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Things Which I Have Learned In My Lifetime
And Not-So-Random Thoughts From My Brain

“An eye for an eye leaves everybody blind” - Dalai Lama
Watch out for falling rocks.
Bones really are white.
Free fall is good. Impact is bad.
Listen to doctors.
“Chicks” don’t “dig” scars. If they did, Ronny Priefer and I would be the sexiest men
alive.
By comparison to the rest of you, I’'m crazy and that makes me nuts.

I seem to be missing that part of the brain which provides the self-preservation instinct.
Live your life such that if you were to die tomorrow, you would still respect yourself.
“Milk and cookies are good for you” — Robert Fulghum
It is no one else's job to clean up after me.

Heavy Metal Rocks!

Rolling a car is fun, so long as it belongs to your friend’s parents!

Your life really does flash before your eyes!

There is no substitute for the love of a dog. Thanks Chippy, Dylan, and Bear! ©

“Yeah! I'm a Freak...of Nature. Yeah! I'm a Freak...of Nature. If only I could
be as cool as you, as cool as you! Body and Soul, I'm a Freak! I'm a Freak!
Body and Soul, I'm a Freak! I'm a Freak!’

“Freak”- Silverchair

“I sit alone, contemplating what is missing inside me. I desperately try to
remember a life that’s not meant to be. I meditate and try to recapture some sense
of reality, yeah. But I look around; I see numb, empty faces; the world is waiting
to die. This apathy is so suffocating; the slow decay of my mind. I’ve searched
the world for someone with answers to the questions that are plaguing me. 1
scream in vain at anyone who’ll listen but everybody’s watching TV!”
“Television”- Stabbing Westward

“You are the tear. I have no fear. You are so strange. I feel the same. Sorcerous
mind, We Rise Again. We are not chained to the wheel, to the wheel. It’s the way
that you feel. It’s the truth in your eye. You got wings upon your back and you
can fly! It’s the way that you feel. It’s the truth in your eye, ‘cause you're up
against the world and still you still you Rise, and still you Rise, and still you Rise,
and still you Rise!”

“Rise™- The Cult

Here for a good time, not a long time!

Kein Mehrheit Fiir Die Mitleid
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ABSTRACT

A new, general method for the asymmetric synthesis of quaternary carbons is
described. This technique involves stereocontrolled generation of o,c—disubstituted
amide enolates via reduction of bicyclic a,o~disubstituted a—thioglycolate lactams using
one-electron transfer reagents. A model of the geometric constraints necessary to
reductively prepare o,0—disubstituted amide enolates with control of enolate E/Z
stereochemistry is described and several chiral auxiliaries were prepared to test this
design.

Successful preparation, trapping, isolation and characterization of
o, o—disubstituted amide enolates is described. This reductive enolization method allows,
for the first time, the stereoselective preparation of both E- and Z-acyclic
o,0—disubstituted amide enolates.

Reactivity and selectivity of o,0—disubstituted amide enolates in alkylation with
alkyl halides is explored. Dichotomous reactivity is observed for both E- and
Z—-0,0—disubstituted amide enolates. Z—o,0.—Disubstituted amide enolates are shown to
alkylate with high levels of stereoselectivity; E—o,0—disubstituted amide enolates
alkylate with poor stereoselectivity.

Methods for isolation of the quaternary carbon-containing adducts are described.
Conditions for the determination of the enantiomeric excess of chiral, non-racemic

neopenty! alcohols were developed and are also described.
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Development of a facile, environmentally friendly, modular synthesis of a model

second-generation chiral auxiliary using simple, inexpensive starting materials is

described.
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RESUME

Une nouvelle méthode pour la synthése de carbone quaternaires asymetriques est
décrite. Cette technique est basée sur la formation stéreoselective d’énolate d'amide
disubstitué a travers la réduction de lactame bicyclique (o ,o-disubstituted
o—thioglycolate lactams) par un réactif transférant un électron. Un modéle dés
contraintes geométriques pour préparer des énolates d'amides disubstitués avec controle
stéreochimique a également été élaboré, ainsi que plusieurs exemples d’auxiliaires
chiraux pour tester ce modele ont été synthétisés.

La préparation, I’isolement et la caractérisation des énolates sont également
présentées dans ce document. Cette méthode « d’énolisation réductive » permet pour la
premicre fois la préparation stéreoselective des deux énolates acycliques disubstitués E et
Z.

La réactivité et la sélectivité des énolates disubstitués au cours de I’alkykation
avec des halogénures d’alkyle ont été explorées. Une différence de réactivité a été
observée pour les deux énolates E et Z. Les énolates Z ont démontré une grande
stéreosélectivité lors de I’alkylation alors que cette sélectivité était faible pour les
énolates E.

Des méthodes d’isolement des produits contenant ces carbones quaternaires, ainsi
que leurs transformations en alcools néo-pentyliques chiraux ont été developpées et sont
décrites. La mesure de I'exces énantiomérique de ces produits est également incluse.

Une nouvelle synthése d’auxiliaires chiraux, facile a mettre en oeuvre et
respectant I'environnement a été finalement developpée. Cette seconde génération

d’auxiliaires chiraux peu cofiteux est décrite dans le dernier chapitre.
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CHAPTER ONE

INTRODUCTION TO THE ASYMMETRIC
SYNTHESIS OF QUATERNARY CARBON

CENTRES



1.1 PURPOSE OF THE DEVELOPMENT OF A GENERAL METHOD FOR THE

ASYMMETRIC SYNTHESIS OF QUATERNARY CARBON CENTRES

Asymmetric carbon-carbon bond construction lies at the very heart of modern
synthetic organic chemistry and new approaches to this most fundamental of problems
are constantly being developed. An archetypal challenge in the realm of carbon-carbon
bond formation is the preparation of asymmetric quaternary carbons. Formally,
quaternary carbons are bonded to four other carbon atoms and thus, contain only
carbon-carbon bonds. Consequently, only asymmetric carbon-carbon bond-forming
reactions may be employed in the asymmetric synthesis of quaternary carbons. While
many different approaches to this very daunting problem are known,’ very few have a
broad substrate scope. This significant void in synthetic chemistry wants for a solution.

The development of a general method for the asymmetric formation of quaternary
carbon stereocentres would be a great advance for the chemical community. Quaternary
carbons are found in many medicinally and synthetically important molecules including
aspidophytine 1,” an anticockroach and insecticidal compound, dysidiolide 2.’ an
antitumor compound, and puraquinonic acid 3,* a compound shown to induce cell
differentiation and a potential anti-leukemia drug. Additionally, quaternary carbons can
be useful in drug candidates because they are more difficult to degrade than other
functional groups, allowing for slower drug metabolism® and lower dosing.
Thalidomide 4 ((R)-enantiomer shown), whose (R)—enantiomer relieves morning
sickness and (S)-enantiomer causes birth deformities, is an example of a drug with a

tertiary stereocentre that racemizes under physiological conditions.® Quaternary

o



stereocentres are immune to racemization, making them advantageous over tertiary

centres in terms of drug safety.

1 2 3
N 0]
NH
o O
4

This research project seeks to develop a general method for the asymmetric
synthesis of quaternary carbons via alkylation of acyclic o,0-disubstituted enolates.
Enolates are well-known intermediates in organic synthesis and the next three sections

will detail their formation and use in the preparation of asymmetric tertiary carbons.

1.2 ENOLATE ALKYLATION AS A METHOD FOR THE ASYMMETRIC

SYNTHESIS OF TERTIARY CARBON CENTRES

The alkylation of an enolate with an alkyl halide is a fundamental reaction in
organic chemistry for the formation of carbon-carbon bonds. The diastereoselective (or
enantioselective) formation of a new stereocentre via enolate alkylation requires both

enolate stereocontrol (E versus Z) and a bias for approach of the electrophile on one



n—face (Re or i) over the other (Scheme 1). Consequently, failure to achieve high E/Z
enolate stereocontrol or poor facial bias will result in low overall stereoselectivity,
Typically, the E/Z ratio of enolates equates to the maximum level of stereoselectivity of
the reaction; even complete facial bias will result in reaction stereoselectivity only as
high as the enolate ratio. By the same token, complete enolate stereocontrol cannot

compensate for poor facial bias.

Li
S G RSP G S
! |
R' R’

R"-X
a
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LiO.
Loy
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Scheme 1. Stereoselective enolate alkylation.

A useful, broad-scope enolate alkylation methodology must be amenable to the
preparation of both (R)- and (S)-configurations of the new stereocentre. This can be
achieved by switching the enolate geometry and using a common alkylating agent.
Alternatively, the position of the alky! groups in the starting material and alkylating agent
can be reversed. There are instances where neither of these options is feasible. In this
situation the use of the antipode of the auxiliary is a possible solution. However, this
route is often prohibitively expensive for auxiliaries derived from chiral pool materials

where only one enantiomer is readily available.



1.3 STEREOCONTROL IN a-MONOSUBSTITUTED ENOLATES

Acyclic enolate stereocontrol has been thoroughly studied in the formation of
o—monosubstituted ester, ketone and amide enolates. Deprotonation of an ester or ketone
with an amide base such as LDA in ethereal solvents such as THF leads to predominant
formation of the E(O)-enolate via minimization of 1,3-diaxial interaction between the
substituents on the amide base and the alkyl group on oi—carbon in a chair-like transition
state.”® The use of a mixed solvent system containing an ethereal solvent and a polar
solvent such as HMPA or DMPU results in a looser transition state and formation of
predominantly the Z(O)—enolate where the overriding steric influence is the minimization
of interaction between the alkyl group on the o—~carbon and the alkoxy moiety of the ester

(or alkyl moiety of the ketone) (Scheme 2).

/ﬁ\/ LDA Li Li
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H
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1,2-eclipsing
interaction
THF THF/HMPA

Scheme 2. Formation of E(O)- and Z(O)-ester enolates.



In the case of amide enolate formation, the enolate geometry is governed by the
minimization of A'” interactions between the alkyl groups on the nitrogen atom and the

alkyl group on the a-carbon. This results in exclusive formation of the Z—enolate

(Scheme 3).°
N:'g. <R
OZH — 0z R\'g\
R:-,F/ minimized H 3 minimize
L—N"|H A'3strain L—N)'_'IH A'3strain
J {

Scheme 3. Stereocontrol in formation of amide enolates.

1.4 STEREOSELECTIVE ENOLATE ALKYLATION TO FORM TERTIARY

STEREOCENTRES

Asymmetric catalysis is an important sector of organic chemistry and some
catalytic asymmetric enolate alkylation methodologies do exist (vide infra). However,
these methods tend to exhibit limited scope. Broad generality in asymmetric enolate
alkylation techniques remains in the domain of chiral auxiliary-based methodologies.

Many chiral auxiliary-based methodologies exist for the formation of tertiary
stereocentres. The first, developed by Meyers and co-workers, employed chiral
oxazolines." These species were readily formed from a chiral aminodiol and an
orthoester or imidonium chloride (Scheme 4). Alkylation takes place via deprotonation

with LDA, followed by addition of an alky! halide. This method afforded only moderate



alkylation diastereoselectivity but nevertheless provided proof that chiral pool materials

could be used to influence the stereochemical outcome of enolate alkylations.

H + HCI
0" "Me ) H*
N Ho],Ph 2) NaH, Mel /_(C)]» W
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) , H2N ."", ’l oy
RR R OH OMe OMe
OR aq.4.5N
HCI, A

0
R\KILOH
R

Scheme 4. Chiral oxazolines as chiral auxiliaries for enolate alkylations.

Subsequently, Evans and co-workers® and Sonnet and Heath'' independently
demonstrated the use of prolinol as a chiral auxiliary for enolate alkylation. In this
system, the sidechain alcohol was left unmasked and two equivalents of base were used
to generate a chelated enolate. In this case, the diastereoselectivity of the alkylations
ranged from 88:12 to 97:3 (Scheme 5). Imerestingly,vthe alkylation or silylation of the
sidechain alcohol resulted in a switch in facial selectivity of the alkylation (albeit with
diminished diastereoselectivity). This presumably results from a loss of chelation

between the enolate and the sidechain oxygen (Scheme 6).
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Scheme 5. Alkylation of chelated prolinol enolates.
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Scheme 6. Alkylation of non-chelated prolinol enolates.

Both E(O)- and Z(O)-configurations of ester enolates are accessible with high
stereoselectivity. Therefore, ester-based chiral auxiliaries can be used to access both (R)—
and (§)-stereochemistries by switching enolate geometries and using a common
alkylating agent. Helmchen and co-workers investigated the use of several different
camphor-based auxiliaries for this purpose.'> With the ester 5, they found that conducting
the alkylation reaction in THF as solvent afforded predominantly one diastereomer with a
ratio of diastereomers of approximately 97.5:2.5. The use of 4:1 THF:HMPA as solvent
led to the product with primarily the opposite configuration at the new stereocentre with a

diastereomeric ratio of approximately 98:2 (Scheme 7).

1) LICA,
solvent
x R 2) R=X x R X B
Y Nyt Ny
O o) O
5
solvent = THF solvent = 4:1 THF : HMPA
X = Mes-N-SO5Ph drsca.97.5:25 dr'sca.98:2

Scheme 7. Asymmetric enolate alkylation using Helmchen’s camphor-derived chiral

auxiliary.



Evans and co-workers later reported an oxazolidinone auxiliary, which could be
easily N-acylated. Deprotonation of the imide to generate the enolate could be achieved
with LDA or NaHMDS (Scheme 8). Imides behave similarly to amides in that they afford
the Z-enolate upon deprotonation. Though the alkylation diastereoselectivitics were high,
it was found that the enolates would only react readily with activated alkyl halides
only.”"* Because of the low reactivity of the enolates toward alkyl halides this method

has found only sporadic use.

L0 o g& e § S,
e n R

ji j\,R LDA i,R ~1 (3 equiv.) ji j\r
Ly e -
PR Me P‘. 1 Me

o°c
2-4 h

Scheme 8. Formation of tertiary carbon stereocentres via alkylation of oxazolidinone

imide enolates.

Katsuki, Yamaguchi and co-workers reported an extremely selective auxiliary
(Scheme 9)."" This auxiliary was similar to prolinol but contained a second
hydroxymethyl sidechain. The stereochemical configuration of the sidechain-bearing
carbons was such that the auxiliary had C,-symmetry. Although this auxiliary afforded
diastereomeric excesses of >95% in all reported cases, it has seen little to no use by other
researchers because it must be prepared by a lengthy synthesis involving a classical

resolution.
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Scheme 9. A C,-symmetric auxiliary for the formation of tertiary carbon centres.

The use of camphor sultams (readily prepared from camphorsulfonyl chloride) as
chiral auxiliaries was pioneered by Oppolzer and co-workers (Scheme 10)."* This
method offers a wide range of acceptable bases and may be used with unactivated halides
provided HMPA is present. After crystallization, the de of the product was typically
297.5%. The sultams are readily cleaved with base and aqueous hydrogen peroxide or
reduced to primary alcohols with lithium aluminum hydride. Under both sets of

conditions the auxiliary may be recovered and recycled.
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NH .__, R M, Nj\,R
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Scheme 10. The use of camphor sultams as auxiliaries for asymmetric enolate

alkylation.



Pseudoephedrine is an extremely useful and practical chiral auxiliary for the
asymmetric synthesis of tertiary carbon stereocentres."” It is a rare example of a chiral
auxiliary that is readily available at reasonable cost in both enantiomeric forms. Amides
of pseudoephedrine can be deprotonated with two equivalents of LDA, leading to
formation of a Z-enolate dianion. Pseudoephedrine enolates are reactive enough to react
with unactivated halides at 0°C with no need for added cosolvents (Scheme 11).
Moreover, these enolates were shown to be quite stable, surviving at least 46 hours at

45 °C. This allows for the use of alkylating agents that react only sluggishly.

CHs LDA, Lick CHg
(l B4 R (l AR
N
OH Me

OH Me R'

Scheme 11. The alkylation of pseudoephedrine amide enolates.'®

The utility of pseudoephedrine amides was further demonstrated by the ease with
which they may be transformed into a variety of products. Hydrolysis to the carboxylic
acids was best achieved by sulfuric acid or tetrabutylammonium hydroxide. The
auxiliary could also be cleaved under reductive conditions. The use of lithium
amidotrihydroborate (LAB) afforded primary alcohols; while lithium triethoxyaluminum
hydride afforded aldehydes. Ketones éould be formed by the addition of excess alkyl

lithium reagents (Scheme 12).
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Scheme 12. Reductive cleavage of pseudoephedrine amides.

While this section has outlined the use of enolates for the asymmetric synthesis of
tertiary carbons, the goal of this work was to prepare quaternary carbons. The next
several sections will detail the extension of enolate alkylations to the formation of

quaternary carbons.
1.5 SYNTHESIS OF o,0~-DISUBSTITUTED ENOLATES

While the formation of tertiary asymmetric centres via enolate alkylation is highly
developed and general, the same cannot be said about the formation of quaternary
carbons. Attempted extension of enolate alkylation techniques to the formation of

quaternary carbons results in two major difficulties. In the case of amides and imides, the

most common classes of chiral auxiliaries, deprotonation of the ct—carbon is significantly
more difficult because of the increased A'“=strain in the transition state (Figure 2). This

results in the need to employ stronger bases to effect deprotonation, which generally have

12



lower functional group tolerance. Enolate stereocontrol is also a concern. When
attempting to form an o,o—disubstituted enolate, the steric difference between the
substituents on the o—carbon (alkyl group versus alkyl group) is often much smaller than
the steric difference between the substituents during the first deprotonation (alkyl group
versus hydrogen). The ultimate result of this decreased difference in steric demand of the
substituents is a diminished level of enolate stereocontrol. Even in the exaggerated case
of 2-phenylpropionamides, where the difference in steric demand of the substituents is
reasonably large (methyl versus phenyl), E/Z stereocontrol is very low (Scheme 13)."
Though the deprotonation of 2-phenylpropionamides could be optimized to yield high
levels of enolate stereocontrol, it was a highly specialized system and not a general
example. Prior to this work, no general method for the formation of acyclic
o, o—disubstituted enolates with good levels of E/Z stereocontrol had been published.
Recall that E/Z stereocontrol is a required element for a successful asymmetric enolate
alkylation methodology. Thus, the existing methods of asymmetric formation of
quaternary carbons via enolate alkylation were all hampered by their inability to solve

problem of E/Z stereocontrol in acyclic o, o—disubstituted enolates.

1,3-diaxial

\interaction
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H
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Figure 1. Depiction of increased strain in the transition state for deprotonation of

a,o—disubstituted amides.
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Scheme 13. The deprotonation of 2-phenylpropionamides.

1.6 ACYCLIC o,0-DISUBSTITUTED ENOLATES

A few highly specialized examples exist in the literature for the synthesis of
quaternary carbons via acyclic «,0-disubstituted enolates. Kobayashi and co-workers
reported that tigloyl oxazolidinones could be deprotonated at the Y-position with
NaHMDS to afford the E-imide enolate (Scheme 14).* Alkylation with me-thoxymethyl
chloride or benzyloxymethyl chloride proceeded with good levels of diastereoselectivity.
This example is striking in that it gen.erates an E-imide enolate. It is however, limited to

tigloyl systems and activated halides.

Na
i NaHMDS j\ M ROCH,CI
N ~ “Me > Xy Ve !
Me NN
Me Me
Me Me

Scheme 14. Enolization and alkylation of tigloyl oxazolidinones.
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Boeckman and co-workers have reported the use of camphor-based auxiliaries 6
and 7 for stereoselective Diels-Alder and [2+2] cycloadditions, as well as aldol and
alkylation reactions.” Recently, the extension of the alkylation methodology to the
formation of quaternary carbons was reported.”? This work disclosed that imides of type
8 could be deprotonated with LDA and alkylated with activated alkyl halides to form
tertiary centre—containing adducts 9 with excellent diastereoselectivity and moderate to
high yield (Scheme 15). Conversion of imide 9 to quaternary adducts 10 employed
sodium diisopropylamide (NDA) and required the groups resident on the ai-carbon to be
of significantly different steric size (methyl versus isopropyl or propionoyl). Even
though the E/Z ratio of the o,0-disubstituted enolate was excellent, only very reactive

electrophiles could be used.

15
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Scheme 15. Alkylation of camphor-derived imides to form quaternary carbon centres.

In another limited example, Langlois and Dalko reported the asymmetric
formation of quaternary benzylic carbons using chiral imidazolines (Scheme 16).*
Though this system was limited to the construction of benzylic quaternary centres, high
de’s could be obtained when either alkyl halides or activated THF (addition of

9-BBN-OTf to THF solution) were used in the final alkylation.
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Scheme 16. The formation of benzylic quaternary carbons using imidazolines.

Katsuki and co-workers reported the synthesis of 0-Cyano-o-quaternary
carboxylic acids (Scheme 17).* This limited example had the advantage that the
o~proton’s acidity was increased by the presence of the nitrile group and the small steric
size of the nitrile group allowed for reasonable E/Z stereocontrol. Notably, the
diastereoselectivity of the quaternary carbon-forming reactions (80-90% de) was not

nearly as high as the tertiary carbon-forming reactions (>95% de).

MOMO MOMO._
: j\/n 1) n-BuLi or LDA : j\<CN ) 2q. 6N HO _
- v ™ HOTN
CN 2) R-X (10 equiv.) R R 2) 1% K2CO3 A
OMOM -20°C, 8h OMOM in MeOH

Scheme 17. The formation of c-cyano,a-quaternary carboxylic acids.

1.7 CYCLIC ¢,0~-DISUBSTITUTED ENOLATES

The examples in the previous section serve to illustrate the difficulty in generating
o,0-disubstituted enolates and the very poor substrate scope for these methods. The most

common solution to poor E/Z stereocontrol in the formation of o, o-disubstituted enolates
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is to employ a cyclic structure in the enolate, either a permanent ring or a temporary
metal chelate.

The most widely known method of asymmetric quaternafy carbon formation via
the alkylation of cyclic a,0-disubstituted enolates was developed by Meyers and co-
workers.” This technique uses chiral bicyclic lactams which are prepared from a chiral

amino alcohol and a y- or 8-keto acid (Scheme 18) or a cyclic anhydride.

PhMe, A, R

OH o
-H>O n
Lo Mo 42 Q:}
R NH, o
o)

n=1,2
R = H, Me, Ph, etc.

Scheme 18. The formation of chiral bicyclic lactams from a keto acid.

Alkylation of these bicyclic systems can be achieved by deprotonation with LDA
or s-BuLi followed by alkylation with various alkyl halides (Scheme 19).
Diastereoselectivities are generally good to excellent in both the first and second
alkylations and yields are typically high. Unreactive alkylating agents, such as isopropyl
iodide, were also investigated but required more forcing conditions, resulting in

diminished diastereoselectivity.

ph LDA or s-BuLi; h LDA or s-Buli;
Ry—X N g Ro—X N
N > N !
' 0]

HPr o) FPr

Scheme 19. The formation of quaternary carbon centres via the dialkylation of chiral

bicyclic lactams.
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An immediately interesting feature of this alkylation system is that the alkylation
occurs on the endo face of the bicycle. Many experiments and theoretical calculations
have been carried out to determine the source of this selectivity. Unfortunately, there
appears to be many factors at play and no simple explanation has been put forward.” It is
known however that the apical group and position of the oxygen in the five-membered
ring are critical for endo alkylation to occur.

Meyers and co-workers also investigated the chemistry of a.,[-unsaturated chiral
bicyclic lactams in Diels-Alder and cyclopropanation reactions (Scheme 20). In these
systems,‘ substitution of the o-carbon with an ester group was often necessary to obtain

high diastereoselectivity. Again, predominantly endo products were obtained.

HPr ~Pr

Ph28=CMe2
—_—

Pt ~Pr
Scheme 20. The Diels-Alder and cyclopropanation reactions of Meyers' chiral bicyclic

lactams.

It is important to point out that although the Meyers chemistry is highly selective,
applicable to a wide range of reactions and that conditions have been developed to

convert these lactams into a variety of materials (Figure 2), the y- or 8-keto functionality

1s always required and must be incorporated into the final product or subsequently
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transformed after cleavage. This represents a significant limitation to this otherwise very

potent technique.

R1 Ry

Figure 2. Utility of Meyers’ bicyclic lactams.

In more limited work, Friter demonstrated the use of metal chelates as a form of
temporary ring to control E/Z enolate stereochemistry in the deprotonation and alkylation
of B-hydroxyesters® (Scheme 21). Here, the alcohol moiety was deprotonated first and
the resulting lithium alkoxide chelated to the ester carbonyl. This chelate fixed the
conformation around the carbonyl carbon-a-carbon bond and allowed for deprotonation

with good E/Z stereocontrol. The addition of activated halides resulted in highly

20



diastereoselective formation of quaternary centres. This method has very limited
substrate scope and yields are consistently low.

/ /
Q uca 9 Lica Q ally-Br ~ QH
okt OEt OEt — = - “OEt 57%, 9456 d.r.

Me N

Li pr

s \
H i 6% 96:4
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OEt —— OEt ——> Z OET (crude)
t OEt 982
= = = purlfled)

Scheme 21. Diastereoselective alkylation of B-hydroxyesters to form quaternary carbon

centres.

Enders and co-workers have demonstrated the asymmetric synthesis of quaternary
carbon-containing pyrrolidinones.” Using stepwise dialkylation followed by reduction,
the known lactams 11 could be transformed into quaternary carbon containing materials
(Scheme 22). This method was limited to the use of allyl bromide or ethyl crotonate as

the electrophile in the second alkylation.

)LDA R{=X ,
LDA R2—X L/NHz R
- ) "
n
MeO OMe

n=1,2

11

Scheme 22. The synthesis of a-quaternary pyrrolindinones.

The use of bis-electrophiles to generate contiguous quaternary carbon centres has

been reported by Overman and co-workers.” This methodology was used in the total

21
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synthesis of (+)- and meso-chimonanthine (Scheme 23). This procedure consisted of
generation of a dienolate and alkylation with a tartrate-derived bis-electrophile 12.
Typically, in diastereoselective enolate alkylation the enolate contains the chiral
auxiliary. This example is notable because the diastereoselectivity of the alkylation is

governed by the chirality of the electrophile and the dienolate contains no stereocentres.

LIHMDS
(2.1 equiv.)
THF/DMPU,

-78°C

(+)-chimonanthine

Scheme 23. The use of a bis-electrophile to generate vicinal quaternary stereocentres.

In addition to the traditional technique of alkylation using alkali metal enolates,
recent work by the groups of Buchwald” and Hartwig® has seen the use of palladium
enolates to install aryl and vinyl groups and form quaternary centres. These groups
cannot directly be installed by traditional enolate alkylation techniques because they
virtually never undergo S\2 reactions. This system works by generating the enolate

under traditional means then transmetallating the enolate to palladium.” In the presence

22



of a chiral ligand with a high affinity for palladium, asymmetric coupling of the enolate
and the vinyl (aryl) halide results.

By using a’-blocked ketones, Buchwald and co-workers have developed a
technique to arylate or vinylate a the o-position of a ketone by using stoichiometric
NaO'Bu, catalytic palladium(0), and catalytic amounts of a chiral phosphine ligand
(Scheme 24). This catalytic method has led to vinylations with up to 96% ee and
arylations with up to 94% ee. Unfortunately, to date the substrate scope is limited: only

o-blocked cyclopentanones and tetralones have been reported.

2.5 mol % Pdodbag
LN N R 6.5% L NN R o
Me NaOBu \—=

Toluene R

Scheme 24. The vinylation / arylation of ketone enolates.

Hartwig and co-workers have developed a technique for the intramolecular
arylation of o, a-disubstituted amide enolates (Scheme 25). This technique favoured the
use of a bornylamine-derived Arduengo-type carbene™ ligand 13 for asymmetric

induction.
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Scheme 25. The asymmetric arylation of a,0-disubstituted amide enolates.

In a related method, Trost and co-workers have developed techniques for the
palladium-catalyzed asymmetric allylation of ketone enolates (Scheme 26)." The
additive (usually a mild Lewis acid such as Me,;SnCl) is not crucial but moderately
increases the reaction rate and increases the ee by a few percentage points. The enolates
were generated by simple deprotonation with LDA or NaHMDS. Initial reports cited only
the use of o’-blocked ketones but more récent work™® showed that o."-blocking is not
required in the case of o-aryl ketones (Scheme 27). In research very similar to that of
Trost, Hou and Dai”’ found that high ee’s (up to 95% ee) could be obtained in the
allylation of o -methyltetralone  using  their bis-N-[2-

(diphenylphosphino)ferrocenylcarbonyl]-diaminocyclohexane ligand 14.
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Scheme 26. The palladium-catalyzed asymmetric allylic alkylation of ketone enolates.

2.5 mol % [(n3-CzH5PdCl),]

NaHMDS, DME, 0°C
Ar _~OAC - SAr

Scheme 27. Catalytic asymmetric allylation of o-aryl ketones.

This section has reviewed many of the methods of asymmetric formation of
quaternary carbons using enolates formed by deprotonation. Because of the challenging

nature of the problem, many other researchers have taken non-enolate approaches to
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asymmetric quaternary carbon synthesis and these will be briefly outlined in the next

section.

1.8 NON-ENOLATE METHODS FOR THE ASYMMETRIC SYNTHESIS OF

QUATERNARY CARBON CENTRES

Many researchers have investigated the development of both general and specific
methods for the asymmetric formation of quaternary carbon centres and this section will
detail several of the more general techniques that do not employ enolates. Many
additional methods do exist, however as the goal of this work has been to develop a
general method, only methods that present or have the potential to present generality are

discussed here.
1.8.1 S,2° DISPLACEMENTS

A potential method for quaternary carbon synthesis is to perform an allylic or
S\2” displacement on a system which is disubstituted at the 3-position. This motif
requires that the reaction take place at the 3-position, which is the softer of the two
potential reaction sites (Scheme 28). The alkene geometry and n-facial attack must also
be controlled in order to obtain high stereoselectivity. Copper is known to react
preferentially at soft sites over hard sites,® making it an ideal metal for this
transformation. Two groups have developed methods based upon this rationale, one a

chiral auxiliary based method, the other a catalytic method.
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Scheme 28. S,2° displacements as a technique for quaternary carbon synthesis.

An homologated (-)-menthone auxiliary 15, reported by Spino and Beaulieu, was
shown to undergo highly diastereoselective additions of vinyl alanes (Scheme 29).% It
was also reported that after acylation of the secondary alcohol, addition of cyanocuprates
aerived from the corresponding Grignard reagents resulted in an S\2” displacement of the
ester with high diastereoselection (up to 98% de). Ozonolysis led to the recovery of the
auxiliary and isolation of the desired o—quaternary aldehyde 16. One drawback of this
method is that a methyl group must be resident on the quaternary carbon because only

trimethylaluminum is regioselective in the carboalumination of alkynes.

8-20:1 dr at alcohol
Separable by

Me
IQY K PhsF‘:}) 'E ]
—_—
0 2) HCI, CHClg H AlMe;
o Cp,ZrCly

column
chromatography
15 R-=H
1) PivCl, NEt3
. 2) R'CuCNMgBr
80% (2 equiv.)
THF, -30°C
OTH O3, PhsP
Me] 65%
R
R
16

Scheme 29. The asymmetric formation of quaternary stereocentres via diastereoselective

addition of cyanocuprates to allylic esters.



In a related method, Hoveyda and co-workers demonstrated the formation of
quaternary carbons via enantioselective S\2” displacement of allylic phosphates via the
copper-catalyzed addition of dialkylzinc reagents in the presence of an unnatural peptide
(Scheme 30)*. This method only allowed for the use of methyl and aryl groups on the

starting alkene. No other substituents were reported.

1) 0.1 eq. CuCN, 3'equiv. RyZn
10 mol % ligand

® THF, -78°C, 48 h Me R
N , " s 2
OP(O)(OE), . /@5\/
TosO HO

2) KOH, EtOH, H0

70-83% Yield

Ligand: 78-90% e.e.

Discovered by
combinatorial

approach H\j\
B SN NN NHBU

N O =3
Scheme 30. The formation of asymmetric quaternary stereocentres via the

enantioselective copper-catalyzed addition of dialkylzinc reagents to allylic phosphates.

1.8.2 ADDITION OF NUCLEOPHILIC ALLYLMETALOID SPECIES TO

ALDEHYDES

While the previous two methods dealt with the use of allylic electrophiles,
techniques have also been developed that use nucleophilic allylmetalloid species. Hall
and Kennedy reported the addition of allylboronate species to aldehydes for the

diastereoselective synthesis of quaternary carbon-containing y-lactones (Scheme 31)."



Despite high diastereoselection, the combined use of both a menthyl propargyl ester and a

camphor-derived chiral boronate was required to effect high enantioselection.

/—B\pﬁ Coge®
(R2)2Culi R
R1_—':—é) = )—;

OEt THE, -78°C Ry 4 OEt THF, -78°C
Stable below -aoec  © &quIv- HMPA >95% yield
(isomerizes to allenolate) >20:1 cis : trans addition
1) RsCHO,
PhMe, A, = 16h
2) pTSA/CH.Cl,
Enantioselective reaction requires use of:
R,—E—é) | and o
OMenthy 0-B—\ q,
Ph ! Rs R
Reactions run in PhMe at RT for 14 days Stereospgc;ificzsqu—addition
o, o I >2l
Yields: 55-75%, >95% ee yields 65-89%

Zimmerman-Traxler -type
transition state with Ry in
pseudoequatorial position

Scheme 31. The use of allylboronates for the synthesis of quaternary carbon-containing

¥-lactones.

Denmark and co-workers have developed a catalytic enantioselective synthesis of
quaternary carbons by allylation of aromatic or a,B-unsaturated aldehydes by allylic
trichlorosilanes (Scheme 31).* In this system the stereochemistry is controlled by
catalytic amounts of a tethered chiral bisphosphoramide (e.g. 17), a chiral Lewis base. In
this system FE-allylsilanes afforded almost exclusively anti addition products.
Z-Allylsilanes afforded syn adducts with similarly high selectivity. One substrate was

utilized in the synthesis of LY426965, a serotonin antagonist. This method was limited

29



to the use of aromatic aldehydes as aliphatic aldehydes afforded O-silylated

chlorohydrins.
e N p Q N
H N,RN/\/\NRN _":__:
Me Me
0 on
P 17 :
+ - - p 7

dr =99:1
er=97:3

Scheme 32. The Lewis base-catalyzed addition of allylic trichlorosilanes to aldehydes.

1.8.3 ASYMMETRIC MICHAEL ADDITIONS

Asymmetric Michael reactions using chiral enamines have been reported.” These
reactions are useful as they often take place under mild reaction conditions and are
tolerant of many functional groups. 1-Phenylethylamine is a readily available chiral
amine that has been used for this type of reaction since 1985.*® o-Aminocarboxamides
such as 18 were recently introduced in copper-catalyzed asymmetric Michael reactions
(Scheme 33).* These reactions were shown to proceed with up to 98% ee. Similar levels
of enantioselectivity were obtained with open-chain 1,3-dicarbonyl compounds.* This
technique allows for the generation of quaternary stereocentres at ambient temperature,
under mild reaction conditions, using catalytic amounts of a “green” metal and an amino
acid-derived auxiliary that is cleaved upon reaction workup. It is nevertheless limited to

1,3-dicarbonyl species.
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Scheme 33. The copper-catalyzed asymmetric Michael addition of enamines to enones.
1.8.4 INTRAMOLECULAR HECK COUPLING

The use of Heck couplings for the synthesis of quaternary carbons has been
reported by both Shibasaki* and Overman.” Shibasaki reported the desymmetrization of
trienyl triflates using palladium(0) and (R)-BINAP as a chiral ligand (Scheme 34).
Although this method did allow for high enantioselection, it was limited to the formation

of [4.4.0] bicycles.

Pd(OAc),
(R)-BINAP
KoCO ,
OP|V plﬁaco% _/OPIV
CICH,CH,CI @
/ 78%, 95% ee :

H

TIO

Scheme 34. Enantioselective Heck desymmetrization.

Overman and co-workers found that cyclohexenyl carboxamides of iodoaniline
would undergo enantioselective Heck cyclization in the presence of palladium(0),
(R)-BINAP and a silver(I) salt, producing a spiro centre in up to 81% ee (Scheme 35). It

is very interesting to note that by adding an amine base in place of the silver salt, the
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sense of enantioselection is reversed. The use of 1,2,2,6,6-pentamethylpiperidine as base
led to enantioselection as high as 95% ee. No explanation for this phenomenon has been

published.

(R)-BINAP-Pd N

n-Me o ‘ Q

|
(R)-BINAP-Pd
©/ RsN . %Me

Scheme 35. Enantioselective Heck cyclization of cyclohexenyl carboxamides of

iodoaniline.
1.9 OVERVIEW OF PROJECT

Quaternary carbons are found in many pharmaceutically relevant natural products
and are seen bin non-natural source drugs as well. As mentioned above, the number of
general methods for the asymmetric synthesis of quaternary carbons is small and most of
the known methods have significant limitations.

We are interested in developing a versatile, efficient method for generating
acyclic o,0~disubstituted enolates with E/Z stereocontrol. Subsequent diastereoselective
alkylation of these enolates would afford quaternary carbons with high diastereomeric
excess. Such a methodology would be a strong contribution to the field of asymmetric
synthesis and of great value to the pharmaceutical community.

We began this study, as described in Chapter Two, with studies of E/Z

stereocontrol in the reductive enolization of various thioglycolate lactams, as there is
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precedence for the reductive enolization of thioglycolate esters. Our results in this area
led us to investigate the alkylation of these enolates with alkyl halides and this is

presented in Chapter Three.
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CHAPTER TWO

STEREOCONTROLLED REDUCTIVE
GENERATION OF 0,0-DISUBSTITUTED AMIDE

ENOLATES
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2.1 REDUCTIVE GENERATION OF ENOLATES

The previous chapter outlined the complications in generating o, 0-disubstituted
enolates, both in terms of difficulty of the deprotonation and E/Z stereocontrol. Reductive
enolate generation is an alternative to enolate formation by deprotonation. This method
functions by transferring electrons from a reductant such as an alkali metal to carbon-
carbon multiple bonds or a carbon-heteroatom bond (Scheme 36). Electron transfer
enolate generation is not subject to steric concerns that plague deprotonation techniques
and therefore this enolization strategy has greater potential to be developed into a broad-

scope technique for the generation of a,0—disubstituted enolates.

J\/X + 26_ — L + X..
R R
Y O—
S B —
" : RJ\\""::I:\

.
.

Scheme 36. Reductive enolization.

Several different functionalities have been reduced to generate enolates. These
include a—halo esters. enones, benzoic acid derivatives, and o—thio esters.
In the Reformatsky reaction, o-halo esters are reduced to the zinc enolate with

metallic zinc, which are then typically allowed to react with an aldehyde to form aldol
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adducts (Scheme 37)." Other reducing agents, such as indium, titanium, manganese, and

samarium diiodide have also been employed in Reformatsky-type chemistry.”

H
Zn R"CHO
ROjYBr — o ZnBr - ROMR"

R R' R'

Scheme 37. The Reformatsky reaction.

Cyclic enones can be reduced under dissolving metal conditions to afford enolate
dianions (Scheme 38)." One equivalent of an alcohol is typically present during the
reduction process so that the carbanion is quenched upon its formation. Subsequent

alkylation is typically diastereoselective.

Li Li
2 equiv. Li/NHz +-BuOH
ot ——— -
Et Et Et
l Mel
0

Li

Scheme 38. Reductive enolization and alkylation of cyclic enones.

The Birch reduction is a well-known method for producing 1,4-cyclohexadienes.’
Exposure of an aromatic system to two equivalents of an alkali metal and two equivalents
of an alcohol in liquid ammonia results in the formation of 1,4—cyclohexadienes. When a

Birch reduction is performed on benzoic acid derivatives, an o,0-disubstituted enolate is

generated. Schultz and co-workers developed this enolate formation technique into a
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method for the asymmetric synthesis of quaternary carbons (Scheme 39).° This
technique, although highly successful, is limited to the preparation of chiral

cyclohexadienes, which must usually be subjected to further significant synthetic

manipulation. This results in lengthy, linear syntheses making this a less efficient

methodology.
M, NH4/THF;
t-BuOH O\/OR
N (1 equiv.) R
) P —_—_—
M is usually K 0
Me OR (P"M Me OR
M -
R = Me, MOM © gz
e K, NH5/THF;
t-BuOH OR R'
—
< OK Me
OR OR
Other alky! ,
group and sily! fd.r. s >99:1f
groups can oriorgiré%eso

replace methyl

Scheme 39. The asymmetric synthesis of quaternary carbons via Birch reduction.

Nagata and co-workers also developed a method of quaternary carbon synthesis
using a reductive enolization method.® In this work, they showed that o,a—dialkylated
o—tert-butylthio esters, nitriles and ketones could be prepared via stepwise alkylation of
their unalkylated counterparts using lithium amide as base. Subsequent reduction using

stoichiometric amounts of lithium in liquid ammonia and THF led to formation of an



o, 0~disubstituted enolate.” Alkylation or acylation of these enolates afforded quaternary

carbons in good yield (Scheme 40).

S\j\ 1) LiNH, S 1) LiNH, S
Z/ OMe —m— OMe —— Z/ OMe

2) R4-X Ry 2) R—X 1 Ry
2 equiv. Li
e ~ome ><s
R
2 equiv. Rz—X

R
R3>(Eorv|e R ><‘5 3
Ay Ry

Scheme 40. Formation of quaternary carbons via reductive enolization of

o~tert—butylthio carbony! compounds.

It is important to point out that all the quaternary centres prepared by Nagata’s
technique were either achiral or chiral but racemic. In those substrates where the R, and
R, groups were different, the level of E/Z stereocontrol was like‘ly poor (vide infra).
These enolates also lacked a chiral source to favour attack on one 7-face of the enblate
over the other. As mentioned in Chapter One, E/Z enolate stereocontrol discrimination of
the two diastereotopic faces of the enolate are the two elements required for an

asymmetric enolate alkylation methodology.
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The goal of this work was to extend Nagata’s method of reductive enolization and
alkylation of o~thioglycolate species to an asymmetric methodology for the synthesis of
quaternary carbons. This Chapter will detail our rational design of a chiral auxiliary
system and investigation of E/Z stereocontrol in the reductive generation of

o, 0—disubstituted enolates.

2.2 DESIGN OF A CHIRAL AUXILIARY SYSTEM FOR THE

STEREOSELECTIVE FORMATION OF a,0~-DISUBSTITUTED ENOLATES

VIA REDUCTIVE ENOLIZATION

The initial phase of this project was to identify a chiral auxiliary system that
would enable us to control E/Z stereochemistry during reductive formation of
o,0—~disubstituted enolates. Use of an amide- or ester-based chiral auxiliary would avoid
regioisomeric deprotonation issues associated with ketone enolates. In many cases,
amide enolates are preferable to ester enolates, as they are more stable; ketene formation
can be a problem with ester enolates.® Therefore, the decision was made to pursue this
research using an amide-based chiral auxiliary system.

During enolization by deprotonation, the two electrons from the breaking carbon-
hydrogen bond add to the n* orbital of the corresponding carbonyl. The deprotonation
occurs when the ©* orbital of the carbonyl is aligned with the breaking carbon-hydrogen
bond, allowing the more stable O—enolate (as opposed to the C—enolate) to form directly

(Scheme 41).' Thus the ideal O—-C~C-H dihedral angle is 90°.
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Scheme 41. Desired orbital alignment in deprotonation and reductive enolizations and

potential modes of enolate formation.

A deprotonation enolization involves a single transfer of two electrons. A
reductive enolization, on the other hand, involves the two discrete single electron
transfers. This results in many different mechanistic possibilities and the exact
mechanism of the reductive enolization of a-thioglycolates is not known. The
o~carbon-sulfur bond may be cleaved after the transfer of one or two electrons.”

Regardless of the exact mechanism, three possibilities may occur upon breakage of the
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o—carbon-sulfur bond. The first two pathways involve carbon-sulfur bond cleavage with
simultaneous formation of an anion or a radical on the a—carbon (Scheme 41, equations 1
and 2, respectively). The third involves concurrent carbon-sulfur bond scission and
enolate formation through B—elimination of thiol radical from the amide ketyl (Scheme
41, equation 3). In the first scenario, an O—C-C-S dihedral angle of 90° in the starting
amide (analogous to a deprotonation mechanism) (Scheme 41) would allow for direct
formation of the O—enolate, resulting in little to no rotation around the carbonyl carbon-
o—carbon bond. Minimizing rotation around this bond is critical, as would result in
scrambling of enolate geometry (vide infra). In the case of formation of a radical on the
o—carbon upon cleavage of the a—carbon-sulfur bond, a 90° O-C-C-S dihedral angle
would align the radical with the amide’s n* orbital. It is known that a—carboxy radicals
are stabilized to a modest degree.'” Thus, the 90° O-C-C-S dihedral angle and the
consequent alignment of the radical with the carbonyl may slow rotation around the
carbonyl carbon-o—carbon bond and help control enolate geometry. Once the radical is
reduced by the addition of a second electron, a stable enolate would be formed, locking
the enolate geometry. The third possible scenario for reductive enolate formation from
thioglycolate species involves the formation of a ketyl radical. In this instance, an
O-C-C-S dihedral angle of 90° would be ideal for extrusion of the sulfur as a radical,
allowing for direct formation of the enolate.

In order to develop a stereoselective reductive enolization technique, we sought to
design a system which would maintain O-C-C-S dihedral angle as close to 90° as
possible by tethering the sulfur and amide nitrogen together in a ring. In addition, the

method would require the stereoselective installation of R, and R, on the o.—carbon to
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afford a lactam of type 19 (Scheme 42). Upon reduction of lactam 19, the alkyl groups
R, and R, would maintain their relative proximities to the amide oxygen and nitrogen
respectively and the stereochemical information of the a—carbon of the starting material
would be transferred to the enolate 20 (principle of least motion''). Importantly, this
would mean that inversion of stereochemistry at the oi—carbon would result in inversion
of enolate geometry. Implicit in this argument is a requirement that rotation about the
O-C-C-S dihedral in the starting material and reduction intermediates be minimized. If
the system were flexible enough to allow the sulfur to move to the opposite side of the
amide plane (conformer 21), the positioning of the alkyl groups with respect to the amide
oxygen and nitrogen would be reversed. Hence, conformer 21 would afford the opposite
enolate geometry to conformer 19. It was postulated that a small bicyclic framework
would incorporate sufficient structural rigidity to maintain the sulfur on one side of the
amide plane. Moreover, there is significant precedent in the work of Meyers and others
that a chiral bicyclic lactam framework can allow for stereoselective introduction of the
two alkyl groups on the oi—carbon.”” Finally, it was also desired that the residue of the
bicycle act as a chiral auxiliary for subsequent alkylation of the o,0—disubstituted enolate

to form the desired quaternary carbon.

R2 1
@s é SV@ Li/NH3 .
R;/N\) L\RRQ W

R

LiQ Ry

21 19 20

Ideal conformation
for reduction:
S-C-C-0 dihedral = 90°

Scheme 42. Model for the reductive enolization of thioglycolate lactams.
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23 MODELING STUDIES OF BICYCLIC THIOGLYCOLATE LACTAMS

Prefacing our search for a chiral auxiliary with the requirement of a bicyclic
structure, we modeled several series of bicyclic lactams using the MM2 force field
(Macromodel). The size of both rings (one of those rings being the tether between the
nitrogen and sulfur atoms) was varied, in search of a system with an O—C—C-S dihedral
angle of as close to 90° as possible. In order to ascertain the level of conformational
rigidity, as well as the simple ground state dihedral angle, the weighted average
(Boltzmann distribution) of the dihedral angles of all conformations found within
2 kcal/mol of the ground state at —78 °C was calculated. For the sake of simplicity and
consistency, the two alkyl substituents on the ct~carbon of the modeled systems were
methyl groups. The results of our modeling survey are shown in Figure 3. It is necessary
to recognize that the search for compounds affording an O-C—-C-S dihedral angle of 90°
operated on the premise that the dihedral angle of the reduction transition state was
similar to the O-C—C-S dihedral angle of the starting lactam. This may not be valid

assumption. Nevertheless, it did seem to be a reasonable and logical starting point.
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v-and o—Lactams

22 23 24
163° 175° 189°
e—lLactams
25 26 27 28
107° 120° 127° 134°
{-Lactams

29 30 31
1520 143° 134°

Figure 3. Dihedral angles (O—C-C-S) of various bicyclic thi‘oglycolate lactams.

Among the optimal y- and &-lactams listed in the top row of Figure 3, all
displayed O-C-C-S dihedral angles much larger than 90°. It was decided that one of
these systems could be selected as a control system. The demethylated variant of lactam
23 is known in the literature and is prepared in two simple steps from (S)-prolinol (vide

infra)."’ Therefore the ring system of lactam 23 was selected for synthesis.
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All of the g-lactams listed in Figure 3 showed reasonable dihedral angles. Of
these lactams, it was felt that 5,7-lactam 27 could be expeditiously prepared in an
asymmetric fashion from (S)-proline. This lactam was selected as the primary candidate
for our investigation. Lactam 28 presented a slightly larger dihedral angle of 137°. This
was deemed to be acceptable for initial study purposes as well. This system could be
prepared in analogy to system 27, starting from pipecolic acid. Unfortunately,
enantiomerically pure (S)-pipecolic acid is prohibitively expensive." For the purposes of
initial study, diastereoselectivity was the main issue, enantioselectivity was not. This
system could be readily prepared in racemic fashion in a cost-effective manner (vide
infra). Lactams 25 and 26 were not pursued because their synthesis would have been
~ more involved and very costly. Lactam 25 also presents a stability problem. Neither of
these qualities bodes well for a synthetic methodology.

The eight-membered ring-containing bicycles 29, 30, and 31 present dihedral
angles ranging from a reasonable 134° to a less desirable 152°. None of these systems
were investigated in our initial study. It was thought that synthesis of the eight-
membered ring might present problems, as it is well known that eight-membered rings

are often quite difficult to prepare."®
24 SYNTHESIS OF BICYCLIC THIOGLYCOLATE LACTAMS

Having selected three bicyclic lactams for investigation in our reductive enolization

study, the next step was to prepare the unalkylated versions of 23, 27 and 28 (32, 33, and
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34 respectively). As previously mentioned, 32 was known in the literature,'® while

syntheses of 33 and 34 would have to be developed.

SeltcoNeo

32 33 34

Ishibashi’s procedure for the synthesis of 32" was very straightforward (Scheme
43). (5)-Prolinol was converted to the carbamate 35 using diethyl carbonate and catalytic
potassium carbonate. The carbamate was then heated at reflux in n-propanol with sodium
n—propoxide and ethyl thioglycolate. These reaction conditions presumably form the
thiolate of ethyl thioglycolate, which then attacks the sp® carbon of the carbamate in an
Sn2 fashion, resulting in loss of CO,. This is a good example of a soft nucleophile
attacking the soft site of an ambident electrophile. The resulting amine 36 then

undergoes intramolecular acylation with the ester to afford 32.
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(E10),C(0) HSCHoCO4E, NH
NH = 0 -

cat. KoCO5 NaOPr, H Et
H \—OH A H 0 PrOH, A

35 -

36

-EtOH

Scheme 43. Synthesis of bicyclic thioglycolate lactam 32.

The synthesis of bicyclic thioglycolate lactam 33 was expected to be somewhat
more involved. The initial route to 33 (Scheme 44) was designed to go through the
carbamate 37, the homologue of 35. This cyclic carbamate was envisioned as arising
from homologated prolinol 38. We envisioned alcohol 38 as arising from an Arndt-

Eistert'® homologation of N—protected (S)-proline, using diazoketone 39.



H OH
33 37 38
N-PG  — N-PG
H »—OH H
o) O Ny
39

Scheme 44. Retrosynthesis of 5,7-bicyclic thioglycolate lactam 33.

Initially, the nitrogen of (§)-proline was protected in high yield with a Cbz group
using benzyl chloroformate (Scheme 45). This group was chosen because it is typically
removed under mild hydrogenolysis conditions. Conversion of the carboxylic acid moiety
into the diazoketone 40 was performed in good yield using oxalyl chloride and catalytic
DMF followed by addition of trimethylsilyldiazomethane or by addition of ethyl
chloroformate and triethylamine followed by the addition of diazomethane.” A
complication arose in this protocol from the formation of Cbz-proline methyl ester 41.
Despite vigorous attempts to ensure complete formation of the acid chloride or mixed
anhydride, the formation of this undesired side product could not be prevented. The
situation was further complicated by the difficulty of the removal of undesired ester 41

from the desired diazoketone 40. This required very judicious column chromatography.
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CIC(0)OBn
NH 2M NaOH NCbz

——————eesreer R .

_—OH 96% _—OH
O/_ O/—
oxalyl chloride,
DMF (cat.);
TMSCHN,, 72%
or

CIC(O)OE, NEtg;
CHoNy, 74%

AgOBz (cat.),
MeOH, NEts,
CNCbZ THF, 93% Q‘Cbz |:>NCbZ
"'; Me - "— "',
— an\ 5—OMe
o) o N, or
42 40 41

Scheme 45. Preparation of homologated proline ester 42.

After several failed attempts at thermal Wolff rearrangements'® of the diazoketone
40, a silver (I)-catalyzed procedure was adopted.” The addition of silver benzoate in
triethylamine to a solution of diazoketone and 4 equivalents of methanol in THF afforded
the homologated ester 42 in high yield.

Removal of the ester contaminant 41 before completion of the Arndt/Eistert
process proved to be obligatory. Once the Wolff rearrangement had been performed, the
homologated ester 42 was indistinguishable from the unhomologated material 41 by
silica gel chromatography. In all the subsequent reactions, both materials behave
identically and thus both compounds would be carried through the reaction sequence.
'1;his problem was only discovered after a batch of material containing this contaminant

was converted to lactam 33. The previously prepared lactam 32 was found as a minor
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component in the NMR spectrum 33. Separation of lactams 32 and 33 by
chromatography or distillation was unsuccessful.

Reduction of the ester 42 with DIBAL was initially investigated. Despite the
presence of a large excess of DIBAL the reaction would only proceed to 60%
completion. The remainder of the starting material was recovered unchanged. Switching
to lithium triethylborohydride (Super-Hydride) as the reducing agent resulted in high
yields of the desired alcohol 43 (Scheme 46). The use of hydrogen and catalytic
palladium hydroxide on carbon effectively removed the Cbz protecting group from
alcohol 43. However, the desired carbamate could not be formed using either
triphosgene and triethylamine or carbonyldiimidazole. This prompted a change in

synthetic strategy, abandoning the carbamate opening sequence.

LiBHEtg Pd(OH),/C (cat.),

91% Ho, EtOH
CNCDZ —_— CNCbZ - CNH
*, §OMe 5,
A N\

'e) OH OH
42 43 44
“triphosgene,
1) MsCl, NEt, P ﬁlEgtjn
2) HSCH.CO,Et, or
NaH, DMF, bonyl
73% over 2 steps dﬁﬂid%?éle
Y \

Pd(OH)./C (cat.),

CNCbZ Hp, EtOH,
Q

— 2 . NR
— _>\"OEt Pd/BaSOy, (cat.),

S Ho, EtOH
45 r

[0}
BBI’s

Scheme 46. Attempts to form carbamate 37 and preparation of sulfide 45.
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It was believed that by installing the thioglycolate moiety prior to protecting
group removal, a peptide coupling or amine acylation could be performed to form the
lactam ring. To achieve this, the alcohol 43 was converted to the corresponding mesylate
using mesyl chloride and triethylamine. Addition of the mesylate to a solution of the
sodium thiolate of ethyl thioglycolate led to formation of the desired sulfide 45 in good
yield.

Attempted removal of the Cbz group under typical hydrogenolysis conditions (H,,
catalytic Pd(OH),/C) was ineffective. It was proposed that the sulfide was poisoning the
palladium catalyst.” Palladium on barium sulfate is known to be more resistant to
poisoning by sulfur.”’ However, in this instance it proved to be ineffective. Boron
tribromide is also known to remove Cbz protecting groups® but this was also
unsuccessful. Removal of the protecting group was ultimately achieved using boron
tribromide and trifluoroacetic acid (Scheme 47).* The vigorous conditions required to

remove the Cbz group would ultimately prompt a change in protecting group strategy

(vide infra).
EtOLi,
Cbz BBrs, CNH EtOH
TFA
—\ }OEt _>'0Et 45% over
2 steps

Scheme 47. Cyclization to form bicyclic a—~thioglycolate lactam 33.

Based upon conditions for formation of the 5,6-lactam 32,"? it was felt that a

small amount of base and an alcoholic solvent would be useful conditions for the
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formation of the desired lactam 33. Indeed, refluxing the amino ester in ethanol with
lithium ethoxide afforded the desired lactam 33 in moderate yield over two steps.

Though the previous synthetic sequence was effective in preparing thioglycolate
lactam 33, the reaction conditions were often harsh and impractical. Some of the reaction
yields were also less than desirable. This prompted a change in protecting groups. The
decision was made to use a Boc protecting group on the nitrogen atom. It was also
decided to employ a Wittig reaction to homologate the proline system. This would
provide a significant difference between the homologated (alkene) and unhomologated
(aldehyde) materials (if unreacted starting material remained).

(S)-Proline was Boc-protected (Scheme 48). Reduction of the carboxylic acid
moiety with borane was followed by Swern oxidation® to the aldehyde. Subsequent
Wittig methylenation resulted in a 4-step yield of 71% of alkene 47. This sequence
required purification only after the Wittig reaction. Hydroboration/oxidation with
dicyclohexylborane afforded the desired N—Boc—2-(2-pyrrolidihe)ethanol in 93% yield.
Mesylation followed by displacement with the thiolate ion derived from ethyl or methyl
thioglycolate provided sulfide 48 in 85% yield. Ester saponification was followed by
cleavage of the Boc group with TFA. It was found that the amino acid trifluoroacetate
salt 49 could be converted to the corresponding acid chloride with oxalyl chloride and
catalytic DMF without affecting the protonated amine moiety. Addition of the acid
chloride to a solution of triethylamine in methylene chloride resulted in a 60% yield of
the desired bicyclic lactam 33. The trifluoroacetate salt of the amino acid 49 could also

be cyclized via slow addition to a solution of EDC*HCI, NEt,, and HOBt. This
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procedure, although providing yields as high as 62%, proved to be unreliable and costly.

Other peptide coupling agents provided only very low yields of lactam 33.

1. Boco,O

" B 1 CHGBH:
Q\V\/OH 2 BReTHE Q\/ H0z, NaOH Cﬁ(ﬁ/\coza
H 3. (COCl) A 2. MsCI, NEt,
O DMSO; NEt3 3. NaH, H
4. PhyP=CH E10,0CH,SH
a7 48
71% 79%

1. (COCI),, DMF

CF3CO5~
1. LiOH NH, §” > COH " N&\
2. TFA C}\) 2. NEtg C*\j
H 60% H
49 33

Scheme 48. The synthesis of bicyclic thioglycolate lactam 33.

With an acceptable synthetic route to lactam 33 in hand, our attention turned to
the synthesis of the 6,7-lactam 34. As previously mentioned, the enantioselective
synthesis of lactam 34 would require the use of the highly expensive (S)-pipecolic acid.
For the purposes of initial investigation diastereoselectivity was more important than
enantioselectivity. Therefore the synthesis of 34 could be performed in a racemic fashion
using a much less expensive starting material, 2-(2-piperidine)ethanol (Scheme 49).*
Selective N-Boc protection of 2-(2-piperidine)ethanol was followed by O-mesylation.
Mesylate displacement by the thiolate ion derived from deprotonation of methyl
thioglycolate was followed by ester saponification. Removal of the Boc group was
carried out by bubbling gaseous HCI through an ethereal solution of the carboxylic acid.

Coupling of the amino acid was best achieved using Mukaiyama’s peptide coupling
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reagent, 2-chloro-N-methylpyridinium iodide.” The resulting lactam 34 was produced in

multi-gram quantities with an overall yield of 46% for six steps.

1) Boc,O - 1) LIOH, THF/Hz0
H 2) MsCl, NEts oc 2) HClg), Et20 N
3) HSCH,CO,Me, 3) 2-chloro-N-methy! Qj
NaH. DMF. 239G S pyridinium iodide H
! ’ OMe
OH 4 34

46% for 6 steps

Scheme 49. Synthesis of bicyclic thioglycolate lactam 34.

2.5 ALKYLATION OF BICYCLIC THIOGLYCOLATE LACTAMS

With lactams 32, 33 and 34 in hand, a study of their alkylations was undertaken.
Standard enolization conditions were to use a slight excess of LDA as base in the
presence of 5 equivalents of LiCl in THF. Addition of a primary alkyl halide resulted in
C-alkylation. No O-alkylation was ever observed. Although dialkylation is possible
during the first alkylation reaction, this was rarely observed and occurred only with the
use of allyl bromide as the electrophile.

The results of the alkylation survey are found in Table 1. From the table it can be
seen that alkylations of the 5,6-lactam 32 proceeded in >80% vyield in all cases.
Interestingly, the second alkylation step was less selective than the first. Alkylations of
5,7-lactam 33 occurred in good to excellent yield. Notably, alkylations of the e-lactam
33 were more stereoselective than alkylations of the corresponding 6-lactam 32. This
may be due to the very rigid structure of the 5,6-bicyclic system and the high O-C-C-S

dihedral angle. In both 32 and 33, alkylations occurred primarily on the exo-face of the
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bicycle. This facial selectivity was determined by observation of NOE enhancements in

'"H NMR experiments (Figure 4) and an X-ray crystal structure of 51f (Figure 3, left).

Table 1. Alkylation of bicyclic lactams.

B Series
) LDA, R1—X aRy=nPr Rx= Me

bR4= Me Ro= n-Pr
n I 2) LDA Ro—X At cRy= Allyl Ro= Me
dRy= Me Ro= Allyi

32 n=1, m=1 50 n=1, m=1 Ry= -
33 n=1, m=2 5in=i,m=2 Q- e LT Ne
34 n=2, m=2 52 n=2, m=2 ! e

gRy= nPr Ryx= Et

hRy= Et Rs= n-Pr
i Ri= nBu Rx= Me
i Ry= Et Ro= Me

lactam R{-X yield de? RxX product yield deP

32  n-Prl 84% 88% Mel 50a 94%  72%
32 Mel 88% 81% n-Prl 50b 88% 72%
32 ally-Br 88% 85% Mel 50c 91%  79%
32  Mel ally-Br 50d 86%  78%
33  n-Prl 76%  88% Mel 51a 90% - 90%
33  Mel 86% 93% n-Prl 51b  72%  86%
33 aly-Br 88% 85% Mel 51c  85%  95%
33 Mel ally-Br  51d 96% 87%
33  BnBr 96% >95% Mel 51e 88% >99%°
33  Mel BnBr 51f  91%  >99%°
33  n-Prl Etl 519 75%  88%
33 Etl 80% 87% n-Prl 5th  76%  94%
33 n-Bul 80% 94% Mel 51i 86%  98%°
33 Etl Mel 51 89%  90%
34  n-Prl 95% 68% Mel 52b 81% 50%2Ce
3¢ Mel 95% 87% n-Prl 52a 81% 62%%C®
34 BnBr 80% >95% Mel 52f 89% 66%3Ce
34  Mel BnBr 52f 69%Y 10%2°

@ Determined by integration of 'H and/or-'*C NMR resonances.

b Determined by capillary gas chromatography on a Chiralsil Dex or 5%
crosslinked phenyl, methyl siloxane column. Unless otherwise noted,
diastereomers were not separable by flash column chromatography.

€ These substrates were separable by column cromatography.
d Lactam 52f was isolated in 38% yield and lactam 52e was isolated in
31% yield. © Alkylation selectivity is reversed for these substrates.
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53 51d Sie 51f

Figure 4. Observed NOE enhancements in 5,6— and 5,7-bicyclic thioglycolate lactams.
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Figure 5. X-ray crystal structure (left) and MM2-predicted conformation of the ground

state (right) of bicyclic thioglycolate lactam 51f.

It is very interesting to note the similarity between the X-ray structure (Figure 5,
left) and the ground state conformation of 51f predicted by the MM2 force field (Figure
5, right). In both cases the conformation of the seven-membered ring is very similar and
the phenyl group is positioned over the bicycle. The only significant difference between
the two structures in the envelope conformation of the five-membered ring. However, of
crucial importance is that the O-C-C-S dihedral angle is highly similar between the two

structures (X-ray: 156.6°, MM2: 153.3° (N.B. The dihedral angles listed in Figure 3 and
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Table 1 are the weighted average (Boltzmann distribution) of all conformations within
2 kcal/mole of the ground state)). It is important to point out that the X-ray structure is a
solid-state structure and the MM2-predicted structure is a gas—phase structure. The
crucial reduction process occurs in between the two states, in the solution phase.
Nevertheless, the homology of these two structures provided evidence that gave higher
confidence in our MM2 calculations.

Alkylations of our last system, 6,7-lactam 34, produced some iﬁtriguing results.
Curiously, the initial alkylation of lactam 34 would occur on the exo-face of the bicycle
with moderately good diastereoselectivity while the second alkylation usually occurred
on the endo-face of the bicycle with low diastereoselectivity. The outcome of the
alkylation was determined by NOE enhancements (Figure 6). Although the
diastereomeric excesses of lactams of type 52 were low, the diastereomers were separable
by flash column chromatography. Hence, these substrates could still be used in the
investigation of E/Z selectivity in the reductive ;nolization step. Unfortunately, the low
diastereoselectivity of the alkylations did not lend itself well to making 34 a good,
general chiral auxiliary for this project. Nevertheless, the reductive enolizations of

lactams 52a, 52b, 52e and 52f were examined.



54 52a 52b

52e 52f

Figure 6. NOE enhancements observed in 6,7-bicyclic thioglycolate lactams.

2.6 REDUCTIVE ENOLIZATION AND TRAPPING OF BICYCLIC

0,0~-DISUBSTITUTED o~-THIOGLYCOLATE LACTAMS

Having prepared all of the lactams listed in Table 1, an investigation of their
reductive enolization was undertaken. The plan was to generate the o,a—disubstituted
enolates, trap them as the corresponding silyl ketene aminals and examine their E/Z ratios
by NMR. Careful consideration was given to the experimental conditions under which
the enolizations would be carried out. The initial plan, which was developed during the
early stages of the development of this project, was to use lithium in liquid ammonia as
the reduction conditions. While this technique may be more useful and practical on large
scale, particularly process scale, it was felt the ability of ammonia to act as a nucleophile

toward trapping agents and the potential for it to quench the enolates via proton transfer
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might present problems in the study. Various aromatic compounds are known in the
literature for their ability to accept an electron from an alkali metal, forming a radical
anion and subsequently transfer the electron to a substrate. Among the aromatic
compounds known to form relatively stable radical anions are naphthalene,”
1-(N,N-dimethylamino)naphthalene,” anthracene,” and 4,4’—di—tert-butylbiphenyl.”
These aromatic reagents can be used stoichiometrically or catalytically. Moreover, these
aromatic-based radical anions can be used in THF, a useful solvent for manipulating
(e.g. trapping) enolates.™

For the purposes of this study, lithium 4,4 —di—tert-butylbiphenylide (LDBB)™*
was selected as the reducing agent of choice. It has higher stability than other one-
electron transfer reagents and as such could be prepared in large batches and readily
stored for several weeks at a time. This was highly advantageous in terms of efficiency.

Careful consideration was also given to the manner in which the reduction was to be
carried out. The reduction could be carried out by adding LDBB to a solution of the
lactam (“normal addition™) or vice versa (“inverse addition”). Inverse addition would
require the titration of the LDBB solution,” while normal addition would see the lactam
reduced titrametrically by the LDBB. Thus, normal addition was chosen for the sake of
greater convenience.

The manner in which the enolate ratio was to be examined was also considered. It
was believed that 'H and ""C NMR spectroscopy on the silyl ketene aminals would be the
most informative techniques. Woodbury and Rathke'' observed great difficulty in
trapping amide enolates with TBSCI (ten hours in THF at room temperature in the

presence of HMPA). In contrast, Woodbury and Rathke found that trimethylsilyl
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chloride (TMSCI) was a useful reagent for trapping amide enolates in less than one hour,
starting at ~78 °C and warming to room temperature. For this reason TMSCI was
selected as the trapping agent for our experiments.

The best reduction and trapping conditions for this investigation were to slowly add a
solution of the radical anion LDBB in THF to a THF solution of the lactam at —78 °C
until the dark green colour of fhe LDBB solution persisted. Then excess trimethylsilyl
chloride (three equivalents) was added to the solution of dianion. After ten minutes at
—78 °C the cooling bath was removed and stirring was continued for another 30 minutes.
After 30 minutes, the solvent was pumped off from the reaction. After sufficient drying
time (approximately two hours), benzene-d, was added and the mixture was stirred for 10
minutes. After allowing 5 minutes for settling of the residual solids to occur, the
supernatant layer was transferred to an argon-purged NMR tube via syringe. This
technique allowed for isolation of the silyl ketene aminals in such a manner that they
were stable for approximately one week without detectable decomposition. The results
of our reductive enolization survey using the enolization, trapping and isolation technique
described above are shown in Table 2. With only one exception (lactam 51d) all of the
lactams reduced and trapped smoothly. In all cases, several peaks were useable for
integration of the "“C signals to determine the E:Z ratio. Unfortunately, '"H NMR could
not be used for quantitation. However, we were able to use 'H NMR to assign E- or Z--

stereochemistry to the major enolates in solution (vide infra).
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Table 2. Reductive enolization of bicyclic thioglycolate lactams.

Ry 1) LDBB, ™S
Q\j ot R1 THF, -78 °C Q‘ RN R1
w 8 .. R
n (//rm 2) TMSCI n (’/ )m 2
STMS

n m lactam R Ro Z/E® 0O-C-C-SP | lactam Ri R Z/E® 0O-C-C-SP

1 1 50a nPr Me 4852 174 50b Me nPr 64:36 182
1 50c Allyl Me 43:57 175 50d Me Allyl 68:32 178
1 2 S5ta n-Pr Me 87:13 141 51tb Me n-Pr 20:80 128
1 2 51c  Aliyl Me 87:13 140 51d Me Allyl 26:74° 138
12 51e Bn Me 92:8 145 51 Me Bn 12:88 149
1 2 51g n-Pr Et 80:20 139 5th Et n-Pr 12:88 137
1 2 51i Et Me 90:10
1 2 51f n-Bu Me n.d.

2 2 52a n-Pr Me 83:17 140 52b Me n-Pr 37:63 133
2 2 52e Bn Me 92:8 143 52f Me Bn 5347 139

2Enolate Ratios determined by integration of 13C resonances. bWeighted Average
(calculated at -78 °C) Dihedral Angle of all conformations within 2 kcal/mole of the ground
state as determined by Monte Carlo calculations. °Reduction of 51d produced a byproduct
(ca. 30%) that could not be fully characterized.

As expected, the 5,6-lactams of type 50 afforded poor E/Z selectivity. The
O-C-C-S dihedral angle of almost 180° in the 5,6-lactams of type 50 positions the
ox.ygen between the two alkyl groups (Figure 7). It was expected that this would lead to
an almost equal distribution of E~ and Z—-enolates upon cleavage of the carbon-sulfur

bond. The series of lactams 50 did however demonstrate a small switch in the major

isomer formed when the stereochemistry of the a—carbon was inverted. Although not a

clear proof of principle, it does indicate that there is some correlation between geometry
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and stereochemistry of the starting material and the stereochemistry of the

o,0—disubstituted enolate.

LiOMe LiQ p—Pr
n—-P Me LDBB
—_——
n-Pr Me
sN LS” ™ LS” 3
{]—H H H
50a E : Z
0-C-C-S 52 : 48
dihedral angle:
174°

Figure 7. Three-dimensional representation of the reductive enolization of lactam 50a.

Gratifyingly, reduction of 5,7-lactams led to formation of o,0~disubstituted
enolates with high levels of E/Z stereocontrol. Moreover, we observed that inversion of
stereochemistry of the a—carbon of the lactam led to a switch in the major enolate
formed. This constituted a clear proof-of-principle for our enolization strategy. We
demonstrated, for the first time, the ability to kinetically control enolate geometry in the
reductive generation of acyclic o,0~disubstituted enolates. These results clearly show
that when certain geometric constraints are employed, it is possible to translate the
stereochemistry of the o—carbon of the starting material to the stereochemistry of an

acyclic enolate.

A very clear pattern was observed in the reduction of the 5,7-lactams. Those
substrates in which the smaller of the two alkyl groups was installed in the second

alkylation afforded predominantly the Z-enolate. Those substrates in which the larger of
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the two alkyl groups was installed in the second alkylation afforded predominantly the
E-enolate. This meant that the alkyl group installed in the first alkylation was
consistently positioned syn to the oxygen of the silyl ketene aminal and the alkyl group
installed in the second alkylation was consistently positioned syn to the nitrogen of the

silyl ketene aminal (Figure 8).

Li
Bn n
LDBB
———rea -
Me

Me

LiS _

H\‘

Ly
f-+

51e

Figure 8. Positioning of the alkyl groups and dihedral angle of lactam 51e translating to
enolate geometry.

The inverse addition enolization technique was examined using lactam 51f.
While addition of LDBB to a solution of the lactam afforded a 12:88 Z:E ratio of
enolates, the alternative technique of addition of a solution of the lactam to LDBB
afforded a 20:80 Z:E ratio of enolates. The invérse addition reduction technique was not
pursued any further due to the fact that it did not offer any improvement in the enolate
ratio and it was more tedious to set up.

It is very interesting to note that after significant emphasis was placed on dihedral
angle, the series of compounds in which the dihedral angle was smaller (i.e. closer to 90°)
often afforded poorer E/Z selectivity. For example, lactam 51a has a weighted average
O-C-C-S dihedral angle of 141° and affords a Z:E ratio of 87:13. Meanwhile,

diastereomeric lactam 51b has a smaller O-C-C-S dihedral angle (128°) but affords a
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Z:E ratio of 20:80. The best hypothesis that can be put forward at this time is that the
species undergoing a—carbon-suifur bond cleavage has a different conformation than the
unreduced material.

The 6,7-lactams (52 series) produced an interesting series of results. Lactams 52a
and 52e correlated well with their 5,7-lactam counterparts 51a and S1e, affording
primarily Z—enolates in 83:17 and 92:8 ZE ratios respectively. The attempted formation
of E—enolates via reduction of lactams 52b and 52f resulted in poor E/Z selectivity.
Reduction of lactam 52f actually afforded a small excess of the Z-enolate. This may
arise from increased flexibility of the 6,7-ring system, leading to potentially different
conformations of the starting lactam and the intermediate radical-anions.

The assignment of E— and Z-enolate geometries was accomplished using NOE
experiments on the trapped enolates derived from lactams Sle, 51f, 51g, and 51h. The
observed enhancements are shown below in Figure 9. Importantly, all observed NOE
enhancements were bi-directional. The remaining silyl ketene aminals were assigned by
analogy. A noteworthy trend was observed in the *C NMR resonances of the silyl ketene
aminals. The carbons of the Z-silyl ketene aminal were more shielded than those of the
E-silyl ketene aminal. The only exception to this was the C,-signal of the silyl ketene
aminals obtained by reduction and trapping of lactams 51g and 51h, where the signal did

not resolve.
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Figure 9. Observed NOE enhancements in the trapped enolates of bicyclic thioglycolate

lactams.

These results demonstrate for the first time that the E/Z geometry of enolates can
be controlled by employing certain geometric constraints in the starting material and
constitute a proof of principle for one of the two major goals of this research project. A

communication detailing the results of this study has been published.®

71



2.7 TEMPERATURE EFFECTS IN THE REDUCTIVE FORMATION OF

0,0~-DISUBSTITUTED ENOLATES

In an attempt to discover the thermodynamic E/Z-ratio of these o, 0~disubstituted
enolates, it was decided to investigate the effect of temperature on the reduction of
diastereomeric a—thioglycélate lactams Sle and 51f. These experiments would also
serve to investigate the thermal stability of these highly strained o,0—disubstituted

enolates. The results of this temperature survey are shown below (Table 3).



Table 3. The effect of temperature on the E/Z-ratio of enolates generated by reduction of

thioglycolate lactams S1e and S1f.

. ,','/

K\F?R 1) LDBB, ™S
N l THF O‘ xR
2) TMSCI Rz

H
STMS

Temperature
-100°C -78°C -40°C 0°C 21°C

Ri=Bn Rx=Me (51e) 955 92:8 85:15 7525 62:38
Z:E Ratio

Ri=Me R=Bn (51f) 11:89 12:88 28:72 50:50 56:44

Z:E Ratio
100
90 95 92
80 - 85
70 75
E 80 - $62
g 501 56
M40 - S0
-+
20 28
10 T 11 12
0 U T
-100 -78 -40 0 21
Temperature
——o— Lactam 51e —8—Lactam 51f

The results in Table 3 demonstrate a clear diminution of E/Z selectivity in enolate
generation as the temperature increases. It is interesting to note that even at room

temperature there is not a complete convergence of the enolate ratios. However, lactam
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51f does afford primarily the Z-enolate at room temperature, contrary to lower
temperature results. Ultimately, there is a clear trend toward a thermodynamic Z:E ratio
of approximately 60:40. It is to be expected that the Z-enolate would be
thermodynamically favoured. The positioning of the methyl group cis to the silyl ketene

aminal nitrogen affords less A'’~strain than the benzyl group affords in the E-enolate.

2.8 USE OF OTHER REDUCING AGENTS FOR THE FORMATION OF

0,0~DISUBSTITUTED ENOLATES F ROM o~-THIOGLYCOLATE LACTAMS

In another attempt to increase the selectivity in the generation of E—enolates, the
use of potassium 4,4 "~di-tert—butylbiphenylide (KDBB)**' and samarium diiodide in the
reductive enolization were investigated. It was felt that perhaps a change in metal ion
would have some subtle effect on the reduction. Potassium enolates are known to be far
less aggregated than their lithium counterparts* and potassium is much less oxophilic.”
Samarium diiodide is also a very common one-electron transfer reagent.” For the sake of
consistency, lactam S1f was again used as the substrate for this procedure.

Upon (normal addition) reduction of lactam 51f with KDBB at -78 °C and
trapping with TMSCI the silyl ketene aminal formed was found to have a Z:FE ratio of
77:23 (Scheme 50)! This is in contrast to the same reduction and trapping using LDBB;
which afforded a 12:88 ratio! Needless to say, this was a completely unexpected
outcome. At this point, little can be offered to explain this result beyond the statement
that this result is likely due to decreased oxophilicity of potassium and decreased

aggregation state. It is possible that the lower oxophilicity of potassium may change the
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mechanism of the reductive enolization process. It is unlikely that the potassium enolates
are undergoing E/Z equilibration. Although potassium enolates are known to equilibrate
more readily and rapidly than lithium enolates,” it is unlikely that the thermodynamic
equilibrium of the potassium enolates would be so far removed from the equilibrium

point of 60:40 (Z:E) found for the corresponding lithium enolates.

[:> ;QMG + KDBB + TMSCI — " , [:jN:ij/”\ Z:E

77:23
-78°C
 NsTMs
[:> 7“Me + LDBB + TMSCI ——» [:>N = Z:E
78°C " Ph 2:88
STMS

51f

Scheme 50. The effect of the metal ion on E:Z ratio in the reductive enolization of

o—thioglycolate lactam 51f.

Samarium diiodide was also investigated as a potential reducing agent for

reductive enolization of our lactams. However, it proved to have insufficient reduction

potential to carry out this reductive enolization.
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2.9 ENOLATE E/Z EQUILIBRATION

An important issue in enolate chemistry is E/Z equilibration. Because this was the
first time that acyclic o, o—disubstituted amide enolates (in particular, the highly strained
acyclic o,0—disubstituted E—amide enolates) were being generated, probing the rate of
enolate equilibration was deemed to be important. Moreover, some unusual results in the
alkylation of our o,o-disubstituted E-enolates (vide Chapter 3) prompted us to
investigate the possibility of enolate equilibration. The startling results obtained by
reduction of lactam 51f with KDBB placed further importance on investigating the rate of
E/Z equilibration in this system. Again, lactam 51f was chosen as the substrate for this
experiment. It affords predominantly the more strained E-enolate in with a high 88:12
ratio, making observation of any diminution of the E/Z enolate ratio more readily
observable.

This experiment is derived from the analogy of ketone enolates, where it is known
that the presence of a proton source can lead to the regiochemical and/or stereochemical
equilibration of enolates. For example, deprotonation of 2-hexanone with LDA at 0 °C
(kinetic conditions- low temperature, excess base) leads to the formation of the less
substituted enolate. Conversely, the use of thermodynamic conditions (excess ketone,
room temperature) leads to the predominant formation of the more substituted enolate
(Scheme 51).** Under thermodynamic conditions, equilibration occurs via transfer of a
proton from a ketone molecule to an enolate, generating a new enolate and reforming a
molecule of ketone. Eventually, the system reaches an equilibrium state that typically

favours the more substituted enolate. Our reductive enolization conditions lead to the
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formation of the kinetic enolate. However, it is possible that the presence of a small

amount of a proton source (e.g. adventitious water) may lead to E/Z enolate equilibration.

conditions \/\/L \/\i \/I/X

Kinetic: v 100% 0% 0%
LDA, 0°C
Thermodynamic: 42% 46% 12%
KH, RT

Scheme 51. Kinetic versus thermodynamic formation of enolates from 2-hexanone.

In this experiment (Scheme 52), the reductive enolization of 51f was performed
under standard conditions (titration of lactam with LDBB at —78 °C) and then 5 mol% of
water was added to partially protonate the enolate mixture. After stirring at ~78 °C for 30
minutes, distilled TMSC] was added. As per usual, stirring was continued at =78 °C for
10 minutes after the addition of TMSCI, then the cooling bath was removed and stirring
was continued for 30 minutes. After removal of the volatiles, integration of the "C NMR
spectrum showed a 24:76 ratio of enolates, still in favour of the thermodynamically less
stable E—enolate; thus indicating that E/Z isomerization of this enolate (and presumably
other enolates generated by this technique) is a slow process at ~78 °C, even in the
presence of a significant amount of a proton source. If enolate equilibration were a more
rapid process in this system, an enolate ratio of 60:40 in favour of the Z—enolate would be

expected, as determined by the temperature experiments (vide supra).
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&\En 1) LDBB, ™S
. 780,

2) 5 mol% H0, o
H 30 min, L
51f 3) TMSCI STMS

Z: Eratio

24 : 76
Normal Reduction

Z: E ratio

12 :88

Scheme 52. Equilibration of enolates in the presence of a catalytic amount of water.

2.10 AN ACYCLIC CONTROL SYSTEM

In addition to lactams 50a — 50d, it was felt that an acyclic control system would
be beneficial and informative. We sought to use a system similar to our bicyclic
thioglycolate lactams yet not containing the lactam ring. Therefore o—thio pyrrolamides
were selected as the substrate for this model study. It was decided that two substrates
should be used; one in which the a—carbon substituents were of similar steric size and
another in which one of the two alkyl groups substituting the o—carbon had considerably
more steric demand. Amides 55 and 56 were prepared from methyl thioglycolate
(Scheme 53). The successful deprotonation and alkylation of amide 57 is likely due to
the small steric size of the sulfur substituent. Recall that deprotonation of an o, 0—dialkyl
amide requires rather forcing conditions (vide supra). The conditions used here were
intermediate between those used for a typical o—monoalkyl amide and an o,0—dialkyl

amide.
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+ NaH + n-Bu-l ——»
Meoi/SH Meol/SBU

1) LiOH
2) oxalyl chloride, cat. DMF
3) XS pyrrolidine

53% over
4 steps

\

G\jﬁ\/SBu

LDA, LiCl;
Me-l
82%
LDA, LDA,
LiCl; LiCl;
Nﬁxiau LA ST ijisu
<\/' ME \—ph 67% Me 61% ME “—Me
56 57 55

Scheme 53. Preparation of o, 0—disubstituted oi—thio pyrrolamide control substrates.

Upon reductive enolization and trapping (Scheme 54), amide 55 afforded a 56:44
Z:E ratio.® By comparison, amide 56 afforded a startlingly high Z:E ratio of silyl ketene
aminals of 81:19. Thus, when the difference in steric demand between the substituents
on the o—~carbon is small (Me versus Et) there is virtually no E/Z stereocontrol in the
reductive enolization. This clearly demonstrates that the geometric constraints provided
by the lactam ring are a necessity to obtain E/Z stereocontrol in this reductive enolization
process. The moderate selectivity in the reduction of amide 56 demonstrates that it is
possible to obtain some degree of E/Z stereocontrol when there is a large difference in

steric demand between the substituents on the o—carbon. However, the goal of this work
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was to develop a general method that did not rely upon large steric differences between

the a—carbon substituents to obtain E/Z stereocontrol.

TMS
1) LDBB
O‘ S\/\/Me ) — C’\j N Me
M Me

2) TMSCI
Me
Z : E ratio
55 56 : 44
S T™MS
O\J ~~Me 4 pBB N
2) TMSCI Me
Z : E ratio
81:19
56

Scheme 54. The reductive enolization and trapping of amides 55 and 56.

2.11  CONCLUSIONS

Having prepared a series of o,0—disubstituted a~thioglycolate lactams, we
demonstrated for the first time that it is possible to influence E/Z ratio of enolates in a
reductive enolization process by employing certain geometric and stereochemical
constraints. It was shown that under kinetic conditions, we could produce either Z— or
E-o,0~disubstituted amide enolates simply by inverting the alkylation order in the
preparation of the requisite o,0~disubstituted o~thioglycolate lactams. We also
demonstrated that we could reliably produce acyclic E-amide enolates, something that

cannot be accomplished using other methodologies.
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By varying the temperature at which the reductive enolization was performed, we
were able to demonstrate that the selectivity observed in the enolization at lower
temperatures is indeed a kinetic effect. By increasing the enolization temperature, a trend
toward a thermodynamic product mixture was observed.

It was also demonstrated that the reductive enolization technique and the metal
ion of the reducing agent are of paramount importance in the enolization process. While
the reduction technique had a small effect on the E/Z ratio of the enolates, the metal ion
was shown to have a dramatic effect on the E/Z ratio, resulting in a switch of the major
enolate formed.

Furthermore, it was demonstrated that enolate equilibration is a slow process at
—78 °C. This has important implications for reactions that require longer timeframes to
reach completion.

Lastly, by reducing acyclic a,0—disubstituted o—thio amides, we demonstrated
that the lactam ring is indeed required to obtain usable levels of E/Z selectivity in the
reductive formation of a,o—disubstituted enolates when there is a small steric difference
between the alkyl groups on the o—carbon. If this method is to be a general technique for
the preparation of a,c—disubstituted enolates and asymmetric quaternary carbons, these

high levels of E/Z selectivity are required.
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CHAPTER THREE

STEREOSELECTIVE ALKYLATION OF
0,0~-DISUBSTITUTED ENOLATES GENERATED
BY REDUCTIVE ENOLIZATION OF
0,0—~-DISUBSTITUTED o~THIOGLYCOLATE

LACTAMS
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3.1 INTRODUCTION

Chapter 2 detailed our success in the project's first phase, the stereocontrolled
generation of o,0—disubstituted enolates. This Chapter will detail the second stage of the
research, the stereoselective alkylation of the o ,0—disubstituted enolates to form
quaternary carbons in high diastereomeric excess. Because the ultimate goal of this
research was a general, broad-scope method of asymmetric quaternary carbon synthesis,
it was deemed necessary to be able to access both (R)- and (§)—configurations of the new
quaternary centres. The final stage was to develop a method to efficiently remove the

chiral auxiliary.

3.2 ALKYLATION OF a,0~DISUBSTITUTED ENOLATES WITH ACTIVATED

ALKYL HALIDES

The initial alkylation experiments involved lactams S1a and 51‘b. These lactams
were previously demonstrated to afford Z:E enolate ratios of 87:13 and 20:30,
respectively. Upon alkylation with 3 equivalents of benzyl bromide, Z—enolate 58
afforded an 87:13 ratio of C,S—dialkylated quaternary carbon-containing adducts 59
(Scheme 55). Three equivalents of alkylating agent are required in this reaction because
alkylations at carbon and sulfur occur at comparable rates (vide infra).' This ratio is
perfectly in line with the enolate ratio and was a very promising result. In an intriguing
twist, F—enolate 60-afforded the same major adduct 59 as that afforded by 58, albeit with

a lower ratio of 62:38!*
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3 Pt Li
iaMe
CT\//S LDBB, SN Me BnBr

—— —_—
THF, Me

H -78 °C H
SLi SBn
51a 58
) 59
87 :13 Z/E 82% yield
87 :13ds
Me

Li

THF, Me
H -78°C H
SLi ' SBn
51b 60 59
20:80Z/E 83% yield
62 :38ds

Scheme 55. The reductive enolization and alkylation of lactams 51a and 51b.

The inverted facial selectivity in the alkylation of enolate 60 was startling and
disappointing. These experiments were actually carried out before the enolization and
trapping study presented in Chapter Two and their results prompted us to step back and
study the enolization process. We recognized the need to determine that we were indeed
obtaining reversal of E/Z selectivity in the reductive enolization process by inverting the
order of the first two alkylations.

After completing our study of the enolization process that was outlinved in Chapter
Two, we returned to the study of the alkylation of these o,0—disubstituted enolates. At
this point, we chose to investigate the behaviour of lactams 51e and S1f, as these two
lactams were most commonly used for the enolization studies and they offered the

highest E/Z selectivity in the reductive enolate generation process. Upon reductive
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enolization and alkylation with three equivalents of allyl bromide Z-enolate 61 afforded a
90:10 mixture of quaternary carbon adducts 62 (Scheme 56). This was similar to the
result obtained from the alkylation of 58, another Z—enolate and 90:10 was felt to be

reasonable diastereoselectivity of the product 62, given that it arose from a 92:8 ratio of

enolates.
3\;"“
Me
THF
H -78°C
51e
62
92: 87—/'5 96% yield
90:10ds

3 (—Ph Li
WM Br
N e LDBB, N~ Me /\/ -

——
THF,
H -78°C H Ph
SLi
51f 63 62
12:88 ZE 80% yield

69:31ds

Scheme 56. Reductive enolization and alkylation of lactams 51e and 51f.

When lactam 51f was exposed to the same reaction conditions as those with
lactam 51e, the C,S—dialkylated product was again obtained in good yield. Once again
however, the diastereoselectivity of the alkylation was poor and again slightly in favour
of the same major stereoisomer formed in alkylation of the Z-enolate 61. This result
confirmed that we were not able effectively alkylate the E—enolates to form the desired

quaternary carbon adducts with the opposite stereochemistry of those arising from the
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Z—enolates. At this stage it was evident that the problem lay in the alkylation step and not
in the enolization process. This prompted the study of the effect of additives on the
alkylation reaction, particularly with E-enolates. We were suspicious that the
aggregation state of the reaction was influencing the stereochemical outcome of the
reaction and thus we felt that the investigation of the influence of additives that are

known to alter or break up aggregates would be useful and potentially fruitful.

3.3 THE INFLUENCE OF ADDITIVES ON THE ALKYLATION OF

0,0~-DISUBSTITUTED ENOLATES WITH ACTIVATED ALKYL HALIDES

Suspecting that the aggregation state of the alkylation reaction or the formation of
an intramolecular chelate were affecting the stereoselectivity of the reaction, a study of
the effects of additives was performed. The additives selected were
hexamethylphosphoramide (HMPA)/’ 1,3-diméthyl-3,4,5,6-tetrahydro-2(lH)-
pyrimidinone (DMPU)* and lithium chloride.>® All of these reagents break up aggregates
and chelates in enolate alkylation reactions. In the cases of HMPA and DMPU, the
cosolvent was added after the reductive enolization was performed but before the alkyl
halide had been added. This was done to ensure consistency in the reductive enolization
process. Again, lactams S1e and 51f were selected for this study. As previously
demonstrated, lactam 51f afforded a 69:31 ratio of quaternary carbon adducts in the
absence of a cosolvent. The effects of different cosolvent conditions are shown in Table

4.
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Table 4. The effect of additives on the stereochemical outcome of the reductive

enolization and alkylation of lactam 51f with allyl bromide.

&\(—Ph Li
.-\\M A iti ;
CT\JS € LDBB, X Me dditive

—_— -
THF, Br
H —78 9C H Ph N
SLi
51f 63
12:88 Z/E 62
Additive Yield Product Ratio
none 80% 69 : 31
HMPA 66% 47 . 53
(5 equiv.)
HMPA 74% 39 : 61
(20 vol%)
DMPU 72% 45:55
(45 vol%)
LiCl 32% 68 :32
(10 equiv.)

The results of Table 4 show a decrease in yield when any additive is used.
However, this decrease is minor in all instances except the case of lithium chloride.
More important were the effects of the additives on the product ratio. The use of five
equivalents of HMPA resulted in a nearly one to one ratio of adducts, while the use of a
larger amount of HMPA (20 vol%) resulted in a larger switch- a 39:61 ratio.
Unfortunately, this is still not a useful level of stereoselectivity. Adding 45 vol% of
DMPU to the enolate solution resulted in nearly the same level of stereoselectivity as five
equivalents of HMPA. Ten equivalents of lithium chloride had no discernible effect on
the stereochemical outcome of the reaction. Because the use additives in the alkylation
reaction did not afford levels of product stereoselectivity that were in line with the

enolate ratio, we believed that enolate aggregates and intramolecular chelates may only
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be partially responsible for the observed poor alkylation diastereoselectivity. The low
stereoselectivity was presumed to arise from the F-enolate reacting via different
conformation(s) than the analogous Z-enolate.

in contrast to the results of the use of cosolvents with E—enolates, the addition of
five equivalents of HMPA had no noticeable effect on the stereochemical outcome of the

alkylation reaction of the Z—enolate 61 with allyl bromide to produce amide 62 (Schemé

57).
3 £oeh Li HMPA
C’I\j LDBB, N7 Ph (5 equiv.) .
THF, Me
H _78°C H A
SLi
51e 61
62
92:8Z/E 89%, yield
90:10ds
No Additive
96% vyield
90:10ds

Scheme 57. The effect of five equivalents of HMPA on the alkylation of enolate 61.

3.4 ALKYLATION OF 0,0~-DISUBSTITUTED ENOLATES WITH

UNACTIVATED ALKYL HALIDES

Our investigation of alkylation of our o,0~disubstituted enolates with activated

alkyl halides produced some rather intriguing results. This prompted us to explore the

behaviour of our a,0—disubstituted enolates when the reactivity of the alkylating agent
was decreased. Initially we chose to investigate the alkylation of enolates 61 and 63 with

ethyl iodide (four equivalents).” This research produced some startling data (Scheme 58).
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51e

Ph
.-\\Me

51f

LDBB,
—
THF, Me
-78°C H
SLi
61
92:8 Z/lE
Li
LDBB, Ny Me
———
THF,
_78°C H Ph
SLi
63
12:88 Z/E

Et-I
S _Me
64
89% vield
96.5:3.5ds
Et-
—_—

S<_Me

64
60% yield
49 :51 ds

Scheme 58. The alkylation of enolates 61 and 63 with ethyl iodide.

Upon alkylation of enolate 61 with four equivalents of ethyl iodide it was found
that the amide adduct 64 had a diastereomeric ratio of 96.5:3.5. This was a fantastic
discovery because the E/Z ratio of the intermediate enolate (61 in this case) is usually the
upper limit of stereoselectivity in an alkylation reaction. In this instance that limit had
been exceeded for some reason. We were already aware that our E— and Z—enolates
exhibited different behaviou‘r when alkylated with activated alkyl halides. The initial

supposition was that the minor E—enolate was a contributing factor in the “excessive”

selectivity.

When the E-enolate 63 was exposed to the same set of reaction conditions
dichotomous reactivity was again observed. The diastereoselectivity of the reaction was

49:51. This supported the speculation that the minor E-enolate was involved in the
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abnormally high diastereoselectivity of the alkylation of 61 with ethyl iodide. Using the
approximation that the E—enolate alkylates in a stereorandom fashion, the eight percent
E—enolate in 61 should afford about four percent each of the minor and major
diastereomer of the quaternary carbon adduct. Assuming that the major component, the
Z—enolate, alkylates with nearly perfect selectivity, a ratio of 96:4 should be observed for
amide 64. At 96.5:3.5, the observed ratio is nearly identical to this estimate.

The next stage was to determine if this enrichment observed by alkylating a
Z—enolate with an unactivated alkyl halide was a general phenomenon. A variety of
lactams and alkyl halides were investigated. As mentioned in Chapter Two, in order to
generate a Z—enolate, the larger of the first two alkyl groups must be installed in the first
alkylation and the smaller alkyl group should be installed in the second alkylation step.

The results of our survey as shown below in Table 5.
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Table 5. The alkylation of Z-o,ai—disubstituted amide enolate dianions with unactivated

alky! halides.
3\51,\,,9 1. LDBB, Mo
N THF, ~78 °C N 2
’ 2. Ryl
H H R
s 2
R Z/E Enolate de (%) Ro-l Product  Yield de
Bn 92:8 84 Et- 64 89% 93%
Bn 92:8 84 n-Bu—| 65 76%  >95%
Et 90:10 80 n-Pr-| 66 83% >95%
n-Pr 87:13 74 Et—l 67 85% 89%
nPr 87 :13 74 n-Bu-I 68 71% 95%
n-Bu n.d. n.d. n-Pr—| 69 88% 95%
Allyl 87:13 74 Et-I 70 84% 88%
Allyl 87:13 74 n-Bu-| 71 80% 91%
nPr  87:13 74 -Bu* 72 60% 87%

*see text

As can be seen from Table 5, we observed that the enrichment of
diastereoselectivity in the alkylation of 61 with an unactivated alkyl halide is indeed
general to all of the Z-enolates that have been examined thus far. In all cases, the de of
the quaternary carbon-containing adduct has a higher de than the intermediate enolate.

It is also very important to point out that these reactions were conducted at —78 °C
over four hours without added cosolvents. Unactivated alkyl halides do not normally
react with amide enolates under these conditions. This unprecedented level of reactivity
is hypothesized to arise from the unusually high level of A'“-strain in these

o,0—~disubstituted enolates (Scheme 59), as well as their dianionic nature. The lone
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exception, which required a cosolvent, was the B-branched isobutyl iodide, a very
unreactive alkyl halide.” The use of isobutyl iodide as the alkylating agent required the
use of 23 vol% HMPA in order to obtain high reaction rate. The presence of HMPA

affected only the reaction yield and not the overall diastereoselectivity of the reaction.

wl ol R
M OLi

LiS

Scheme 59. Several potential conformations of o,a—disubstituted amide enolates that

depict significant A"~strain.

As previously mentioned, a major goal for this project was to be able to produce
both the (R)- and the (S)—configurations of quaternary carbons. The initial plan was to
reverse the order of the first two alkylations, generating analogous E- and Z-enolates.
Use of a common alkylating agent in the final reaction would lead to selective formation
of both (R)- and (S)—configurations of the quaternary carbon. Though our results with
E—enolates make this route unworkable, it is possible to form both stereochemical

configurations of the quaternary centre by inverting the overall alkylation order (Scheme

60). For example, the pair of amides 68 and 69 (see Table 5), while not true
diastereomers (they contain different alkyl groups on the sulfur), do contain the same
three alkyl groups on the a-carbon and they afford the opposite stereochemical
configuration of the o—carbon with 95% de (68 is (§) and 69 is (R)). The same can be

said for the pair of amides 66 and 67. Thus, even though the E-o,0—disubstituted

enolates are not suitable substrates for this alkylation strategy, it is still generally feasible

917



to prepare both stereoisomers of the quaternary carbon. While this process allows for
access to both (R)- and (S)—configurations of the quaternary carbon, only cases in which
the final alkylating agent is unactivated will lead to a product with a diastereomeric

excess higher than the diastereomeric excess of the intermediate enolate.

H LDA:; H LDA; Pr
“H e K\’rpr Me-—| ¢ Me
e

68
LDA; Bu LDA; Me
\\H n_Bu_| ..‘\H Me_l \BU
N —_— CT\//S _—
H H H
51i
LDBB;
n-Pr-I

Scheme 60. Inversion of alkylation order to access both (R)- and (S)-stereochemical

configurations of the quaternary carbon.
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3.5 THE EFFECT OF POTASSIUM AS THE METAL CATION ON THE

STEREOCHEMICAL OUTCOME OF ALKYLATION REACTIONS

It was pertinent to investigate the effect of the metal cation on the stereochemical
enrichment phenomenon observed during alkylation of Z-enolates with unactivated alkyl
halides. We were curious about the degree of metal-dependency of the enrichment
pattern. Changing from a lithium enolate to potassium might change the aggregation
state of the enolate (potassium enolates are known to be far less aggregated than their
lithium counterparts®®).

Recall that in a dramatic result, which is contradictory to reduction with LDBB,
lactam 51f affords predominantly the Z-potassium enolate dianion 73 (77:23 Z/E) upon
reduction with KDBB (vide supra). Alkylation of potassium enolate 73 with four
equivalents of ethyl iodide led to the C,S~dialkylated product in 86% yield and 83:17 ds
(in the same direction as Z-enolates with lithium as the metal counterion) (Scheme 61).
Again, the enrichment of diastereoselectivity beyond the enolate ratio was observed.

This result demonstrated that the enrichment process is not completely restricted to

lithium counterions.

Ph
q\j’v‘e KDBB, B

THF,
H -78 °C
51f 73 64
77 .23 ZE 86% Yield
83:17 ZFE

Scheme 61. The alkylation of a Z-potassium enolate with ethyl iodide.
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3.6 ISOLATION OF QUATERNARY CARBON ADDUCTS VIA AMIDE

HYDROLYSIS

Having developed a method for preparing many quaternary chiral, non-racemic
carbon centres with greater than 90% de, we focussed on isolation of substrates as their
carboxylic acid derivatives. However, hydrolysis of tertiary amides is a notoriously
difficult process, as evidenced by the lack of amide-based enolate alkylation
methodologies that lack assisted hydrolysis.” This, combined with the steric hindrance of
an o~-quaternary centre, made the hydrolysis of our products the most difficult scenario
for amide hydrolysis. Fortunately, quaternary carbons are immune to epimerization
during hydrolysis so extremely forceful hydrolysis conditions could be used with little

concern.

Acidic hydrolysis of amide 66 in 1:1 6 M aqueous H,SO,:1,4-dioxane at reflux
afforded 17% of 2-ethyl-2-methylpentanoic acid 74'° and 71% recovered starting material
(Scheme 62). Despite the use of these vigourous conditions only a small amount of
desired carboxylic acid product was isolated. Use of more vigourous conditions, 1:1 9 M
aqueous H,SO,:1,4-dioxane at reflux, still afforded only 23% yield of the desired
2—ethyl-2-methylpentanoic acid 75. It was felt at this point that acidic hydrolysis would
not prove to be an effective means of isolation of the quaternary carbon products and it

was not pursued any further.

100



- Me Me ©6MHaS0,/

N dioxane sMe
Me —» HO - Me
b reflux Me [o]p = -19° (¢=0.61, EtOH)
S/\/Me
66 74
17% vyield
+ 71% recovered S.M.
M
"
g 9MH2S0,4/ Me
N Me dioxane S
Me _— HO '
1 reflux Me Me [olp = +12° (c=1.0, EtOH)
s Me
67 75
23% yield
s—Me . .
HO 2 Me (5)-2-ethyl-2-methylpentanoic acid: [o)p = —19° (c=1, EtOH)
Me
74

Scheme 62. Acidic hydrolysis of amides 66 and 67.

While acidic hydrolysis did not prove to be a practical process for the formation

of o—quaternary carboxylic acids, it did afford enough material to measure the optical
rotation of our samples of 2-ethyl-2-methylpentanoic acid. Comparison of the optical
rotation of our sample of acid 74 with the value obtained by Fuganti and co-workers'®

demonstrated that our sample was of (S)-configuration. Acid 75 was shown to be the

enantiomer, (R)-2-ethyl-2-methylpentanoic acid.
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Now knowing the absolute stereochemical outcome of our alkylation reactions,
the direction of stereoselection was compared with a similar chiral auxiliary, (S)-prolinol
amides (Scheme 63).”*" It was shown in Chapter One that the use of two equivalents of
LDA with an (S)-prolinol amide led to a chelated enolate and alkylation occurred on the
less hindered Si—face of the enolate. In contrast, if the sidechain alcohol was
O-protected, a non-chelated enolate formed and alkylation occurred on fhe Re—face, now

the less hindered face of the enolate.

Chelated Prolinol Enolate:

Li H
j\/CH3 _zeﬂ. i/CH3 _ B '\j\/CHa

Non-Chelated Prolinol Enolate:

Li
Q?\/DHG} DA Q%/CHs — B
H “—OR H “—OR

R=Me, TBS

Reductively Generated
o,c-Disubstituted Enolate:

‘B1M Li
Ve LDBB NN R 2eauiv.
o Eesneeseny
THF, Me Ro—X

H -78 °C H

Scheme 63. Facial selectivity in alkylation of o, 0i—disubstituted enolates.
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If the o,0—disubstituted enolates formed in this work are drawn in the same
manner, it appears that the alkylation process is occurring via a non-chelated transition
structure and alkylation is occurring on the Re—face. All stereochemical assignments in
this body of work have been made in analogy to these results. To date, we have not been
able to offer a satisfactory depiction of this transition structure. However, it is
noteworthy that no transition state model has been proposed for the non-chelated prolinol

enolates despite the fact that this work was published more than 20 years ago.

The low efficiency of acid hydrolysis of our amides prompted us to investigate
basic hydrolysis of our a—quaternary tertiary amides. Typically, the base hydrolysis of
amides is slow. If hydroxide adds to an amide carbonyl, hydroxide is still a better leaving
group than the amine moiety in the tetrahedral intermediate 76 (Scheme 64). Gassman
and co-workers reported that the combined use of anhydrous potassium hydroxide'' and
potassium tert-butoxide effectively hydrolyses tertiary amides in THF at room
temperature.”” This method uses potassium tert-butoxide, a much stronger base than
potassium hydroxide, to deprotonate the orthoamide intermediate 76. This leads to faster
formation of the desired carboxylate. Hydrolysis of N,N-dimethylpivalamide (the
simplest a—quaternary tertiary amide) was reported by Gassman and co-workers to
proceed in good yield in refluxing THF. Unfortunately, Gassman’s conditions and a
more vigourous variant of them (two equivalents of KOH and 13 equivalents of KO'Bu in
1,4-dioxane at reflux for 22 hours) afforded only quantitative recovery of starting amide

64 (Scheme 65).
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G et =

NRe R NR;  BH  R7\NR
76

H,0

j\ + HNR> + “OH
R o

Scheme 64. Mechanism of amide hydrolysis under basic conditions.

—Me 2 equiv. H-O,
c Me 45 equiv. KOB
N quiv. u
Me > No Reaction
o dioxane '
S/\/Me reflux, 22 h

64

Scheme 65. Attempted hydrolysis of o—quaternary tertiary amide 64.

3.7 ISOLATION OF QUATERNARY CARBON ADDUCTS VIA REDUCTIVE

AMIDE CLEAVAGE

An alternative to hydrolytic cleavage of amides is reduction. With hydrolysis
proving to be an inefficient method of isolation of our quaternary carbon adducts we

chose to investigate reduction as a means of quaternary carbon isolation.
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Strong reducing agents (such as lithium aluminum hydride" and diborane'?) typically
reduce tertiary amides to their corresponding tertiary amines. However, several reagents
(lithium triethylborohydride,"* 9-borabicyclo[3.3.1]nonane (9-BBN),'® and metal amide-
borane complexes'’) are known to produce the corresponding alcohol. Recently,
Schwartz’ reagent, bis(cyclopentadienyl)zirconium chloride hydride, was also shown to
reduce tertiary amides to aldehydes.' It was believed that 9-BBN would be too hindered
to effectively reduce our amides. However, the reductions with lithium
triethylborohydride, Schwartz’ reagent and a metal amide-borane complex- lithium

amidotrihydroborate (LAB)'® were pursued.

Although our o—quaternary amides proved to be inert to lithium
triethylborohydride and Schwartz’ reagent, they could be reduced using LAB. This
reagent is readily prepared by deprotohation of commercially available borane-ammonia
complex with LDA. Reaction of our amides with four equivalents of LAB in refluxing
THF for 24 hours led to the clean formation of the desired neopenty! alcohols in good to

excellent yields (Table 6).
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Table 6. The reduction of tertiary oi—quaternary amides by lithium amidotrihydroborate.

Ro LiHoNsBH Ry
o Ho/\|LH2
THF Me
H reflux, 24 h
S/
Amide R; Ro |Alcohol Yield ee
64 Bn  Et 77 96% 94%2
65 Bh nBu| 78  97% 96%2
68 nPr nBul| 79  99% 96%P
69 nBu nPr| 80 87% 95%P
71 Allyl nBu| 81 74% 93%°

a) determined by HPLC using a CSP,
b) determined by GC using a CSP, via

corresponding carboxylic acid

3.8 DETERMINATION OF ENANTIOMERIC EXCESSES OF CHIRAL, NON-

RACEMIC NEOPENTYL ALCOHOLS

Once a method for the isolation of the quaternary carbon-containing adducts had

been discovered, we sought to determine their enantiomeric excess precisely. This would

serve to validate the C NMR data for the corresponding amides and give unequivocal

proof of the level of stereoselectivity of the final alkylation reaction.
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Determination of the enantiomeric excesses of alcohols 77 and 78 was relatively
straightforward. The phenyl group provided a useful chromophore for HPLC using a
CSP with UV detection. Use of a Chiracel OD column and an isopropanol/hexanes
solvent system allowed for clean separation of the enantiomers of 77 and 78. Integration
of the signals revealed the products to be 94% ee and 96% ee respectively. These values
correlate very well with the data obtained by integration of the high temperature *C
NMR signals on the corresponding amides 64 (93% de) and 65 (>95% de). The
enantiomeric excess of 77 was confirmed by integration of the diastereotopic carbinol

proton signals in the proton spectra of both corresponding Mosher esters® 82 and 83.

Et M%M Et

82 83

Determination of the enantiomeric excesses of alcohols 79, 80 and 81 proved to
be a far more challenging task. These substrates lacked a chromophore that would be
useful for UV detection. Therefore, HPLC using a CSP on these alcohols was not an
option. Moreover, these alcohols contained a three-carbon chain and a four-carbon chain
resident on the quaternary centre. This resulted in only a very subtle difference between
the two enantiomers in terms of chromatographic behaviour. After GC using a CSP
proved on alcohols 79-81 to be futile, a mixture of 79 and 80 was prepared and many
derivatives of this quasi-racemic mixture were synthesized. These included the
corresponding benzoate 84, acetate 85, phenyl carbamate 86 and Mosher esters 87 and 88

(from both (R)- and (8§)-Mosher’s acid chloride).
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0 n-Bu /ﬁ n-Bu @\ i n -Bu
;e\;{n-Pr O;?(n Pr n -Pr

84 85 86

) O/?{ n-Bu C>/EO n-Bu
MeO M n-Pr Meo@ n-Pr

87 88

In the case of benzoates 84, none of normal phase HPLC using a CSP, reverse
phase HPLC using a CSP or GC using a CSP proved to be an effective means of
separation. Acetates 85 were not detectable by UV on the HPLC and the enantiomers
were not separable by GC. Phenyl carbamates 86 were not separable by normal phase

HPLC using a CSP or GC.

The Mosher esters 87 and 88 were readily separable as two pairs of diastereomers
by HPLC using a CSP. However, this separation was based solely upon the
stereochemistry of the Mosher acid residue and not based upon the stereochemistry of the
alcohol residue. GC using a CSP, 'H, "C and '°F NMR techniques were also ineffective.
The addition of Eu~(+)—(hfc);* had no discernible effect on the NMR spectra of esters 87
and 88. The addition of Eu—(+)-(hfc), to a mixture of alcohols 79 and 80 was also
investigatéd. Proton, "*C, and "’F NMR spectra were aéquired. Unfortunately, this too
proved to be an unsuccessful means of determining the enantiomeric excess of the

sample.
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Upon a suggestion from Professor Claude Spino,” we chose to investigate the
separation of the carboxylic acids corresponding to 79, 80 and 81, using GC. A single
step Jones oxidation™ of alcohol 79 was unsuccessful, as was the use of Dess-Martin
periodinane™ to form the aldehyde 89. Swern oxidation® of alcohol 79 (Scheme 66)
proved to be very clean; as was the subsequent oxidation of aldehyde 89 with sodium
chlorite®® to produce carboxylic acid 90 (acids 91 and 92 were prepared analogously).
The enantiomeric carboxylic acids 90 and 91 were readily separable on a Chirasil-Dex
GC column. Acid 90 was found to have 96% ee, while enantiomeric acid 91 was found
to have 95% ee. Intriguingly, the enantiomers of acid 92 were not on a Chirasil-Dex GC
column. Hence, they were converted to a mixture of 90 and 91 using catalytic palladium
hydroxide on carbon under a hydrogen atmosphere. Effective separation was then
observed and the sample derived from acid 92 was found to have 93% ee. The peaks of
90 and 91 did tail somewhat, resulting in an estimated accuracy of +2%. As was the case
with alcohols 77 and 78, the ee values that were determined for the derivatives of

alcohols 79, 80 and 81 concurred with the NMR integration data for the corresponding

amides.
NaCI02
. Swern Ox. , NaH-PO4 .
HO/\:(n Pr T H/ﬁ\:<n Pr e Hoj\:(n Pr
Mé 'n-Bu ME 'n-Bu 'BUOH Me 'n-Bu

79 89 H20 90
2-methyl-2-butene

Scheme 66. The conversion of chiral neopentyl alcohols to their corresponding

carboxylic acids.
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3.9 CONCLUSIONS

This work demonstrated that acyclic a,0—disubstituted amide enolates could be
readily alkylated with both activated and unactivated alkyl halides in good yield.
Moreover, these enolates proved to be highly reactive, reacting with unactivated alkyl
halides at -78 °C without added cosolvents. This reactivity is believed to arise from high

allylic strain or the absence of amines or both.

Remarkably, when Z-o,0~disubstituted amide enolates were alkylated with
unactivated halides the alkylation stereoselectivity was higher than the ratio of the
intermediate enolates. Poor stereoselectivity was observed in the alkylation of
E—enolates. This poor selectivity of the minor E—enolate is proposed to be the source of
the enriched stereoselectivity in the alkylation of the Z-enolates. The low
stereoselectivity of the alkylation of the E-enolates is presumed to arise from the

E-enolate reacting via different conformation(s) than the analogous Z-enolate.

Reductive amide cleavage was established as the most effective means of
isolation of the quaternary carbon adducts. Methods of determining the enantiomeric
excess were also established. The enantiomeric excesses of the quaternary carbon
adducts were in agreement with the diastereomeric excess values obtained by integration

of the high temperature NMR data.

The results of this enolate alkylation study and isolation of the quaternary carbon
adducts were published in 2002.”” The success of this study has led to projects for other

students who are investigating other reactions that employ enolate intermediates (Scheme
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67). Currently under investigation is the aldol reaction. Future directions for this work
include the investigation of Michael reactions. Synthesis of o,a—disubstituted amino
acids may also be probed using azido-transfer reagents. Enolate oxidation would lead to

the formation of a,0—disubstituted glycolates.

quaternary carbons

Rg-X
0 . Li Davis o}
F**\N)K(Fh Trisyl-N3 - A, oxaziridine R*\N/U\(R‘

5 X
e RoNg g* fe Fi OH

amino acids glycolates
RaCHO \R3CH CHCO2R4

Ae A R1 e AoR;

syn - and anti -aldols conjugate additions

Scheme 67. Future uses of o,a~disubstituted amide enolates.

' The diastereoselectivity of quaternary carbon-forming reactions was determined by

integration of high temperature (105 °C in toluene-d; or 100 °C in a sealed tube in

benzene-d,) '*C magnetic resonances.
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CHAPTER FOUR

APPROACHES TO A SECOND-GENERATION

AUXILIARY
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4.1 INTRODUCTION

In Chapters Two and Three, we developed a method for selective generation of
acyclic E- or Z-o,0—disubstituted amide enolates and subsequent formation of
asymmetric quaternary carbon centres with excellent levels of diastereoselectivity. These
studies showed that a seven-membered oi—thioglycolate lactam was requisite to obtain
high levels of E/Z stereocontrol and that a fused 5,7-bicyclic ring system was optimal.

Though the previous Chapter outlined a successful method for the asymmetric
synthesis of quaternary carbons, two problems were encountered: the synthesis of the
auxiliary was lengthy (9 to 10 steps) and the hydrolytic cleavage of the amide bond of the
o—quaternary amides proved to be a very challenging task. In developing a second-
generation auxiliary, we sought to create a system that could be more readily synthesized
from inexpensive starting materials and would allow for isolation of the desired
quaternary carbons using simple acidic or alkaline hydrolysis.

We envisioned that more facile hydrolysis of the asymmetric o—quaternary
amides could be achieved using N—0O acyl transfer hydrolysis (Scheme 68). This type of
hydrolysis has been demonstrated with prolinol' and pseudoephedrine’ amides. The
presence of an ethanolamine moiety allows an acid-promoted N—O acyl shift to proceed
via a five-membered ring transition state, resulting in an ester and an amine. Under the
acidic conditions, the amine is immediately protonated (to afford intermediate 92),
rendering the acyl shift irreversible. The resulting ester is much more readily hydrolyzed

than the corresponding amide, resulting in highly accelerated hydrolysis.
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Scheme 68. N—O acyl transfer-assisted hydrolysis in prolinol amides.

Knowing that the presence of an alcohol is incompatible with the alkylation
process, we envisioned the use of the ethanolamine moiety in an N-acyl aminal, in
analogy to the work Meyers and co-workers.” Under acidic conditions, the aminal would
hydrolyze and unmask the ethanolamine moiety. The aminal could be incorporated into
the five-membered ring, leading to two general structures, 93 and 94. Retrosynthetically,
chiral lactam 93 was envisioned to arise from a chiral a—amino-d-thio alcohol (95), a
derivative of homocysteine or its corresponding thiolactone 96 (Scheme 69). Meanwhile,
the generic structure of lactam 94 could be envisioned as arising from a f—oxothiol 97
and an o—halo ethanolacetamide 98. It is possible to have chirality on all of the
fragments 97 or 99 or 100 or any combination thereof. The three potential sites of
chirality would allow for exploration of many different lactams in our search for a
general auxiliary. The general structure of lactam 94 was pursued over lactam 93 because
it was more attractive synthetically and appeared to offer greater potential for the

exploration of different chiral influences.
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Scheme 69. Retrosynthesis of generic lactams 93 and 94.

The ability to investigate the influence of different chiral fragments is of
paramount importance; and not simply for their influence on the selectivity of
alkylations. Formation of the aminal results in a new stereocentre at the aminal carbon.
It is critical that this stereocentre be formed with high diastereoselectivity.
diastereoselectivity in the formation of this stereocentre would minimize difficult

separations during the auxiliary synthesis. Therefore, we require that the B—oxothiols
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and/or chiral amino alcohols exert strong influence on the diastereoselective formation of

the aminal.
4.2 INVESTIGATION OF A CAMPHOR-BASED CHIRAL AUXILIARY

For our first auxiliary of type 94 we decided to synthesize a chiral f—oxothiol and
use an achiral amide of type 98. In examining the chiral pool, we realized that
commercially available camphorsulfonyl chloride could be readily converted to camphor
10~thiol 101 in a single step.® Once attached to an amide of type 98, we envisioned

formation of the aminal to afford our chiral auxiliary 102.

———————-
D ———
B ———
N
o M
SH

o]
101 102

With the chiral B-oxothiol 101 in hand, we developed a one-pot synthesis of
o~thioethanolamide 103 (Scheme 70). Sequential addition of chloroacetyl chloride,
(R)-camphor 10-thiol and sodium hydride to a THF solution of excess ethanolamine
resulted in formation of amide 103 in good yield. This one-pot route was chosen because

o—chloroethanolacetamide proved to be miscible with water and difficult to isolate.
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Scheme 70. Synthesis of camphor-based o—thioethanolamide 103.

With our desired amide 103 in hand, we set aboui to form the aminal. Notably,
the formation of the aminal would result in contiguous quaternary centres. It is known
that the formation of vicinal quaternary centres is an extraordinarily difficult task.” Steric
interference in these reactions is extreme. Undaunted, we attempted to form our requisite
aminal to produce our auxiliary 102. Many different sets of conditions, including
catalytic p—toluenesulfonic acid in benzene or toluene with azeptropic removal of water,
catalytic p—toluenesulfonic acid with copper sulfate as dehydrating agent, catalytic
sulfuric acid and | magnesium sulfate as drying agent, or trimethylsilyl
trifluoromethanesulfonate, were investigated. Unfortunately, we were unable to form the

aminal and auxiliary 102 under any of the attempted sets of conditions (Scheme 71).

conditions
o) %
S S\/{V

H
103 102

Scheme 71. Attempted formation of aminal 102.
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4.3 DEVELOPMENT OF A GENERAL SYNTHETIC ROUTE TO SECOND-

GENERATION AUXILIARIES

Our inability to form aminal 102 prompted us to re-examine our retrosynthesis of
our generic lactam 94. Very importantly, we realized that by disconnecting the opposite
sulfide bond to the one previously described (to afford P-oxothiol 95 and
o—haloethanolamide 97), the acetal precursor could be derived from a Michael addition
of a thiolate to an enone (Scheme 72). This would still enable the potential use of two
different chiral sources- the enone 104 and the a—thioethanolamide 105. It is also
conceivable that a chiral thioglycolate moiety could be used. However, chiral pool
sources of these materials are not available. Moreover, the use of a chiral thioglycolate
would limit the generality of the auxiliary for the preparation of a range of quaternary
carbon-containing adducts. Therefore the use of this type of chiral influence would

preferably be avoided.

H .

Qﬂé& — ﬁ\/ : HO\*/\Nj\/SH

*

94 104 105

Scheme 72. Second retrosynthetic plan for generic lactam 94.
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In contrast to our previous attempt at a second-generation auxiliary, the decision
was made to develop a generic synthetic plan using achiral materials. With two potential
sites for incorporation of chirality, we needed to develop a synthetic route that would be
amenable to rapid synthesis of a variety of auxiliaries. This would facilitate the
investigation of the influence of chirality at different positions in the lactam on aminal
formation diastereoselectivity, as well as alkylation diastereoselectivity.

The study was begun by investigating the conjugate addition of methyl
thioglycolate onto mesityl oxide. Use of a catalytic amount of sodium hydride (10 mol%)
led to Michael addition (Scheme 73). However, under the reaction conditions, the
conjugate addition product underwent a base-catalyzed intramolecular aldol to form
tetrahydrothiophene 106, which was isolated in 98% yield as a mixture of stereoisomers.
It was possible to prevent the intramolecular aldol reaction by using the mild conditions
developed by Ranu and Bhar.® Adsorption of methyl thioglycolate onto neutral alumina,
followed by addition of mesityl oxide gave sulfide 107 in 75% yield (Scheme 74).
Advantageously, this reaction takes place in the absence of solvent, which would be very

useful for large scale applications.

H Me
j\/ M cat. NaH MeO
+ —_—
MeO SHO T me” P e S
Mé Me
106

Scheme 73. Michael addition of methy! thioglycolate onto mesityl oxide.
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Scheme 74. Michael addition of methy! thioglycolate onto mesityl oxide under neutral

conditions.

With our desired keto ester 107 in hand, we attempted to hydrolyze the ester so
that coupling with ethanolamine could be performed (Scheme 75). Unfortunately, while
the ester hydrolysis did take place, the aldol side-reaction again occurred. Careful
monitoring of this reaction appeared to show that the aldol was occurring more rapidly
than ester saponification. Thus, the formation of aldol adduct 108 could not be avoided.

As aresult, this pathway to the ethanolamide was abandoned.

H
ﬂ;@"e oMe  LiOH HO Me
M S —

S
M Me

107 108

Scheme 75. Attempted saponification of ester 107.

After encountering difficulty in the late installation of the ethanolamine moiety,
we elected to investigate its installation prior to the conjugate addition. This required the
preparation of the highly functionalized, water miscible amide 109.” The miscibility of
amide 109 with water necessitated the avoidance of aqueous workup. Preparation of

amide 109 by heating methyl thioglycolate and ethanolamine in the absence of solvent



with concomitant distillation of methanol has been reported (Scheme 76).” However, in
our hands, this procedure afforded only disulfide 110. This disulfide has been reported to
form from thiol 109 very rapidly in the presence of oxygen.”” A more successful protocol

was to heat thioglycolic acid and ethanolamine under vacuum in the absence of solvent.”

30 - 2 mmHg H

H
O\/\NHZ

Scheme 76. Synthesis of a—thioethanolamide 109.

Having solved the problem of the synthesis of air-sensitive thiol 109, we
attempted to use it in conjunction with mesityl oxide the alumina-promoted conjugate
addition reaction (Scheme 77). This reaction proceeded in an unoptimized two-step yield
of 47%. This synthesis afforded multi-gram quantities of keto amide 111. It is important
to add that amide 111 also has significant water solubility. This makes this solid phase

procedure highly practical because the products are simply eluted off of the alumina and
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purified by column chromatography as necessary, without the need for aqueous
extraction. Moreover, it proceeds under neutral conditions in the absence of solvent.

These characteristics make this approach very attractive for large scale preparation.

Me
/
M Me neutral

alumina Me  Me Ir:li
+ — \/\
[ S
over
HO\/\N SH 2 steps 111
H

109

Scheme 77. Michael addition of thiol 109 onto mesityl oxide.

Having prepared amide 111, the formation of the N-acyl aminal was investigated.
Eight different sets of protic or Lewis acid-catalyzed conditions all failed to produce the
desired aminal 113 (Scheme 78). There was literature precedent for the formation of an
N-acyl aminal 5,7-ring system by acylating the oxygen (to afford 112) and then adding
excess base.® This protocol and variations thereof, led to aldol products, retro-Michael

reactions, or decomposition.
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Scheme 78. Attempted formation of aminal 113 under acidic and basic conditions.

Unable to directly form the desired aminal, we elected to investigate the
formation of the dimethyl acetal of the ketone in keto amide 111 and subsequent trans-
acetalization. Serendipitously, attempting to form the dimethyl acetal 114 using
trimethyl orthoformate and catalytic CSA in methanol resulted in formation of lactam

113 as the sole product in an unoptimized yield of 69% (Scheme 79).
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Scheme 79. Formation of aminal-containing o—thioglycolate lactam 113.

Having developed conditions to form the requisite N—acyl aminal of the second-
generation auxiliary, the formation of camphor-based aminal 102 from amide 103 was
revisited. Unfortunately but not surprisingly, these conditions did not lead to the
formation of the desired aminal 102. Rather, 103 was recovered, along with some of the
corresponding dimethyl acetal. The difficulty in the formation of aminal 102 is not
believed to be a demonstration of a lack of generality of our conditions for the formation
of aminals. It is believed that the absence of aminal formation is due to the steric
hindrance of the adjacent quaternary carbon. This should not affect our ability to form

auxiliaries, as we plan on avoiding systems with an adjacent quaternary centre.
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This research is now continuing with another student investigating the formation
of 5,7-bicylic thioglycolate lactam aminals using chiral amino alcohols to form
thioglycolate amides and acrolein as a Michael acceptor (Scheme 80). Progress in this
research will be reported in due course.

i X oS I
Ho X, * ¢y — H \ SH

2 HO

"
Z\b -— HO\iNj\/S\/\g/H

H
Scheme 80. Current investigation of the synthesis of chiral bicyclic thioglycolate lactam

aminals.

4.4 CONCLUSIONS

This Chapter described our development of a synthetic route to a model second-
generation auxiliary system. This synthetic pathway is three steps, including two that are
solvent free, and proceeds in an overall, unoptimized yield of 32%. This method should
be amenable to the rapid synthesis of a variety of auxiliaries, facilitating the rapid
discovery of an optimal system that will allow for the formation of a variety of
quaternary carbons in high diastereomeric excess. This auxiliary system also contains an
N-acyl aminal, which should unmask an ethanolamide moiety upon reaction with

aqueous acid. This ethanolamide functionality should promote N—O acyl transfer
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hydrolysis, thus bypassing the difficult hydrolysis of the a~quaternary amide adducts, the

second problem encountered in our first generation chiral auxiliary system.

"a) Evans, D.A.: Takacs, J.M. Tetrahedron Lett. 1980, 21, 4233; b) Evans D.A.; Dow,
R.L.; Shih, T.L.; Takacs, J.M.; Zahler, R. J. Am. Chem. Soc. 1990, 112, 5290; ¢) Sonnet,
P.E.; Heath, R.R. J. Org. Chem. 1980, 45, 3137.

* Myers, A.G.; Yang, B.H.; Chen, H.; McKinstry, L.; Kopecky, D.J., Gleason, J.L J. Am.
Chem. Soc. 1997, 118, 6496 and references cited therein. |

* The chemistry of Meyers’ chiral bicyclic lactams has been reviewed: a) Romo, D.;
Meyers, AL Tetrahedron 1991, 47, 9503; b) Groaning, M.D.; Meyers, A.l. Tetrahedron
2000, 56, 9843. More recent advances in this area have been reported: c) Meyers, A.L;
Downing, S.V.; Weiser, M.J. J. Org. Chem. 2001, 66, 1413.

* Oae, S.; Togo, H. Bull. Chem. Soc. Jpn. 1983, 56, 3802.

* a) Overman, L.E.; Larrow, J.F.; Stearns, B.A.; Vance, J.M. Angew. Chem. Int. Ed.
2000, 39, 213; b) Lemieux, R.M.; Meyeré, Al J. Am. Chem. Soc. 1998, 120, 5453.

® Ranu, B.C.; Bhar, S. Tetrahedron 1992, 48, 1327.

" a) Shroot, Braham; Hensby, Christopher; Maignan, Jean; Lang, Gerard; Colin, Michel.
EP 342115 Al (1989); b) Martin, H. US 3148126 (1964).

® Chodynski, M.; Grzeszczyk-Morzycka, B.; Morzycki, J.W.; Boncza-Tomaszewski, Z.:

Rodewald, W.J. Heterocycles 1985, 23, 2335.



CONTRIBUTIONS TO KNOWLEDGE

1. A model for a general method of stereoselective reductive generation of acyclic

o,0—disubstituted enolates and asymmetric quaternary carbon synthesis was developed.

2. Three series of chiral bicyclic a,0~disubstituted-o—thioglycolate lactams (based upon

one previously known and two previously unknown lactams) were prepared to test this

model.

3. Reduction of the chiral bicyclic o-thioglycolate lactams demonstrated that both E—
and Z-o,0-disubstituted amide enolates could be stereoselectively generated under
kinetic conditions. This is the first general method for stereoselective preparation of E—

and Z-o,0~-disubstituted amide enolates and constituted proof-of-principle of our

stereoselective reductive enolization method.

4. A general method of asymmetric quaternary carbon synthesis was developed.

Asymmetric alkylation of Z-o,a—disubstituted enolates led to quaternary carbons in high

diastereomeric excess.

5. Amide reduction was established as an effective means of isolation of quaternary

carbon adducts. New chiral, non-racemic neopentyl alcohols were synthesized.
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6. A rapid, inexpensive, modular synthesis of a model second-generation chiral auxiliary

was developed.

All research described in this thesis was carried out by Jeffrey Michael

Manthorpe, under the supervision of Professor James Gleason, except the molecular

modeling, which was performed by Professor James Gleason.
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CHAPTER FIVE

EXPERIMENTAL SECTION



General Experimental. All reagents were commercial materials and were used
without further purification with the following exceptions. Tetrahydrofuran and diethyl
ether were distilled from sodium benzophenone ketyl. Toluene, oxalyl chloride, dimethyl
sulfoxide, methylene chloride, diisopropyiamine, hexamethylphosphoramide and
tricthylamine were distilled from calcium hydride. Benzene-dg and toluene-d, were stored
over flame-activated 4A molecular sieves. n-Butyllithium was titrated with sec-butanol
in toluene using 2,2'-dipyridyl as an indicator. Alkylation and enolate trapping substrates
were dried via azeotropic removal of water using dry toluene. All Schlenk flasks and
lithium chloride were flame-dried under vacuum. Alkyl halides were filtered through
basic alumina immediately prior to addition. All reactions were conducted under argon.
Chromatography was conducted using 230-400 mesh silica gel. NMR spectra were
recorded at 270, 300, 400 or 500 MHz for 'H and 67.5, 75, 100, or 125 MHz for "*C.
Elemental analyses were performed Quantitative Technologies Inc., Whitehouse, NJ,
USA. High resolution mass spectrometry was performed by the Université de

Sherbrooke, Sherbrooke, QC, Canada or McGill University, Montréal, QC, Canada.
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Ethyl 5-((25)-2-(N-benzyloxycarbonyl)pyrrolidine)-3-thiapentanoate 45.

Q\lez
-”"—'\ }OEt
S

Methanesulfonyl chloride (0.184 mL, 2.39 mmol, 1.1 equiv.) was added dropwise
to a stirred solution of (25)-2-(2-(N-benzyloxycarbonyl)pyrrolidine)ethanol' 43 (0.540 g,
2.17 mmol, 1.0 equiv.) and triethylamine (0.400 mL, 2.87 mmol, 1.3 equiv.) in
dichloromethane (10 mL) at 0 °C. After 25 minutes, saturated ammonium chloride
solution (10 mL) was added and the layers were separated. The aqueous phase was
extracted with dichloromethane (3 x 20 mL). The combined organic phases were dried
over anhydrous sodium sulfate, filtered and concentrated in vacuo.

Ethyl thioglycolate (0.357 mL, 3.26 mmol, 1.5 equiv.) was added to a slurry of
sodium hydride (60% w/w in mineral oil, 0.174 g, 4.34 mmol, 2.0 equiv.) and the
mesylate prepared above in N, N-dimethylformamide (10 mL) at 23 °C. After stirring for
17 h, saturated ammonium chloride solution (10 mL) was added and the mixture was
extracted with diethyl ether (3 x 30 mL). The combined organic layers were dried over
anhydrous sodium sulfate, filtered and concentrated in vacuo. The residue was purified
by chromatography on silica gel eluting with 25% ethyl acetate in hexanes to afford the
ethyl 5-((25)-2-(N-benzyloxycarbonyl)pyrrolidine)-3-thiapentanoate 45 (0.560 g, 1.59
mmol, 73%) as a pale yellow oil. '"H NMR (CDCl,) 6 7.29-7.36 (m, 5H), 5.12-5.14 (m,
2H), 4.15-4.20 (m, 2H), 3.97 (m, 1H), 3.37-3.43 (m, 2H), 3.24 (m, 1H), 3.05 (m, 1H),
2.61-2.87 (m, 2H), 1.81-2.26 (m, 4H), 1.63-1.70 (m, 2H), 1.27 (t, 3H, J = 7.0 Hz); *C
NMR (C(Dy) 6 170.1, 155.0, 138.0, 128.7, 128.2, 66.8, 60.9, 57.2, 34.7, 24.4, 30.7, 29.7,

23.0, 14.2.
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(75)-1-Aza-4-thiabicyclo[5.3.0]-2-decanone 33 via deprotection of (2S)-N-

(benzyloxycarbonyl)-2-(3-thiapentanoate)-pyrrolidine 45 and ester amination.

EtOLi,
EtOH
NCbz BBrs, NH
_TFA _ ~
_\ }OEt ”_\ }OEt 45% over
S 2 steps

Boron tribromide in methylene chloride (1.0 M, 16.12 mL, 16.1 mmol, 4.0 equiv.)
was added to stirred trifluoroacetic acid (4.66 mL, 60.4 mmol, 15 equiv.) at 0 °C. After 3
minutes, the volatiles were removed in vacuo and a solution of (285)-N-
(benzyloxycarbonyl)-2-(3-thiapentanoate)-pyrrolidine 45 (1.418 g, 4.03 mmol, 1.0
equiv.) in trifluoroacetic acid (15 mL) was added via cannula. The mixture was stirred at
0 °C for | h, at which time methylene chloride (15 mL) and aqueous sodium hydroxide
solution (2 M, 125 mL) were sequentially added. The mixture was extracted with ethyl
acetate (3 x 25 mL) and the combined organic phases were dried over anhydrous sodium
sulfate, filtered and concentrated in vacuo. To the residue was added ethanol (absolute,
30 mL) and lithium (0.28 g, 40.3 mmol, 10.0 equiv.). The mixture was heated at reflux
for 18 h, cooled to room temperature, saturated aqueous sodium bicarbonate solution
(5 mL) was added and the mixture was concentrated in vacuo. The residue was
partitioned between saturated aqueous sodium bicarbonate solution (20 mL) and ethyl
acetate (50 mL). The phases were separated and the aqueous phase was extracted with
ethyl acetate (2 x 50 mL). The combined organic phases were dried over anhydrous
sodium sulfate, filtered and concentrated in vacuo. The residue was purified by

chromatography on silica gel eluting with 50%— 100% ethyl acetate in hexanes to afford
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(75)-1-Aza-4-thiabicyclo[5.3.0]-2-decanone 33 (0.308 g, 1.80 mmol, 45% over two
steps) as a white solid. '"H NMR (CDCL,) & 3.82 (m, 1H), 3.65 (m, 1H), 3.40-3.48 (m,
2H), 3.15 (dd, 1H, J = 1.8, 14.7 Hz), 2.92 (m, 1H), 2.78 (m, 1H), 2.22 (m, 1H), 2.04 (m,
1H), 1.67-1.92 (m, 4H); "C NMR (CDCl;)  171.2, 58.6, 47.0, 36.5, 36.0, 34.8, 33.1,

23.1.

(2S)-N-tert—butoxycarbonyl-2-ethenylpyrrollidine 47.

1. BocoO

NH 2. BHg'THF NBoc
oH —— Z
H 3. (COCly,, H
o DMSO; NEt;
4. PhgP=CH

71%

Di—tert-butyldicarbonate (10.4 g, 47.8 mmol, 1.1 equiv.) was added in several portions to
a stirred solution of (S)—proline (5.00 g, 43.4 mmol, 1.0 equiv.) in p—dioxane (85 mL) and
aqueous sodium hydroxide solution (0.5 M, 85 mL) at 23 °C. After | h, the solution was
concentrated in vacuo to approximately 50 mL, then acidified to pH 1 using aqueous
hydrochloric acid solution (6 M). The mixture was extracted with dichloromethane (3 x
30 mL). The combined organic phases were dried over anhydrous 'sodiun{ sulfate,
filtered and concentrated in vacuo.

Borane-tetrahydrofuran complex (1.0 M in tetrahydrofuran) was added to a stirred
solution of the protected amino acid prepared above in tetrahydrofuran (75 mL) at 0 °C.
The reaction was warmed to 23 °C and stirred for 3 h then coolea to 0 °C. 12 mL of
distilled water was added pipetwise, followed by 9.1 g of anhydrous potassium carbonate.

- The mixture was stirred for 30 minutes, transferred to a separatory funnel and the layers
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were separated. The aqueous phase was extracted with diethyl ether (2 x 25 mL). The
combined organic phases were dried over anhydrous sodium sulfate, filtered and
concentrated in vacuo.

Dimethy! sulfoxide (6.61 mL, 93.1 mmol, 2.2 equiv.) in methylene chloride
(20 mL) was added to a stirred solution of oxalyl chloride (4.52 mL, 50.8 mmol, 1.2
equiv.) in methylene chloride (150 mL) at =78 °C. After 20 minutes, the alcohol
prepared above was added via cannula as a solution in methylene chloride (45 mL).
After stirring for 75 minutes at 78 °C, triethylamine (23.6 mL, 169.3 mmol, 4.0 equiv.)
was added and the reaction was allowed to warm to 23 °C. The mixture was extracted
with aqueous hydrochloric acid solution (1 M, 2 x 100 mL), distilled water (4 x 100 mL),
and brine (2 x 100 mL). The organic phase was dried over anhydrous sodium sulfate,
filtered and concentrated in vacuo.

Sodium hexamethyldisilazide (1.0 M in tetrahydrofuran, 58.7 mL, 58.7 mmol, 1.4
equiv.) was added to a stirred suspension of methyl triphenylphosphonium bromide
(22.47 g, 62.90 mmol, 1.50 equiv.) in tetrahydrofuran (150 mL) at —78 °C. After 30
minutes, the mixture was warmed to 0 °C, stirred for 30 minutes, then cooled to -78 °C.
A solution of the aldehyde prepared above in tetrahydrofuran (30 mL) was added via
cannula. After I h, the mixture was warmed to 23 °C, stirred for 1 h, then diluted with
distilled water (100 mL) and diethyl ether (100 mL). The phases were separated and the
aqueous phase was washed with diethyl ether (2 x 100 mL). The combined organic
phases were dried over anhydrous sodium sulfate, filtered and concentrated in vacuo.
The residue was purified by chromatography on silica gel eluting with 5% ethyl acetate in

hexanes to afford the desired (25)-N-rert~butoxycarbonyl-2-ethenylpyrrollidine 47 as a

137



colourless oil (6.12 g, 31.0 mmol, 71% for 4 steps). 'H NMR & (C,D,CD,, 105 °C) 5.61
(m, 1H), 4.84-4.97 (m, 2H), 4.13 (m, 1H), 3.21-3.26 (m, 2H), 1.11-1.75 (m, 4H), 1.36 (s,
9H). *C NMR (C,DCD,, 105 °C) § 153.6, 139.5, 112.8, 78.0, 58.8, 46.1, 31.5, 28.2,

22.9.

(75)-1-Aza-4-thiabicyclo[5.3.0]-2-decanone 33 via peptide coupling.

1. cHxoBH;
H20o, NaOH
2. MsClI, NEt3

3. NaH,
NBoc MeO,CCH,SH
o - s

H 4. LiOH

5. TFA A
6. (COCl),, DMF

7. NEt3

47%

Borane-tetrahydrofuran complex (1.0 M in tetrahydrofuran, 131.8 mL, 131.8 mmol, 1.3
equiv.) was added to a stirred solution of cyclohexene (27.7 mL, 273.7 mmol, 2.7 equiv.)
in tetrahydrofuran (400 mL) at 0 °C. After 1.5h, a solution of (2S)-
N—tert-butoxycarbonyl-2-ethenylpyrrollidine (20.00 g, 101.4 mmol, 1.0 equiv.) in
tetrahydrofuran (150 mL) was added via cannula. After 10 minutes the reaction was to
23 °C and stirred for 1 h. The mixture was warmed to 35 °C and aqueous sodium
hydroxide solution (3 M, 60 mL) and 30% aqueous hydrogen peroxide (125 mL) were
added via pipette. The pH of the mixture was adjusted to pH 12 using 3 M aqueous
sodium hydroxide solution and the mixture was stirred at 35 °C for 1.5 h. After cooling
to 23 °C, the mixture was saturated with solid sodium chloride and diethyl ether
(300 mL) was added. After separating the layers, the aqueous phase was extracted with

diethyl ether (2 x 150 mL). The combined organic phases were dried over anhydrous
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sodium sulfate, filtered and concentrated. The residue was purified by chromatography
on silica eluting with 25% ethyl acetate in hexanes to afford the known 25)-2-(2-(N-tert-
butoxycarbonyl)pyrrolidine)ethanol’ as a colourless oil (20.14 g, 93.55 mmol, 92%).

Methanesulfonyl chloride (2.80 mL, 36.2 mmol, 1.2 equiv.) was added dropwise
to a stirred solution of (25)-2-(2-(N-tert-butoxycarbonyl)pyrrolidine )ethanol (6.50 g, 30.2
mmol, 1.0 equiv.) and triethylamine (5.47 mL, 39.2 mmol, 1.3 equiv.) in
dichloromethane (100 mL) at 0 °C. After 2 h, saturated ammonium chloride solution (50
mL) was added and the layers were separated. The aqueous phase was extracted with
dichloromethane (2 x 100 mL). The combined organic phases were dried over anhydrous
sodium sulfate, filtered and concentrated in vacuo.

Methyl thioglycolate (5.67 mL, 63.4 mmol, 2.1 equiv.) was added to a slurry of
sodium hydride (60% w/w in mineral oil, 0.242 g, 60.4 mmol, 2.0 equiv.) in
N,N—dimethylformamide (100 mL) at 23 °C. After 10 minutes, the mesylate prepared
above was added as a solution in N,N-dimethylformamide (50 mL) via cannula. After
stirring for 3.5 h, aqueous hydrochloric acid solution (0.2 M, 10 mL) was added and the
mixture was concentrated in vacuo. The residue was partitioned between water (100 mL)
and 2:1 diethyl ether:hexanes (150 mL). The layers were separated and the aqueous layer
was extracted with 2:] diethyl ether:hexanes (2 x 150 mL). The combined organic layers
were dried over anhydrous sodium sulfate, filtered and concentrated in vacuo. The
residue was purified by chromatography on silica gel eluting with 20% ethyl acetate in
hexanes to afford methyl 5-((25)-2-(N-benzyloxycarbonyl)pyrrolidine)-3-thiapentanoate
48 (7.75 g, 25.5 mmol, 85%). 'H NMR (C4DsCD;, 105 °C) 8 3.75 (m, 1H), 3.38 (s, 3H),

2.97-3.36 (m, 2H), 2.97 (AB, 2H, J = 17.3 Hz), 2.36-2.62 (m, 2H), 1.98 (m, 1H), 1.19-
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1.66 (m, SH), 1.42 (s, 9H). "C NMR (C,D,CD,, 105 °C) § 169.8, 154.0, 78.3, 56.5, 51.0,
46.2, 34.3, 33.2, 30.4, 29.5, 28.3, 23.3. HRFABMS m/z 304.1583 (M+H*, C,,H,,NO,S
requires 304.1581).

Methyl 5-((25)-2-(N-benzyloxycarbonyl)pyrrolidine)-3-thiapentanoate 48 (5.48 g,
18.1 mmol, 1.0 equiv.) was combined with lithium hydroxide monohydrate (1.52g,
36.2 mmol, 2.0 equiv.) in tetrahydrofuran (25 mL) and water (25 mL) at 23 °C. After
stirring for 5.5 h, the mixture was concentrated in vacuo and the residue was partitioned
between aqueous sodium hydroxide solution (0.5 M, 35 mL) and dichloromethane
(25 mL). The layers were separated and the aqueous phase was extracted with
dichloromethane (2 x 25 mL). The combined organic layers were extracted with aqueous
sodium hydroxide solution (0.2 M, 5 x 15 mL). The combined aqueous layers were
acidified to pH 2 by addition of aqueous hydrochloric acid solution (I M) and the
resulting solution was extracted with ethyl acetate (3 x 75 mL). Combined ethyl acetate
layers were dried over anhydrous sodium sulfate, filtered and concentrated in vacuo. The
residue was dissolved in trifluoroacetic acid (20 mL) at 23 °C. After stirring for 30 min,
the mixture was concentrated in vacuo.

A solution of the residue and triethylamine (5.04 mL, 36.3 mmol, 2.0 equiv.) in
dichloromethane (45 mL) was added over 10 h to a stirred solution of
hydroxybenzotriazole (3.18 g, 23.5 mmol, 1.3 equiv.) and 1-[3-(dimethylamino)propyl]}-
3-ethylcarbodiimide hydrochloride (4.51 g, 23.5 mmol, 1.3 equiv.) in dichloromethane
(15 mL) at 23 °C. After stirring for a total of 24 h, the sample was diluted with diethyl
ether (50 mL) and extracted sequentially with aqueous hydrochloric acid solution (0.2 M,

3 x 50 mL), saturated aqueous sodium bicarbonate solution (3 x 50 mL), and brine (1 x
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50 mL). The combined brine and sodium bicarbonate layers were extracted with
dichloromethane (1 x 50 mL). The combined aqueous hydrochloric acid layers were
extracted with dichloromethane (I x 50 mL). The combined organic layers were dried
over anhydrous sodium sulfate, filtered and concentrated in vacuo. The residue was
purified by chromatography on silica gel eluting with a gradient of 50% ethyl acetate in
hexanes to ethyl acetate to afford (75)-1-aza-4-thiabicyclo[5.3.0]-2-decanone 33 (1.92 g,
11.21 mmol, 62% for 3 steps) as a white solid. 'H NMR (CDCl,) & 3.82 (m, 1H), 3.65 (m,
1H), 3.40-3.48 (m, 2H), 3.15 (dd, 1H, J = 1.8, 14.7 Hz), 2.92 (m, 1H), 2.78 (m, 1H), 2.22
(m, 1H), 2.04 (m, 1H), 1.67-1.92 (m, 4H); "C NMR (CDCL,) § 171.2, 58.6, 47.0, 36.5,
36.0, 34.8, 33.1, 23.1. Anal. Calcd for C,H,;NOS: C, 56.10; H, 7.65; N, 8.18. Found: C,

56.26; H, 7.79; N, 7.98.

(75)-1-Aza-4-thiabicyclo[5.3.0]-2-decanone 33 via intramolecular amine acylation

with an acid chloride prepared from amino acid trifluoroacetate salt 49.

1. (COCl),, DMF

CF3C0,
NH, §7 7 COH 2277270 N&\
2. NEtg C‘\JS

H 60% H

Oxalyl chloride (0.332 mL, 3.80 mmol, 1.05 equiv.) was added to a stirred solution of
N,N-dimethylformamide (10% v/v in methylene chloride, 0.056 mL, 0.072 mmol,
0.02 equiv.) and amino acid trifluoroacetate salt 49 (prepared by the procedure above,
1.10 g, 3.62 mmol, 1.0 equiv.) in methylene chloride (30 mL). Gas evolution was
observed and the mixture was stirred at room temperature for 3.5 h and concentrated in

vacuo. The residue was diluted with methylene chloride (250 mL) and triethylamine
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(L.51 mL, 10.9 mmol, 3.0 equiv.) was added over 3 minutes. The mixture was stirred at
room temperature for 13.5 h, heated at reflux for two hours, cooled to room temperature
and extracted with aqueous hydrochloric acid solution (1 M, 3 x 40 mL). The organic
phase was dried over anhydrous sodium sulfate, filtered and concentrated in vacuo. The
residue was purified by chromatography on silica gel to afford (75)-1-Aza-4-
thiabicyclo[5.3.0]-2-decanone 33 (405 mg, 2.36 mmol, 65% (60% over 3 steps)) as an
off-white solid. '"H NMR (CDCl,) & 3.82 (m, 1H), 3.65 (m, 1H), 3.40-3.48 (m, 2H), 3.15
(dd,‘lH, J =18, 14.7 Hz), 2.92 (m, 1H), 2.78 (m, 1H), 2.22 (m, 1H), 2.04 (rﬁ, 1H), 1.67-

1.92 (m, 4H); "C NMR (CDCl,) § 171.2, 58.6, 47.0, 36.5, 36.0, 34.8, 33.1,23.1.

1-Aza-4-thiabicyclo[5.4.0]-2-undecanone 34.

1. Boc,O
2. MsCl, NEt;
3. HSCH,COsMe,
H NaH, DMF, 23°C 3\
- N
4. LiOH, THF/H-0 Q\j
5. HC|(g), Et,O H
OH 6. 2-chloro-N-methyl 34
pyridinium iodide 46% for 6 steps

Di-rert-butyl dicarbonate (2.66 g, 12.2 mmol, 1.05 equiv.) was added to a stirred solution
of +-2-(2-piperidine)ethanol (90%, technical grade, 1.50 g, 11.6 mmol, 1.0 equiv.) and
triethylamine (1.78 mL, 12.8 mmiol, 1.1 equiv.) in tetrahydrofuran at 23 °C. After stirring
for 3 h, 15 mL of 0.2 M aqueous hydrochloric acid solution was added and the mixture
was extracted with dichloromethane (3 x 30 mL). The combined organic layers were

dried over anhydrous sodium sulfate, filtered and concentrated in vacuo.
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The residue was dissolved in dichloromethane (15 mL) at O °C and triethylamine
(242 mL, 17.4 mmol, 1.5 equiv.) and methanesulfonyl chloride (0.813 mL, 16.3 mmol,
1.4 equiv.) were added sequentially. After stirring for 2.5 h, saturated ammonium
chloride solution (10 mL) was added and the mixture was extracted with dichloromethane
(3 x 10 mL). The combined organic layers were dried over anhydrous sodiuﬁl sulfate,
filtered and concentrated in vacuo. The residue was purified by chromatography on silica
gel eluting with 30% ethyl acetate in hexanes to provide the desired mesylate (2.91 g,
9.11 mmol, 87% for 2 steps based on 90% (w/w) purity of +-2-(2-piperidine)ethanol).

Methy! thioglycolate (1.71 mL, 19.1 mmol, 2.1 equiv.) was added to a slurry of
sodium hydride (60% w/w in mineral oil, 0.729 g, 18.2 mmol, 2.0 equiv.) in
N,N-dimethylformamide (40 mL) at 23 °C. After 10 minutes, the mesylate prepared
above was added as a solution in N,N-dimethylformamide (15 mL) via cannula. After
stirring for 3 h, aqueous hydrochloric acid solution (0.2 M, 10 mL) was added and the
mixture was concentrated in vacuo. The residue was partitioned between aqueous
sodium hydroxide solution (1.0 M, 20 mL) and diethyl ether (40 mL). The layers were
separated and the organic layer was extracted with aqueous sodium hydroxide solution
(1.0 M, IS5 mL). The combined aqueous layers were extracted with 2:1 diethyl
ether:hexanes (35 mL). The combined organic layers were dried over anhydrous sodium
sulfate, filtered and concentrated in vacuo. The residue was purified by chromatography
on silica gel eluting with 10% ethyl acetate in hexanes to afford the desired product
contaminated with disulfide byproducts and was used directly in the subsequent

lactamization process.
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The thioether was combined with lithium hydroxide monohydrate (0.765 g,
18.2 mmol, 2.0 equiv.) in tetrahydrofuran (25 mL) and water (25 mL) at 23 °C. After
stirring for 4 h, the mixture was concentrated in vacuo and the residue was partitioned
between aqueous sodium hydroxide solution (0.5 M, 35mL) and dichloromethane
(25 mL). The layers were separated and the aqueous phase was extracted with
dichloromethane (2 x 25 mL). The combined organic layers were extracted with aqueous
sodium hydroxide solution (0.2 M, 5 x 15 mL). The combined aqueous layers were
acidified to pH 1 by addition of aqueous sulfuric acid solution (6 M) and the resulting
solution was extracted with ethyl acetate (3 x 75 mL). Combined ethyl acetate layers
were dried over anhydrous sodium sulfate, filtered and concentrated in vacuo.

The residue was dissolved in diethyl ether (50 mL) at 23 °C. Hydrogen chloride
gas was bubbled through the solution for 2 h. The solvent was removed in vacuo and the
residue was combined with triethylamine (2.88 mL, 20.7 mmol, 3.0 equiv.) and 2-chloro-
N-methylpyridinium iodide (2.00 g, 7.82 mmol, 1.25 equiv.) in dichloromethane (80 mL)
at 23°C. After stirring at 23 °C for 16 h, the mixture was diluted with ethyl acetate
(150 mL) and extracted with aqueous hydrochloric acid solution (1 M, 3 x 15 mL). The
organic layer was dried over anhydrous sodium sulfate, filtered and concentrated in
vacuo. The residue was purified by chromatography on silica gel eluting with 50% ethyl
acetate‘in hexanes to afford 1-aza;4-thiabicyclo[5.4.0]-2-undecanone 34 (0.882 g,
4.76 mmol, 46% overall based on 90% (w/w) purity of +-2-(2-piperidine)ethanol) as a
white solid. 'H NMR (CDCl,) § 4.17 (d,,, 1H, J = 14.9 Hz), 3.96 (m, 1H), 3.72 (d, IH, J =

12.4 Hz), 3.09 (d, 1H, 12.4 Hz), 2.39-2.65 (m, 3H), 2.06 (m, 1H), 1.26-1.75 (m, 7H); '*C
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NMR (CDCl,) & 169.3, 53.0, 38.1, 33.4, 30.7, 28.9, 28.6, 24.0, 19.1. Anal. Calcd for

C,H;NOS: C, 58.34; H, 8.16; N, 7.56. Found: C, 58.67; H, 8.24; N, 7.50.
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Sample procedure for alkylation with alkyl halides:

R LDA, LiCl; [3
@ ! _ ReX N Rp
n e/)m '(”ym
mn=1,2
Ry = H, alkyl

Synthesis of (35,7S)-1-aza-3-benzyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone S1e via

alkylation of (3R,7S)-1-aza-3-benzyl-4-thiabicyclo[5.3.0]-2-decanone with methyl

LDA, LiCl; e
w Me—l M.
T e A0
THF, -78 °C

H H

iodide.

A solution of n-butyllithium in hexanes (2.51 M, 0.408 mL, 1.02 mmol, 1.10 equiv.) was
added to a slurry of diisopropylamine (0.150 mL, 1.07 mmol, 1.15 equiv.) and lithium
chloride (.197 g, 4.65 mmol, 5.0 equiv.) in tetrahydrofuran (8 mL) at -78 °C. After 30
minutes, a solution of (3R,7S)-1-aza-3-benzyl-4-thiabicyclo[5.3.0]-2-decanone (243 mg,
.930 mmol, 1.0 equiv.) in tetrahydrofuran (4 mL) was added via cannula. The resulting
mixture was stirred for 30 minutes, at which time, methyl iodide (64 pL, 1.04 mmol,
1.1 equiv.) was added dropwise. Stirring was continued for 2.5 h at -78 °C, until TLC
showed no reaction progress. Saturated aqueous ammonium chloride solution (5 mL)
was added and the resulting mixture was warmed to 23 °C and extracted with ethyl
acetate (3 x 20 mL). The combined organic layers were dried over anhydrous sodium
sulfate, filtered and concentrated. The residue was purified by chromatography on silica
gel eluting with 20% ethyl acetate in hexanes to afford (35,7S5)-1-aza-3-benzyl-3-methyl-

4-thiabicyclo[5.3.0]-2-decanone 51 (224 mg, .813 mmol, 88%) as a colourless oil. 'H
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NMR (CDCl,) § 7.35-7.38 (m, 2H), 7.10-7.21(m, 3H), 4.53 (m, 1H), 3.57 (d, 1H,J = 13.2
Hz), 3.40-3.53 (m, 2H), 2.82 (d, 1H, J = 13.2 Hz), 2.45 (m, 1H), 1.93-2.05 (m, 2H), 1.38-
1.77 (m, 8H); "C NMR (CDCl,) & 171.7, 138.1, 132.0, 127.6, 126.5, 55.8, 54.2, 49.1,
48.0, 33.8, 32.8, 28.0, 26.7, 21.7. Anal. Calcd for C,¢H,NOS: C, 69.78; H, 7.69: N, 5.09.
Found: C, 69.68; H, 7.64; N, 5.06. The product was determined to have >99% de by GC

analysis (Chirasil Dex column, He carrier gas, 14 psi, oven temperature = 200 °C, R, =

18.9 minutes (minor diastereomer), 19.7 minutes (major diastereomer)).

(3R,6S)-1-Aza-3-methyl-4-thiabicyclo[4.3.0]-2-nonanone.

e

O

The alkylation was carried out at =78 °C over 3 h using 1.15 equiv. of methyl iodide. The
reaction was purified by chromatography on silica gel eluting with 50% ethyl acetate in
hexanes to afford (3R,65)-1-aza-3-methyl-4-thiabicyclo[4.3.0]-2-nonanone as a
colourless oil in 88% yield. The product was determined to have 81% de by "C NMR
analysis: 'H NMR (CDCl,) 8 3.27 (m, IH), 2.88-3.01(m, 2H), 2.30 (m, 1H), 2.09 (m,
IH). 1.61 (m, 1H), 1.15-1.41 (m, 2H), 1.00 (m, 1H), 0.88 (d, 1H, J = 7.4 Hz); "C NMR
(CDCly) & 167.2,61.5, 46.2, 37.2, 33.7, 31.0, 21.8, 18.7. Anal. Caled for C;H,;NOS: C,

56.10; H, 7.65; N, 8.18. Found: C, 55.78; H, 7.73; N, 8.10.
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(3R,65)-1-Aza-3-propyl-4-thiabicyclo[4.3.0]-2-nonanone.

S

The alkylation was carried out at 40 “C over 3 h using 2.0 equiv. of n-propyl iodide. The
reaction was purified by chromatography on silica gel eluting with 40% ethyl acetate in
hexanes to afford (3R,6S)-1-aza-3-propyl-4-thiabicyclo[4.3.0]-2-nonanone as a pale
yellow solid in 84% yield. The product was determined to have 88% de by *C NMR
analysis: 'H NMR (CDCl,) § 3.59 (m, 1H), 3.14-3.27 (m, 2H), 2.53 (m, 1H), 2.27 (m,
1H), 1.86 (m, 1H), 1.56-1.72 (m, 2H), 1.06-1.48 (m, 5H), 0.57 (t, 3H, J = 7.4 Hz); ’C
NMR (CDCl,) 8 167.5, 60.8, 46.6, 43.1, 36.0, 33.9, 31.3, 22.0, 20.1, 13.7. Anal. Calcd

for C,,H,,NOS: C, 60.26; H, 8.60; N, 7.03. Found: C, 60.23; H, 8.43; N, 6.93.

(3R,65)-1-Aza-3-allyl-4-thiabicyclo[4.3.0]-2-nonanone.
Oﬁyv/
wuy S

The alkylation was carried out at =78 °C over 3 h using 1.15 equiv. of allyl bromide. The
reaction was purified by chromatography on silica gel eluting with 40% ethyl acetate in
hexanes to afford (3R,65)-1-aza-3-allyl-4-thiabicyclo[4.3.0]-2-nonanone as a pale yellow
solid in 88% yield. The product was determined to have 85% de by *C NMR analysis: 'H
NMR (CDCl,) 6 5.45 (m, 1H), 4.70-4.81(m, 2H), 3.47 (m, 1H), 3.13-3.28 (m, 2H), 2.43-
2.55 (m, 2H), 1.16-2.32 (m, 7H); "C NMR (CDCl,) § 166.5; 134.6, 117.6, 61.3, 46.6,
42.7, 37.8, 33.9, 31.1, 22.0. Anal. Calcd for C,(H,;NOS: C, 60.88; H, 7.66; N, 7.10.

Found: C, 60.51, H, 7.45, N, 7.10.
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(35,65)-1-Aza-3-methyl-3-propyl-4-thiabicyclo[4.3.0]-2-nonanone 50a.

Me
N “oongy
<;l-.,,, _S \—M e

The alkylation was carried out at 78 °C over 2 h using 1.2 equiv. of methyl iodide. The
reaction was purified by chromatography on silica gel eluting with 20% ethyl acetate in
hexanes to afford (3S,6S)-l-aza—3-methyl-3-propyl-4-thiabicyclo[4.3.0]—2-ﬁonanone 50a
as a colourless oil in 94% yield. '"H NMR (CDCl,) 8 3.50 (m, 1H), 3.16-3.21 (m, 2H),
2.27-2.63 (m, 2H), 1.81 (m, 1H), 0.96-1.66 (m, 7H), 1.08 (s, 3H), 0.55 (t, 3H, J = 7.1
Hz); "C NMR (CDCl,) § 170.7, 62.3, 48.1, 46.6, 44.6, 34.1, 30.2, 27.7, 22.1, 18.3, 14.3.
Anal. Calcd for C, H(NOS: C, 61.93; H, 8.98; N, 6.57. Found: C, 61.55; H, 9.03; N,
6.54. The product was determined to have 72% de by GC analysis (HP-5 column
(Crosslinked 5% Ph Me Siloxane), He carrier gas, 14 psi, oven temperature = 92 °C,

R, = 150.8 minutes (minor diastereomer), 153.6 minutes (major diastereomer)).

(3R,65)-1-Aza-3-methyl-3-propyl-4-thiabicyclo[4.3.0]-2-nonanone 50b.

i’/\Me

Ty S

The alkylation was carried out at =78 °C over 30 min then 0 °C over 1.25 h using
2.0 equiv. of n-propyl iodide. The reaction was purified by chromatography on silica gel
eluting with 20% ethyl acetate in hexanes to afford (3R,65)-1-aza-3-methyl-3-propyl-4-
thiabicyclo[4.3.0]-2-nonanone 50b as a colourless oil in 88% yield. 'H NMR (CDCly)

8 3.57 (m, 1H), 3.24-3.32 (m, 2H), 2.36-2.66 (m, 2H), 1.89 (m, 1H), 0.98-1.71 (m, 7H),
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1.29 (s, 3H), 0.62 (t, 3H, J = 6.6 Hz); "C NMR (CDCl,) § 170.6, 62.5, 48.9, 46.7, 43.4,
34.1,29.4,29.4,22.3, 18.4, 14.3. Anal. Calcd for C,,H,(NOS: C, 61.93; H, 8.98; N, 6.57.
Found: C, 61.70; H, 8.98; N, 6.41. The product was determined to have 72% de by GC
analysis (HP-5 column (Crosslinked 5% Ph Me Siloxane), He carrier gas, 14 psi, oven
temperature = 92 °C, R = 150.8 minutes (major diastereomer), 153.6 minutes (minor

diastereomer)).

(35,65)-1-Aza-3-methyl-3-allyl-4-thiabicyclo[4.3.0]-2-nonanone 50c.

MG
N —
O..,,,/s \—

The alkylation was carried out at =78 °C over 2 h using 1.2 equiv. of methyl iodide. The
reaction was purified by chromatography on silica gel eluting with 30% ethyl acetate in
hexanes to afford (3S,6S)-1-aza—3-vmethyl-3-allyl-4-thiabicyclo[4.3.0]-2-nonanone 50c as
a colourless oil in 91% yield. '"H NMR (CDCl,) & 5.47 (m, 1H), 4.67-4.75 (m, 2H), 3.46
(m, 1H), 3.05-3.20 (m, 2H), 2.23-2.44 (m, 3H), 2.02 (dd, 1H, J = 8.1, 13.6 Hz), 1.75 (m,
IH), 1.55 (m, 1H), 1.38 (m, 1H), 1.16 (m, IH), 1.02 (s, 3H); *C NMR (CDCl,) § 170.0,
133.9, 118.3, 62.3, 47.3, 46.6, 46.1, 34.0, 29.8, 27.0, 22.1. Anal. Calcd for C,,H;NOS: C,
62.52; H, 8.11: N, 6.63. Found: C, 62.39; H, 8.14; N, 6.62. The product was determined
to have 79% de by GC analysis (Chirasil Dex column, He carrier gas, 14 psi, oven
temperature = 170 °C, R,= 10.2 minutes (major diastereomer), 10.6 minutes (minor

diastereomer)).



(3R,6S)-1-Aza-3-methyl-3-allyl-4-thiabicyclo[4.3.0]-2-n0nanone 50d.
i
N 0
M
<:,":,'/S e

The alkylation was carried out at —78 °C over 3 h using 1.2 equiv. of allyl bromide. The
reaction was purified by chromatography on silica gel eluting with 35% ethyl acetate in
hexanes to afford (3R,65)-1-aza-3-methyl-3-allyl-4-thiabicyclo[4.3.0]-2-nonanone (4d) as
a colourless oil in 86% yield. '"H NMR (CDCly) 8 5.50 (m, 1H), 4.82-4.86 (m, 2H), 3.54
(m, 1H), 3.16-3.28 (m, 2H), 2.33-2.69 (m, 3H), 2.13 (dd, 1H, J = 7.4, 14.0 Hz), 1.85 (m,
1H), 1.65 (m, 1H), 1.48 (m, 1H), 1.25 (s, 3H), 1.23 (m, H); *C NMR (CDCl,) § 170.0,
133.5, 118.5, 62.3, 46.6, 45.1, 34.1, 29.4, 28.4, 22.2. Anal. Calcd for C,,H,NOS: C,
62.52; H, 8.11; N, 6.63. Found: C, 62.43; H, 8.14: N, 6.57. The product was determined
to have 78% de by GC analysis (Chirasil Dex column, He carrier gas, 14 psi, oven
temperature = 170 °C, R,= 10.2 minutes (minor diastereomer), 10.6 minutes (major

diastereomer)).
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(3R,7S)-1-Aza-3-methyl-4-thiabicyclo[5.3.0]-2-decanone.

The alkylation was carried out at —78 °C over 2 h using 1.2 equiv. of methyl iodide. The
reaction was purified by chromatography on silica gel eluting with 50% ethyl acetate in
hexanes to afford (3R,7S)-1-aza-3-methyl-4-thiabicyclo[5.3.0]-2-decanone as a white
solid in 86% yield. The product was determined to have 93% de by *C NMR analysis:
'H NMR (CDCl,) 8 4.0 (m, 1H), 3.32-3.58 (m, 3H), 2.84 (m, 1H), 2.49 (m, 1H), 2.04 (m,
1H), 1.51-1.92 (m, 5H), 1.46 (d, 3H, J = 7.7 Hz); "C NMR (CDCl,) § 172.2, 56.2, 48.6,
43.2,35.6, 34.5, 26.6, 22.2, 16.8. Anal. Calcd for C;H ;NOS: C, 58.34; H, 8.16; N, 7.56.

Found: C, 58.37; H, 8.18; N, 7.40.

(3R,7S)-1-Aza-3-benzyl-4-thiabicyclo[5.3.0]-2-decanone 53.

.9,
H
The alkylation was carried out at =78 °C over 3 h using 1.2 equiv. of benzyl bromide.
The reaction was purified by chromatography on silica gel eluting with 40% ethyl acetate
in hexanes to afford (3R,75)-1-aza-3-benzyl-4-thiabicyclo[5.3.0]-2-decanone 53 as a
white solid in 90% yield. The product was determined to have >95% de by 'H NMR
analysis: 'H NMR (CDCl,) 8 7.26-7.17 (m, 5H), 4.07 (m, 1H), 3.88 (m, 1H), 3.42-3.45
(m, 2H), 2.89 (m, 1H), 2.55 (m, 1H), 1.59-2.03 (m, 8H); "C NMR (CDCl,) § 170.4,

137.9, 129.4, 128.6, 127.1. 55.8, 50.8, 48.5, 36.9, 35.3, 33.9, 26.9, 22.1. Anal. Calcd for
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C,sH,,NOS: C, 68.93; H, 7.33; N, 5.36. Found: C, 68.83; H, 7.42; N, 5.07.

(3R,7S)-1-Aza-3-ethyl-4-thiabicyclo[5.3.0]-2-decanone.

&\(Me
g
H
The alkylation was carried out at —40 °C over 3 h using 2.0 equiv. of ethyl iodide. The
reaction was purified by chromatography on silica gel eluting with 40% ethyl acetate in
hexanes to afford (3R,7S)-1-aza-3-ethyl-4-thiabicyclo[5.3.0]-2-decanone as a colourless
oil in 80% yield. The product was determined to have 87% de by '*C NMR analysis: 'H
NMR (CDCl,) 6 3.92 (m, 1H), 3.18-3.41 (m, 3H), 2.76 (m, 1H), 2.36 (ddd, 1H, J = 3.8,
6.3, 14.8 Hz), 1.46-2.03 (m, 8H), 0.84 (1, 3H, J = 7.1 Hz); °C NMR (CDCl,) 8 171.7,

56.1,50.7, 48.5, 36.0, 34.5, 26.1, 23.0, 22.2, 12.2. Anal. Calcd for C,,H,,NOS: C, 60.26;

H, 8.60; N, 7.03. Found: C, 60.02; H, 8.69; N, 6.71.

(3R,7S)-1-Aza-3-propyl-4-thiabicyclo[5.3.0]-2-decanone.

.,
H
The alkylation was carried out at =40 °C over 3 h using 2.0 equiv. of n-propyl! iodide.
The reaction was purified by chromatography on silica gel eluting with 30% ethyl acetate
in hexanes to afford (3R,7S5)-1-aza-3-ethyl-4-thiabicyclo[5.3.0]-2-decanone as a

colourless oil in 76% yield. The product was determined to have 88% de by 'H NMR

analysis: 'H NMR (CDCl,) 6 3.90 (m, 1H), 3.21-3.40 (m, 3H), 2.75 (m, 1H), 2.34 (ddd,
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1H, J =38, 6.3, 14.8 Hz), 1.97 (m, 1H), 1.08-1.83 (m, 9H), 0.73 (t, 3H, J = 7.4 Hz); °C
NMR (CDClL,) 6 171.8, 56.1, 48.7, 48.5, 36.0, 34.5, 26.2, 22.2, 20.7, 13.8. Anal. Calcd

for C,\H,,NOS: C, 61.93; H, 8.98; N, 6.57. Found: C, 62.05; H, 8.90; N, 6.47.

(3R,75)-1-Aza-3-allyl-4-thiabicyclo[5.3.0]-2-decanone.
e
.,
H

The alkylation was carried out at =78 °C over 3 h using 1.2 equiv. of benzyl bromide.
The reaction was purified by chromatography on silica gel eluting with 40% ethyl acetate
in hexanes to afford (3R.7S5)- 1-aza-3-allyl-4-thiabicyclo[5.3.0]-2-decanone as a colourless
oil in 86% yield. The product was determined to have 85% de by *C NMR analysis: 'H
NMR (CDCl,) 6 5.82 (m, 1H), 5.09-5.19 (m, 2H), 4.19 (m, 1H), 3.49-3.67 (m, 3H), 2.59-
3.01 (m, 4H), 2.02 (m, 1H), 1.70-1.87 (m, 5H); ""C NMR (CDCl,) § 170.8, 134.4, 117.6,
56.1, 48.5, 48.5, 35.7, 34.6, 34.4, 26.5, 22.2. Anal. Calcd for C,,H,;NOS: C, 62.52; H,

8.11; N, 6.63. Found: C, 62.61; H, 8.25; N, 6.32.

(3R,7S)-1-Aza-3-butyl-4-thiabicyclo[5.3.0)-2-decanone.

-3

The alkylation was carried out at 40 °C over 3 h, 15 minutes using 2.0 equiv. of n-butyl

iodide. The reaction was purified by chromatography on silica gel eluting with 30%
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ethyl acetate in hexanes to afford (3R,7S)-1-aza-3-butyl-4-thiabicyclo[5.3.0]-2-decanone
as a colourless oil in 80% yield. The product was determined to have 94% de by "*C
NMR analysis: '"H NMR (CDCl;) 34.14 (m, 1H), 3.48-3.61 (m, 3H), 2.95 (ddd, IH,
J=3.7,9.5, 15.0 Hz) 2.58 (ddd, 1H, J =3.7, 6.7, 15.0 Hz), 2.18 (m, 1H), 1.69-2.05 (m,
7H), 1.30-1.54 (m, 4H), 0.91 (t, 3H, J = 7.2 Hz); "C NMR (CDCl,) 8 171.7, 56.1, 49.0,

48.4,36.0,34.5,29.6,29.4,26.2,22.3,22.2, 14.0.

(35,75)-1-Aza-3-methyl-3-propyl-4-thiabicyclo[5.3.0]-2-decanone 51a.

H

The alkylation was carried out at =78 °C over 4 h using 1.2 equiv. of methyl iodide. The
reaction was purified by chromatography on silica gel eluting with 35% ethyl acetate in
hexanes to afford (3S,75)-1-aza-3-methyl-3-propyl-4-thiabicyclo[5.3.0]-2-decanone Sla
as a colourless oil in 90% yield. '"H NMR (CDCI;) 8 4.50 (m, 1H), 3.42-3.59 (m, 2H),
2.83 (m, 1H), 2.62 (m, 1H), 1.99-2.16 (m, 2H), 1.41-1.84 (m, 8H), 1.48 (s, 3H), 0.90 (t,
3H, J = 7.2 Hz); "C NMR (CDCl,) 8 172.1, 65.4, 56.0, 48.7, 45.8, 34.2, 32.9, 28.6, 26 4,
21.8, 18.5, 14.7. Anal. Calcd for C,H, NOS: C, 63.39; H, 9.31; N, 6.16. Found: C,
63.67; H, 9.32; N, 6.07. The product was determined to have 90% de by GC analysis
(Chirasil Dex column, He carrier gas, 14 psi, oven temperatﬁre = 170°C, R,= 14.1

minutes (minor diastereomer), 14.9 minutes (major diastereomer)).
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(3R,7S)-1-Aza-3-methyl-3-propyl-4-thiabicyclo[5.3.0}-2-decanone 51b.

H
The alkylation was carried out at 0 °C over 4.5 h using 2.0 equiv. of n-propyl iodide. The
reaction was purified by chromatography on silica gel eluting with 35% ethyl acetate in
hexanes to afford (3R,75)-1-aza-3-methyl-3-propyl-4-thiabicyclo[5.3.0]-2-decanone 51b
as a white solid in 90% yield. 'H NMR (CDCl,) & 4.25 (m, 1H), 3.43-3.48 (m, 2H), 2.87
(ddd, 1H, J=4.7,7.4, 14.9 Hz), 2.52 (ddd, 1H, J = 4.7, 7.4, 14.9 Hz), 2.07 (m, 1H), 1.54-
1.94 (m, 7H), 1.14-1.47 (m, 2H), 1.40 (s, 3H), 0.82 (t, 3H, J = 7.3 Hz); "C NMR (CDCl,)
0 172.5,56.1, 51.7, 49.0, 40.4, 35.1, 33.9, 27.6, 27.5, 21.8, 18.0, 14.4. Anal. Calcd for
C,H;NOS: C, 63.39; H, 9.31; N, 6.16. Found: C, 63.38; H, 9.25; 6.08. The product was
determined to have 90% de by GC analysis (Chirasil Dex column, He carrier gas, 14 psi,
oven temperature = 170 °C, R;= 14.1 minutes (major diastereomer), 14.9 minutes

(minor diastereomer)).

(35,75)-1-Aza-3-allyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone 51c.

The alkylation was carried out at —78 °C over 3.5 h using 1.2 equiv. of methyl iodide.
The reaction was purified by chromatography on silica gel eluting with 40% ethy} acetate

in hexanes to afford (35.7S)-1-aza-3-allyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone 51¢
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as a colourless oil in 85% yield. The product was determined to have 95% de by GC
analysis: '"H NMR (CDCl,) 8 5.95 (m,‘ 1H), 5.04-5.13 (m, 2H), 4.43 (m, 1H), 3.48-3.54
(m, 2H), 2.78-2.87 (m, 2H), 2.63 (m, 1H), 2.42 (dd, iH, J=7.8,13.1 Hz), 2.12 (m, 1H),
1.61- 1.86 (m, 5H) 1.49 (s, 3H); "C NMR (CDCl,) §172.1, 135.2, 118.4, 56.2, 51.8,
49.0, 47.0, 34.7, 33.5, 28.4, 25.1, 21.8. Anal. Calcd for C,,H,(NOS: C, 63.96; H, 8.50; N,
6.22. Found: C,63.85; H, 8.47; N, 6.09. The product was determined to have 95% de by
chiral GC analysis (Chirasil Dex column, He carrier gas, 14 psi, oven temperature =

170 °C, R,= 14.7 minutes (major diastereomer), 15.5 minutes (minor diastereomer)).

(3R,75)-1-Aza-3-allyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone 51d.

The alkylation was carried out at =78 “C over 2 h using 1.1 equiv. of allyl bromide. The
reaction was purified by chromatography on silica gel eluting with 40% ethyl acetate in
hexanes to afford (3R,75)-1-aza-3-allyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone 51d as
a white solid in 96% yield. The product was determined to have 87% de by chiral GC
analysis: 'H NMR (CDCl,) 8 5.70 (m, 1H), 5.00-5.07 (m, 2H), 4.29 (m, 1H), 3.45-3.48
(m, 2H), 2.40-2.95 (m, 4H), 2.09 (m, 1H), 1.58-1.91(m, 5H), 1.44 (s, 3H); "C NMR
(CDCIL) 8 172.0, 132.9, 118.7, 56.4, 51.3,49.2, 42.4, 35.1, 34.1, 27.8, 27.8, 21.9. Anal.
Calcd for C,H(NOS: C, 63.96; H, 8.50; N, 6.22. Found: C, 63.85; H, 8.47; N, 6.09.
The product was determined to have 87% de by GC analysis (Chirasil Dex column, He

carrier gas, 14 psi, oven temperature = 170 °C, R = 14.7 minutes (minor diastereomer),
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15.5 minutes (major diastereomer)).

(3R,7S)-1-Aza-3-benzyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone 51f.

H

The alkylation was carried out at —=78 °C over 2.5 h using 1.3 equiv. of benzyl bromide.
The reaction was purified by chromatography on silica gel eluting with 20% ethyl acetate
in hexanes to afford (3R,75)-1-aza-3-benzyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone
51f as a white solid in 91% yield. '"H NMR (CDCl,) 8 7.11-7.19 (m, 5H), 3.88 (m, 1H),
3.50 (m, 1H), 3.32 (m, 1H), 2.97 (AB, 2H, J = 13.5 Hz), 2.80 (m, 1H), 2.59 (m, 1H),
1.49-1.62 (m, 6H), 1.58 (s, 3H); "C NMR (CDCl,) 8 171.1, 136.9, 130.5, 128.0, 127.1,
55.3,54.9,48.9, 46.4, 34.0, 32.5, 30.6, 27.3, 21.7. Anal. Calcd for C,;H, NOS: C, 69.78;
H, 7.69; N, 5.09. Found: C, 69.68; H, 7.69; N, 4.97. The product was determined to have
>99% de by GC analysis (Chirasil Dex column, He carrier gas, 14 psi, oven temperature
=200 °C, R,= 18.9 minutes (major diastereomer), 19.7 minutes (minor diastereomer)).
(3R,7S5)-1-aza-3-benzyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone 51f was recrystallized
from toluene at room temperature via passive evapouration of solvent. The resulting

crystal was analyzed by X-ray crystallography (see Appendix).
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(38,75)-1-Aza-3-ethyl-3-propyl-4-thiabicyclo[5.3.0]-2-decanone 51g.

Me

-

The alkylation was carried out at =78 °C over 6 h using 2.0 equiv. of ethyl iodide. The
reaction was purified by chromatography on silica gel eluting with 25% ethyl acetate in
hexanes to afford (3S,75)-1-aza-3-ethyl-3-propyl-4-thiabicyclo[5.3.0]-2-decanone 51g as
a colourless oil in 76% yield. '"H NMR (CDCl,) & 4.50 (m, 1H), 3.37-3.51 (m, 2H), 2.76
(m, 1H), 2.54 (m, 1H), 1.81-2.04 (m, 3H), 1.35-1.74 (m, 9H), 0.83 (t, H, J = 7.4 Hz), 0.85
(t, 3H, J = 7.3 Hz); "C NMR (CDCl,) 8 171.0, 58.0, 55.6, 48.6, 42.5, 33.9, 32.7, 31.7,
28.0, 21.6, 18.2, 14.8, 9.5. Anal. Calcd for C,;H,,NOS: C, 64.68; H, 9.60; N, 5.80.
Found: C, 64.67; H, 9.35; N, 5.41. The product was determined to have 88% de by GC
analysis (Chirasil Dex column, He carrier gas, 14 psi, oven temperature = 170 °C, R =

15.7 minutes (minor diastereomer), 16.3 minutes (major diastereomer)).

(3R,7S)-1-Aza-3-ethyl-3-propyl-4-thiabicyclo[5.3.0]-2-decanone 51h.

The alkylation was carried out at =78 °C over 6 h using 2.0 equiv. of n-propyl iodide.
The reaction was purified by chromatography on silica gel eluting with 25% ethyl acetate
in hexanes to afford 3-(R)-7-(S)-1-aza-3-ethyl-3-propyl-4-thiabicyclo[5.3.0]-2-decanone

51h as a colourless oil in 76% yield. 'H NMR (CDCl,) 6 4.48 (m, 1H), 3.32-3.47 (m,
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2H), 2.72 (m, 1H), 2.53 (m, 1H), 1.96-2.01 (m, 2H), 1.54-1.72 (m, 8H), 1.18-1.25 (m,
2H), 0.87 (t, 3H, J = 7.0 Hz), 0.75 (t, 3H, J = 7.1 Hz); "C NMR (CDCl,) § 171.0, 58.0,
55.6,48.5, 40.9, 33.9, 33.4, 32.6, 28.0, 21.6, 18.2, 14.6, 9.5. Anal. Calcd for C,;H,,NOS:
C, 64.68; H, 9.60; N, 5.80. Found: C, 64.47; H, 9.61; N, 5.67. The product was
determined to have 94% de by GC analysis (Chirasil Dex column, He carrier gas, 14 psi,
oven temperature = 170 °C, R, = 15.7 minutes (major diastereomer), 16.3 minutes (minor

diastereomer)).

(38,78 )-1-Aza-3-butyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone S1i.

s

H
The alkylation was carried out at —78 °C over 3 h using 1.1 equiv. of methyl iodide. The
reaction was purified by chromatography on silica gel eluting with 10% ethyl acetate in
hexanes to afford (3S,75)-1-aza-3-butyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone 51i as
a colourless oil in 86% yield. 'H NMR (CDCl,) § 4.52 (m, 1H), 3.46-3.60 (m, 2H), 2.86
(m, 1H), 2.65 (m, 1H), 1.20-2.17 (m, 10H), 1.5‘0 (s, 3H), 0.90 (dt, J = 1.8, 7.3 Hz); "’C
NMR (CDCl,) 8 171.7, 55.5, 52.5, 48.3, 42.9, 33.8, 32.5, 28.2, 27.0, 25.9, 23.0, 21.3,
13.9. The product was determined to have 98% de by GC analysis after chromatography
and 93% de by GC analysis before chromatography (Chirasil Dex column, He carrier gas,
14 psi, oven temperature = 180 °C, R,= 12.! minutes (minor diastereomer), 12.9

minutes (major diastereomer)).
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(35,7S5)-1-Aza-3-ethyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone 51j.

The alkylation was carried out at 78 °C over 3 h using 1.1 equiv. of methyl iodide. The
reaction was purified by chromatography on silica gel eluting with 20% ethyl acetate in
hexanes to afford (35,75)-1-aza-3-ethyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone as a
colourless oil in 89% yield. '"H NMR (CDCl,) 8 4.52 (m, 1H), 3.44-3.59 (m, 2H), 2.84
(m, 1H), 2.63 (m, 1H), 2.08-2.17 (m, 2H), 1.73-1.83 (m, 4H), 1.58-1.71 (m, 2H) 1.48 (s,
3H), 1.02 (t, 3H, J = 7.3 Hz); ’C NMR (CDCl,) § 171.7, 55.7, 53.2, 48.4, 35.8, 33.9,
32.6, 28.3,25.8, 21.5,9.5. The product was determined to have 90% de by GC analysis
(Chirasil Dex column, He carrier gas, 14 psi, oven temperature = 170 °C, R,= 15.7

minutes (minor diastereomer), 16.3 minutes (major diastereomer)).

(3R*,78%*)-1-Aza-3-methyl-4-thiabicyclo[5.4.0]-2-undecanone.

sl

H
The alkylation was carried out at =78 “C over 3 h using 1.1 equiv. of methyl iodide. The
reaction was purified by chromatography on silica gel eluting with 30% ethyl acetate in
hexanes to afford (3R*,75%)-1-aza-3-methyl-4-thiabicyclo[5.4.0]-2-undecanone as a
white solid in 95% yield. The product was determined to have 87% de by ''C NMR

analysis: 'H NMR (CDCI3) 8 4.27 (m, 1H), 3.90-3.97 (m, 2H), 2.61-2.70 (m, 2H), 2.44
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(m, 1H), 2.10 (m, 1H), 1.23-1.71 (m, 7H), 1.41 (d, 1H, J = 7.3 Hz); "C NMR (CDCl,)
8 170.5, 52.3, 42.6, 40.1, 29.6, 28.9, 28.2, 24.8, 20.6, 19.0. Anal. Calcd for C,(H ;NOS:

C, 60.26; H, 8.60; N, 7.03. Found: C, 60.16; H, 8.52; N, 6.89.

(3R*,75%*)-1-Aza-3-propyl-4-thiabicyclo[5.4.0]-2-undecanone.
Me

el

H
The alkylation was carried out at 40 °C over 2.25 h and 0 °C over 1.5 h using 2.0 equiv.
of n-propyl iodide. The reaction was purified by chromatography on silica gel eluting
with 30% ethyl acetate in hexanes to afford (3R*,75%)-1-aza-3-propyl-4-
thiabicyclo[5.4.0]-2-undecanone as a colourless o0il in 95% yield. The product was
determined to have 68% de by "C NMR analysis: 'H NMR (CDCl,) 8 4.39 (m, 1H), 4.11
(m, 1H), 3.87 (dd, 1H, J = 6.8, 9.0 Hz), 2.64 (m, 1H), 2.31-2.53 (m, 2H), 2.09 (m, 1H),
1.88 (m, 1H), 1.53-1.73 (m, 5H), 1.21-1.48 (m, 5H), 0.83 (t, 3H, J = 7.5 Hz); "C NMR
(CDCl,) 6 170.2, 51.5, 49.3, 39.5, 36.2, 29.4, 28.5, 28.2, 24.9, 21.5, 20.2, 14.0. Anal.

Caled for C,H,,NOS: C, 63.39; H, 9.31; N, 6.16. Found: C, 63.43; H, 9.28; N, 5.99.
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(3R*,75%)-1-Aza-3-propyl-4-thiabicyclo[5.4.0]-2-undecanone 54.

L
H

The alkylation was carried out at =78 °C over 6 h and overnight at 23 °C using 1.1 equiv.
of benzyl bromide. The reaction was purified by chromatography on silica gel eluting
with 10%—20%—30% ethyl acetate in hexanes to afford (3R*,75%)-1-aza-3-benzyl-4-
thiabicyclo[5.4.0]-2-undecanone 54 as a colourless oil in 80% yield. The product was
determined to have >95% de by *C NMR analysis: '"H NMR (CDCl,) 8 7.19-7.32 (m,
SH), 4.51 (m, 1H), 4.29 (m, 1H), 4.18 (m, 1H), 3.34 (ddAB, 1H, J = 1.6, 9.5, 13.8 Hz),
3.08 (ddAB, J = 1.6, 9.4, 13.8 Hz), 2.50-2.78 (m, 3H), 2.19 (m, 1H), 1.35-1.84 (m, 7H);
“C NMR (CDCl,) & 168.9, 138.5, 128.8, 126.6, 51.5, 50.1, 39.4, 39.2, 28.8, 28.2, 28.7,

24.5,19.9.

(35*,75%*)-1-Aza-3-methyl-3-propyl-4-thiabicyclo[5.4.0]-2-undecanone 52a.

i

H
The alkylation was carried out at —40 °C over 21 h using 2.0 equiv. of n-propyl iodide.
The reaction was purified by chromatography on silica gel eluting with 10% ethy! acetate
in hexanes to afford (3S*,7S*)-1-aza-3-methyl-3-propyl—4-thia5icyclo[5.4.0]-2-
undecanone 52a as a colourless oil in 81% yield. The product was determined to have

62% de by ""C NMR analysis: 'H NMR (CDCl,) 6 4.67 (m, 1H), 4.23 (d,,, lH, J = 12.6
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Hz), 2.64 (dd, 1H, J = 6.4, 15.1 Hz), 2.19-2.40 (m, 2H), 2.02 (dt, 1H, J = 5.2, 12.6 Hz),
1.08-1.88 (m, 11H), 1.42(s, 3H), 0.77 (t, 3H, J = 7.2 Hz); "C NMR (CDCl,) § 171.9,
53.2, 51.4, 46.9, 38.9, 29.7, 28.4, 28.0, 27.1, 24.8, 19.9, 18.1, 14.6. Anal. Calcd for

C,;H;NOS: C, 64.68; H, 9.60; N, 5.80. Found: C, 64.66; H,9.43; N, 5.81.

(3R*,75*)-1-Aza-3-methyl-3-propyl-4-thiabicyclo[5.4.0]-2-undecanone 52b.

e

H

The alkylation was carried out at —=78 °C over 3 h using 1.1 equiv. of methy! iodide. The
reaction was purified by chromatography on silica gel eluting with 10% ethyl acetate in
hexanes to afford (3R*,75%)-1-aza-3-methyl-3-propyl-4-thiabicyclo[5.4.0]-2-undecanone
52b as a colourless oil in 81% yield. The product was determined to have 50% de by "*C
NMR analysis: '"H NMR (CDCl,) 8 4.79 (m, 1H), 4.38 (m, 1H), 2.78 (dd, 1H, J = 5.9,
15.2 Hz), 2.46-2.55 (m, 2H), 2.17 (m, 1H), 1.97 (m, 1H), 1.24-1.83 (m, 10H), 1.56 (s,
3H), 0.92 (t, 3H, J = 7.4 Hz); *C NMR (CDCl,) § 172.3, 53.5, 51.6, 47.2, 39.2, 29.9,
28.6,28.3,27.4, 251, 20.2, 18.3, 14.8. Anal. Calcd for C,;H,,NOS: C, 64.68; H, 9.60; N,

5.80. Found: C, 64.62; H,9.23; N, 5.76.

164



(35%,75*)-1-Aza-3-benzyl-3-methyl-4-thiabicyclo[5.4.0]-2-undecanone 52e.

s

H

The alkylation was carried out at =78 °C over 6 h and overnight at 23 °C using 1.1 equiv.
of benzyl bromide. The reaction was purified by chromatography on silica gel eluting
with 10% ethyl acetate in hexanes to afford (35*,75%)-1-aza-3-benzyl-3-methyl-4-

thiabicyclo[5.4.0]-2-undecanone 52e as a white solid in 31% yield. The product was
determined to have >95% de by '*C NMR analysis: '"H NMR (CDCl,) § 7.19-7.44 (m,
5H), 4.89 (m, IH), 441 (m, 1H), 3.36 (AB, 1H, /=134 Hz),' 3.16 (AB, IH,
J=13.4Hz), 2.68 (dd, J = 6.5, 15.2 Hz), 2.55 (m, 1H), 2.26 (m, 1H), 2.15 (m, 1H),
1.22-1.84 (m, 7H), 1.59 (.s, 3H); "C NMR (CDCl,) § 172.1, 137.8, 132.1, 127.2, 126.2,
53.3,51.4,48.6, 39.2, 29.2, 28.3, 27.8, 26.5, 24.6, 19.8. Anal. Calcd for C,;H,,NOS: C,

70.54; H, 8.01; N, 4.84. Found: C,70.22; H, 8.17; N, 4.75.

(3R*,75%)-1-Aza-3-benzyl-3-methyl-4-thiabicyclo[5.4.0]-2-undecanone 52f.

H

The alkylation was carried out at —78 °C over 6 h and overnight at 23 °C using 1.1 equiv.
of benzyl bromide. The reaction was purified by chromatography on silica gel eluting

with 10% ethyl acetate in hexanes to afford (3R*,75%)-1-aza-3-benzyl-3-methyl-4-
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thiabicyclo[5.4.0]-2-undecanone 52f as a colourless oil in 38% yield. The product was
determined to have >95% de by ’C NMR analysis: '"H NMR (CDCl,) 8 7.21-7.29 (m,
5H), 4.86 (m, 1H), 4.38 (m, 1H), 3.28 (AB, 1H, J=13.8 Hz), 3.08 (AB, IH,
J=13.8 Hz), 2.81 (dd, J = 6.5, 15.2 Hz), 2.51-2.59 (m, 2H), 2.18 (dt, 1H, J=5.1, 12.3
Hz), 1.25-1.85 (m, 7H), 1.52 (s, 3H); '*C NMR (CDCl,) § 171.0, 136.5, 130.2, 127.9,
126.8, 54.0, 51.7, 46.3, 39.2, 30.7, 28.5, 27.9, 26.5, 24.8, 19.7. Anal. Calcd for

C,;H,;NOS: C, 70.54; H, 8.01; N, 4.84. Found: C,70.67; H, 8.13; N, 4.71.
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Preparation of Lithium 4,4"-di-fert-butylbiphenylide.

TR [> \_/ }_.“J'

Lithium (0.172 g, 24.8 mmol, 1.1 equiv.) was pressed into thin sheets, rinsed in hexanes,

tetrahydrofuran, methanol, and tetrahydrofuran and then added to a solution of 4,4"—di-
tert-butylbiphenyl (6.0 g, 22.5 mmol, 1.0 equiv.) in tetrahydrofuran (50.0 mL) at 0 °C.
Stirring was continued at 0 °C for 5 h, at which point the solution was stored under argon

in a cryobath at 0 °C.

Preparation of Potassium 4,4"-di-tert-butylbiphenylide.

THF —.
R [>\*/ }’”

4,4°-Di-tert-butylbiphenyl (0.145 g, 0.546 mmol, 1.0 equiv.) was added to a Schlenk

flask containing potassium (32 mg, 0.819 mmol, 1.5 equiv.) (pressed into thin sheets and
rinsed in hexanes) and tetrahydrofuran (11.0 mL) at 0 °C. Stirring was continued at 0 °C

for 4 h prior to use.
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Sample procedure for sequential reductive enolization and trapping:

T™S
LDBB; R
B TMSCI N
n
" (L
STMS

Reduction and trapping of (35,75)-1-Aza-3-benzyl-3-methyl-4-thiabicyclo[5.3.0]-2-

TMS
e LDBB;
N o TMSCI N™
——

STMS

decanone Sle.

A solution of lithium di-tert-butylbiphenylide (LDBB) in THF was added dropwise via
glass syringe to a solution of (3§,75)-1-aza-3-benzyl-3-methyl-4-thiabicyclo[5.3.0]-2-
decanone Sle (68.5 mg, 249 umol, 1.0 equiv.) in tetrahydrofuran (2.5 mL) in a Schlenk
flask at —78 °C until the green colour of LDBB briefly persisted. Trimethylsilyl chloride
(95 uL, 750 pmol, 3 equiv.) was immediately added and the mixture was stirred for 10
minutes at -78°C, at which point the cooling bath was removed and stirring was
continued for 30 minutes. The solvent was removed by placing the contents of the flask
under vacuum. After 1 h the flask was flushed with argon, the residue was triturated into
C¢D, and the supernatant was transferred to an NMR tube. 'H, '“C and NOE difference
NMR spectra were acquired. Note: The spectra of the product usually contain di-tert-
butylbiphenyl and residual tetrahydrofuran, which may obscure some product resonances.
'H NMR (C.,D¢) & 7.05 (m, 5H), 3.26 (m, 2H), 3.14 (d, 1H, J = 14.7 Hz), 2.94 (m, 1H),

2.67 (m, 1H). 2.26-2.41 (m, 2H), 1.84 (m, 1H), 0.75-1.64 (m), 0.00-0.11 (m, 18H); "*C
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NMR (CDy) & 145.26, 141.71, 104.80, 57.53, 51.07, 39.26, 38.44, 31.16, 25.78, 24.45,

23.46, 16.42, 1.02, 0.95.

Reductive enolization and trapping of (35,65)-1-Aza-3-methyl-3-propyl-4-

thiabicyclo[4.3.0]-2-nonanone 50a.

LDBB; Me
TMSCI NT
P
STMS

'H NMR (C¢Dy) & 3.48 (m, 1H), 3.12 (m, 1H), 2.81-2.97 (m, 2H), 2.04-2.42 (m, 3H),
0.89-1.78 (m, 12H), 0.09-0.45 (m, 18H); *C NMR (C,Dy) & 144.04, 109.25, 60.62, 52.05,
34.65,31.18, 30.93, 24.02, 21.83, 15.92, 14.35, 0.95, 0.88.

Reductive enolization and trapping of (3R,6S)-1-Aza-3-methyl-3-propyl-4-

LDBB; Me
_TMSCI N

STMS

thiabicyclo[4.3.0]-2-nonanone 50b.

'H NMR (C¢Dy) 8 3.50 (m, 1H), 3.13 (m, 1H), 2.81-2.96 (m, 2H), 2.01-2.42 (m, 3H),
0.90-1.80 (m, 12H), 0.30 (s, 9H), 0.24 (s, 9H); "*C NMR (C,D;) & 143.54, 107.56, 60.54,

51.14, 34.26, 30.97, 30.84, 24.12, 21.45, 16.48, 14.32, 1.04, 0.88.
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Reductive enolization and trapping of (35,65)-1-Aza-3-allyl-3-methyl-4-

thiabicyclo[4.3.0]-2-nonanone 50c.

//S

'H NMR (C,Dy) & 5.88 (m, 1H), 5.05-5.15 (m, 2H), 3.54 (m, 1H), 2.78-3.22 (m, 3H),
2.38 (m, 1H), 2.08 (m, 1H), 0.98-1.80 (m, 8H), 0.01-0.49 (m, 18H). "*C NMR (C/D,)
0 144.72, 138.09, 114.72, 114.72, 106.83, 60.32, 52.2, 37.60, 24.06, 16.12, 1.03, 0.82.

Reductive enolization and trapping of (3R, 6S)-1-Aza-3-allyl-3-methyl-4-

LDBB;
TMSCI N

STMS

thiabicyclo[4.3.0]-2-nonanone 50d.

'H NMR (C(D;) & 5.89 (m, 1H), 5.05-5.17 (m, 2H), 3.58 (m, 1H), 2.81-3.22 (m, 3H),
2.40 (m, 1H), 2.09 (m, 1H), 0.98-1.82 (m, 8H), 0.07-0.46 (m, 18H); “C NMR (C,D,)

0 144.05, 137.28, 114.97, 104.38, 60.47, 51.24, 37.02, 24.25, 16.49, 1.00, 0.80.
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Reductive enolization and trapping of (3S,75)-1-Aza-3-methyl-3-propyl-4-

thiabicyclo[5.3.0]-2-decanone 51a.

Me LDBB, j\/\/
<:ji\/;g\ e _TMsCl N

H
STMS

'H NMR (C¢Dg) 8 3.36 (m, 1H), 3.09 (m, 1H), 2.84 (m, 1H), 2.52-2.58 (m, 2H), 0.91-
2.18 (m), 0.08-0.43 (m, 19H); "C NMR (C(D,) & 144.24, 106.85, 57.65, 50.89, 39.21,

31.05, 24.22, 23.46, 21.54,16.49, 14.40, 0.96, 0.92.

Reductive enolization and trapping of (3R,7S)-1-Aza-3-methyl-3-propyl-4-

thiabicyclo[5.3.0]-2-decanone 51b.

T™S
LDBB; Me
TMSCI N
——
.. Me
I\STMS

'H NMR (C¢Dy) & 3.31 (m, 1H), 2.77-3.07 (m, 2H), 1.96-2.58 (m, 5H), 0.85-1.79 (m),
0.00-0.34 (m, 18H); ""C NMR (C,D,) & 144.59, 108.83, 57.98, 51.59, 38.93, 34.85, 30.94,

24.00, 23.59, 21.86, 15.94, 14.40, 0.96, 0.92.
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Reductive enolization and trapping of (3S,7S)-1-Aza-3-allyl-3-methyl-4-

thiabicyclo[5.3.0]-2-decanone 51c.

€ LDBB;
"\ _TMSCl _ N

STMS
'H NMR (C¢Dy) & 5.90 (m, 1H), 5.00-5.12 (m, 2H), 3.36 (m, 1H), 3.10 (m, 1H), 2.72-
3.00 (m, 2H), 2.47-2.53 (m, 2H), 0.84-2.03 (m), 0.01-0.46 (m, 18H); “C NMR (C,D,) &
144.58, 137.17, 114.78, 103.34, 57.35, 50.80, 39.08, 36.79, 30.97, 24.19, 23.26, 16.26,

0.82,0.72.

Reductive enolization and trapping of (3R,7S)-1-Aza-3-allyl-3-methyl-4-

thiabicyclo[5.3.0]-2-decanone 51d.

'H NMR (C,Dy) 8 5.77 (m, 1H), 4.90-5.08 (m, 2H), 2.78-3.54 (m), 2.43-2.57 (m), 0.80-
2.25 (m), 0.11-0.43 (m, 18H); "C NMR (C,Dy) 8 145.11, 137.99, 114.56, 105.99, 57.56,

51.62, 38.81,37.53, 30.74, 23.87, 23.36, 15.86, 0.88, 0.80.



Reductive enolization and trapping of (3R,7S)-1-Aza-3-benzyl-3-methyl-4-

thiabicyclo[5.3.0]-2-decanone 51f.

LDBB;

<:jl\/;;Me TMSCI
—_——

H

'HNMR (C,Dg) & 7.14 (m, 5H), 3.81 (d, 1H, J = 14.7 Hz), 3.44 (d, 1H, J = 14.7), 3.34
(m, 1H), 3.06 (m, 1H), 2.94 (m, 1H), 2.50-2.60 (m, 2H), 2.07 (m, 1H), 1.84 (m, 1H),
0.96-1.72 (m), 0.10-0.44 (m, 18H); "C NMR (C,D) & 145.96, 141.78, 107.68, 58.13,

51.73, 39.10, 38.83, 30.90, 23.98, 23.65, 16.07,1.06, 0.98.

Reductive enolization and trapping of (3S5,75)-1-Aza-3-ethyl-3-propyl-4-

thiabicyclo[5.3.0]-2-decanone 51g.

Me
S&\li LDBB; Q
- _TMSCl N
e — @

H
STMS

'H NMR (C,D,) & 3.23 (m, 1H), 2.98 (m, 1H), 2.81 (m, 1H), 2.42-2.53 (m, 2H), 2.32 (m,
1H), 2.06-2.18 (m, 2H), 1.91-2.01 (m, 2H), 1.72 (m, 1H), 0.79-1.69 (m), 1.01 (t, 3H, J =
7.6 Hz), 0.95 (t, 3H, J = 7.5 Hz), -0.14-0.36 (m, 18H); "C NMR (C,Dy) & 144.18, 114.46,

57.74,51.75, 39.09, 31.05, 24.12, 23.64, 23.22, 21.60, 14.63, 13.96, 1.04, 0.97.
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Reductive enolization and trapping of (3R,7S)-1-Aza-3-ethyl-3-propyl-4-

LDBB;
TMSCI O\J A

STMS

thiabicyclo[5.3.0]-2-decanone 51h.

'H NMR (C¢Dy) 8 3.31 (m, 1H), 3.08 (m, 1H), 2.89 (m, 1H), 2.53-2.58 (m, 2H), 2.39 (m,
1H), 2.15-2.26 (m, 2H), 2.00-2.10 (m, 2H), 1.82 (m, 1H), 0.78-1.71 (m), 1.10 (t, 3H, J =
7.4 Hz), 1.01 (t, 3H, J = 7.2 Hz), 0.01-0.32 (m, 18H); °C NMR (C(Dy) & 144.17, 114.53,

57.94,51.64, 39.02, 31.89, 31.09, 24.08, 23.69, 22.45, 22.08, 14.66, 12.9, 1.01, 0.92.

Reductive enolization and trapping of (35,75)-1-Aza-3-ethyl-3-methyl-4-

thiabicyclo[5.3.0]-2-decanone 51j.

e LDBB;
NN _TMmsal N7
C*\j e

'H NMR (C(D;) 8 3.28 (m, 1H), 3.03 (m, 1H), 2.76 (m, 1H), 2.48 (t, 3H, J = 7.8 Hz),

STMS

2.07 (q, 2H, 7.4 Hz), 1.93 (m, 1H), 0.81-1.76 (m), 1.70 (s, 3H), 0.22 (s, 9H), 0.15 (s, 9H);

“C NMR (C,D,) & 143.55, 108.26, 57.58, 50.83, 39.19, 25.69, 25.12, 24.15, 23.43, 15.94,

12.83, 0.94, 0.83.
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Reductive enolization and trapping of (35*,75%)-1-Aza-3-methyl-3-propyl-4-

thiabicyclo[5.4.0]-2-undecanone 52a.

T™S
e
M Ol SN Me
N . - .

H STMS

'H NMR (C,Dy) & 2.45-2.80 (m), 2.05-2.14 (m), 1.88-1.95 (m), 1.74-1.82 (m), 1.76 (s,
3H), 0.84-1.58 (m), 0.96 (t, 3H, J = 7.0 Hz), -0.20-0.38 (m); °C NMR (C(D,) & 146.93,
108.85, 56.53, 52.21, 37.20, 34.14, 31.17, 31.05, 26.62, 24.62, 23.13, 21.24, 16.31, 14.64,

1.06, 0.95.

Reductive enolization and trapping of (3R*,75*)-1-Aza-3-methyl-3-propyl-4-

thiabicyclo[5.4.0]-2-undecanone 52b.

'H NMR (C/Dy) & 2.43-2.80 (m), 1.80-2.15 (m), 0.80-1.78 (m), 1.55 (s, 3H), -0.20-0.40
(m); "C NMR (C;D,) & 147.32, 109.56, 57.01, 53.12, 37.76, 34.84, 26.46, 24.89, 23.44,

21.65, 15.71, 14.52, 1.15, 1.10.
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Reductive enolization and trapping of (35*,75%)-1-Aza-3-benzyl-3-methyl-4-

thiabicyclo[5.4.0]-2-undecanone 52e.

STMS

'H NMR (C¢Dy) 8 7.03-7.30 (m, 5H), 3.14 (AB, 1H, J = 14.6 Hz), 2.42-2.80 (m, 4 or
5H), 2.04 (m, 1H), 1.79 (m, 1H), 1.64 (s, 3H), 1.02-1.55 (m), -0.07 (s, 9H); *C NMR
(CsDy) 0 147.89, 141.23, 129.01, 128.53, 107.71, 56.35, 52.10, 38.22, 36.95, 26.63,

2443, 23.00, 16.15, 1.16,0.99.

Reductive enolization and trapping of (3R*,75*)-1-Aza-3-benzyl-3-methyl-4-

thiabicyclo[5.4.0]-2-undecanone 52f.

LDBB; Me

H STMS

N.B. Though the reductive enolization of 52f predominantly yields the Z-enolate, that
data can be found in the preceding entry. The data presented in this entry is for the
E—enolate. '"H NMR (C,D,) & 7.05-7.30 (m, SH), 3.97 (AB, 1H, J = 13.8 Hz) 3.41 (AB,
IH. J = 14.8 Hz), 2.47-2.77 (m, 4 or 5H), 2.09 (m, 1H), 1.53 (s, 3H), 1.12-1.95 (m); "*C
NMR (C,Dy) 6 148.47, 141.76, 128.89, 128.43, 108.74, 57.06, 53.02, 39.10, 37.69, 26.37,

24.75,23.51, 15.84, 1.18, 1.10.
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N—(3-thiaheptanoyl)-pyrrolidine.

1. NaH; n-Bu-|
j\/ 2. LiOH j\/SBu
SH > N
MeO 3. oxalyl chloride, O

cat. DMF
4. pyrrolidine

Methyl thioglycolate was added to a stirred suspension of sodium hydride (60% w/w in
mineral oil, 1.54 g, 38.4 mmol, 1.0 equiv.) in a mixture of tetrahydrofuran (160 mL) and
N,N—dimethylformamide (40 mL) at 23 °C. After 15 minutes, n—butyl iodide was added
and the mixture was stirred for 17 hours. The mixture was diluted with distilled water
(10 mL) and tetrahydrofuran and residual n-butyl iodide were removed in vacuo. The
mixture was diluped with distilled water (25 mL) and extracted with a mixture of diethyl
ether and hexanes (1:1, 3 x 50 mL). The combined organic phases were dried over
anhydrous magnesium sulfate, filtered and concentrated in vacuo. The sulfide was used
without further purification.

Lithium hydroxide monohydrate (3.22 g, 76.8 mmol, 2.0 equiv.) was added to
solution of the crude sulfide prepared above in tetrahydrofuran (67 mL), distilled water
(67 mL), and methanol (67 mL). The mixture was stirred at 23 °C for 2 h, concentrated
in vacuo to 1/3 volume, diluted with distilled water (100 mL) and extracted with
methylene chloride (3 x 25 mL). The aqueous phase was acidified to pH 1 (aqueous
sulfuric acid solution, 6M) and extracted with ethyl acetate (3 x 75 mL). The combined
organic phases were dried over anhydrous magnesium sulfate, filtered and concentrated
in vacuo. The crude carboxylic acid was used without further purification.

Oxalyl chloride (4.01 mL, 46.1 mmol, 1.2 equiv.) was added to a stirred solution of
N,N~dimethylformamide (0.60 mL, 0.77 mmol, 0.02 equiv.) and the crude carboxylic

acid prepared above in methylene chloride (250 mL) at 23 °C. The mixture was stirred at
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23 °C for 2 h and the solvent was removed. The crude acid chloride was used without
further purification.

Pyrrolidine (8.01 mL, 96.0 mmol, 2.5 equiv.) was added to a stirred solution of
the acid chloride prepared above in methylene chloride (250 mL) at 23 °C. After 2 h,
saturated ammonium chloride solution (20 mL) was added and the methylene chloride
was removed in vacuo. The residue was extracted with diethyl ether (2 x 75 mL). The
combined organic phases were dried over anhydrous magnesium sulfate, filtered and
concentrated in vacuo. The residue was purified by chromatography on silica gel eluting
with 30% ethyl acetate in hexanes to afford N—(3-thiaheptanoyl)-pyrrolidine (4.06 g,
20.2 mmol, 53%) as a colourless oil. '"H NMR (CDCl,) & 3.43-3.52 (m, 4H), 3.20 (s,
2H), 2.64 (t, 2H, J = 7.4 Hz), 1.82-2.02 (m, 4H), 1.57 (m, 1H), 1.39 (m, 1H), 0.88 (t, 3H,

7.3 Hz); "C NMR (CDCl;) & 167.8, 46.7, 46.0, 34.4, 31.8, 31.2,26.2, 24.4, 21.9, 13.7.

N~(2-methyl-3-thiaheptanoyl)-pyrrolidine 57.
O’ irSBu
Me
The reaction was conducted according to the general alkylation procedure above, with the
following exceptions: The alkylation was carried out at -78 °C over 3 h using 1.2 equiv.
of methyl iodide. After 3 h, an additional 0.1 equiv. of methyl iodide was added and the
reaction was stirred at 23 °C for 15 minutes. The reaction was purified by
chromatography on silica gel eluting with 20% ethyl acetate in hexanes to afford
(£)-N-(2-methyl-3-thiaheptanoyl)-pyrrolidine 57 in 82% yield. 'H NMR (CDCl,) § 3.45

(m, 1H), 3.07-3.23 (m, 4H), 2.19-2.36 (m, 2H), 1.52-1.72 (m, 4H), 1.01-1.26 (m,4H),
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1.16 (d, 3H, J = 7.0 Hz), 0.58 (t, 3H, 7.2 Hz); °C NMR (CDCl,) 8 169.1; 45.5, 45.4,

38.9,31.0,27.8, 25.5, 23.6, 21.3, 17.0, 13.0.

N-(2-ethyl-2-methyl-3-thiaheptanoyl)-pyrrolidine 55.

N
O M Me

The reaction was conducted according to the general alkylation procedure above, with the
following exceptions: The deprotonation was carried out at O °C for | h. The alkylation
was carried out at 0 °C over 2 h using 2.0 equiv. of ethyl iodide. The reaction was
purified by chromatography on silica gel eluting with 20% ethyl acetate in hexanes to
afford (£)-N—(2-ethyl-2-methyl-3-thiaheptanoyl)-pyrrolidine 55 as a colourless oil in 61%
yield. '"H NMR (CD,, 100 °C, sealed tube) & 3.67 (m, 2H), 3.48 (m, 2H), 2.47 (dt, 2H,
J=1.0,7.3 Hz), 2.04 (m, 1H), 1.70 (m, 1H), 1.59 (s, 3H), 1.38-1.54 (m, 6H), 1.20-1.33
(m, 2H), 0.91 (t, 3H, J = 7.4 Hz), 0.77 (t, 3H, J = 7.2 Hz); "C NMR (C,D,, 100 °C,

sealed tube) 6 170.0, 52.5, 47.6 (2C), 31.8, 31.4, 28.8, 25.0 (2C), 23.9,21.9, 13.1, 8.8.

N-(2-benzyl-2-methyl-3-thiaheptanoyl)-pyrrolidine 56.

The reaction was conducted according to the general alkylation procedure above, with the
following exceptions: The deprotonation was carried out at 0 °C for 1 h. The alkylation

was carried out at 0 °C over 5 h using 1.2 equiv. of benzyl bromide. The reaction was
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purified by chromatography on silica gel eluting with 20% ethyl acetate in hexanes to
afford (+)-N-(2-benzyl-2-methyl-3-thiaheptanoyl)-pyrrolidine 56 as a colourless oil in
67% yield. 'H NMR (C¢Ds, 100 °C, sealed tube) § 7.05-7.27 (m, 5H), 3.55-3.64 (m, 5H),
2.98 (AB, 1H, J=11.6 Hz), 2.53 (t, 2H, J = 7.2 Hz), 1.47 (s, 3H), 1.23-1.45 (m, 8H),
0.78 (t, 3H, J = 7.3 Hz); "C NMR (CD;, 100 °C, sealed tube) § 169.3, 137.9, 130.7 (2C),

127.8 (2C), 126.3, 52.6, 48.0 (2C), 44.8, 31.7, 29.1, 25.0 (2C), 24.3, 21.9, 13.2.

Reductive enolization and trapping of N—(2-ethyl-2-methyl-3-thiaheptanoyl)-

pyrrolidine 56.
L.DBB;
TMSCI TMS
N SBu - N7 Me
O M Me THF, Me
-78°C

The reductive enolization was carried out according to the general procedure above. 'H
NMR (C,Dy) 6 2.76-2.96 (m, approx. 6H), 2.24 (t, 3H, J = 7.0 Hz) (minor isomer), 2.16
(t, 3H, J =7.6 Hz) (major isomer), 1.72 (s, 3H) (major isomer), 1.68 (s, 3H) (minor
isomer), 1.49-1.56 (m, approx. 6H), 0.77-1.40 (m), 0.18 (s); *C NMR (C/D,) & 145.2
(minor isomer), 144.9 (major isomer), 106.5 (minor isomer), 104.5 (major isomer), 50.0
(minor isomer), 49.4 (major isome.r), 40.0, 25.5 (major isomer), 25.4 (minor isomer), 16.0

(minor isomer), 15.8 (major isomer), 1.0 (minor isomer), 0.9 (major isomer).
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Reductive enolization and trapping of N~(2-benzyl-2-methyl-3-thiaheptanoyl)-

pyrrolidine 57.

e oms
M
THF, Me

-78°C

The reductive enolization was carried out according to the general procedure above. 'H
NMR (C¢Dg) & 6.97-7.27 (m, 5H), 3.25-3.28 (m, 4H), 3.05-3.10 (m ,2H), 2.64-2.68 (m,
2H), 2.42-2.54 (m, 7H), 2.36 (t, 1H, 7.3 Hz), 1.58 (s, 3H), 0.67-1.53 (m), 0.19 (s, 9H),
0.08 (s, 9H); ""C-NMR (C,Dy) § 147.1 (minor isomer), 146.6, (major isomer), 128.9
(major isomer), 128.8 (minor isomer), 128.4, 104.4 (minor isomer), 100.9 (major isomer),
49.8 (minor isomer), 49.3 (major isomer), 38.8 (minor isomer), 38.7 (major isomer), 25.4
(major isomer), 25.1 (minor isomer), 16.2 (minor isomer), 16.1 (major isomer), 0.9

(minor isomer), 0.8 (minor isomer), 0.7 (major isomer).
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General Procedure for Reduction and Alkylation of Thioglycolate Lactams:

Ro LDBB; R
N --|IR1 Ra_.x
C}\j Rz Rs
H | L

SR3
(ZS)-N-((ZR)-2-butyl-2-methyl-2,3-dihydrocinnamoyl)-2-(3-thiaheptyl)-pyrrolidine
65 via reduction and alkylation of (35,75)-1-Aza-3-benzyl-3-methyl-4-

thiabicyclo[5.3.0]-2-decanone S1e.

e LDBB;
oot n-Bu-l,
N _— -
THF,

H -78°°C

A solution of lithium di-tert-butylbiphenylide (LDBB) in THF was added dropwise via
glass syringe to a solution of (3S,7S)-1-aza-3-benzyl-3-methyl-4-thiabicyclo[5.3.0]-2-
decanone (243 mg, 882 pmol, 1.0 equiv.) in tetrahydrofuran (8.8 mL) in a Schlenk flask
at =78 °C until the green colour of LDBB briefly persisted. n-Butyl iodide (402 uL, 3.53
mmol, 4.0 equiv.) was added dropwise and the solution was stirred at —78 °C for 4 h.
Saturated aqueous ammonium chloride solution (10 mL) was added and the resulting
mixture was warmed to 23 °C and extracted with ethyl acetate (3 x 25 mL). The
combined organic layers were dried over anhydrous sodium sulfate, filtered and
concentrated. The residue was purified by chromatography on silica gel eluting with 3%
ethyl acetate in hexanes to afford (25)-N-((2R)-2-butyl-2-methyl-2,3-dihydrocinnamoy!)-
2-(3-thiaheptyl)-pyrrolidine 65 (260 mg, 670 umol, 76%) as a colourless oil in 76%

yield. The product was determined to have >95% de by *C NMR analysis: 'H NMR
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(CDsCD;, 105 °C) & 6.95-7.08 (m, 5H), 4.24 (m, 1H), 2.93-3.11 (m, 3H), 2.38-2.51 (m,
5H), 1.97-2.16 (m, 2H), 1.07-1.60 (m, 14H), 1.13 (s, 3H), 0.76-0.88 (m, 6H); '*C NMR
(CDsCD,, 105 °C) § 173.8, 138.8, 130.3, 127.7, 126.0, 58.8,48.2,46.9,46.3,41.3, 34.3,
31.9, 31.8, 29.3, 28.8, 27.0, 25.0, 23.2, 22.6, 21.8, 13.6, 13.2. Anal. Calcd for

C,Hy,NOS: C, 73.98; H, 10.09; N, 3.59. Found: C, 74.31; H, 9.98; N, 3.60.

(ZS)-N-((ZR)-2-allyl-2-methyl-2,3-dihydrocinnamoyl)-Z-(3-thiahex-5-enyl)-
pyrrolidine 62 via reduction and alkylation of (3S,75)-1-Aza-3-benzyl-3-methyl-4-

thiabicyclo[5.3.0]-2-decanone S1e.

e LDBB;
M..... altyl-Br,
N —_—
THF,

-78°C

The reaction was carried out at =78 °C over 3 h using 3 equiv. of allyl bromide. The
reaction was purified by column chromatography on silica gel eluting with 8% ethyl
acetate in hexanes to afford (2S)-N-((2R)—2-ally]—2-methyl-2,3-dihydrocinnamoyl)-2-(3-
thiaheptyl)-pyrrolidine 62 as a colourless oil in 96% yield. The product was determined
to have 80% de by "“C NMR analysis: '"H NMR (C,D,CD;, 105 °C) § 6.96-7.10 (m, 5H),
5.64-5.86 (m, 2H), 4.89-5.06 (m, 4H), 4.24 (m, 1H), 2.85-3.13 (m, 5H), 2.78 (dd, 1H,
J=6.5,13.9 Hz), 2.50 (d, 1H, J = 13.4 Hz), 2.32-2.40 (m, 2H), 1.98-2.15 (m, 2H), 1.14-
1.46 (m, SH), 1.13 (s, 3H); "C NMR (C,D,CD,, 105 °C) & 173.4, 138.6, 135.3, 135.0,

130.3,127.7, 126.1, 116.7, 115.7, 58.7, 48.0, 46.9, 45.9, 45.9, 34.6, 33.8, 28.7, 28.1, 24.9,
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22.3. Anal. Calcd for C,,H,NOS: C, 73.90; H, 8.74; N, 3.92. Found: C, 73.92; H, 8.85;

N, 3.93.

(28)-N-((ZS)-2-methyl-2-propyl-2,3-dihydrocinnam0yl)-2-(4-phenyl-3—thiapropyl)-
pyrrolidine 59 via reduction and alkylation of (35,75)-1-Aza-3-methyl-3-propyl-4-

thiabicyclo[5.3.0]-2-decanone 51a.

e LDBB;
Mﬂul Bn_Br’
N \Me
THF,

H -78°C

The reaction was carried out at —78 °C over 17.5 h using 2.2 equiv. of benzyl bromide.
The reaction was purified by column chromatography on silica gel eluting with
10%— 15% ethyl acetate in hexanes to afford (25)-N-((2S)-2-methyl-2-propyl-2,3-
dihydrocinnamoyl)-2-(3-thiaheptyl)-pyrrolidine 59 as a colourless oil in 82% yield. The
product was determined to have 74% de by '*C NMR analysis: '"H NMR (C,D,CD,, 105
C) 66.96-7.25 (m, 5H), 4.22 (m, 1H), 3.58 (s, 2H), 3.29 (m, 1H), 3.12 (AB, 1H,
J=13.6 Hz) 2.97 (m, 1H), 2.50 (AB, 1H, J = 13.5 Hz), 2.08-2.34 (m, 3H), 1.16-1.52 (m,
7H). 1.13 (s, 3H), 0.82-0.87 (m, 3H); "C NMR (C,D.CD,, 105 °C) & 173.5, 139.0, 138.9,
130.4, 128.9, 128.1, 127.7, 126.4, 126.0, 58.6, 48.0, 46.8, 45.9, 42.0, 36.2, 33.5,

28.6(2C),24.9,234,17.9, 14.3.
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(2S)-N-((2R)-2-ethyl-2-methyl-2,3-dihydrocinnamoyl)-2-(3-thiapentyl)-pyrrolidine
64 via reduction and alkylation of (3S5,7S)-1-Aza-3-benzyl-3-methyl-4-

thiabicyclo[5.3.0]-2-decanone S1e.

| o ~ LDBB;
Et-|,

N - .
THF,

The reaction was carried out at —78 °C for 2 h and then warmed to —10 °C over 2 h using

4.0 equiv. of ethyl iodide. The reaction was purified by column chromatography on silica
gel eluting with 5% ethyl acetate in hexanes to afford (25)-N-((2R)-2-ethyl-2-methy!-2,3-
dihydrocinnamoyl)-2-(3-thiapentyl)-pyrrolidine 64 as a colourless oil in 89% yield. The
product was determined to have 93% de by “C NMR analysis: '"H NMR (C(D,CD., 105
°C) & 6.95-7.09 (m, 5H), 4.24 (m, 1H), 2.91-3.08 (m, 3H), 2.33-2.54 (m, 5H), 1.91-2.16
(m, 2H), 1.08-1.59 (m, 9H), 1.10 (s, 3H), 0.82 (t, 3H, J = 7.3 Hz); °C NMR (C,D,CD,,
105 °C) 6 173.6, 138.2, 130.3, 127.7, 126.0, 58.8, 48.6, 46.9, 45.9, 34.3, 33.8, 28.8, 28.7,
125.7, 25.0, 22.0, 14.5, 8.8. Anal. Calcd for C,(H;NOS: C, 72.02; H, 9.37; N, 4.20.

Found: C, 71.67; H, 9.52; N, 4.23.
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(25)-N-((2R)-2-ethyl-2-methylpentanoyl)-2-(3-thiapentyl)-pyrrolidine 67 via
reduction and alkylation of (3S,75)-1-Aza-3-n-propyl-3-methyl-4-thiabicyclo[5.3.0]-

2-decanone 51a.

. LDBB;
M Et-l, N Me
N N _
Me .Mé Et
THF, ”

H -78°C L
SEt

The reaction was carried out at —78 °C over 4 h using 4 equiv. of ethyl iodide. The
réaction was purified by column chromatography on silica gel eluting with 10% ether in
hexanes to afford (25)-N-((2R)-2-ethyl-2-methylpentanoyl)-2-(3-thiapentyl)-pyrrolidine
66 as a colourless oil in 85% yield. The product was determined to have 89% de by *C
NMR analysis: '"H NMR (CDCD;, 105 °C) 8 4.23 (m, 1H), 3.37 (m, 1H), 3.13 (m, 1H),
2.33-2.44 (m, 4H), 1.19-1.78 (fn, 11H), 1.13 (s, 3H), 1.10 (t, 3H, J = 7.1 Hz), 0.77-0.89
(m, 6H); "C NMR (C,DsCD,, 105 °C) & 173.6, 58.4, 47.0, 46.7, 41.5, 34.3, 31.9, 28.8,
28.7,25.7,25.1,22.8, 14.4 (2C), 8.6. Anal. Calcd for C,H,,NOS: C, 67.31; H, 10.94; N,

491. Found: C, 67.19:H, 11.11; N, 4.83.
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(25)-N-((2S)-2-propyl-2-methylhexanoyl)-2-(3-thiaheptyl)-pyrrolidine 68 via
reduction and alkylation of (35,75)-1-Aza-3-n-propyl-3-methyl-4-thiabicyclo[5.3.0]-

2-decanone 51a.

Me o j\(\/
Me

o n-Bu-1, N .

¥Me I

\ <\/' ME Bu
THF, "

H -78°C L
SBu

The reaction was carried out at —78 °C over 4 h using 4 equiv. of n-butyl iodide. The
reaction was purified by column chromatography on silica gel eluting with 5% ethyl
acetate in hexanes to afford (25)-N-((25)-2-propyl-2-methylhexanoyl)-2-(3-thiaheptyl)-
pyrrolidine 68 as a colourless oil in 71% yield. The product was determined to have 95%
de by ''C NMR analysis: '"H NMR (C,D,CD,, 105 °C) § 4.24 (m, 1H), 3.41 (m, 1H),
3.15 (m, 1H), 2.38-2.45 (m, 4H), 2.13 (m, 1H), 1.10-1.74 (m, 19H), 1.16 (s, 3H), 0.62-
0.87 (m, 9H); *C NMR (C¢DsCD;, 105 °C) & 173.7, 58.4, 46.7 (2C), 41.9, 39.3, 34.4,
31.9,31.8,29.2,28.7,26.9,25.1, 23 4, 23.2,21.8, 17.8, 144, 13.5, 13.1. Anal. Calcd for

C,,HxNOS: C, 70.32; H, 11.51; N, 4.10. Found: C, 70.38; H, 11.15; N, 3.98.
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(ZS)-N-((ZS)-2,4-dimethyl-2-pr0pylpentanoyl)-2-(5-methyl-3-thiahexyl)-pyrrolidine
72 via reduction and alkylation of (35 ,75)-1-Aza-3-methyl-3-propyl-4-

thiabicyclo[5.3.0]-2-decanone 51a.

. LDBB; i(\/
M FBu, A~ Me
CT\//; Ntte ——= M¢ iBu
THF,

H 23% HMPA L
-78°C

SHBu

The reaction was carried out at —78 °C over 5h using 4 equiv. of i-butyl iodide and
23% (v/v) HMPA. The reaction was purified by column chromatography on silica gel
using 3% ethyl acetate in hexanes to afford (25)-N-((25)-2,4-dimethyl-2-
propylpentanoyl)-2-(5-methyl-3-thiahexyl)-pyrrolidine 72 as a colourless oil in 60%
yield. The product was determined to have 87% de by '*C NMR analysis: 'H NMR
(CeDyg, 100 °C, sealed tube) & 4.20 (m, 1H), 3.42 (m, 1H), 3.07 (m, 1H), 2.39 (t, 2H, J =
7.8 Hz), 2.30 (d, 2H, 6.8 Hz), 2.20 (m, 1H), 1.38-1.72 (m, 8H), 1.15-1.31 (m, SH), 1.19
(s, 3H), 0.80-0.88 (m, 15H); *C NMR (C,D,, 100 °C, sealed tube) & 173.9, 58.8, 48.7,
46.9,46.8,42.9,41.7,34.3,29.9, 28.8, 28.7, 25.2, 24.9, 24.9, 24.2, 23.6,21.8, 21.8, 17.7,
14.77. Anal. Calcd for C,,H,,NOS: C, 70.32; H, 11.51; N, 4.10. Found: C, 69.92; H,

11.35; N, 3.89.
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(25)-N-((2S)-2-ethyl-2-methylpentanoyl)-2-(3-thiahexyl)-pyrrolidine 66 via
reduction and alkylation of (3S,75)-1-Aza-3-ethyl-3-methyl-4-thiabicyclo[5.3.0]-2-

decanone 51j.

o LDBB;
NM"“I\ n_Pr.—" N N Me
Me - .Mé Pr
THF, "

H -78°C L
SPr

The reaction was carried out at =78 °C over 4 h using 4 equiv. of n-propyl iodide. The
reaction was purified by column chromatography on silica gel eluting with 5% ethyl
acetate in hexanes to afford (25)-N-((25)-2-ethyl-2-methylpentanoyl)-2-(3-thiahexyl)-
pyrrolidine 66 as a colourless oil in 83% yield. The product was determined to have
>95% de by ""C NMR analysis: '"H NMR (C,D;CD,, 105 °C) § 4.23 (m, 1H), 3.38 (m,
1H), 3.13 (m, 1H), 2.34-2.43 (m, 4H), 2.12 (m, 1H), 1.01-1.71 (m, 13H), 1.13 (s, 3H),
0.78-0.89 (m, 9H); "C NMR (C(DsCD,, 105 °C) & 173.5, 58.4, 47.0, 46.6, 41.6, 34.4,
34.3,31.6,29.2,28.7,25.1,22.9,22.8,17.9, 144, 12.9, 8.5. Anal. Calcd for C,,H,,NOS:

C,68.17; H, 11.11; N, 4.68. Found: C, 68.15; H, 10.80; N, 4.48.
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(28)-N-((2R)-2-ethyl-2-methylpent-4-enoyl)-2-(3-thiapentyl)-pyrrolidine 70 via
reduction and alkylation of (3S,75)-1-Aza-3-allyl-3-methyl-4-thiabicyclo[5.3.0]-2-

decanone S1c.

g Et—l, N /
N — - §
.Mé Et
THF, K

H -78°C L
SEt

The reaction was carried out at =78 °C over 4 h using 4 equiv. of ethyl iodide. The
reaction was purified by column chromatography on silica gel eluting with 5% ethyl
acetate in hexanes to afford (25)-N-((2R)-2-ethyl-2-methylpent-4-enoyl)-2-(3-thiapentyl)-
pyrrolidine 70 as a colourless oil in 84% yield. The product was determined to have 88%
de by “C NMR analysis: '"H NMR (C,D,CD,, 105 °C) 8§ 5.77 (m, 1H), 4.92-4.98 (m,
2H), 4.23 (m, 1H), 3.35 (m, 1H), 3.10 (m, 1H), 2.33-2.46 (m, 5H), 2.06-2.17 (m, 2H),
1.08-1.75 (m, 13H), 1.12 (s, 3H), 0.80 (t, 3H, J = 7.4 Hz); "C NMR (C,D:CD,, 105 °C) &
173.1, 135.3, 116.3, 58.5, 46.7, 46.7, 43.2, 34.2, 31.5, 28.8, 28.7, 25.7, 25.1, 22.6, 14.4,
12.9, 8.6. Anal. Calcd for C,(H,,NOS: C, 67.79; H, 10.31; N, 4.94. Found: C, 67.52; H,

10.44; N, 5.08.
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(25)-N-((2R)-2-allyl-2-methylhexanoyl)-2-(3-thiaheptyl)-pyrrolidine 71 via reduction
and alkylation of (3S5,75)-1-Aza-3-allyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone

Slc.

Me . j\(\/
~rotl n—BU—|, N \ /
E

N 3
.Mé Bu
THF, "

H -78°C L
SBu

The reaction was carried out at —78 °C over 4 h using 4 equiv. of butyl iodide. The
reaction was purified by column chromatography on silica gel eluting with 3% ethyl
acetate in hexanes to afford (25)-N-((2R)-2-allyl-2-methylhexanoyl)-2-(3-thiaheptyl)-
pyrrolidine as a colourless oil in 80% yield. The product was determined to have 91% de
by '3C NMR analysis: 'H NMR (CDy, 100 °C, sealed tube) & 5.83 (m, 1H), 4.97-5.00
(m, 2H), 4.30 (m, 1H), 3.31 (m,1H), 3.06 (m, 1H), 2.41-2.50 (m,4H), 2.22 (m, 1H), 2.13
(dd, 1H, J = 14.2, 7.8 Hz), 1.66 (m, 1H), 1.20-1.54 (m, 15H), 1.18 (s, 3H), 0.831 (t, 3H,
J=6.8 Hz), 0.78 (t, 3H, J = 7.3 Hz); "C NMR (C,D;, 100 °C) § 173.4, 135.5, 116.8,
58.6,46.9,46.3,43.7, 38.8, 34.1, 32.0, 31.8, 29.2, 28.6, 27.0, 25.3, 23.5, 23.4, 22.0, 13.9,
13.5. Anal. Caled for C,H;,NOS: C, 70.74; H, 10.98; N, 4.12. Found: C, 70.69; H,

10.85: N, 4.06.
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(2S)-N-((2R)-2-ethyl-2-methylhexanoyl)-2-(3-thiahexyl)-pyrrolidine 69 via reduction
and alkylation of (35,75)-1-Aza-3-butyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone

51i.

' LDBB;

Mf,, n-Pr—l, Nj\,.(\/\Me
CT\//S \HMe —_’THF’ .,%Me“ Pr

H -78°C LSPr
The reaction was carried out at =78 °C over 4 h using 4 equiv. of n-propyl iodide. The
reaction was purified by column chromatography on silica gel eluting with 3% ethyl
acetate in hexanes to afford (2S)—N—((2R)—2-ethyl—2-methylhexanoyl)-2-(3-thiahexyl)-
pyrrolidine 69 as a colourless oil in 88% yield. The product was determined to have 95%
de by *C NMR analysis: 'H NMR (CsDsCD;, 100 °C) 8 4.25 (m, 1H), 3.38 (m, 1H), 3.14
(m, 1H), 2.35-2.44 (m, 4H), 2.16 (m, 1H), 1.15-1.75 (m, 17H), 1.17 (s, 3H), 0.85-0.90
(m, 9H); "C NMR (C,D,CD,, 100 °C) & 173.8, 58.6, 46.9, 46.8, 42.2, 39.3, 34.4 (2C),

29.3, 28.9, 27.0, 25.4, 23.8, 23.6, 23.2, 18.2, 14.7, 13.9, 13.2. Anal. Calcd for

C,H;NOS: C, 69.67; H, 11.39; N, 4.28. Found: C,70.04: H, 11.40: N, 4.01.
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(25)-2-Ethyl-2-methyl-pentanoic acid 74 via hydrolysis of (2S)-N-((2S)-2-ethyl-2-
methylpentanoyl)-2-(3-thiahexyl)-pyrrolidine 66.

—Me

; 6 M HySO4/
N dioxane s Me
Me —_— HO - Me
reflux
H Me
S/\/Me

A solution of (25)-N-((25)-2-ethyl-2-methylpentanoyl)-2-(3-thiahexyl)-pyrrolidine 66
(78 mg, 0.26 mmol, 1.0 equiv.) in p-dioxane (3 mL) and aqueous sulfuric acid solution
(6 M, 3 mL) was heated at reflux for 24 h, cooled to 23 °C and extracted with diethyl
ether (3 x 10 mL). The combined organic phases were dried over anhydrous sodium
sulfate, filtered and concentrated in vacuo. The residue was partitioned between diethyl
ether (10 mL) and aqueous sodium hydroxide solution (0.5 M, 10 mL). The phases were
separated and the organic phase was extracted with aqueous sodium hydroxide solution
(0.5M, I x 10 mL). The organic phase was dried over anhydrous sodium sulfate, filtered
and concentrated in vacuo to afford (2S)-N-((25)-2-ethyl-2-methylpentanoyl)-2-(3-
thiahexyl)-pyrrolidine 66 (55 mg, 0.18 mmol, 71%). The combined aqueous phases were
acidified to pH 1 (6 M aqueous hydrochloric acid solution), extracted with diethyl ether
(3 x 15 mL), dried over anhydrous sodium sulfate, filtered and concentrated in vacuo to
afford (25)-2-ethyl-2-methyl-pentanoic acid 74 (6.7 mg, 0.46 mmol, 18%) as a colourless
oil with an odour of fudge. '"H NMR (CDCl,) & 1.14-1.93 (m, 6H), 1.12 (s, 3H), 0.90 (t,
3H,J=17.2 Hz), 0.87 (t, 3H, J=7.4 Hz); "C NMR (CDCl,) & 183.6, 46.1, 41.1, 31.8,

20.5,17.9, 14.6, 9.0.
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General Procedure for Amide Reduction using Lithium Amidotrihydroborate:

j\( LiHoN-BHa,
THF HO/\(R1

R, Ra Ry Ra

N
24 h

SR3

(2R)-2-Ethyl-2-methyl-2,3-dihydrocinnamyl alcohol 77 via reduction of (2S)-N-

((2R)-2-ethyl-2-methyl-2,3-dihydrocinnambyl)-2-(3-thiapentyl)-pyrrolidine 64.

24 h

A solution of n-butyllithium in hexanes (2.27 M, 2.39 mL, 5.42 mmol, 3.90 equiv.) was
slowly added to a stirred solution of diisopropylamine (799 pL, 5.70 mmol, 4.10 equiv.)
in tetrahydrofuran (2.5 mL) at 0 °C. After stirring for 10 minutes, borane-ammonia
complex (90%, 191 mg, 5.56 mmol, 4.0 equiv.) was added in one portion. After stirring
at 0 °C for 15 minutes the mixture was warmed to 23 °C and a solution of (25)-N-((2R)-2-
ethyl-2-methyl-2,3-dihydrocinnamoyl)-2-(3-thiapentyl)-pyrrolidine 64 (464 mg, 1.39
mmol, 1.0 equiv.) in tetrahydrofuran (5 mL) was added via cannula. The mixture was
heated at reflux for 24 hours, then cooled to 0 °C and quenched with aqueous
hydrochloric acid (3 M, 5 mL). The resulting mixture was warmed to 23 °C and stirred
for 30 minutes, at which point aqueous sodium hydroxide (3 M, 10 mL) was added. The
mixture was stirred at 23 °C for 30 minutes and extracted with diethyl ether (3 x 20 mL).
The combined organic layers were dried over anhydrous sodium sulfate, filtered and

concentrated in vacuo. Column chromatography on silica gel eluting 30% diethyl ether
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in pentane afforded (2R)-2-ethyl-2-methyl-2,3-dihydrocinnamyl alcohol 77 (239 mg, 1.34
mmol, 96%) as a colourless oil: 'H NMR (CDCl;) 8 7.19-7.31 (m, SH), 3.33 (s, 2H),
2.61 (AB, 2H, J = 24.6 Hz), 1.58 (bs, 1H), 1.27-1.40 (m, 2H), 0.93 (t, 3H, J = 7.5 Hz),
0.82 (s, 3H); "C NMR (CDCly) & 139.0, 130.8, 128.1, 126.2, 68.4, 42.8, 39.1, 29.1, 21.0,
8.3. HRFABMS m/z (M+H, 179.14359 C,H,;,0" requires 179.14359). [0]*’, = -5.9°
(c = 14.2, CH,Cl,). The product was determined to have 94% ee by HPLC analysis
(Chiralcel OD column, eluting with 1% isopropanol in hexanes at 0.7 mL/minute-

R=20.5 minutes (major enantiomer), 22.8 minutes (minor enantiomer)).

(2R)-2-Butyl-2-methyl-2,3-dihydrocinnamyl alcohol 78 via reduction of (25)-N-

((2R)-2-butyl-2-methyl-2,3-dihydrocinnamoyl)-2-(3-thiaheptyl)-pyrrolidine 65.

N
.Mé Bu
/L A,

24 h

SBu

LiHoN-BHs,
THF

————

HO™
Mé Bu

The reaction was carried out according to the general procedure above. The residue was
purified by column chromatography on silica gel eluting with 30% diethyl ether in
pentane to afford (2R)-2-butyl-2-methyl-2,3-dihydrocinnamy!l alcohol as a colourless oil
in 97% yield: 'H NMR (CDCl;) & 7.20-7.32 (m, 5H), 3.34, (s, 2H), 2.63 (AB, 2H,
J=25.3 Hz), 1.87 (bs, 1H), 1.24-1.34 (m, 6H), 0.97 (t, 3H, J = 6.6 Hz), 0.85 (s, 3H); '*C
NMR (CDCl,) & 139.1, 130.8, 128.1, 126.2, 68.9, 43.1, 39.0, 36.7, 26.1, 23.9, 21.7, 14.5.
Anal. Calcd for C,H,,0: C, 81.50; H, 10.75. Found: C, 81.18; H, 10.73. The product
was determined to have 96% ee by HPLC analysis (Chiralcel OD column, eluting with

0.4% isopropanol in hexanes at 0.7 mL/minute- R= 30.6 minutes (major enantiomer),
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33.1 minutes (minor enantiomer)).

(2R)-2-Methyl-2-propylhexanol 79 via reduction of (25)-N-((25)-2-propyl-2-

methylhexanoyl)-2-(3-thiaheptyl)-pyrrolidine 68.

LiHoN‘BHSg,

Pr
N S THF Pr
O..,Mé Bu —_— HO/X

L "
24 h

SBu

The reaction was carried out according to the general procedure above. The residue was
purified by column chromatography on silica gel eluting with 30% diethyl ether in
pentane to afford (2R)-2-methyl-2-propylhexanol 79 as a colourless oil in 87% yield: 'H
NMR (CDCl;) & 3.34 (s, 2H), 1.57 (bs, 1H), 1.18-1.31 (m, 10H), 0.90 (m, 6H), 0.83 (s,
3H); °C NMR (CDCl,) & 70.2, 39.2, 37.5, 36.4, 25.9, 23.9, 22.1, 16.9, 15.3, 14.4.
HRFABMS m/z 141.14627 M + H* - H,O, C,(H,," requires 141.14632.). The product
was determined to have 95% ee by GC analysis of the corresponding carboxylic acid
(vide infra) (Chirasil Dex column, He carrier gas, 25 psi, oven temperature =100 °C, R,=

40.2 minutes (minor enantiomer), 41.0 minutes (major enantiomer)).
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(2S)-2-Methyl-2-propylhexanol 80 via reduction of (25)-N-((2R)-2-ethyl-2-

methylhexanoyl)-2-(3-thiahexyl)-pyrrolidine 69.

LngN'BHa,

Bu
Nj\( THF Bu
O..'Mé Pr — O™ X
’L A,
24 h

SPr

The reaction was carried out according to the general procedure above. The residue was
purified by column chromatography on silica gel eluting with 30% diethyl ether in
pentane to afford (25)-2-methyl-2-propylhexanol 80 as a colourless oil in 99% yield: 'H
NMR (CDCl,) & 3.34 (s, 2H), 1.18-1.31 (m, 10H), 0.90 (m, 6H), 0.83 (s, 3H); "C NMR
(CDCly) 6 70.2, 39.2, 37.5, 36.4, 25.9, 23.9, 22.1, 16.9, 15.3, 14.4. The product was
determined to have 96% ee by GC analysis of the corresponding carboxylic acid (vide
infra) (Chirasil Dex column, He carrier gas, 25 psi, oven temperature = 100 °C, R,= 39.3

minutes (major enantiomer), 42.4 minutes (minor enantiomer)).

(2R )-2-Allyl-2-methylhexanol 81 via reduction of (25)-N-((2R)-2-allyl-2-

methylhexanoyl)-2-(3-thiaheptyl)-pyrrolidine 71.

LiHoN'BHg,

s
N7 THF Z
SN N
IL A,
24 h

SBu

The reaction was carried out according to the general procedure above. The residue was
purified by column chromatography on silica gel eluting with 30% diethyl ether in

pentane to afford (2R)-2-allyl-2-methylhexanol 71 as a colourless oil in 74% yield: 'H
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NMR (CDCL,) & 5.80 (m, 1H), 5.03-5.08 (m, 2H), 3.36 (s, 2H), 2.04 (d, 2H, J = 7.7 Hz),
1.41 (bs, 1H), 1.25-1.32 (m, 6H), 0.91 (t, 3H, J = 7.1 Hz), 0.86 (s, 3H); '*C NMR
(CDCLy) & 135.3, 117.1, 69.8, 41.4, 37.8, 36.3, 25.6, 23.6, 21.6, 14.1. HRFABMS m/z
157.1587 (M + H", C,(H,,0" requires 157.1592.). The product was determined to have
95% ee by GC analysis of the corresponding hydrogenated carboxylic acid (vide infra)
(Chirasil Dex column, He carrier gas, 25 psi, oven temperature = 100 °C, R,= 39.3

minutes (minor enantiomer), 42.4 minutes (major enantiomer)).
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(2R)-2-Ethyl-2-methyl-2,3-dihydrocinnamyl (S)-o-methoxy-o-

(trifluoromethyl)phenylacetate 82.

Me

(R)~o-methoxy-a-(trifluoromethyl)phenylacetyl chloride (36 mg, 0.143 mmol, 1.5
equiv.) and 4—(dimethylamino)pyridine (35 mg, 0.285 mmol, 3.0 equiv.) were added to a
solution of (2R)-2-ethyl-2-methyl-2,3-dihydrocinnamyl alcohol 77 (17 mg, 0.095 mmol,
1.0 equiv.) in methylene chloride (2 mL) at 23 °C. After 1.5 h, the reaction was diluted
with diethy! ether (15 mL) and extracted with saturated ammonium chloride solution (2x
2 mL) and saturated sodium bicarbonate solution (2 x 2 mL). The organic phase was
- dried over anhydrous sodium sulfate, filtered and concentrated in vacuo to afford (2R)-2-
ethyl-2-methyl-2,3-dihydrocinnamy! (S)-o-methoxy-o-(trifluoromethyl)phenylacetate 82
(37 mg, 0.94 mmol, 99%) as a colourless oil. The crude ester was determined to have
96% de by 'H NMR: 'H NMR (CDCl,) § 7.48-7.59 (m, 2H), 7.41-7.46 (m, 3H), 7.12-
7.25 (m, 3H), 6.97-7.03 (m, 2H), 4.05 (AB, 1H, J = 11.1 Hz), 3.95 (AB, 2H, J = 11.7 Hz)
(minor isomer), 3.88 (AB, 1H, J = 10.9 Hz), 3.57 (s, 3H), 2.54 (AB, 2H, J = 13.5 Hz),
1.19-1.39 (m, 2H), 0.87 (t, 3H, J = 7.3 Hz), 0.85 (s, 3H); *C NMR (CDCl,)  166.5,
137.5, 130.4, 129.6, 128.4, 127.9, 127.5, 126.1, 124.9, 70.9, 55.4, 42.6, 37.4, 29.0, 20.8,
7.8. Anal. Calcd for C,,H,F;0;: C, 69.99; H, 6.39. Found: C, 67.03; H, 6.53. (As a
mixture of (2R)-2-ethyl-2-methyl-2,3-dihydrocinnamy! (S)-o-methoxy-o-
(trifluoromethyl)phenylacetate 82 and (2R)-2-ethyl-2-methyl-2,3-dihydrocinnamyl (R)-o-

methoxy-o-(trifluoromethyl)phenylacetate 83.)
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(2R)-2-Ethyl-2-methyl-2,3-dihydrocinnamyl (R)-o.-methoxy-a-

(trifluoromethyl)phenylacetate 83.

E DMAP, .
Y. el 4 HO ) CH,Cly b Ao gy
MeO % Mg Et - MeO @M Et

(S)—o-methoxy-a-(trifluoromethyl)phenylacetyl chloride (21 mg, 0.084 mmol, 1.5
equiv.) and 4—(dimethylamino)pyridine (21 mg, 0.168 mmol, 3.0 equiv.) were added to a
solution of (2R)-2¥ethyl—2-methyl—2,3—dihydr0cinnamyl alcohol 77 (10 mg, 0.056 mmol,
1.0 equiv.) in methylene chloride (2 mL) at 23 °C. After 3 h, the reaction was diluted
with diethyl ether (10 mL) and extracted with saturated ammonium chloride solution (2 x
5 mL) and saturated sodium bicarbonate solution (2 x 5 mL). The organic phase was
dried over anhydrous sodium sulfate, filtered and concentrated in vacuo to afford (2R)-2-
ethyl-2-methyl-2,3-dihydrocinnamyl (R)-o-methoxy-o-(trifluoromethyl)phenylacetate 83
(21.7 mg, 0.55 mmol, 98%) as a colourless oil. The crude ester was determined to have
94% de by 'H NMR: 'H NMR (CDCl,) § 7.56-7.57 (m, 2H), 7.43-7.44 (m, 3H), 7.18-
7.26 (m, 3H), 6.97-6.98 (m, 2H), 3.98 (AB, 1H, J = 11.2 Hz), 3.92 (AB, 1H, J = 1 1.7
Hz), 3.58 (s, 3H), 2.58 (AB, 1H, J = 13.2 Hz), 2.50 (AB, 1H, J = 13.2 Hz), 1.20-1.39 (m,
2H), 0.89 (t, 3H, J = 7.6 Hz), 0.83 (s, 3H). Anal. Calcd for C,H,F:0.: C, 69.99; H, 6.39.
Found: C, 67.03; H, 6.53. (As a mixture of (2R)-2-ethyl-2-methyl-2,3-dihydrocinnamyl
(S)-a-methoxy—a-(trifluoromethyl)phenylacetate 82 and (2R )-2-ethyl-2-methyl-2,3-

dihydrocinnamyl (R)-a-methoxy-a-(trifluoromethyl)phenylacetate 83.)



General Procedure for Alcohol Oxidation using Swern Oxidation Conditions.

R Swern Ox. =
HO/\..(1 — 4 ¢!

R2Rg ReRa
Dimethyl sulfoxide (2.4 equiv.) in methylene chloride (3:1 v/v) was added to a solution
of oxalyl chloride (1.4 equiv.) in methylené chloride at =78 °C. After 45 minutes a
solution of alcohol 79, 80 or 81 (1.0 equiv.) in methylene chloride (final concentration:
0.1 M with respect to the alcohol) was added via cannula. After 60 minutes, triethylamine
(4.0 equiv.) was added dropwise and the reaction was warmed to 23 °C. The mixture was
diluted with ether and washed with aqueous hydrochloric acid (1 M, 2 x) and water (3 x).
The combined aqueous layers were washed with ether (1 x). The combined organic
layers were extracted with brine (1 x), dried over anhydrous magnesium sulfate, filtered
and concentrated in vacuo to afford the corresponding aldehyde was oxidized to the

carboxylic acid without further purification.

(25)-2-Methyl-2-propylhexanal ent-89.

Prepared according to the general procedure above. 'H NMR (CDCl,) § 9.40 (s, 1H),
1.13-1.47 (m, 10H), 1.00 (s, 3H), 0.90 (t, 3H, J = 7.2 Hz), 0.89 (t, 3H, /= 7.1 Hz): '*C

NMR (CDCl,) 8 206.8, 49.1, 38.8, 35.3, 26.2, 23.4, 18.1, 17.4, 14.9, 14.1.
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(2R)-2-Methyl-2-propylhexanal 89.

Prepared according to the general procedure above. 'H NMR (CDCl,) 8 9.40(s, 1H),
1.13-1.47 (m, 10H), 1.00 (s, 3H), 0.90 (t, 3H, J = 7.2 Hz), 0.89 (t, 3H, J = 7.1 Hz); *C

NMR (CDCI,) § 206.8, 49.1, 38.8, 35.3, 26.2, 23.4, 18.1, 17.4, 14.9, 14.1.



General Procedure for Aldehyde Oxidation using Buffered Sodium Chlorite.

N30102
oY ———— Hoj\..(R1

ng R3 R2Ra
A freshly prepared solution of sodium chlorite (2.0 equiv.) and sodium dihydrogen
phosphate monohydrate (4.0 equiv.) in water (1 part) was added dropwise to a solution of
the crude aldehyde prepared above from alcohol 79, 80 or 81 (1.0 equiv.) in rert-butanol
(2.33 parts) and 2-methyl-2-butene (1 part) (final concentration: 0.016 M with respect to
the aldehyde) at 23 °C. The reaction was stirred at 23 °C for 5 h, diluted with distilled
water and extracted with ethyl acetate (3 x). The combined organic phases were dried
over anhydrous magnesium sulfate, filtered and concentrated in vacuo to afford the

corresponding carboxylic acid.

(25)-2-Methyl-2-propylhexanoic acid 90.

Prepared according to the general procedure above. 'H NMR (CDCl,) § 1.16-1.67 (m,
10H), 1.14 (s, 3H), 0.91 (t, 3H, J = 7.2 Hz), 0.90 (t, 3H, J = 7.0 Hz); *C NMR (CDCl,)

0 183.9,45.8,41.5, 39.0, 26.8, 23.3, 21.1, 17.9,14.7, 14.1.
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(2R)-2-Methyl-2-propylhexanoic acid ent-90.

Prepared according to the general procedure above. 'H NMR (CDCl,) 6 1.16-1.67 (m,
10H), 1.14 (s, 3H), 0.91 (t, 3H, J = 7.2 Hz), 0.90 (t, 3H, J = 7.0 Hz): *C NMR (CDCl,)

0 183.9,45.8,41.5, 39.0, 26.8,23.3,21.1, 17.9, 14.7, 14.1.
(2R)-2-allyl-2-methylhexanoic acid.

Prepared according to the general procedure above. 'H NMR (CDCl,) § 5.48 (m, 1H),
5.05-5.08 (m, 2H), 2.40 (dAB, 1H, J = 6.8, 13.7 Hz), 2.21 (dAB, 1H, J = 7.6, 13.9 Hz),
1.16-1.66 (m, 6H), 1.13 (s, 3H), 0.89 (t, 3H, J = 7.1 Hz); *C NMR § 183.2, 133.8, 118.1,

45.7,43.0, 38.5, 26.6, 23.1, 211.1, 13.9.

Procedure for Hydrogenation of (2R)-2-Allyl-2-methylhexanoic acid.

Ho,
cat.EP(d)(OH)g,
tOAc
HO Y ————= Ho N Me
Mé Bu Mé Bu

Catalytic Pd(OH),/C was suspended in a solution of (2R)-2-allyl-2-methyl hexanoic acid

in ethyl acetate and the mixture was stirred vigorously under an atmosphere of hydrogen



for 18 h, filtered through a pad of Celite® and concentrated to afford (25)-2-methyl-2-

propylhexanoic acid.
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N-(2-hydroxyethyl)-S-(10-(15)-camphoryl))-mercaptoacetamide 103.

1) CICH,C(O)CI
2) 101
3) NaH
O~ NH, o)

76% S

Chloroacetyl chloride (0.285 mL, 3.58 mmol, 1.5 equiv.) was added dropwise to a stirred
solution of ethanolamine (0.577 mL, 9.56 mmol, 4.0 equiv.) in tetrahydrofuran (6.0 mL)
at 23 °C. After twenty minutes, (1S)-camphor-10-thiol 101 (440 mg, 2.39 mmol, 1.0
equiv.) in tetrahydrofuran (6 mL) was added via cannula and sodium hydride (60% w/w,
0.239 g, .598 mmol, 2.5 equiv.) was added in one portion. The mixture was stirred at
23 °C for 28 h and concentrated in vacuo. The residue was purified by chromatography
on silica gel eluting with 50%— 100% ethyl acetate in hexanes to afford N-(2-
hydroxyethyl)-S-(10-(1S)-camphoryl))-mercaptoacetamide 103 (519 mg, 1.82 mmol,
76%) as a pale rose-coloured oil. 'H NMR (CDCl,) 8 7.70 (bs, 1H), 3.99 (m, 1H), 3.44-
3.48 (m, 2H), 3.19-3.21 (m, 2H), 3.02 (AB, 2H, J = 11.6 Hz), 2.53 (AB, IH, J = 124
Hz), 2.36 (AB, 1H, 12.7 Hz), 2.13 (m, 1H), 1.61-1.86 (m, 4H), 1.32 (m, 1H), 1.15 (m,
1H), 0.78 (s, 3H), 0.66 (s, 3H); '*C NMR (CDCl,) 6 169.1, 60.7, 60.2, 60.0, 47.4, 42.9,

42.5,42.0,36.9, 294, 26.6, 26.3, 19.7, 19.2.



3-Hydroxy-3,5,5-tetramethyltetrahydrothiophene-2-carboxylic acid methyl ester

106.
H
/ﬁ\/ M cat. NaH MeO Me
+ B ———taama
MeO SH Me” 2 “Me S

Methyl thioglycolate (0.421 mL, 4.71 mmol, 1.0 equiv.) was added dropwise to a stirred
suspension of sodium hydride (60% w/w in mineral oil, 19 mg, 0.471 mmol, 0.1 equiv.)
in tetrahydrofuran (20 mL) at 23 °C. After 5 minutes, the mixture was cooled to 0 °C and
mesityl oxide (90% v/v, 0.72 mL, 5.65 mmol, 1.2 equiv.) was added dropwise. The
mixture was stirred at 0 °C for ! h, then allowed to warm to 23 °C over 2 h, at which
point saturated sodium bicarbonate solution (10 mL) and ethyl acetate (40 mL) were
added. The phases were separated and the organic phase was dried over anhydrous
magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by
chromatography on silica gel eluting with 10% ethyl acetate in hexanes to afford 3-
hydroxy-3,5,5-tetramethyltetrahydrothiophene-2-carboxylic acid methyl ester 106 as a
mixture of stereoisomers (943 mg, 4.62 mmol, 98%) as a colourless oil. 'H NMR
(CDCl,) 6 3.80 (s, 1H), 3.64 (s, |H), 3.54 (s, 3H), 2.05 (m, 1H), 1.75 (m, 1H), 1.39 (s,
3H), 1.29 (s, 3H), 1.26 (s, 3H); '"C NMR (CDCl,) 8 171.8, 82.3, 57.6, 56.9, 52.0, 51.3,

33.3,32.8, 26.6.
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4,4-Dimethyl-6-oxo-3-thiaheptanoate 107.

neutral
e ; M Me
j\/SH ¥ M _alumina _ ej\;< OMe
MeO Me” N “Me M s

75%

Methyl thioglycolate (0.421 mL, 4.71 mmol, 1.0 equiv.) was added dropwise and
dispersed onto stirred, flame-dried neutral alumina (Brockmann I, standard grade, =150
mesh, 2.355 g) under argon. After 10 minutes, mesityl oxide (0.599 mL, 4.71 mmol, 1.0
equiv.) was added via syringe and dispersed onto the alumina. The mixture was stirred
for 1.5 h, poured onto a column of silica gel and eluted with methylene chloride.
Removal of the methylene chloride in vacuo afforded methyl 4,4-dimethyl-6-0x0-3-
thiaheptanoate 107 (0.72 g, 3.52 mmol, 75%) as a pale yellow oil contaminated with
small amounts of mesityl oxide. 'H NMR (CDCl,) 8 3.62 (s, 3H), 3.24 (s, 2H), 2.65 (s,
2H), 2.07 (s, 3H), 1.33 (s, 6H); "C NMR (CDCl,) & 205.3, 170.5, 53.6, 51.9, 43.8, 31.5,

304, 27.6.

N-(2-hydroxyethyl)-mercaptoacetamide 109.

T
A

O
+ I HO\/\N/U\/SH
H

30 - 2 mmHg
HO_~ NH Dean-Stark trap
_ 2

Ethanolamine (8.68 mL, 144 mmol, 1.0 equiv.) was added to stirred mercaptoacetic acid

(10.0 mL, 144 mmol, 1.0 equiv.) under argon at 23 °C (N.B. This is a very exothermic
process). The stirred mixture was heated to 130 °C, at which point the pressure was

reduced to 30 mm Hg. After 2 h, the temperature was increased to 170 °C and the
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pressure was reduced to 2 mm Hg. The mixture was stirred for an additional 4 hours,
then cooled to 23 °C under argon to afford N-(2-hydroxyethyl)-mercaptoacetamide 109
- as a viscous yellow oil. 'H NMR (CDCL,) 8 3.73 (m, 2H), 3.44 (m, 2H), 3.26 (s, 2H),

2.00 (t, 1H); *C NMR (CDCl,) 8 170.4, 61.9, 42.6, 28.3.

N-(2-hydroxyethyl)-4,4-dimethyl-6-0xo0-3-thiaheptanomide.

M
M = Me neutral

alumlna M
j\/ 47%
over
HO\/\ SH 2 steps

N-(2-hydroxyethyl)-mercaptoacetamide 109 (5.00 g, 36.99 mmol, 1.0 equiv.) was added

Me H
S/\n,N\/\OH
O

to was added dropwise and dispersed onto mechanically stirred, flame-dried neutral
alumina (Brockmann I, standard grade, =150 mesh, 18.5 g) under argon. After 10
minutes, mesity} oxide (4.70 mL, 36.99 mmol, 1.0 equiv.) was added via syringe and
dispersed onto the alumina. The mixture was mechanically stirred at 23 °C for 7 h and
allowed to stand for 14 h. The mixture was poured onto a column of sand and eluted
with 5% methanol in ethyl acetate to afford N-(2-hydroxyethyl)-4,4-dimethyl-6-oxo0-3-
thiaheptanomide 111 (4.01 g, 17.2 mmol, 47% over 2 steps) as a pale yellow oil. 'H
NMR (CDCl;) 6 7.41 (bs, 1H), 4.01 (bs, 1H), 3.53 (1, 2H, J = 5.1 Hz), 3.25 (dd, 2H,
J=5.3,10.6 Hz), 3.12 (s, 2H), 2.57 (s, 2H), 2.01 (s, 3H), 1.25 (s, 6H); *C NMR (CDCl,)

8206.3, 170.0, 60.8, 53.5, 44.3, 42.1, 32.6, 31.8, 28.0 (2C).
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5,5,7-Trimethyl-1-aza-8-oxa-4-thiabicyclo[5.3.0]-2-decanone 113.

PO R
M cat. CSA

lfo MeOH (\N S

HN\L 69% OWW
OH

Trimethyl orthoformate (1.76 mL, 16.18 mmol, 3.0 equiv.) and (15)-10-camphorsulfonic
acid (92.3 mg, 0.397 mmol, 0.074 equiv.) were sequentially added to a stirred solution of
N-(2-hydroxyethyl)-4,4-dimethyl-6-oxo0-3-thiaheptanomide 111 (1.25 g, 5.36 mmol,
1.0.equiv.) in methanol (110 mL) under argon. The mixture was stirred at 23 °C for 40 h,
at which point, solid potassium carbonate (40 mg) was added and the solvent was
removed in vacuo. The residue was partitioned between 3/4 saturated sodium chloride
solution (4 mL) and ethyl acetate (75 mL). The phases were separated and the organic
phase was extracted with 3/4 saturated sodium chloride solution (2 x 4 mL), dried over
anhydrous magnesium sulfate, filtered, and concentrated in vacuo. The residue was
purified by chromatography on silica gel eluting with 80% ethyl acetate in hexanes to
afford 5,5,7-trimethyl-1-aza-8-oxa-4-thiabicyclo[5.3.0]-2-decanone 113 (797 mg, 3.71
mmol, 69%) as a colourless oil. 'H NMR (CDCl;) § 3.90-4.00 (m, 2H), 3.73 (m, 1H),
3.60 (m, 1H), 3.52 (AB, IH, J = 15.1 Hz), 3.03, (AB, 1H, J= 14.6 Hz), 2.16 (AB, 2H, J

= 15.1 Hz), 1.54 (s, 3H), 1.40 (s, 3H), 1.27 (s, 3H); "C NMR (CDCl,) § 166.7, 93.2, 61.6,

52.0,45.8,41.9,31.8,31.7, 30.8, 25.8.

' For references on the preparation of (285)-2-(2-(N-

benzyloxycarbonyl)pyrrolidine)ethanol, including an Arndt-Eistert homologation see
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APPENDIX I

COORDINATES OF STRUCTURES OF
(3R,75)-1-Aza-3-benzyl-3-methyl-4-thiabicyclo[5.3.0]-2-

decanone 51f

H
51f
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X-ray Crystal Structure of

(3R,75)-1-Aza-3-benzyl-3-methyl-4-thiabicyclo[5.3.0]-2-decanone 51f




CRYSTI1
SCALE1
SCALE2
SCALE3
ATOM
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Stereoselective Generation of E- and Z-Disubstituted
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The formation of enolates is a process that is fundamental to
a multitude of chemical transformations. In many cases, the
stereochemistry of an enolate (E or Z) is an integral part of
stereoselective reactions (e.g., syn/anti control in aldol reactions).
For monosubstituted ester and ketone enolates, stereochemistry
can often be influenced by judicious choice of solvent, base, and
temperature.! For monosubstituted tertiary amide enolates, mini-
mization of A-1,3 interactions usually favors Z-enolate formation.?
Stereocontrol in disubstituted enolates is a more difficult task and
must often be evaluated on a case-by-case basis. Highest levels
of stereocontrol are usually associated with cyclic frameworks,’
including metal chelates,* while control based on differential steric
environments is less reliable.>® We have initiated a project to
develop stereoselective quaternary carbon forming reactions based
on enolate transformations. The goal is to develop a general
method that does not rely on specific enolate features such as
chelating functionality or a large steric difference between enolate
substituents. In this communication, we report a method for
controlling enolate geometry in disubstituted amide enolates where
the E/Z selectivity is dependent only on the geometry and
stereochemistry of the enolate precursor.

Our design utilizes a two-electron reduction of a.a-dialkylated
bicyclic thioglycolate lactams to provide disubstituted amide
enolates (Figure 1).” Assuming that (a) two alkyl groups (R, and
R>) are installed stereoselectively at the a-position, (b) the O—C—
C—S dihedral angle is held as close to 90° as possible by the
bicyclic system. and (c) significant bond rotation does not occur
about the carbonyi-carbon/a-carbon bond during the two-electron
reduction process, the E/Z stereochemistry of the enolate should
be controlled by the relative positions of R, and R; in the starting
lactam. Importantly. this should afford kinetic E/Z stereocontrol
that is independent of the relative stabilities of the two enolates

Ry

o R

W o

ldeal conformation for
stereoselective reductign

2e”

——

s
~

!
R 2

Figure 1. Mode! for stercoselective enolate generation.
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Scheme 1. Synthesis of 5,7- and 6,7-Bicyclic Lactams

o]
NBoc a-e
OH ” Vs
nH
"H 2n=1
3 n=2

“MsCl, NEu, CHyCly. ® MeO,CCH,SH. NaH, DMF. < LiOH, THF/
H,0. ¢ TFA (or HCVERLO). ¢ EDC-HOBT (or 2-chloro-1 -methylpyridnium
iodide). NEt, CHaCla. 53% yield (5 steps) for 2. 46% yield (5 steps) for
3.

and does not depend on a large difference in size of the two alkyl
groups. Significantly, switching the position of R, and R, by
inverting the order of their installation should lead to a reversal
of enolate geometry. In many regards, our model resembles the
preferred transition state for deprotonation adjacent to a carbonyl
group, with sulfur transposed for hydrogen. The significant
difference is that deprotonation is a concerted (two-electron)
process whereas the reductive process undoubtedly involves two
separate one-electron-transfer steps and thus bond rotation is a
potential competing process in the intermediate radical anion
resulting from C—S bond scission.

Molecular modeling calculations (MM2) using a Monte Carlo
conformational search (Macromodel) were used to identify
suitable candidates for this stereoselective reduction process.
Several classes of bicyclic thioglycolate lactams were analyzed
for desirable O—C—C—S dihedral angles both at the ground state
and as a weighed average of all stable conformations within 2
kcal/mol of the ground state. From these calculations, the 5.6-.
5,7- and 6,7-bicyclic lactams 1~3 were identified as candidates
for study (see Table 1). Of these, the 5.7- and 6,7-bicyclic lactams
2 and 3 appear to be reasonable candidates (O—C—C—S dihedral
angles of 120—150°). while the 5,6-bicyclic lactam 1 has an

Table 1. Alkylation of Bicyclic Lactams
Q
QI Loan g&-a, Talvlial
1S = R =
AT 5o ke
eR,=«Bn RA;a=Me
1n=i, mui 4n=1, me) fR,=Me R,=Bn
2 n=1, m=2 §n=1, m=2 gR,an-Pr Ry=E
3 n=2, m=2 6 n=2, m=2 hR,aEt RpanPr
lactam R|—X yield de* R;=~X product yield de”
1 n-Prl 84%  88% Mel 4a 94% 72%
1 Mel 8%  8i1% n-Prl 4b 88% 2%
1 allyl-Br 88%  85% Mel 4c 91% 79%
1 Mel allyl-Br 4d 86% 78%
2 n-Prl 76%  88% Mel Sa 90% 90%
2 Mel 86%  93% n-Prl 5b 72% 86%
2 allyl-Br 88%  85% Mel 5¢ 85% 95%
2 Mel allyl-Br 5d 96% 87%
2 BnBr 96% >95% Mel Se 8% >99%
2 Mel BnBr sf 91% >99%
2 n-Prl Ed S5g 75% 88%
2 Etl 80%  87% n-Prl Sh 76% 94%
3 n-Pri 95%  68% Mel 6b 81% 50%<
3 Mel 95%  87% n-Prl 6a 81% 62%
3 BnBr 80% >95% Mel of 89% 66%4~
3 Mel BnBr of 69%¢  10%

? Determined by integration of 'H and/or “C NMR resonances.
" Determined by capillary gas chromatography on a Chirasil Dex
column. Unless otherwise noted, diastereomers were not separable.
¢ Alkylation selectivity is reversed for these substrates. These substrates
were readily separable by flash chromatography. ¢ Lactam 6e was
isolated in 31% yield and lactam 6f was isolated in 38% yield.

© 2001 American Chemical Society
Published on Web 02/10/2001
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Table 2. Reductive Enolization of Bicyclic Thioglycolate Lactams

Conununications to the Editor

2 R 1. LIDBB, IMS
NJKE"Rg THF, =78 °C N \\r R4
@ S 2. TMSGI @ « \ Ra
e n 'l m
STMS
] O-C-C-§ 0—C—-C-S
series n m lactam R, R» dihedral® Z/E ratio® lactam R, Ry dihedral® Z/E ratio”
1 1 1 da n-Pr Me 174 4753 4b Me  n-Pr 182 64:36
2 1 1 dc Allyl Me 175 44:56 4d Me Allyl 178 68:32
3 I 2 Sa n-Pr Me 141 87:13 5b Me n-Pr 128 20:80
4 1 2 Sc Allyl Me 140 87:13 5d Me Allyl 138 26:74
5 i 2 Se Bn Me 145 92:8 5f Me Bn 149 12:88
6 i 2 5g n-Pr Et 139 80:20 5h Et n-Pr 137 12:88
7 2 2 6a n-Pr Me 140 83:17 6b Me n-Pr 133 37.63
8 2 2 Ge Bn Me 143 92:8 of Me Bn 139 53:47

“ Weighted average (calculated at —78 °C) of all conformations within 2 kcal/mol of the ground state as determined by Monte Carlo calculations.

¢ Determined by integration of 3C resonances.

unfavorable dihedral angle (175—180°) and thus was expected
to serve as a control.

Lactam 1:was prepared in two steps from prolinol following
the procedure of Ishibashi.* Lactams 2 and 3 were prepared from
N-Boc-2-(2-pyrrolidine)ethanol and N-Boc-2-(2-piperidine)etha-
nol, respectively, by displacement of the corresponding mesylates
with methyl thioglycolate followed by a straightforward lactam-
ization protocol (Scheme 1). Sequential alkylation of lactams 1—3
was performed in THF with LDA (1.1 equiv) in the presence of
LiCl (5 equiv).® Excellent yields and good to excellent diastereo-
selectivities were obtained for the alkylations of 5,6- and 5,7-
bicyclic lactams (Table 1). The expected stereochemical outcome
of these alkylations. wherein the electrophile approaches from
the exo-face of the bicyclic system.® was confirmed through NOE
studies. Alkylation of the 6.7-bicyclic lactam 3 was not only less
selective but the facial selectivity in the second alkylation reaction
was reversed relative to that of the 5.7-bicyclic system.

Reduction of the thioglycolate lactams was best accomplished
by titrating with lithium di-rerr-butylbiphenylide (LiDBB) in THF
at —78 °C. The resulting enolate dianions were trapped as the
silyl ketene aminals by addition of trimethylsily! chloride followed
by warming the reaction slowly to 23 °C over 0.5 h.!0 The silyl
ketene aminals were isolated by removal of solvent in vacuo and
trituration into C¢D¢ and the E/Z ratio of the products was
determined by *C NMR.'' The stereochemistry for the silyl ketene
aminals derived from Se—h (Table 2. Series 5—6) was definitively
assigned by observation of NOE enhancements. Assignments for
the remaining products were made by analogy and by comparison
of the '*C NMR shifts for the ketene aminal carbons among related
series.

Reduction and trapping of amides 4a—d proceeded with low
levels of E/Z selectivity, consistent with the large O—C—C-S§
dihedral angle in these substrates (Series 1-2, Table 2). In
contrast. reduction of lactam 5a afforded the Z-2-methylpentan-

(8) Ishibashi. H.; Uegaki. M.: Sakai. M. Svnletr 1997. 915.

(9) For the use of LiCl in alkylations of amide enolates, see: Myers. A.
G.; Yang, B. H,; Chen. H.: McKinstry, L.: Kopecky, D. J.: Gleason, J. L. J.
Am. Chem. Soc. 1997. 119. 6496.

(10) Woodbury, R. P.; Rathke, M. W. J. Org. Chem. 1978, 43, 881,

(11) Generally the reduction of the amides was compiete and <5% of
enolate quenching was observed. Reduction of 5d produced a byproduct (ca.
30%) that could not be fully characterized.

amide enolate with 87:13 selectivity. Importantly, reduction of
the sterevisomeric lactam (5b) produced the E-enolate, also with
good levels of stereocontrol (80:20 E/Z). A similar trend was
observed for all 5,7-bicyclic lactams studied (Series 3—6, Table
2). Reduction of the 6,7-bicyclic lactams 6a and 6e produced
Z-enolates cleanly. However, E-enolate selectivity was reduced
for reduction of diatstereomers 6b and 6f. Overall. the results
are in accord with our proposed model and indicate that bond
rotation in the intermediate radical anions is at most a minor
competing factor in the reductive enolization process. The reasons
for reduced selectivity with lactams 6b and 6f are unclear, but
may reflect a higher degree of flexibility in the 6,7-bicyclic ring
system.

In conclusion, we have developed a method for stereoselective
generation of disubstituted amide enolates wherein the E/Z
selectivity is determined by the stereochemistry and geometry of
the starting bicyclic lactams. The method affords both E- and
Z-amide enolates without relying on a steric difference between
the two substituents. The high levels of alkylation selectivity of
the 5,7-bicyclic system and the excellent levels of stereocontrol
for enolate generation appear to earmark it for future development.
In this regard. it is important to note that the reduction generates
an enolate structure that is reminiscent of prolinol amide enolates®
and may serve as a template for subsequent stereoselective
transformations.’2 We expect that this new enolate preparation
will find use in numerous reactions including alkylations and aldol
reactions.
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(12) For example, reduction of S5e with LiDBB followed by addition of
allyl bromide (3 equiv) and stirring at —78 °C for 3 h affords the corresponding
C.S-dialkylated product in 96% yield and 90:10 diastereoselectivity. Complete
studies on this alkylation reaction will be reported in due course.
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fluoride ions were 1 to 2 mM. The protonation constant of fluoride in water
is: log Kyge = 3.18.

NMR Measurements: 'H NMR spectra were recorded on a Bruker AMS00
spectrometer at 500 MHz. Binding constants were obtained by NMR
titrations of L with fluoride from 25 measurements in D,O at pD=5.0%
0.1. Initial concentrations were {L]*=2 mm and titrations were performed
using aliquots from a 20 mM stock solution of NaF. A solution of the sodium
salt of [2,2,3,3-D,}-3-(trimethylsilyl)propionic acid (TPS) in D,O in a
capillary tube was used as an external reference. The pD value was adjusted
with a concentraled solution of TsOH and NaOD in D,O. All spectra were
recorded at room temperature. The association constants K, were
calculated by fitting f to d,, (consisting of several independent NMR
signals) with a 1:1 association model using Sigma Plot software. Equa-
tions (1) and (2) were used, where L is the ligand and A~ is the anion, and
the error limit in X is less than 10 %:

¢ = ([A]+[LP+ UK = {([AP+[LP+ VK -4[LIA T2 (1)

~~

= (6a— O )C[L]’ + 6y, (2)

The Job's plot was performed by examining different concentration ratios
of L and NaF in D,O at pD=5.0=0.1, while maintaining the tolal
concentration of the ligand plus NaF at 10 mm. The pD value was adjusted
with a concentraled solution of TsOH and NaOD in D,0. NMR measure-
ments werce recorded at room temperature.
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Carbon Centers: Alkylation of a,a-
Disubstituted Amide Enolates**
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The stereoselective formation of quaternary carbon centers
is one of the most challenging tasks in organic chemistry and
can only be achieved using methods which employ some form
of carbon-carbon bond forming reaction.!'! One of the most
straightforward methods for the formation of carbon —carbon
bonds is the alkylation of an enolate with an alky! halide and.
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indeed, several methods for the stereoselective
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formation of quaternary carbon centers have
been based on this approach.?'"! One of the most
significant problems in any approach based on
enolate alkylation is to control enolate stereo-

chemistry (E vs. Z). This control is necessary, as it 1a
works in tandem with n-facial selectivity to a

stereoselective reaction. Many methods solve this

problem by employing cyclic enolates or metal o M
chelates>!!} Although this works well, the final N»\(\
alkylation products usually contain specific func- Ci\/
tional group residues that were necessary to form H

the cyclic enolate. This often limits the scope of 1b

these methods.

Recently, we reported a method for the prep-
aration of a.ua-disubstituted amide enolates by
reduction of bicyclic thioglycolate lactams.!*® This
method was based on a simple operational model wherein the
bicyclic system constrains the sulfur so that it is held rigidly on
one face of the carbonyl plane (Scheme 1). Upon two-electron

-~ R'
Rl o o A e
Z:‘D‘S e S T L s
R ',‘\) N R (_/N
R F{ R?
Q g oLl
TR '
CT\J LiDBB (2 equiv) xR
s e
92
H H
1 2 sLi

Scheme |. Operational model for the stereocontrolied synthesis of «.,a-
disubstituted amide enolates 2 by reduction of bicyclic thiogiycolate
lactams 1.

reduction. carbon-sulfur bond cleavage occurs to form an
enolate dianion and the E/Z stereochemistry of the enolate is
governed by the relative locations of the a-alkyl groups in the
starting lactam. Good to excellent levels of stereocontrol are
observed and both £ and Z amide enolates 2 may be prepared
(Scheme 1). Importantly. this method removes the require-
ment for a cyclic enolate or chelating functionality to control
enolate stereochemistry; any alkyl groups may be present at
the R! and R’ positions. A feature of our design is that the
reduction step liberates a chiral auxiliary which is reminiscent
of a prolinol amide. Prolinol amides have been used to control
stereochemistry in alkylations which form tertiary carbon
stereocenters.'”! Here, we report that high stereoselectivities
may be achieved for the formation of quaternary carbon
centers by the alkvlation of our a.a-disubstituted enolates.
which in many cases even exceed the stereoisomer ratio of the
intermediate enolates.

As previously reported. reduction of diastereomeric lac-
tams la and 1b with lithium di-reri-butyldiphenylide
(LiDBB)® in THF at —78°C affords the corresponding Z
and £ enolates with 92:8 and 88:12 selectivity, respectively
(Scheme 2).1"™ Addition of allyl bromide to the enolates
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88:12

62:38 ds

Scheme 2. Alkylation to form quaternary carbon stereocenters.

resulted in the formation of C,S-dialkylated products in high
yields.”?!l Intriguingly. alkylation of either enolate, 2a or 2b,
afforded the same major product 3a. The alkylation of Z
enolate 2a showed good stereoselectivity (90:10) which was
roughly in line with the ratio of the intermediate enolates.
Alkylation of E enolate 2b was only poorly selective
(62:38).%%1 Additives had only a modest effect on the
alkylation selectivity of the FE enolate. Conducting the
reaction in the presence of 20% hexamethylphosphoramide
(HMPA) reversed the stereoselectivity slightly (39:61 ratio),
while addition of 1,3-dimethyl-3.4,5,6-tetrahydro-2(1H)-pyr-
imidinone (DMPU, 45%) or LiCl (10 equiv) had minimal
effects. The addition of HMPA had no discernable effect on
either the yield or the stereoselectivity in the alkylation of the
Z enolate.

A significant and practical improvement in the stereo-
selectivity of the alkylation was observed when the Z enolates
are altowed to react with unactivated alkyl halides [Eq. (1).
Table 1}. For instance, reaction of enolate 2a with ethyl iodide
instead of allyl bromide afforded the corresponding product
3¢ with 96.5:3.5 diastereoselectivity (93 % de). Similar selec-

0 gt o
)&\%Me 1. LiDBB. -
N THF, =78 °C NJ\<
5o me 'R? 1)
H 2. R2-X H
1 3 TSR,

Table 1. Alkylations using unactivated clectrophiles [Eq. (1)}

Lactam R} Z/E Ratio  de[%] R¥X  Product Yield de
of 214 of 2 [%] %]
ia Bn 92:8 84 Etl 3c 89 93
la Bn 92:8 84 nBul 3d 76 >95
l¢ nPr  87:13 74 Etl de 85 89
lc nPr 87:13 74 nBul  3fF 71 95
1c nPr 87:13 74 iBul 3¢ 59int 87
1d Et 90:10 80 nPrl  3h 83 >95
le allyl  87:13 74 Ett 3i 84 8%
le allyl  87:13 74 Bul 3j 80 91
1f nBu - - nPrl 3k 88 »95

|a] Determined by “C NMR spectroscopy. [b] HMPA (23%) was added
during the alkylation step. [c] Not determined.
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tivities were observed for a series of Z enolates and
unactivated n-alky! halides. The yields were high and in most
cases the reactions proceeded to completion within 4 h at
—78°C without added polar co-solvents.?! Branched alkyl
halides such as isobutyl iodide were slower to react, but gave
acceptable yields at —78°C in the presence of HMPA .4
Importantly, in all cases explored with unactivated alkyl
lodides the alkylation selectivities were higher than the Z/E
ratios of the intermediate enolates. This selectivity enhance-
ment presumably has its origin in the low alkylation selectivity
of the minor £ enolates (1:1 selectivity was observed for
reaction of 2b with Etl}. From a practical standpoint, the poor
selectivity of the E enolates is not a significant issue, as a
judicious choice of the alkylation sequence can allow stereo-
isomeric products to be prepared. For example, alkylation
products 3f and 3k were prepared with high diastereoselec-
tivity by simply inverting the overall alkylation sequence.
These molecules are not true diastereomers, as they have
different alky! groups on sulfur. However, upon cleavage of
the amide auxiliary (vide infra), the final products were
isolated as a pair of enantiomers.

Hydrolysis of the alkylation products proved to be difficult.
Heating 3hin a 1:1 mixture of 6 M H,SO, and dioxane for 24 h
resulted in formation of the acid 4 [Eq. (2)] in 18% yield

[+]
o
Et  gMH,80, )J\( £t
me or HO™ >
dioxane N (2)
A 24 h Me Pr
4

[a]? = 18 (c=0.6, E1OH)

along with recovery of 71 % of the starting material. Although
this direct hydrolysis was not practical, it did allow the
stereochemistry of the alkylation process to be elucidated.
Comparison of the optical rotation of 4 with literature data
established that the S isomer was formed in the alkylation
step.” Thus, the alkylation occurs from the top face of the
enolate [as drawn in Eq. (2)]. Similar facial selectivity was
observed by Evans and Takacs in the reactions of O-alkylated
prolinol Z amide enolates.®! In the latter case. masking the
prolinol hydroxyl group as an ether resulted in a switch in
facial selectivity, presumably due to a loss of chelation. Given
the similar facial selectivity and that chelation here would
require an eight-membered ring. our results seem most
consistent with an unchelated enolate.

An effective method for removal of the chiral auxiliary
proved to be reductive cleavage. Treatment of the amides with
lithium amidotrihvdroborate” in THF at refiux [Eq. (3)]
afforded the corresponding primary alcohols in high vields
(Table 2). The enantiomeric excess of the products was
assessed either directly or on the corresponding carboxylic
acids (see Table 2 and Supporting Information). In all cases.
the enantiomeric excess of the products was consistent with
the diastereomeric excess of the alkylation products, indicat-
ing that no significant Kinetic resolution occurred during the
reductive cleavage of the chiral auxiliary.

2340 © WILEY-VCH Verlag GmbH., 69451 Weinheun, Germany, 2002

o]
r'  LiHNBH; ]!
N d —_————  HO .
Mé R2  THF. A M R? ®
" 5
3 TSR,

Table 2. Reductive cleavage of the chiral auxiliary with lithium amido-
trihydroborate {Eq. (3)].

Amide R! R? Product Yield [%] ee (%)
3¢ Bn Et Sa 96 942!
3d Bn nBu 5b 97 96kl
3f nPr nBu Sc 99 96101
3k nBu nPr 5d 87 95
3j ally! nBu Se 74 931t

{a] Determined by HPLC analysis (Chiracel OD coluran). [b] Determined
by capillary GC analysis (ChirasilDex column) on the corresponding
carboxylic acid. Due to peak tailing, the GC analyses are accurate (o within
+2%.

In conclusion, we have developed a highly stereoselective
enolate alkylation process for the generation of quaternary
carbon centers. The stereoselectivities are highest for reac-
tions of «.a-disubstituted Z amide enolates with unactivated
n-alkyliodides. The method is notable in that high selectivities
are obtained without the need for cyclic enolates or metal
chelates, thus allowing any alkyl group to be incorporated into
the final product. The resulting alkylation products may be
cleaved in high yield to the corresponding primary alcohols
using lithium amidotrihydroborate. Finally, enantiomeric
pairs of molecules may be formed simply by inverting the
order of alkylation followed by cleavage of the chiral
auxiliary. Further studies in this area will focus on the
extension of the method to other carbon-carbon bond
forming reactions.

Experimental Section

Reduction/alkylation procedure [Eq. (1)]: A solution of LiDBB in THF
was added dropwise with a glass syringe to a solution of lactam 1a (243 mg,
882 umol. 1 equiv) in THF (8.8 mL) in a Schlenk flask at ~78"C until the
green color of LiDBB briefly persisted. n#-Butyi iodide (402 uL. 3.53 mmol.
4.0 equiv) was added dropwisc and the solution was stirred at ~78°C for
4 h. Saturated ammonium chioride solution (10 mL) was added and the
resulting mixture was warmed to room lemperature and extracted with
ethyl acetate (3 x 25 mL). The combined organic layers were dried over
anhydrous sodium sulfate. filtered. and concentrated. The residue was
purified by chromatography on silica gel eluting with 3% ethyl acctate in
hexanes to afford 260 mg of 3d as a colorless oil in 76 % yield. The product
was determined to have >95% de by “C NMR analysis. ‘H NMR
(C,D.CD,. 105°C): =6.95-7.08 (m. SH). 4.24 (m. 1H). 2.93-3.11 (m,
3H). 2.38-2.51 (m. 5H). 1.97-2.16 (m. 2H), 1.07-1.60 (m, 14 H). 1.13 (s.
3H), 0.76-0.88 ppm (m. 6H); “C NMR (C,D.CD,. 105°C): = 1738,
138.8. 130.3. 1277, 126.0. 58.8. 48.2, 46.9, 46.3, 41.3, 34.3, 31.9, 31.8, 29.3.
28.8. 270. 25.0. 23.2. 22.6. 21.8. 13.6, 13.2 ppm. CH.N analysis caled [or
C1HNOS: C 73.98. H 10.09, N 3.59; found: C 74.31. H 9.98. N 3.60.

Reductive cleavage of the chiral auxiliary [Eq.((3)): A solution of n-
butyllithium in hexanes (2.27w.2.39 mL. 5.42 mmol. 3.90 equiv) was slowly
added 1o a surred solution of diisopropylamine (799 pl. 3.70 mmol.
4.10 equiv) in THF (2.5 mL) at 0-C. After stirring for 10 mun. borane -
ammonia complex (90 %, 191 mg, 5.56 mmol. 4.0 equiv) was added in one
portion. After stirring at 0-C for 15 min the mixture was warmed (0 23 C
and after 10 min a solution of 3¢ (464 mg. 1.39 mmol. | equiv) in THF
(5 mL) was added with a cannula. The mixture was heated at reflux for
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24 h, then cooled to 0°C, and quenched with aqueous hydrochloric acid
(3M, 5mL). The resulting mixture was warmed to 23°C and stirred for
30 min, at which point aqueous sodium hydroxide (3 M. 10 mL) was added.
The mixturc was stirred at 23°C for 30 min and extracted with diethyl ether
(3x20mL). The combined organic layers were dried over anhydrous
sodium sulfate, filtered, and concentrated in vacuo. Column chromato-
graphy onsilica gel eluting with 30% diethyl ether in pentane afforded (R)-
2-01hyl-2-melhyl-2,3-dihydrocinnamyl alcohol 5a (239 mg, 1.34 mmol,
96 %) as a colorless oil. ‘H NMR (CDCly): 6=719-7.31 (m, SH), 3.33 (s,
2H), 2.61 (AB,2H, J =24.6 Hz), 1.58 (bs, 1H), 1.27- 1.40-(m. 2H), 0.93 (t.
3H, J=75Hz), 0.82ppm (s, 3H): *C NMR (CDCl,): =139, 130.8,
128.1,126.2. 68.4,42.8, 39.1, 29.1, 210,83 ppm. High-resolution FAB-MS:
miz(M+H): 179.14359 (C,H,40* requires 179.14359). [al§ =~5.9 (c=
14.2, CH,Cl,). The product was determined to have 94% ee by HPLC
(Chiralcel OD column. eluting with 1% 2-propanol in hexanes at
0.7mLmin"" R,=20.5min (major enantiomer), 22.8 min (minor enan-
tiomer)).
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The Chemistry of the Oxychlorination Catalyst:
an In Situ, Time-Resolved XANES Study**
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Giuseppe Spoto, Adriano Zecchina,
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Andrea Marsella, Diego Carmello, Sandro Vidotto,
and Giuseppe Leofanti

Almost all of the world production of vinyl chloride today is
based on cracking of 1,2-dichloroethane. For many decades,
this compound has been produced by catalytic oxychlorina-
tion of ethylene with hydrochloric acid and oxygen [Eq. ()]
The reaction is performed at 490-530K and 5-6 atm
(1 atm ~ 1.01 x 10° Pa) using both air and oxygen in fluid- or
fixed-bed reactors.!!

CH,+2HCL+ %0: — GHCl, +H,0 (1)
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