 MHz, CDCY): § 7.38-7.44 (m, 6H), 7.33-7.35 (m, 2H), 7.25 (d, 3.8 Hz, 2H),

5.01 (s, 1H), 4.74 (d, J = 9.8 Hz, 1H), 3.57 (0% 5.6 Hz, 10.5 Hz, 1H), 3.52 (ddd, J = 9.8 Hz,
7.0 Hz, 5.6 Hz, 1H), 2.71 (ddd, J = 13.3 Hz, 105 56 Hz, 1H), 2.53 (qd, J = 7.0 Hz, 4.2 Hz,
1H), 2.36-2.41 (m, 2H), 1.70 (dtt, J = 16.8 Hz, AZ, 5.6 Hz, 1H), 1.50-1.56 (m, 1H), 0.84 (s,
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9H), 0.75 (d, J = 7.0 Hz, 3H), -0.01 (s, 3H), -0(613H).**C NMR (176 MHz, CDG): § 209.0,
180.2, 141.4, 139.3, 131.1, 129.1, 128.5, 128.8,212127.9, 126.9, 75.7, 62.4, 59.5, 38.5, 30.6,
25.8, 25.5, 18.2, 17.2, -5.4, -5.4. IR (thin filmt) 3443, 2927, 2855, 1679, 1631, 1597, 1494,
1471, 1360, 1256, 1149, 1099, 956, 834, 775, 706, ¢RMS (ESI+) (m/z): [M+H] calc for

CogH3503Si, 451.2663; found, 451.2662.

7-hydroxy-3-methyl-2-phenyl-3a,4,5,6,7,7a-hexahydr&H-inden-1-one (Scheme 90)

o OH o
g, —
iy Me
General procedure B was followed with 0.043 g.06(y of enoate derivativiEr 1 After
overnight reaction impure product was isolated {@®r 0.019 g)*H NMR (400 MHz, CDCJ):
§ 7.29-7.42 (m, 5H), 3.98 (dt, J = 12.8 Hz, J =Mz 1H), 3.07 (s, 1H), 3.01 (dt, J = 10.0 Hz, J
= 6.8 Hz, 1H), 2.50 (t, J = 8.0 Hz, 1H), 2.15 (8),31.97-2.01 (m, 1H), 1.86-1.91 (m, 1H), 1.64-

1.77 (m, 2H), 1.24-1.33 (m, 2H).
5.5 General Procedure for Acetalide Formation and Garacterization

Purified diastereomer (1 equiv) and Ce(Ql equiv) were dissolved in 1 mL MeOH. This
solution was cooled to 0 °C and NaBK.5 equiv) was added in portions. The reactios wa
stirred until completion of the reaction was comi&d by TLC. The reaction was quenched with
1 mL NH,CI and extracted 3x with EtOAc. The organic layeese washed with brine and dried

over NaSQ,. Flash chromatography of the crude isolate sepathe product diastereomers.

Each diastereomer was dissolved in 1 mL DMP (dimethropane) and a 1 mol %

PTSA was added as a 1 mg/ 100 pL solution. Aftem®, the reaction was quenched with 1
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mL sat. NaHC@ and extracted 3x with EtOAc. The organic layersemgashed with brine and
dried over NgSOy. The crude product was purified by flash chromedpgy yield. Only one
diastereomer will yield the desired acetalide. Tdtber diastereomer will initially yield an
acetalide product, but this product is unstable aitidrapidly decompose. Multiple spots on the

TLC plate or a reaction that turns yellow indicatas.

Diastereomer 159a (Scheme 93b)

Me

545 505 1.85 ppm
noeobs | A B D 545 505 1.85
545 A| — 050 1.98 Jobs A B D
505 B|048 -~ 229 94 Al — — 43

185 D|170 173 505 B — - 44

161 F |28 175 132 185 Dj 42 49

Purified diastereome¥59a(20 mg, 0.07 mmol), Ce€(25 mg, 0.07 mmol), and NaBH12 mg,
0.3 mmol) were reacted according to the generatgatore. Flash chromatography of the crude
isolate (1.2:1) separated the product diastereo®@smg and 7.5 mg, 83%)H NMR (400
MHz, CDCL): & 7.45-7.47 (m, 2H), 7.36-7.39 (m, 6H), 7.28 (m, 1688 (d, J = 3.2 Hz, 1H),
5.14 (d, J = 6.4 Hz, 1H), 3.48 (s, 1H), 3.12 (quiirs 6.8 Hz, 1H), 2.28 (td, J = 7.2 Hz, J = 3.2

Hz, 1H), 2.18 (s, 1H), 1.76 (s, 3H), 0.66 (d, J.2 Mz, 3H).
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The major diol diastereomer (9.0 mg, 0.03 mmol) wastected according to the general
procedure using 0.6 mg (0.003 mmol) of PTSA as.adé crude product was purified by flash

chromatography yielding a white solid (9.9 mg, 99%)

'H NMR (700 MHz, GDgO): § 7.46 (d, J = 7.7 Hz, 2H), 7.43 (d, J = 8.4 Hz, ZH}7 (t, I = 7.7
Hz, 2H), 7.33 (t, J = 8.1 Hz, 2H), 7.26 (t, J = A7, 1H), 7.22 (t, J = 7.4 Hz, 1H), 5.45 (d, J =
4.2 Hz, 1H), 5.04 (d, J = 4.9 Hz, 1H), 2.80 (dt 8.4 Hz, J = 4.4 Hz, 1H), 1.85 (ddd, J = 8.4 Hz,
J=4.4Hz, J = 4.3 Hz, 1H), 1.75 (s, 3H), 1.613), 1.43 (s, 3H), 0.25 (d, J = 6.8 Hz, 3¢
NMR (176 MHz, GDeO): § 146.5, 142.7, 138.2, 136.4, 128.8, 128.8, 1287,8, 127.1, 126.6,

98.3, 79.3, 70.9, 49.7, 42.5, 30.3, 20.4, 17.60.13.

Diastereomer 159b (Scheme 93b)

Meg Mer 508 465 2.24 ppm
>< noeobs | A B D 508 465 224
o 0 508 A| - - 234 _ Jobs A B D
e s 465 B os1 S8 AL T T 56
Ph Ph : :
Hg 465 B| - 10.5
224 D| 29 023 -
224 D| 7.7 105
me” e Ve 153 F| 316 175 0
OAD ~ 0° or 140°
148 G| - 148 - 4BD ~ 40° or 120°

Purified diastereomet59b (10 mg, 0.03 mmol), Ce€(11 mg, 0.03 mmol), and NaBH5 mg,
0.14 mmol) were reacted according to the generdquiure. Flash chromatography of the crude

isolate (1.7:1) separated the product diastereonférang and 4.5 mg, 100%). Major
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Diastereomer'H NMR (400 MHz, CDGJ): § 7.46-7.48 (m 2H), 7.27-7.39 (m, 8H), 5.11 (s, 1H),
4.97 (dd, J = 7.6 Hz, J = 3.2 Hz, 1H), 3.39 (d,4.4Hz, 1H), 2.75 (quin, J = 6.8 Hz, 1H), 2.25

(d, J = 4.0 Hz, 1H), 2.19 (g, J = 8.0 Hz, 1H), 1(§73H), 0.66 (d, J = 6.8 Hz, 3H).

The major diol diastereomer (7 mg, 0.03 mmol) wastgrted according to the general
procedure using 0.5 mg (0.003 mmol) of PTSA as.alde crude product was purified by flash

chromatography yielding a white solid (7 mg, 77%).

'H NMR (700 MHz, CDCY): 5 7.46 (d, J = 7.0 Hz, 2H), 7.44 (d, J = 7.7 Hz, ZH}7 (t, I = 7.7
Hz, 2H), 7.34 (t, J = 7.7 Hz, 2H), 7.30 (t, J = A& 1H), 7.23-7.35 (m, 1H), 5.08 (d, J = 7.7 Hz,
1H), 4.65 (d, J = 10.5 Hz, 1H), 2.68 (m, 1H), 2(@dd, J = 10.2 Hz, J = 10.5 Hz, J = 5.6 Hz,
1H), 1.84 (s, 3H), 1.53 (s, 3H), 1.48 (s, 3H), 0(@5J = 7.0 Hz, 3H)}*C NMR (176 MHz,
CDCl): § 146.5, 141.2, 137.0, 133.5, 128.5, 128.3, 12&0,9, 127.4, 126.6, 100.6, 79.1, 75.5,

54.1, 47.3, 25.9, 24.3, 19.0, 14.1.

Diastereomer 162, (Scheme 93b)

ppm

m
5.34 5.04 2.31 PP

5.34 5.04 231

A B D
noe obs
J obs A B D
535 A| - 0.87 3.83
535 A| - - 4.5
525 B | 0.80 - 3.74
525 B| - -— 4.5

254 D| 216 2.03
254 D | 40 4.5

165 H| 3.31 2.37 - ¢ ~45° or 120°

Purified diastereomet62 (15 mg, 0.05 mmol), Ce€[(19 mg, 0.05 mmol), and NaBH8 mg,
0.2 mmol) were reacted according to the generatqatore. Flash chromatography of the crude
mixture of diastereomers (1.5:1) yielded the pedfidiols (6 mg and 4 mg, 76%). Major

diastereomer'H NMR (400 MHz, CDCJ): § 7.44-7.46 (m, 2H), 7.35-7.39 (m, 5H), 7.27-7.29
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(m, 1H), 5.31 (d, J = 3.2 Hz, 1H), 5.13 (d, J = WA 1H), 2.99 (dd, J = 16.8 Hz, J = 8.0 Hz,

1H), 2.68 (td, J = 8.0 Hz, J = 3.6 Hz, 1H), 2.1072(m, 2H), 1.86 (s, 3H).

The major diol diastereomer (6 mg, 0.02 mmol) wastgrted according to the general
procedure using 0.4 mg (0.002 mmol) of PTSA as.alde crude product was purified by flash
chromatography vielding the acetalft¢ NMR (700 MHz, CDCJ): § 7.40-7.43 (m, 4H), 7.36 (t,

J =7.7 Hz, 2H), 7.35 (t, J = 7.7 Hz, 2H), 7.28 (tH), 7.23 (t, J = 7.0 Hz, 1H), 5.34 (d, J = 4.0
Hz, 1H), 5.04 (d, J = 4.5 Hz, 1H), 2.64 (dd, J 5518z, J = 9.5 Hz, 1H), 2.31 (ddt, J = 9.5 Hz, J
= 7.8 Hz, J = 4.5 Hz, 1H) 1.88 (s, 3H), 1.70 (dg, 16.3 Hz, J = 7.3 Hz, 1H), 1.66 (s, 3H), 1.56

(s, 3H).
Diastereomer 161 (Scheme 93b)

ppm ppm
535 525 254 165 535 525 254
noeobs | A B D E J obs A B D

535 A| - 028 317 265 535 A| — - 44
525 B | 042 - 4.31 1.73 525 B - - 4.4
254 D328 297 - — 254 D| 40 52

AD = 43° or 123°
165 E | 447 235 - 0BD ~ 43° or 123°

Purified diastereomet61 (8 mg, 0.02 mmol), Ce€l(8 mg, 0.02 mmol), and NaBH3 mg, 0.09
mmol) were reacted according to the general praeedtlash chromatography of the crude
mixture of diastereomers yielded the desired diasteer as the minor diastereomer (1.1 mg,
14%). Minor DiastereomerrH NMR (400 MHz, CDCJ): § 7.30-7.45 (m, 8H), 7.22-7.26 (m,
1H), 7.15-7.19 (m, 1H), 7.03-7.09 (m, 3H), 6.705(, 2H), 5.39-5.42 (m, 2H), 4.11 (m, 1H),

3.15 (m, 1H), 2.81 (m, 1H), 2.25 (d, J = 5.6 Hz),1H57 (s, 3H).
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The minor diol diastereomer (1 mg, 0.003 mmol) vmestected according to the general
procedure using 0.06 mg (0.0003 mmol) of PTSA ad. ahe crude product was purified by
flash chromatography yielding the acetalide (0.7 666).'*H NMR (400 MHz, CDCJ): § 7.49-

7.50 (m, 2H), 7.36 (t, 8.0 Hz, 2H), 7.09-7.10 (rh{)27.00-7.01 (m, 3H), 6.91-6.92 (m, 3H),
6.48-6.49 (m, 2H), 5.38 (d, J = 4.0 Hz, 1H), 5.88J = 5.2 Hz, 1H), 3.85 (d, J = 8.0 Hz, 1H),

2.54 (dt, J = 8.4 Hz, J = 4.4 Hz, 1H), 1.64 (s,,3H50 (s, 3H).

Diastereomer 160 (Scheme 93b)

ppm (CgDs) ppm (CDCl3)
134 345 480 153 143 359 494
noe obs F B A E noe obs F B A
134 F| -—~ 341 164 -— 143 F| — 350 174
ph 345 B | 102 — 161 359 B|138 1.37
480 A |1.28 — 239 480 A|079 1.8
153 E| -— 149 255

ppm (CeDg)
1.53 3.45 4.80
J obs E B A
153 E | — 2.5 6.0
345 B | 3.0
480 A | 6.0

OAE ~ 30° or 130°
¢BE ~ 40° or 130°

Purified minor diastereomé60 (15 mg, 0.06 mmol), Ce€(22 mg, 0.06 mmol), and NaBH9
mg, 0.2 mmol) were reacted according to the gema@tedure. Flash chromatography of the
crude mixture of diastereomers (1.5:1) yielded poee major diastereomer (6 mg, 39%) and
impure minor diastereomer (4 mg). Minor Diasterepfirapure):*H NMR (500 MHz, CDCJ):

§ 7.33-7.38 (m, 5H), 5.08 (d, J = 7.0 Hz, 1H), @8, J = 9.0 Hz, J = 2.5 Hz, 1H), 3.10 (quin, J
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= 6.5 Hz, 1H), 2.92 (s, 1H), 2.23 (td, J = 6.9 Biz 2.5 Hz, 1H), 1.91 (m, 1H), 1.81 (s, 3H), 1.21

(d, J = 7.0 Hz, 3H), 1.08 (d, J = 6.5 Hz, 3H), 0[@9J = 6.5 Hz, 3H).

The minor diol diastereomer (4 mg, 0.02 mmol) wastgrted according to the general
procedure using 0.3 mg (0.002 mmol) of PTSA as.alde crude product was purified by flash
chromatography vielding the acetaltté NMR (500 MHz, GDg): & 7.59-7.61 (m, 2H), 7.25 (t, J

= 8.0 Hz, 2H), 4.8 (d, J = 6.0 Hz, 1H), 3.45 (d& 10 Hz, J = 2.5 Hz, 1H), 3.08 (quin, J = 7.0
Hz, 1H), 1.83 (septd, J = 6.0 Hz, J = 3.5 Hz, 1H)5 (s, 3H), 1.53 (ddd, J = 7.5 Hz, J = 6.0 Hz,
J =3.0 Hz, 1H), 1.46 (s, 3H), 1.34 (s, 3H), 1.08X = 6.5 Hz, 3H), 1.00 (d, J = 7.0 Hz, 3H), 0.80

(d, J = 6.5 Hz, 3H).
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5.6 Alkylative Cycloaddition Product J-Table

Substrate Diaster. Hp 6 Hp J Hg 6 Hg J H: 8 HeJ Hc 6 HeJ

1 Major 551t 3.8 246t, 3 2.88 q,5.0
2 Major 547t 3.9 294 m 2.73 d, 18.2 2.45dd 18.9,7.4
3 Major 551,42 2921t,3.2 3.88d,2.1
4 Major 497 d, 4.9 N/A N/A 3.12 d, 18.2 214d,18.2
5 Major 5.33t,4.2 231128 275q,7.0
6 Major 3.9 ddd, 85,5.5,25 237128 295q,54
7 Major 531,35 24 m 3.02qd, 7.7,2.8
8 Major 544 d,1.4 2491t,28 2.96 qd, 7.0, 2.8
1 Minor 4.73 d, 9.6
2 Minor 4.74 d, 9.8 2.91 ddd, 9.8, 7, 2.8 2.49 dd, 19.3, 7.3 2.26 d, 18.9
3 Minor 4.82 d, 9.8 2.85dd, 9.8, 2.8 3.45 s
4 Minor 4.85 s N/A N/A 2.86 d, 19.6 2.15d, 18.9
5 Minor 4,57 d, 9.8 232q,7.0
6 Minor 3.58d,09.1 2.22 d,9.8 253 q,6.5
7 Minor 4.75 d, 9.6 2511t 3
8 Minor 4.74 d, 9.8 2.2dd, 8.8,2 253qd, 7,4.2
1 2 3 4 5

OH o OH o OH OH HO

Ph% Phy\li% " 0 N o Ha
Ph Ph Ph Me Ph
Me Ph: j :/: Hg
Me Me Me Me HC

5 6 7 8

OH o OH o OH o OH o

Ph Ph Ph
n-Pr Ph Ph Ph
Me Me Me Me
n-Pr Me
&/ —ome OTBS
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5.7 Chapter 2 Product Spectra (Excludes Publishedp®ctra)
Table 4, Entry 4
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Table 5, Entry 2
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Me
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Me
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Table 5, Entry 1

7.260

1.900
1.897

1.551

Table 8, Entry 10
0]
4
Ph
r
L U B T D
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Table 8, Entry 3, Major Regiosisomer

v
- K.]L_._;
8 7 6 3 2 1 Ppm
1] e e ey
0.89 1.09 1.12 12.62 3.75
1.00 2.13 2.34 3.32
Table 8, Entry 3, Minor Regioisomer
(0]
H
Me'
n-Oct
h A ‘
N e
8 7 6 3 2 1 PpPm
v e e e e el e o i o
0.88 1.06 1.16 2.92 3.68
1.00 1.12 1.16 12.711 3.92
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Table 8, Entry 6

(6]
E%*n-Hex “ l
n-Hex
“l J.l l L LJL |
T T T T T T T LA L L
8 7 6 5 4 3 2 1 PPm
e e I
1.99 2.00 14.67
3.93 1.94 6.06

Table 10, Entry 8

(6]
Me
n-Pent L
T T T T T T T T T T
8 7 6 5 4 3 2 1 pPm
by e
2.00 2.86 4.39
3.95 2.01 2.98
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Table 10, Entry 7, Major Regioisomer

0
Me
Me
n-Pent
el
. i wL .
L L AL I L L A B L R AL L L A LA AL R B L AL A L L B |
8 7 6 5 4 3 2 1 ppm
Ll ke N I e e
Table 10, Entry 7, Minor Regioisomer
(6]
J:léfn-Pent
Me’
Me
vy ave 4/ .
1 LW L |
T T | L LR AL B L LA B AL R L B |
8 7 6 5 4 3 2 1 ppm

e ey
0.942.05 1.00 5.27 1.14 6.22
1.001.01 2.15 3.11 12.25  6.36
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Table 14, Entry 1, 148

Me

_JU L ~t | S—
—————t T - T T T
8 7 3 2 1 PPm
e e e e
4.02 2.00 2.96 2.06
5.50 0.97 1.04 2.99
Table 14, Entry 1
PhO = “Ph
Me
(0]
N
(0]
» \-
B 00 | L)
—— T - —— — T T T -
8 7 5 4 3 2 1 ppm
—— ! C - i o R o
3.72 7.20 2.00 0.91 1.86
0.87 0.85 2.67 2.51
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Scheme 72
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Scheme 81
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| R L )
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8 4 3 2 1 ppm
Yy e g W
2.00 0.73 1.00 152 3.26

2.08 0.50 0.760.84
O
Ph
Me
Me
roror
/N
J J j
T —T T T — — T 7
8 5 4 3 2 1 ppm
Cel] Lo e
1.91 1.08 1.6 3.2
2.06 1.00  3.08
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5.8 Chapter 3 Product Spectra

Table 25, Entry 6, Major Diastereomer

OH
n-Hex/éE/}i /
Ph
Me
Me
[
I
T LR LA T T T T T
8 7 6 5 4 3 2
Table 25, Entry 6, Minor Diastereomer
OH o
n-Hex~ j:(/(
Ph
Me
Me f
I
C it
! fr
. 2 s s

Table 26, Entry 7, Major Diastereomer
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(6]
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Table 26, Entry 7, Minor Diastereomer
OH
Ph
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Scheme 89, Major Diastereomer

OH
> H O
Ph
Ph
!
(J Me
SUAL N A LU A N .
T T T T T T T T T T
8 7 6 5 4 3 2 1 0 ppm
e Yy oy
9.80 1.00 0.93 3.1
1.00 1.061.05
s e cbwe a ° "
H H afgs 8 1 g
; B X ¢ g
220 200 180 160 140 120 100 80 60 40 20 [ ppm

174



Scheme 89, Minor Diastereomer
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Scheme 89, Major Diastereomer
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Scheme 89, Major Diastereomer
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Scheme 89, Minor Diastereomer
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Scheme 95, 168
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Scheme 96, Major Diastereomer
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Scheme 96, Minor Diastereomer
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Scheme 89, Major Diastereomer

8 7 6 5 4 3 2 1 0 ppm
wy ¥ G ki R oy
"l"."o? o 0.‘9‘;‘ l.‘O";.‘li“ 1 ‘13‘.’16 "3108

g g 28 888 LR RS sr2agsss

& 8 88 TWE “$=28& § TL8RRAYS

] @ e srw cfen @ Meudsaess

2 $S 858 L..j nn«w«lﬂﬂ.‘
R R L L L O B o L B N R N R SRR R R
220 200 180 160 140 120 100 80 60 40 20 0 ppm

184



Scheme 89, Minor Diastereomer
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Scheme 89, Minor Diastereomer
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Scheme 89, Major Diastereomer
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Scheme 89, Cis Diastereomer
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Scheme 89, Minor Regioisomer
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Scheme 89, Major Diastereomer
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Scheme 89, Minor Diastereomer
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Scheme 89, Major Diastereomer
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Scheme 89, Minor Diastereomer
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Scheme 93b, Major Diol Diastereomer 159a
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Scheme 93b, Acetalide Diastereomer 159a
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Scheme 93b, Acetalide Diastereomer 159b
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Scheme 93b, Diastereomer 162
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Scheme 93b, Diastereomer 161
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Scheme 93b, Diastereomer 160
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