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Abstract

Abstract

This work describes the development of enantioselective oxidation reactions of carbonyl
compounds using covalent organocatalysis. In the first part, asymmetric epoxidation of a-
branched a,B-unsaturated aldehydes with aqueous hydrogen peroxide is presented. An
exceptionally synergistic combination of a primary cinchona alkaloid-derived amine and a chiral
BINOL-derived phosphoric acid was found to promote the reaction with excellent
enantiocontrol for a wide variety of o,B-disubstituted and a-monosubstituted enals.
Conformational analysis of catalytically relevant intermediates using NMR and computational
techniques enabled the rationalization of the absolute stereochemistry of products. The second
part of this thesis describes a highly efficient direct catalytic asymmetric a-benzoyloxylation of
cyclic ketones. The same primary amine paired with an inorganic acid was found to be an
effective catalyst for a wide range of substrates. The methodology was applied to the first
asymmetric synthesis of (+)-2P,4-dihydroxy-1,8-cineole, a predicted terpenoid metabolite in
mammals. Preliminary investigations on the a-benzoyloxylation of a-branched aldehydes and a-
branched enals using this catalytic system demonstrated significant potential of the method for

the enantioselective formation of oxygenated quaternary stereocenters.

Die vorliegende Arbeit beschreibt die Entwicklung enantioselektiver Oxidationsreaktionen von
Carbonylverbindungen durch kovalente Organokatalyse. Der erste Teil
behandelt die asymmetrische Epoxidierung von a-verzweigten o,B-ungeséttigten Aldehyden mit
wissrigem Wasserstoffperoxid. Unter Einsatz eines dulerst kooperativen Katalyatorsystems,
bestehend aus einem primdren Amin mit Cinchona-Grundgeriist und einer BINOL-
Phosphorséure, verlduft die Reaktion mit exzellenter Enantioselektivitit und hoher Variabilitét
der Ausgangsverbindungen. Durch Konformationsanalyse der katalytisch relevanten
Intermediate mittels NMR-Spektroskopie und DFT-Berechnungen wurde die absolute
Konfiguration der Produkte nachvollzogen. Im zweiten Teil dieser Arbeit wird die
Entwicklung der katalytischen asymmetrischen a-Benzoyloxylierung von cyclischen Ketonen
beschrieben. Hierbei ermoglicht das selbe primére Amin als Katalysator einen direkten Zugang
zu den wertvollen Benzoyl-geschiitzten 2-Hydroxyketonen. Die entwickelte Methode wurde in
einer asymmetrischen Totalsynthese von  (+)-2P,4-dihydroxy-1,8-Cineol  angewendet.
Eine Ubertragung dieser Methode auf die o-Benzoyloxylierung von a-verzweigten Aldehyden
und o-verzweigten Enalen zeigte ein hohes Potenzial fiir die enantioselektive Herstellung

oxygenierter quarternirer Stereozentren.

v
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1. Introduction

1. INTRODUCTION

Chirality, a geometric property which describes all rigid objects that cannot be superimposed on
their mirror images, is one of the most fundamental attributes of living systems. An inevitable
consequence of chirality is the additional dimension of physical uniqueness that it imparts to
chemically identical structures. Though the reasons are still debatable,"’ it is a fact that life has
chosen to differentiate enantiomers by keeping to enantiopure, homochiral molecules in
biological processes. This is particularly evident when considering amino acids, sugars, lipids
and nucleotides which, barring rare exceptions, are all produced as single enantiomers. Since
homochirality of these basic building blocks translates into stereodefined macroscopic
environments, a pair of enantiomers often has dramatically different and easily observable
biological effects. A common example of this phenomenon is the perception of odours by the
human brain, which is triggered by an odorant fitting into a complementary chiral receptor.
Depending on the absolute configuration of the odorant, it can fit into different receptors, so that
the two mirror images of the same molecule may elicit different responses. Indeed, in 2003,
more than 285 enantiomeric pairs of compounds (570 enantiomers) had been described which
exhibit either different odours or odour intensities.””) Perhaps even more important is the
enantiomer-specific bioactivity of drugs and agrochemicals, which can also be highly polarized.
For instance, all phenoxypropionic acid herbicides, including dichlorprop shown in Figure 1.1,
display the desired weed-killing activity in their (R)-(+)-form, but have are inactive in their (S)-
(-)-form.”!

Cl )I\/I\e : )I\/I\e Cl
O R) O

9 COH I HOLC

(S)-(-)dichlorprop (R)-(+)dichlorprop
(inactive) (active)

Figure 1.1 Enantiomers of herbicide dichlorprop and their activity

In organic chemistry, the concept of chirality had already been recognized in the mid 1870’s
with the pioneering studies of LeBel Y and van’t Hoff”) who independently identified carbon
atoms possessing four different substituents as chiral units. Yet despite extensive
systematization and refinement of the concept of chirality, and an advent of asymmetric
synthesis, its importance in the pharmaceutical industry did not gain much attention until about

]

two decades ago.!” In fact, a survey of nearly 1700 drugs in the early 1980’s revealed that of

1



1. Introduction

the synthetic, chiral compounds, only 12% were marketed as single enantiomers, the remainder
being racemic mixtures.””! Some twenty years later, this number changed to 75% and many of
the established racemic drugs are now being reinvestigated as single enantiomers in a process
known as “chiral switching.”™ This change in attitude came about after the widespread
recognition that the wrong “handedness” of an otherwise identical chemical compound can
sometimes strip it of its bioactivity or even impart toxic or mutagenic properties. Hence, the
synthesis and biological testing of single-enantiomer compounds (provided they do not racemize
under physiological conditions) have become of crucial importance to the pharmaceutical,
agrochemical and food industries."™

Several methods exist to obtain enantiopure materials, which include optical resolution via
the formation of diastereomers, chromatographic separation of enantiomers, enzymatic
resolution, chemical kinetic resolution and asymmetric synthesis. Asymmetric synthesis, which
does not resolve, but creates stereogenic centres, can in turn be divided into stoichiometric and
catalytic approaches. Of all these processes, asymmetric catalysis, in which “a small amount of
an enantiomerically pure catalyst [...] is used to produce large quantities of an optically active
compound from a precursor that may be chiral or achiral”™ clearly emerges as the optimal

(91 with the potential of offering

solution in terms of atom- and often step- and redox economy,
significant economic advantages. Possessing both practical value and interesting challenges,
asymmetric catalysis has fittingly enjoyed extensive studies by various branches of chemical
research. Until recently, asymmetric catalysis was heavily dominated by metal-mediated
processes, with biocatalysis representing a complementary branch. In 2000, simultaneous
publications by Listt'"! and MacMillan" defined a new area of asymmetric catalysis, mediated
by small organic molecules. These reports triggered an avalanche of synthetic work in this area
in the immediate years, and just over a decade later, organocatalysis has already been extended
into virtually every area and type of organic chemistry. From polymer synthesis to total
synthesis, employing ionic and radical intermediates, photochemical and thermal activation
modes, homogeneous and solid-supported reactions, organocatalysis seems to know no limit,
mediating addition, substitution, elimination and rearrangement reactions in a myriad of
processes.”!

One area of asymmetric catalysis that has been particularly influenced by metals is the
enantioselective oxidation. Indeed, it was the Nobel Prize-winning studies of Sharpless in the

1980’s on the asymmetric epoxidation of allylic alcohols using chiral titanium complexes that

set the stage for the development of enantioselective C-O bond-forming reactions.!'"! In



1. Introduction

comparison, it was not until 2005, halfway into its lifetime, that modemn organocatalysisi
tackled a comparable catalytic asymmetric transformation, the epoxidation of o,B-unsaturated
aldehydes.!"™™ Given the prevalence of chiral oxygenated compounds in natural products and the
utility of oxygen functionalities as handles for (stereospecific) chemical transformation,
asymmetric oxidation represents an important area of research that continuously demands
improvement and innovation. The focus of this Ph.D. work has been to expand organocatalysis
to oxidative processes. In particular, this thesis describes the use of primary amine catalysts for
highly enantioselective epoxidation of o-branched o,B-unsaturated aldehydes and for
asymmetric a-benzoyloxylation of cyclic ketones and other carbonyl compounds. Apart from
the obvious advantages of organocatalysis, such as the readily available, cheap and bench-stable
amine catalysts and reaction conditions which are not sensitive to air and moisture, it is
important to note that organocatalysis was used to solve long-standing challenges, in which
metal-mediated and other approaches proved to be only moderately effective or failed altogether.

Amid the discussion of organocatalysis and its advantages, it is nevertheless important to
acknowledge that organocatalysis probably cannot, nor strives to, replace metal catalysis. The
common assumption that organocatalysis solves the problems associated with the toxicity of
transition metals in the pharmaceutical industry may well be dispelled by suitable studies on the
metabolism of modern synthetic organocatalysts in biological systems. Indeed, as one of the
most prominent figures in organocatalysis expressed, “organocatalysis seems to complement
rather than compete with metal and enzyme catalysis. For example, certain recently developed
reactions such as the exceptionally important transition metal-catalyzed cross-coupling and
metathesis reactions are unlikely candidates for organocatalysis. Yet other processes, for
example, those using aldehydes as nucleophiles in asymmetric catalysis, seem to only work
within the realm of organocatalysis. Both transition metal catalysis and organocatalysis have
allowed the realization of catalytic asymmetric processes that were considered extremely
challenging if not impossible before.”!'®!

In the following chapters, an overview of organocatalysis, and in particular aminocatalysis, is
presented, followed by the discussion of asymmetric epoxidation and a-oxygenation strategies.
This is succeeded by the description and discussion of our own results on asymmetric
organocatalytic oxidation reactions, which include asymmetric epoxidation of a-branched enals
using a combination of iminium ion and enamine catalysis and o-benzoyloxylaton of various

carbonyl compounds via enamine and dienamine catalysis.

" An important exception to the metal-based approaches prior to modern organocatalysis is the Shi epoxidation of
unfunctionalized olefins using chiral ketones as catalysts, although metal salts are typically used as oxidants (cf.
Section 2.2.1)
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2. BACKGROUND
2.1. Asymmetric Organocatalysis

2.1.1 Introduction

Although the use of small organic molecules to effect enantioselective processes can be traced

back to the studies of van Liebig in the 1800’s,!'”!

and the more systematic work of Bredig
starting in 1908,!"™ it was not until a whole century later that the full potential of organocatalysis
was realized with the seminal reports of List and MacMillan. The success of these studies in
galvanizing the chemical community toward extensive exploration of the subject probably lies
in their simultaneous demonstration of two extremely general and powerful modes of
organocatalysis. In particular, List showed that the amino acid L-proline (1) can activate acetone

M) While MacMillan reported

as an enamine toward an aldol reaction with various aldehydes,
that enals can be activated with the chiral imidazolidinone 2 as iminium ions toward a Diels-
Alder reaction with dienes (Scheme 2.1).'*! Tt is noteworthy that both of the original
publications presented well defined mechanistic insight, which was undoubtedly crucial for the

widespread recognition of the concept.
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O H O OH
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I

99%, 1.3:1 dr
er (exo) = 96.5:3.5

Scheme 2.1 (a) Enamine activation in proline-catalyzed aldol reaction; (b) Iminium activation in
Diels-Alder reaction catalyzed by 2.

Following these studies, a myriad of reports on iminium and enamine-catalyzed reactions, as
well as other catalytic modes relying on small to medium-sized organic molecules which lack
metals in their reactive centres have appeared, defining what has now become a broad and

multifaceted field of organocatalysis.
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2.1.2 Classification of Modern Organocatalysis

In an effort to organize the extensive and ever-growing field of organocatalysis, in 2004 Seayad
and List introduced a mechanism-based classification system.!"” Accordingly, organocatalysis
can be broadly divided into four major areas: Lewis base catalysis, Lewis acid catalysis,

Brensted base catalysis and Bronsted acid catalysis (Scheme 2.2).

+ - -+
+o- -+ BH S AHS
B-S A-S or or
S S: S-H B--HS S: AH--S
Lewis base Lewis acid Brensted base Bronsted acid
catalysis catalysis catalysis catalysis
B: + - -+ : + - AH -
B-P A-P B BH P AHP
or or
p >\/ ‘>¥/ B--HP >\/ AH--P
P P: P-H P:

Scheme 2.2 Four major areas of asymmetric organocatalysis and their simplified mechanisms
(S = Substrate, P = Product, B = Base, A = Acid).

Lewis base catalysis encompasses all reactions in which the catalyst donates a pair of electrons
to form a covalent bond with the substrate. These catalysts are generally N-, C-, O-, P- and S-
based Lewis bases which can reversibly activate the substrate either as a nucleophile or an
electrophile in the form of iminium ions, enamines, acyl ammonium ions, 1-, 2-, or 3-
ammonium enolates, and others. After the reactive intermediate has undergone a reaction, the
bond between the product and the catalyst is broken, allowing the catalytic cycle to repeat.
Catalysis mediated by nucleophilic amines, or aminocatalysis, belongs to this mechanistic class
and describes the seminal publications of List and MacMillan (Section 2.1) as well as the work
presented in this thesis (Chapter 4). In Lewis acid catalysis, the catalyst activates neutral or
negatively charged substrates by accepting a pair of electrons. The recently introduced

(207 and the extensive field of phase-transfer catalysis”>' can be considered

organosilicon catalysis
examples of such activation. Brensted base catalysis and Brensted acid catalysis are
conceptually related catalytic modes which involve (partial) deprotonation and protonation,
respectively, for the activation of the substrate. It is important to note that more than one
catalytic regime may operate in the same reaction. As will be discussed in the subsequent
sections, primary amine catalysts, for example, cannot easily activate substrates as iminium ions

in the absence of Brensted acid additives and hence such reactions rely on the synergistic

combination of Lewis base catalysis and Brensted acid catalysis.
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2.1.2 Aminocatalysis

The fact that amines can activate carbonyl compounds toward nucleophilic addition was already
recognized in the late 1800’s by Knoevenagel, who studied the aldol condensation of B-
ketoesters and malonates with aldehydes and ketones in the presence of amines, and even
proposed the intermediacy of imine and enamine species.'*! His work was followed by very
important, albeit sporadic and mechanistically poorly understood discoveries, which include
some examples of asymmetric catalysis.”*! The real explosion of aminocatalysis in asymmetric
transformations, however, occurred in recent years followed by the widespread recognition of
the generality of the concept.

Aminocatalysis today deserves its own classification system. The original iminium and
enamine mechanistic paradigms**! have now been expanded to new activation modes, which
include extended enamine catalysis (dienamine!™! and trienamine®) and SOMO (singly
occupied molecular orbital) catalysis characterized by the formation of enamine radical cations

(Scheme 2.3).*"]

LUMO lowering HOMO raising
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increased acidity
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Scheme 2.3 Classification of aminocatalysis based on the reactive intermediates (iminium,
enamine, SOMO and dienamine/trienamine).

As the Scheme 2.3 illustrates, all of these reaction modes are interrelated and start by the
reversible condensation of the amine catalyst A with the carbonyl substrate to form an iminium
ion (D/E). Transforming a neutral carbonyl compound into an iminium ion effectively lowers
the LUMO energy of the system, activating it for a nucleophilic attack as well as increasing the

acidity of the a-protons. With saturated carbonyl substrates like B, deprotonation in the a-
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position forms enamine F. Compared to the enol form of the parent carbonyl compound,
enamines possess a higher HOMO energy of the system, resulting in an overall activation of B
toward nucleophilic additions at the a-carbon. The group of MacMillan recently identified a
further type of catalytic activation based on the oxidation of enamines F to radical cations G.”**
This so-called SOMO activation allows the substrate to react with previously inaccessible
reagents like radicals, m-nucleophiles and halides. In the case of unsaturated substrates such as C,
the LUMO energy-lowering effect induced by the formation of iminium E activates the system
as an electrophile toward conjugate additions at the P-carbon and pericyclic reactions.
Alternatively, loss of the y-proton forms dienamine H which can act as a normal a-carbon
nucleophile or a vinylogous 7y-carbon nucleophile. Most recently, Chen, Jorgensen and
Melchiorre®® demonstrated that this vinylogy can be extended even further by using o,f,y,8-
unsaturated carbonyl compounds which form trienamines I upon condensation with the amine
catalyst and the loss of an g-proton.

Although the activation modes discussed above are conceptually related to Lewis acid
activation of carbonyls by metals, aminocatalysis often significantly outperforms metals in
enantiodiscrimination. This is because chiral Lewis acidic metals must discriminate between
two similar lone electron pairs of the carbonyl compound to achieve enantioselectivity, while
aminocatalysis replaces this process with a much more selective m-bond formation with the
aminocatalyst, which is governed by the E/Z geometry of the iminum.!*”’

Schemes 2.4 and 2.5 give an overview of the types of products that can be obtained with the
various modes of aminocatalysis. It is important to note that many of these mechanistic
pathways have been combined into domino and cascade reaction processes, which constitute an

extensively studied branch of organocatalysis."*"!

o 90 0.0 QO Q9

o+
N

)H x_)g - HX N -1e

1 HX 1
R ho R R’ R
2_ R
O l NuH l E lR ~ 1m-Nu, X
D
N 1 0] @)
H ) e Lor
= amine catalyst R R R
R’ R
Q. Q Q.- Q Q.9
N >N >N
via Nu%\ via R)g*/E via R)K*(
R R1 R1

R1
Scheme 2.4 Types of products obtained with aminocatalysis from ketones and aldehydes.
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Scheme 2.5 Types of products obtained with aminocatalysis from enones and enals.

2.1.2.1 Asymmetric Counteranion-Directed Catalysis (ACDC)

When considering iminium catalysis, one readily notices that the positively charged iminium ion
always involves a counteranion as part of the reactive intermediate. Provided that the ion
association is close, it is reasonable to assume that the counteranion may have a strong influence
on the reaction outcome.®! Indeed, such were the observations of List and co-workers while
studying iminium-catalyzed transfer hydrogenation of enals in 2006.°* Following these
observations, and inspired by the reports on chiral phosphates as asymmetric Brensted acid
catalysts, the authors hypothesized and successfully demonstrated that catalytic salts of achiral
amines and chiral phosphoric acids could induce impressive asymmetry in the reaction (Scheme
2.6 (a)). This led to the generalization of the concept of “asymmetric counteranion-directed
catalysis” or ACDC, with has since been extended beyond aminocatalysis (Scheme 2.6) to
Bronsted acid and metal-mediated processes as well.l*’!

ACDC, in which the counteranion is the only source of chirality, is a powerful demonstration
that the Bronsted acid co-catalyst, often employed in aminocatalysis to facilitate the initial
condensation of the carbonyl and the amine, may play more than a passive spectator role in the
subsequent enantioselective step of the reaction. In fact, carefully chosen combinations of chiral
amine catalysts and chiral Bronsted acid co-catalysts may lead to unprecedented levels of

enantioselectivity in a given transformation. This observation, first made in 2006 in our group

8
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(Scheme 2.6 (c)),** gained popularity in the chemical community over the past several years"”

and also found application in this Ph.D. work (cf. Section 4.1).

reactive iminium phosphate salt (R)-TRIP (3)
R)-TRIP (3 CHO
M602C COzMe [ j ( )
H (20 mol%)
' (a)
dioxane
OoN
CF, CF, 90%, 99:1 er

CHO  F,C CF, CHO

(10 mol%)
4
)fo (b)

MTBE Ph
75%, > 99:1 dr
95.5:4.5er
’2‘ 2 +(R-TRIP (3) ©
MeOzC CoMe ,
COz BU (5 mol%)
(c)
BU2O

94%, 99:1 er

Scheme 2.6 Examples of ACDC (a, b) and chiral Brensted acid co-catalyst paired with a chiral
amine catalyst (c) in iminium-catalyzed reactions.** ** %!

2.1.2.2 Primary Amine Salt Catalysis

Although primary amines were already established as competent catalysts in 1910 by Dakin in

[37]

the Knoevenagel condensation,” "' modern organocatalysis was overwhelmingly dominated by

the use of secondary amines until about 2005.2% The reason for neglecting primary amines at

the outset of organocatalysis may lie in the generally unfavourable imine-enamine

[38-39]

equilibrium, i.e. the fact that while secondary amine-derived iminium ions readily
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tautomerize to catalytically relevant enamines if an a-proton is present, most primary amine-

derived imines prefer to keep the carbon-nitrogen double bond (Scheme 2.7).1*"!

9 0.0 = o .0

) )K(
H = X (a)
HX R + HX R)\ E
R‘]

1
-H,0 R

-

R1

Q. Q.- 4
NH . H
Q 2 x~ N + HX O\N
’ HX -HX RN E

1 1
- H,0 R R

Scheme 2.7 Imine-enamine equilibria of primary and secondary amines.

Nevertheless, primary aminocatalysis has experienced a renaissance in recent years as witnessed

[38-39, 41] A survey of recently

by the ever-growing number of reviews devoted to this topic.
established reactions catalyzed by primary amines quickly reveals the reason. The initial success
of classical secondary amines catalysts (in particular proline and imidazolidinone derivatives)
has largely been in the activation of relatively unencumbered aldehydes and enals; yet when the
same reactions were attempted on less sterically accessible ketones, a-branched enals and
enones, the result has typicallyii been poor conversion and enantioselectivity.[38’41"] On the other
hand, primary amines have consistently proven to be superior catalysts for iminium and even
enamine activation of challenging substrates in terms of reactivity and enantioselectivity.

These results may be explained by a simple mechanistic rationale: the formation of covalent
iminium intermediates is disfavoured between secondary amines and sterically encumbered
substrates, while the reduced steric requirements of primary amines make this process more
feasible (Scheme 2.8). In other words, primary amines may provide a higher concentration of
requisite iminium ions B/D under acidic conditions compared to secondary amine-derived
iminium ions A/C, facilitating catalytic turnover (Scheme 2.8). Moreover, the N-H group in
primary amines (as opposed to another alkyl group in secondary amines) may help to better
control iminium/enamine geometry, a crucial parameter for enantioselectivity.m] This
hypothesis is supported by recent experimental and computational studies of Latfanzi and
colleagues, who have shown that certain reactions of enones which were reasonably successful
with secondary amine catalysts proceed via cooperative Bronsted acid/Brensted base catalysis

rather than covalent iminium catalysis (Scheme 2.9).1**

I g-Substituted acroleins and cyclic carbaldehydes often appear to be an exception in recent studies (see e.g.
Sections 2.2.3 and 2.2.4)

10



2. Background
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Scheme 2.8 Secondary and primary amine catalysis in the iminium activation of enones (a) and
a-branched enals (b).
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Scheme 2.9 Secondary amine catalysis in the conjugate addition to enones.[*”

An important characteristic of successful primary aminocatalysts is bifunctionality, i.e. the
presence of another site in the catalyst which can interact with, and organize substrates in the
transition state. This is typically achieved by the inclusion of a second amine functionality:

38391 In addition, as

indeed, chiral diamines have proven to be extremely versatile catalysts.
discussed in Section 2.1.3.1, the choice of the Bronsted acid co-catalyst often has a significant
effect on the efficiency and enantioselectivity of the reaction, and provides a further handle for

reaction optimization.

11



2. Background

Seminal examples of iminium catalysis using primary amines include the work of Ishihara on
the Diels-Alder reaction of a-branched enals, **! Chin on the Michael addition to enones for the
synthesis of the anticoagulant warfarin'*" (Scheme 2.10), and that of our group on transfer
hydrogenation (Scheme 2.6 (c)). These studies were shortly followed by the introduction of the
cinchona alkaloid-derived primary amines in 2007, which were used in this work and which

remain to be some of the most popular primary amine catalysts to date (cf. Section 2.1.3.3).
W\N
NH Q OMe

o OMe /[ «2.75 C6F5SO3H
o N Z Bn” "NH 7 (10 mol%) o @)
H x 0 R
o EtNO,, 8h A

Ph_.NH; 99%, 95:5 er
* AcOH
OH o Ph NH, OH Ph (0] o
(S,5)-8 (10 mol%) X
X + Ph/\)k >
THF, 48 h 0~ 0
0" 0
(S)-warfarin

94%, 97:3 er

Scheme 2.10 Seminal examples of iminium catalysis using primary amines: (a) Diel-Alder
reaction developed by Ishihara*, and (b) Michael reaction developed by Chin.**!

Enamine catalysis employing primary amines has similarly been widely investigated since 2005

and applied in aldol, Mannich, Michael, amination, alkylation (38-39, 41]

]

and most recently
fluorination™’ reactions of challenging substrates. Presumably, the ability of primary amines to
condense with sterically hindered substrates is a powerful enough factor for driving the
reactions forward in spite of the less favourable iminium/enamine tautomerization that follows.
In the context of organocatalytic oxidative transformations, primary amine catalysts may
possess a further advantage. Since primary amines have lower reactivity toward oxidation than

their secondary amine counterparts,* they may display higher stability and therefore higher

turnover numbers under oxidative conditions.

2.1.2.3 Primary Amine Catalysts Derived from the Cinchona Alkaloids

Since the extensive studies of Wynberg in the late 1970’s,1*”)

cinchona alkaloids and their
derivatives have enjoyed a status of a privileged catalytic motif, mediating a myriad of chemical
transformations.[**) The 9-amino(9-deoxy)-epiquinine derivative 9 (Scheme 2.11), introduced in

1995 by the group of Brunner in the context of metal ligand synthesis,!*”! was rediscovered in

12
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[50] 51]

2007 by the groups of Chen and Deng®®! and Melchiorre®" as a highly efficient aminocatalyst.
The following years have witnessed an explosion of synthetic work employing 9 and closely

related catalysts 10-14. Using these catalysts, pericyclic, rearrangement, substitution, addition,

and other reactions have been carried out with various carbonyl compounds using enamine,
). [41a.410]

iminium, and dienamine activation modes (Scheme 2.11

— N X
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11: R =OMe
R 122.R=H
ﬁ NH,
N A
| _N
13 MeO
NHZ/BJ
= N
N |
14a: R = OMe
R 14b:R=H

Scheme 2.11 Scope of substrates activated by cinchona alkaloid-derived primary amine 9 and
its closely related congeners 10-14 1412 41b]

In contrast to the wealth of synthetic work, the mechanism by which cinchona-derived amine
catalysts and their salts operate has been virtually unexplored. To date, no X-ray structure of the
corresponding imine, iminium or enamine intermediates exists to rationalize the absolute
stereochemistry imparted to products, which shows remarkable consistency among
mechanistically similar reactions. Due to the scarcity of computational®* and/or NMR studies
on this catalyst, mechanisms proposed in the literature are only speculative, and generally fail to

answer the important questions outlined in Figure 2.1.
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Figure 2.1 Important (and unanswered) mechanistic questions in reactions catalyzed by 9.

Some information can be drawn from the abundant structural information that exists for the

1 Through NMR studies and molecular mechanics

parent cinchona alkaloid scaffold.!
calculations, it has been recognized that cinchona alkaloids display a strong conformational
preference in solution.”®! In particular, Cg-Cg and C4--Cy bonds were found to be most important
in determining the overall conformation, resulting in four lowest-energy conformers: syn-closed,
syn-open, anti-closed and anti-open (Scheme 2.12). Importantly, factors such as protonation can
significantly shift these equilibria. It was found that cinchonidine, for example, exists
exclusively in the anti-open conformation when protonated.”* Depending on the counteranion,
this rigidfication has been explained by a hydrogen bond that forms between the two central
heteroatoms (N, O) % (Scheme 2.12), or hydrogen bonding of both heteroatoms to the same
bidentate anion.”® In general, protonation of cinchona alkaloids tends to hinder the rotation

around the Cy-Cg and C4--Cy bonds, favouring a narrow range of the conformational space.[5 7l

; Jﬁh 4
:/QMN 8 Cy-C4 bond rotation  — N< %

H. )9 H. o
OH OH
/4-/ protonated conformer 40\
N=
anti-closed syn-closed

|

Cg-Co
bond rotation

Cg-Co
bond rotation

anti-open syn-open

Scheme 2.12 The four lowest-energy conformers of cinchona alkaloids (shown: cinchonidine)
and the conformational effect of protonation. [53.55.57]
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Significantly, using cinchonidine-platinum complex to hydrogenate ketopantolactone, Baiker
has demonstrated a direct relationship between the observed conformational behaviour of the
cinchona alkaloid in solution and the enantioselectivity of the reaction.”*! Driven by the same
logic, Olah and co-workers synthesized 9-dehydro-9-trifluoromethyl derivatives of cinchona
alkaloids to inhibit Cg-Cy rotation forming a conformationally rigid structure.”® These results
hint at the possibility that the commonly used salts of cinchona-derived amines 9-14 may also
display strong conformational preferences, especially when protonated, forming a rigid and
well-defined iminium/enamine adducts with substrates. Furthermore, the role of the Bronsted

]

acid in imine activation™’ to form the reactive iminium species is intriguing since the

counteranion has been shown numerous times to have a strong effect on the enantioselectivity of

[35a

reactions.”> Some NMR and computational studies to address these questions were performed

within the framework of this Ph.D. thesis, and are presented in Section 4.1.6.2.

2.1.2.4 Dienamine Catalysis: A Special Case of Selectivity

Within the realm of extended enamine catalysis, dienamine synthons represent a particularly
interesting case of reactivity. As mentioned in Section 2.1.3, they can act either as normal o-
carbon nucleophiles or as vinylogous y-carbon nucleophiles. Although one frequently
encounters examples of both in aminocatalytic reactions, factors which govern this dual
behaviour are poorly understood and are not trivial to generalize. As this Ph.D. work covers an
example of rather unusual dienamine reactivity (Section 4.2.3), this section aims to provide an
overview of what is known in this area.®”’

Studies on dienamine catalysis can be broadly divided into reactions which form a single new
carbon-carbon bond, a single new carbon-heteroatom bond, and reactions which form multiple
bonds via pericyclic or stepwise processes. For reasons of simplicity, only the first two reaction
classes are discussed here. The group of Melchiorre has recently reported a Michael reaction of

enones>*

I'and an Syl type substitution reaction of a-branched enals?? using primary amine
catalysts 15 and 16, respectively (Scheme 2.13 (a) and (b)). In both cases, despite rather
different electrophilic partners, exclusive y-selectivity was reported. Interestingly, Chen and co-
workers used the secondary amine catalyst 17 to effect the same Michael reaction with a-
unbranched, y-branched enals and obtained exclusive a-selectivity (Scheme 2.13 (c)).l>
Considering the two latter cases, it is tempting to speculate that, given a choice, the system

prefers to avoid forming a quaternary stereocenter and selects the most unencumbered position

for a nucleophilic attack.
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Scheme 2.13 Studies of dienamine catalysis for C-C bond formation by Melchiorre (a, b)*>*>

and Chen (c).”>! HX = 63a, 63e (cf. Structure Index, Section 9.1).

Christmann and colleagues performed a systematic study on the Sy1 type substitution reaction
with various enals, including unbranched, a-, - and y-branched enals, and a secondary amine

catalyst 18 (Scheme 2.14).
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Scheme 2.14 Systematic studies of dienamine catalysis by Christmann.>>
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Although their findings were less clear-cut, as mixtures of both a- and y-regioisomers were
generally obtained, the formation of a quaternary carbon stereocenter was still consistently
avoided in all cases, as judged by the corresponding ratios of the a- and y—products.iii’[6l]

The situation becomes more complicated, however, when one considers reactions in which a
carbon-heteroatom bond is formed. The seminal report of Jorgensen on dienamine catalysis
discloses that unbranched enals undergo exclusive y-amination in the presence of secondary
amine catalysts (Scheme 2.15 (a)).mb] When Melchiorre et al. tried an analogous reaction on o-
branched enal 53¢ using the primary amine catalyst 15, the authors also reported the formation
of the expected y-regioisomer 19.°°! However, subsequent re-characterization of the product

by us using 2D-NMR and X-ray crystallography unambiguously confirmed that in fact the a-

regioisomer 20 was formed as the exclusive product (Scheme 2.15 (b), cf. Section 4.2.3.2).

o (0]
Ar H
Ar H H 18 + 0.5 PhCO,H (20 mol%) H CI:OZEt
H OTMS N
18 H EtO,CN=NCO,Et “""NHCO,Et

Ar = 3,5-(CF3),-CqHs R toluene, 1.5-56 h R

100% y-selective 43-58%

up to 96.5:3.5 er

______________________

OHC NBoc-NHBoc

A/ib N | E
N N 13 + 1.5 TFA (20 mol%) i NHBoc |

N
BocN=NBoc 20 19 Boc
13 MeO CHCl3, 48h 100% a-selective 100% y-selective
53c 94% conv, 99:1 er 78% yield, 99.5:0.5 er
our results and unambiguous originally
characterization of the product reported results

Scheme 2.15 Studies of dienamine catalysis for carbon-nitrogen bond formation by Jorgensen
(@)**™ and Melchiorre (b).>

None of the various factors like the type of the reaction (addition vs. substitution), the nature of
the electrophile (hard vs. soft), the type of the aminocatalyst (primary vs. secondary) or the type
of bond being formed (carbon-carbon vs. carbon-heteroatom) allows for a simple rationalization
of a- vs. y-selectivity. The last example discussed in this section as well as the results obtained
in this Ph.D. work (Section 4.2.3), similarly dispel the trend of preferentially reacting at the least
substituted carbon. At this time, clarification of this intriguing topic must await further detailed

studies.

i To complicate matters, the studies of Barbas on unbranched enals with Mannich electrophiles report exclusive o-
selectivity, unlike Christmann’s findings of predominant y-selectivity for this substrate class. See reference in text.
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2.2 Catalytic Asymmetric Epoxidation of Electron-Deficient Olefins

2.2.1 Overview of Catalytic Asymmetric Epoxidation

Since the Nobel Prize winning studies of Sharpless in the 1980’s on the enantioselective
epoxidation of allylic alcohols using titanium tartrate complexes (Scheme 2.16 (a)),/'" advances
in catalytic olefin epoxidation have continued to define the state of the art in asymmetric
synthesis.'”! Following the seminal work of Sharpless, many other important contributions
appeared, which have not only provided reliable routes to synthetically valuable epoxides but
also identified entirely novel catalytic motifs. In 1990, Jacobsen and Katsuki independently
reported the first highly enantioselective epoxidation of unfunctionalized (and primarily cis-
configured) olefins using chiral salen-manganese (IIT) complex 22 ((Scheme 2.16 (b)).[”! Six
years later, the group of Shi introduced the fructose-derived organocatalyst 23 which could
tackle the epoxidation of unfunctionalized trans-configured olefins with excellent

enantioselectivity (Scheme 2.16 (c)).[64]

L-(+)-DET (6 mol%) EtO,C._.OH
Bno/\[k Ti(O'Pr)4 (5 mol%) BnO% l @
OH 'BUOOH, CH,Cl,, -23 °C \-OH Et0,C™ "OH
85% L-(+)-DET 21
99:1 er
+ _
22 (1-8 mol%) L Ph, (Ph PFs
- 2,4,6-Me3CSH2I=O
Me Me =N, N= (b)
CH,Cly, 25 °C o/Mn\o
73%
92:8 er ‘Bu 22 ‘Bu

23 (30 mol%) 0 OJ(
- Me KoCO5 (5.8 equiv) Me 04y o
- /) (c)
Oxone, Na,B407 buffer O\o . o

MeCN:DMM, 0 °C 94% z
98:2 er 4/0 23

Scheme 2.16 Early milestones in the catalytic asymmetric epoxidation of olefins: Sharpless
epoxidation (a),.'" Jacobsen-Katsuki epoxidation (b),"! and Shi epoxidation (c).["

Many other important catalytic asymmetric methodologies associated with the names of
Enders,'® Jackson,'®® Julia and Colonna,'®” Maruoka,'® Shibasaki'®®' and Wynberg[47a’ 470, 70]
deal with the broad class of unsaturated carbonyl compounds, and follow the common
mechanistic regime involving a conjugate addition of the oxygen nucleophile to the electron-
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poor olefin. These reactions can all be described as the asymmetric variants of the Weitz-

Scheffer epoxidation which is covered in the next section.

2.2.2 Weitz-Scheffer Epoxidation

First described in 1921 by Weitz and Scheffer,"! the epoxidation of a,B-unsaturated ketones and
aldehydes by treatment with basic hydrogen peroxide represents one of the most fundamental
ways of forming an oxirane ring. Kinetic studies of this transformation by Bunton and
Minkoff [72]' established it to be a two-step addition-elimination process, common to many
syntheses of three-membered rings. In particular, hydrogen (or alkyl) peroxide, which is
deprotonated under basic conditions, adds to the P-carbon of the unsaturated carbonyl
compound in a Michael fashion, forming the p-peroxyenolate intermediate A (Scheme 2.17).
This is followed by an intramolecular ring-closure, in which the weak O-O bond is broken and a

second C-O bond is formed, expelling a hydroxide or an alkoxide anion as the leaving group.

R=HorAk | RO-OH + HO RO-O + H,0
ﬁ
R0 - Ro\oﬁ o) _RO R?J 0
+ RO-0 =——= ——
R1J\/1LR3 RzMRa R““KV[LR3
R

A

Scheme 2.17 The mechanism of the Weitz-Scheffer epoxidation.!””!

The reaction mechanism proceeding via a nucleophilic addition of a peroxyanion was supported
by kinetic measurements, which showed that replacing a methyl group at the B-position of the
substrate by a smaller and less electron-donating hydrogen (R* = Me vs. H, R' = Alk, Scheme
2.17) increased the reaction rate 5-6 fold."? This effect is in direct contrast to reactions between
olefins and electrophilic peracid oxidants such as m-CPBA in which the reaction is accelerated
by alkyl substituents on the double bond.””! Furthermore, unlike the concerted additions of
peracids across a double bond, the Weitz-Scheffer reaction is non-stereospecific, as both E- and
Z-configured enones and enals predominantly furnish trans-epoxides. This lack of
stereospecificity supports the existence of the intermediate A which would effect isomerization
by rotation about the C,-Cg bond.

The mechanism of this isomerization has been the subject of numerous studies. In principle,
peroxyanion addition could be irreversible, and the formation of frans-epoxides from both E-

and Z-configured olefins could be explained by a strong rotational preference of C,-Cg bond in
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the long-lived intermediate A (Scheme 2.18 (a)). Alternatively, the initial peroxyanion addition
could be reversible and rapid, causing fast isomerization of the olefin to the more stable E-

isomer, followed by stereospecific epoxidation (Scheme 2.18 (b)).

ﬁ
(o) RO. - .
. O~ O major product (trans)
E RV\)J\RZ B ; Q/L‘) ) o 0
RO-O R R L» 1/<1)]\ 2
A ﬂ R R (a)
1
R Q R" o .
2 L, — ro Sy L, T
(e} o R
(0] RO’% O_)
major product (trans)
E R1/\)J\R2 o R1Q/\R2 _|_> o
_ o
[ A o<l (6)

R'" O R" O

V4 B --> cis
A ro. Pla L,

o

Scheme 2.18 Possible mechanisms that explain the non-stereospecificity of the Weitz-Scheffer
epoxidation.

Bunton and Minkoff found that the rate of epoxide formation was first order with respect to the
concentration of both peroxyanion and the unsaturated ketone, but had no definite order with
respect to hydroxide or hydrogen peroxide concentration,’”? which can be equally well
rationalized by either a slow and rate-limiting addition of the peroxyanion followed by fast
cyclization, or a fast addition followed by slow and rate-limiting cyclization.”*! Similar results
were obtained for the Weitz-Scheffer epoxidation of cinnamaldehyde.!””! Several studies sought
to resolve this ambiguity. House and Ro found that Z-chalcones isomerize to the £ isomer under
Weitz-Scheffer conditions, and showed through kinetic studies that this isomerization occurred
via rapid and reversible formation of the intermediate A, in line with the mechanistic scenario
shown in Scheme 2.18 (b).!"®! This was further supported by the recent studies of Kelly, Roberts
and colleagues who studied Weitz-Scheffer epoxidation of phenyl vinyl ketone and found that
the addition of hydroperoxide anion was rapid and reversible, with the ring-closure being the
rate-limiting step.!”*!

Although a rather clear picture exists for the Weitz-Scheffer epoxidation, its asymmetric
variants do not necessarily follow the same mechanistic pathway. Recent experimental and
computational studies of Singlefon suggest that the rate-limiting step and the reversibility of
peroxide addition may vary depending on the specific reaction conditions, such as the nature of

the catalyst present in the asymmetric transformations.l””!
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Numerous enantioselective variants of the Weitz-Scheffer epoxidation have been developed to
date, which rely on the catalytic activation of the substrate and/or the peroxide reagent. The
most widely used catalyst classes developed for this purpose before the advent of modern
organocatalysis are summarized in Scheme 2.19.1%! Metal-free methods include the Julid-
Colonna epoxidation of chalcones derivatives using polypeptide catalysts such as the poly-(S)-

4.167]

alanine 2 and phase transfer catalysis (PTC). The most established examples of PTC

include quaternized cinchona alkaloids such as 25, originally introduced by Wynberg[47a’ 476,701
and the recently developed axially chiral quaternary N-spiroammonium salts (e.g. 26) pioneered
by Maruoka.®® Metal Lewis acids with chiral organic ligands have also been extensively
investigated and include magnesium and lithium complexes of diethyltartrate (21) first
developed by Jackson,'® lanthanide complexes of BINOL derivatives (e.g. 27) developed by
Shibasaki'®' and others, and aminoalcohol complexes of zinc (28) originally developed by

Enders.'®!

Lewis acids with chiral ligands

Et0,C,  COEt |
b \ + Bu,M i
. HO  OH 29
L-(+)-DET 21

L ‘ ‘ OH +La(OPr); !

! O ¥ OH PhzAs=0 !
L He® |
RS9 Sem
Y 1 '
| ! N + EtyZn .
; L PR YT o,

! ' E Me

5 : 28

Scheme 2.19 Typical examples of the major catalyst classes used for the Weitz-Scheffer
epoxidation before the advent of modern organocatalysis.

2.2.3 Organocatalytic (Lewis Base) Approaches to Epoxidation

Although nucleophilic amine catalysts were initially thought to be incompatible with
epoxidation conditions given the well-known susceptibility of secondary amines to oxidation, in

2005 Jorgensen and colleagues demonstrated that the silylated prolinol catalyst 18 can
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efficiently activate a,f-unsaturated aldehydes as iminium ions toward epoxidation by aqueous

hydrogen peroxide with excellent yields and enantioselectivity (Scheme 2.20).!"]

Ry H 18 (10 mol%) M
RzMO H,O,, CHyCly, rit, 4h  R2 o
R‘l = H, Me . 60-90%
R? = Alk, Ar, CO,EY, CH;0Bn 87,5125 10 6011 er 18

Scheme 2.20 Seminal example of aminocatalytic epoxidation by Jorgensen!'!

Shortly following this work, Cordova and colleagues disclosed a very similar approach using
silylated prolinol 17 and aqueous hydrogen peroxide (Scheme 2.21 (a)).” A complementary
methodology was offered by the group of MacMillan in the following year, which employs
imidazolidinone 29 as the chiral secondary amine catalyst and iodosobenzene as the oxidant,
formed in situ from the slow reaction of [(N-Nosylimino)iodo]benzene (PhI=NNs) and acetic
acid.” The slow internal release of the oxidant was argued to provide higher levels of reaction

efficiency and enantiocontrol by preventing catalyst degradation (Scheme 2.21 (b)).

\/1 17 (10mol%) /<?/|L O
RS0 H,O, CHCly, rt,2h R 0

O] »
N

R = Alk, Ar, CO,Et 91-99% (GC yield) H oTms
90:10 to 96:4 dr
95.5:4.5t0 99:1 er 17
H 29¢HCIO, (20 mol% H 0
\/& 4 ) > /\Q/g Me.
R0 Phi=NNs (1.5 equiv) R~ >0 N
CH,Cl,/AcOH, - 30 °C ) )\N Ph (b)
Bu
6-16 h 72-95% H
R = Alk, Ar, CH,0Bz >99.5:0.5 dr 29

92.5:7.5t098.5:1.5 er

Scheme 2.21 Aminocatalytic epoxidation of enals by Cordova (a),""™ and MacMillan (b).””!

List and Wang achieved an aminocatalytic asymmetric epoxidation of enals via asymmetric

161 In contrast to previous studies, the authors used an

counteranion directed catalysis (ACDC).
achiral secondary amine catalyst 4 together with the chiral Brensted acid TRIP (3). As
discussed in Section 2.1.3.1, under this mechanistic regime the achiral iminium species exists as
a tight ion pair with the chiral conjugate base of TRIP (3), allowing for enantiodiscrimination
during the nucleophilic attack of the oxidant (Scheme 2.22, box (a)). Importantly, this method

also gave excellent enantioselectivities with trisubstituted o,B-unsaturated aldehydes (R' = R* =

22



2. Background

Alk, Scheme 2.22), which had previously been elusive to highly enantioselective epoxidation.
These findings are particularly intriguing since the enantioselective step in the epoxidation of
such substrates no longer falls under the ACDC mechanistic regime. Indeed, the initial
nucleophilic addition of the peroxide reagent to symmetrically substituted substrates does not
create a stereogenic centre, and it is the subsequent, enamine-catalyzed cyclization that is
enantiodiscriminating (Scheme 2.22, box (b). This mechanistic mode can be best described as a

synergistic enamine/chiral Brensted acid catalysis, and has been surprisingly underexplored to

date.3%"
. (P R
M 4+ (R)-TRIP (10 mol%) )é?/l
Rs o 'BuOOH, 1,4-dioxane R; 0
35°C,72h
R'=H, Alk 60-84%
2 _ 72:28 to >99:1 dr
R®=Alk, Ar 85:15 to 98:2 er
(W
N
I8
R! R2°
R'=R?
ACDC catalysis (a) Enamine/Brgnsted acid catalysis (b)
Scheme 2.22 Aminocatalytic epoxidation of enals by Lisz.*®
y p Y

Following the seminal discoveries on the epoxidation of a-unbranched enals with secondary
amine catalysts, List and colleagues successfully expanded the methodology to cyclic o,p-
unsaturated ketones.™ This time the most efficient catalysts proved to be primary amines, and
two equally powerful catalytic salts were identified, consisting of a primary diamine (R,R)-8 and
(S)-TRIP, and primary cinchona-derived amine 9 with trifluoroacetic acid (TFA) (Scheme 2.23
(a)). The latter catalyst combination also proved to be extremely effective in the epoxidation and
peroxidation of acyclic a,B-unsaturated ketones, which was simultaneously developed by the
groups of Deng and List in 2008. In particular, Deng and colleagues used catalytic 9-TFA salt
and tert-butyl hydroperoxide for the asymmetric peroxidation of acyclic enones (Scheme 2.23

(b)),[gl] while List et al. used the same catalyst system with aqueous hydrogen peroxide to effect
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both asymmetric hydroperoxidation and epoxidation of acyclic o,B-unsaturated ketones,

depending on the reaction conditions (Scheme 2.23 (c)).*
o (R,R)—8-(S)—TF'{'IP (10 mol%) o
O
9-TFA (10 mol%)
R—— | R— o (a)
H,0,, dioxane, 30-50 °C, 20-48 h n
R = Alk 33-85%
n=0-2 89:11 t0 99.5:0.5 er
o 9-3TFA (10 mol%) ROU
> b)
AN 1 5 (
R1VLR2 ROOH, toluene R R
0-24 °C,2-24 h 42-91%
R', R? = Alk : : .
R ='Bu, CMe,Ph, CMe,OMe 92:8t098.5:1.5er
9-2TFA (10 mol%) o9
. R1/<I)I\R2
H,0,, dioxane, 50 °C, 12-48 h
o] then 1N NaOH, Et,0, r.t., 1 h 55-90% (2 steps)
» /\)LRZ — 95:5t099.5:05er  (c)
9-2TCA (10 mol%) 0-Q oH
R", R2 = Al ~ R R?
H,0,, dioxane, 32 °C, 36-48 h
9 MeO 54-69%

97:3t0 97.5:2.5er

Scheme 2.23 Aminocatalytic hydroperoxidation and epoxidation of enones by List®™ % and
Deng.[sl]

It should be noted that the groups of Lattanzi**™ and Zhao'™ also developed methodologies for
the enantioselective epoxidation of enones using prolinol catalysts 6a and 30, respectively
(Scheme 2.24). However, as mentioned in Section 2.1.3.2 these reactions were found to proceed
via general Bronsted acid/Brensted base catalysis, rather than iminium/enamine activation that

belongs to the Lewis base catalysis discussed in this section.

O 6a (10 mol%) o)
Ar - X©)
R W
Q\‘/Ar R1/\)LR2 TBHP, hexane RV\‘)LR2
H OH rt.,5-6d .
Me R' RZ=Ar, Alk 55-98%

83.5:16.5t0 95:5 er
Ar = R
@) 30 (10-20 mol%)

0
Me O
™ =

R1/\)LR2 TBHP, hexane R1/\')J\R2

-10-20 °C, 7-36 h \
R', R? = Ar, Alk 36-96%
78:22 to 99:1 er

6a: R= OMe
30:R=H

Scheme 2.24 Epoxidation of enals by Lattanzi (a),mb] and Zhao (b)™* using non-covalent
catalysis.
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2.2.4 Enantioselective Epoxidation of a-Branched Enals

At the outset of this Ph.D. work, no general and direct approaches for the epoxidation of a-
branched enals existed, as asymmetric methodologies invariably utilized substrates of higher or

lower oxidation state.®"

The most commonly used route to access the corresponding
epoxyaldehydes still remains to be the Sharpless epoxidation of allylic alcohols, followed by the
oxidation of the alcohol moiety to an aldehyde. However, since the requisite allylic alcohols
often have to be prepared from carbonyl or carboxyl starting materials, the overall approach
often involves three or more iterative redox operations, of which only one achieves the desired
increase in the oxidation state (Scheme 2.25 (a)). Similar problems of redox and atom economy
exist in the chiral auxiliary approaches, such as the one developed by Terashima in the 1980°s
(Scheme 2.25 (b)). A conceptually elegant strategy was pursued by the group of Williams, who
reversibly masked a-branched enals as cyanohydrins, making them substrates for the Sharpless
epoxidation (Scheme 2.25 (c)).*”! Unfortunately, the authors were only able to effect kinetic
resolution of the racemic cyanohydrins, which effectively reduces the theoretical yield to a
maximum of 50%. Perhaps due to difficulties in activating aldehydes by Lewis acids, catalytic
enantioselective strategies discussed in Section 2.2.2 did not find application with enals,

whether linear or branched.

1. NaBH,, MeOH, 90% o) SO3-py, Et;N of
AHK Et/ﬂAOH — Et/ﬂ)kH (@)
2. Ti(O'Pr), (50 equiv) Me DMSO, 64% Me
D-(-)-DET (21 equiv)
commerical !BUOOH, CH,Cl,, 85%

Q <—LCOzEt HOZC M

N o
JAOH NBS ‘BUOK i. NaOMe Me H
(EtO),P(O)CN, EtsN DMF 78-95% Ph i Red Al o 0o
ii. KOH, EtOH/H,0 56-76%
71-87% dr = 92:8 to 99:1 92:8 to 99:1 er

OH OH

Ti(O'Pr)4 (1 equiv)
HO CN | N L-(+)-DET (2 equiv) o ON
_ > (c)
NaCN, 63% t-BuOOH, DCM, -16 °C
46% conv.

(major diastereomer)
93.5:6.5er

Scheme 2.25 Typical approaches to asymmetric epoxidation of a-branched enals at the outset of
this Ph.D. work: Sharpless epoxidation-oxidation sequence (a),’*" an auxiliary approach (b),"*”
and indirect Sharpless epoxidation of cyanohydrins.™®!
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Within the realm of organocatalysis, a-branched enals remained to be a notoriously difficult
substrate for iminium activation. Nevertheless, already in 2007 Pikiko and colleagues recognized
that primary amine catalysts can efficiently activate this class of compounds for epoxidation,
and developed an elegant non-asymmetric methodology (Scheme 2.26).** Unfortunately, their
efforts to extend this method to an asymmetric variant did not meet with success, as the
commonly used secondary amine catalysts 29 and 18 provided no conversion. The axially chiral
primary diamine BINAM 32 used in racemic form provided only 30% conversion, discouraging

the authors from testing the enantiopure version of this catalyst.

0 0 'Pr
Rj)( 31-TFA (20 mol%) ng NH,
H H
5 | 'BUOOH (1.5 equiv) ) o :
R CH,Cly, r.t., 1-48 h R 31 Pr
R' R?= Ak 71-99%

9
o N O CFs NH,
NH,
n Fy ) C
H

N (rac)
H OTMS CFs

29 18 32
no reaction no reaction 30% conv, 4.5 h

Scheme 2.26 Non-asymmetric epoxidation of a-branched enals by Pikko and early attempts at
asymmetric catalysis."™

An isolated example of an enantioselective epoxidation of cyclohexene-1-carboxaldehyde was
reported by Gilmour and co-workers in 2009 in their studies of the fluorinated secondary
aminocatalyst 33 (Scheme 2.27).1*) While the scope of this epoxidation was not tested on other
a-branched enals, cyclic carboxaldehydes often appear to be exceptionally amenable to

secondary amine activation, unlike their acyclic counterparts.[90]

H H

33 10 mol%
o .
H,0,, CHCl3, rt., 3 h

D\éph
N Ph
H F

68% 33
98.5:1.5er

(one example)

Scheme 2.27 An isolated example of asymmetric epoxidation of a cyclic carbaldehyde by
Gilmour.™
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Inspired by the seminal works of Ishihara, Pihko and Melchiorre on establishing primary
aminocatalysis for the activation of a-branched enals (cf. Section 2.1.3.2), we have identified
new salts that consist of a chiral primary ammonium cation and a chiral phosphate anion that
catalyze the epoxidation of a variety of branched enals with excellent enantioselectivity.”"
These results constitute a part of this Ph.D. work, and will be discussed in full in Section 4.1.
Shortly following our report, two further independent studies by the groups of Hayashi®
and Luo'”® appeared, which described the asymmetric epoxidation of a-substituted acroleins
using aminocatalysis (Scheme 2.28). In particular, Hayashi and colleagues used aqueous
hydrogen peroxide and the silylated prolinol 34 as catalyst — a rather surprising result, given
Pihko’s earlier studies™ (see Scheme 2.26). The group of Luo used cumene hydroperoxide
(CHP) 36 and a salt of the primary aminocatalyst 35 to achieve the same transformation.
Mechanistically, both of the methods rely on iminium catalysis for the activation of the substrate
toward the nucleophilic addition of the peroxide, although this step does not create a stereogenic
centre. Instead, it is the subsequent enamine-catalyzed intramolecular ring-closure that governs

the enantioselectivity of the reaction, similar to the mechanism discussed in Section 2.2.3

(Scheme 2.22, box (b)).

34 (20 mol%)

N

Ph R
OSiPh,Me

R
7, H

H H,0, (3 equiv)
hexane, r.t., 3-48 h
34 R = Alk 61-80%
87:13to 97:3 er
Ph Ph o 35 (10 mol%) 0
A R . \4/00H 5-SSA (10 mol%) R%H o
HZNn_pr/N e %H Ph silica, aq. NaCl (2M) K¢
36 0°Ctor.t,24-48h
35 R = Alk, OBn 79-95%
PhCO, 66:34 to 94.6 er

Scheme 2.28 Catalytic symmetric epoxidation of o-substituted acroleins by Hayashi (a),”*! and
Luo (b).”*1 5-SSA = 5-sulfosalicyclic acid.

2.2.5 Synthetic Versatility of a-Substituted a,p-Epoxyaldehydes

Due to their useful pattern of functionalization, enantioenriched a-substituted o,p-
epoxyaldehydes serve as some of the most commonly used synthons in total synthesis. Scheme
2.29 shows some examples where a-substituted o,B-epoxyaldehydes were used as direct

precursors to bioactive compounds (Etomoxir and Fumagillin analogues), as well as a starting
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material for macrolide building blocks, which are used to construct a variety of compounds,
[94]

including the antibiotic Methynolide.

(e}
(e}
Yoo —
Cl

ppp—
Etomoxir 0
hypoglycaemic J\
SnCly \ R "R? Methynolide
antibiotic
3 Re 7
(0] N /
o]
3 (0]
fumagillin analogues macrolide
angiogenesis inhibitor building block

Scheme 2.29 The use of a-substituted a,p-epoxyaldehydes in total synthesis./*!

Apart from direct use, enantioenriched a-substituted a,p-epoxyaldehydes can also be converted
into many valuable derivatives with full retention of the stereochemical information. Such
derivatization methods include NHC-catalyzed internal redox reactions and Payne type

rearrangements, among others (Scheme 2.30).°]

NH
Hoﬁ/u\m i. RNH, " S
ii. RaLi 37, HN 2 = N
R2 \3 3/( R1 F W /Q
F NN

37, TMSN; (2 equiv)

TMSO H

Scheme 2.30 Synthetic versatility of a-substituted a,p-epoxyaldehydes.””!
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2.3 Catalytic Asymmetric a-Oxidation of Carbonyl Compounds

2.3.1 Historical Overview

Enantioselective a-oxidation of carbonyl compounds represents one of the most fundamental
transformations in organic synthesis, and extensive research efforts have been directed to this

area since the early 1980’s.1”) Remarkably, it was not until 2004 that the first general and direct

catalytic methodology was developed using aminocatalysis.[97]

Before organocatalysis, catalytic asymmetric a-hydroxylation of aldehydes was particularly

challenging and the synthesis of the corresponding products mainly relied on the

transformations of chiral pool reagents, including amino acids,”® sugars® and chiral a-

hydroxy acids.'®! Indirect auxiliary approaches, including diastereoselective reactions of

[101] 0 [102]

glyoxal derivatives such as 39 and Enders hydrazones 40, were also commonly

employed (Scheme 2.31)

. O 2

i. RMgX, MgBr, v | LDA, R°X 5
5oeN O g 2 H/U\I/R P JH J\/R

ii. auxiliary [ ii. auxnlary

\%( H removal OH | OR' removal OR!

0 >098:2er ! >99:1er '
R' = TBDPS, BOM, Bn i
R? = Alk, allyl

____________________________________________________________________________________________

Scheme 2.31 Auxiliary approaches to enantioenriched a-oxygenated aldehydes.!'*'"%%!

In contrast, ketones and esters were found to be amenable to enantioselective a-hydroxylation,
albeit only after prefunctionalization to enolates, or (silyl) enol ethers/ketene acetals. In the
1990’s, electrophilic a-hydroxylation of enolates was dominated by the use of chiral oxaziridine

reagents such as 41, pioneered by the group of Davis (Scheme 2.32).1'"

cl . o
) i. NaHMDS
Me
cl o Me T " Ph)K:/
N ii. A
A
o™ o 4 61%
(e} 97.5:25er

Scheme 2.32 Enolate hydroxylation of ketones with Davis oxaziridine.!""”!

Subsequently, catalytic methodologies based on the Sharpless dihydroxylation of enol ethers!'*"

(Scheme 2.33, (a)) and epoxidation of enol ethers and esters”’® (Scheme 2.33, (b)-(c)) were
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developed. Not surprisingly, in the latter two cases the most successful enol epoxidation
methods rely on catalysts established for regular olefins, including Jacobsen-Katsuki Mn(I11)

salen complexes of type 43 for silyl enol ethers!'™ and enol phosphonates!'® and the Shi

catalyst 23 for silyl enol ethers!'” and enol esters.!"*!

Ph OMe o
AD-mix-B s
| D —OH (a)
NG MsNH, '‘BuOH
N H,0,0°C, 16 h
o ® 95%
82:18 er
O i. 43 (7 mol%) o
f,, o P(OEY): NaOCI (7 equiv) )K/Me i
=N_ N= Ph™ (b)
Ph)\/Me 42 (0.3 equiv), &1
buffer pH 11, CH,CI
B o | "o e 57%
i. 0" 97:3 er
‘Bu 43 'Bu
0]
OJ( OBz i. 23 (30 mol%) oB»
o O Oxone
- - (©)
e ii. 165 °C (thermal
Q O rearragement)
23 71% (2 steps)

97:3er

Scheme 2.33 Sharpless dihydroxylation of enol ethers (b),"° enol phosphonate epoxidation
with Mn-salen complex (c),[l%] Shi epoxidation of enol esters (d).[log]

Most recently, Momiyama and Yamamoto developed a very efficient aminoxylation of tin
enolates and silyl enol ethers with nitrosobenzene using fo/-BINAP/AgOTf complex 44 as the
catalyst (Scheme 2.34).'%! The use of nitrosobenzene 45 as the electrophilic oxygen source

inspired the early organocatalytic approaches, which are discussed in the next section.

.0
OO OSnMe; N~ 0]
P(p-MePh), 44 (10 mol%)
P(p-MePh), AgOTf + ONHPh
OO THF,-78°C,2h
44 45 93%

96:4 er

Scheme 2.34 Yamamoto’s o-hydroxylation of tin enolates with nitrosobenzene.!'*”!
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2.3.2 Organocatalytic Approaches

Organocatalytic activation of aldehydes and ketones as enamines particularly influenced the
field of enantioselective carbonyl a-functionalization by providing methodologies which, for the
first time, did not require prefunctionalization of the carbonyl group. The first organocatalyzed
enantioselective o-aminoxylation of aldehydes was independently reported by the groups of
Hayashi"" MacMillan™" and Zhong!"'? in 2003 (Table 2.1). All of these methods employed
simple a-unbranched aldehydes and L-proline as the catalyst. Nitrosobenzene, which can act as

an oxygen- or a nitrogen electrophile underwent exclusive O-attack in these reactions.

Table 2.1 Catalytic asymmetric o-aminoxylation of aldehydes: seminal reports.!''*!!%!
N© 0 OH
J\ L-Proline (1) (5-30 mol%) H)H ONHPh| NaBH, H OH
JE—. K
(j R R
1.2 - 3 equiv R = Alk, allyl, Ar 46 46a
Reference Conditions yield, % (46a) er (46a)
Hayashi et al. 30 mol% 1, MeCN, - 20 °C, 24 h 62-99 97.5:2.5t0 99.5:0.5
MacMillan et al. 5mol% 1, CHCI;, 4 °C,4 h 60-88 98.5:1.51099.5:0.5
Zhong 20 mol% 1, DMSO, r.t., 10-20 min 54-86 97:3 t0 99.5:0.5

Excellent enantioselectivity and good yields were obtained for a variety of unbranched aliphatic,
benzylic and allylic substrates. It should be noted that a-oxygenated aldehydes 46 which exist as

. . . 111
oligomers in solution,!''"!

are never isolated, but typically reduced in situ to afford diols (46a).
However, even in oligomeric form, the aldehyde moiety smoothly undergoes a variety of
reactions in situ, and a number of reports have demonstrated the synthetic utility of products 46

(Scheme 2.35).'"

Ph OH
|
ONHPh
., o / R
A ‘R

.ONHPh d
HY N —— MeO,C._~_.OH

i / ) e\_ 0 R
)H\\\ONHPh 46
R

(a) CH,=CHPPh;* Br", NaH, 0 °C; (b) CH,N, MgCl, Et,0, r.t.;; (c) In, allyl bromide, r.t.; (d) LiCl,
DBU, NH,Cl, MeO,CCH,P(O)(OEt),, -15 °C; (e) diethyl (2-oxoproplyl)phosphonate, Cs,COs, r.t.

Scheme 2.35 Synthetic utility of products 46 (references in same order).!'"’!
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Despite its high enantioselectivity and versatility, the method suffers from two important
limitations. Firstly, a several-fold excess of the aldehyde substrate (typically 3 equiv) is required
to secure good yields, thus limiting the method to inexpensive starting materials and the early
stages of a multistep synthesis. Although MacMillan has used the procedure in a convergent
total synthesis of natural products brasoside and littoralisone on a relatively advanced
intermediate, reaction-specific optimization and higher catalyst loading was required to achieve
a method which is stoichiometric in the aldehyde reagent.“md] Secondly, reactions with a-
branched aldehydes invariably afford inseparable mixtures of aminoxylation and nitroso aldol
products (i.e. both O- and N-attack on nitrosobenzene), favouring the latter and resulting in only

moderate enantioselectivity for the a-oxygenated product (up to 72.5:27.5 er, Scheme 2.36).''*!

PhN=0 (45) major
o) L-Proline (1) (30 mol%) o) i O OH 5 \
2 DMSO, rt., 10 h o : R : -
H)J\(R H)%(O H Ph 4 : H)%(N Ph : ?Y/ ”N
R’ or 47 (20 mol%), DMF R' R? : R' R? | FN=N
0-25°C, 3-24h I ! 47
up to 72.5:27.5 er | upto83.5:16.5er ;

Scheme 2.36 The reactivity of a-branched aldehydes with nitrosobenzene under secondary
amine catalysis.!''

Shortly after the seminal reports on the a-aminoxylation of aldehydes, the method was extended
to aliphatic ketone substrates. Once again, several groups independently reported this
transformation in the same year, using L-proline (1) or the Ley tetrazole 47 as the catalyst

(Scheme 2.37).'"%!

0] -0 0]

N

R1J\ 1 or 47 (5-30 mol%) R1JH\\\O\N,Ph O:N selectivity O:N

’ 5 + ’ 2 H

\ R ° . R

AN DI\?F grt%'r\)lt'so oL cycllic ketones >99:1
2-10 equiv 45 1-38 h 41-99% acyclic ketones  78:22 to 98:2

98:2 t0 >99.5:0.5 er
[115]

Scheme 2.37 Catalytic asymmetric a-aminoxylation of ketones.

While excellent O:N selectivity was again observed for cyclic ketones, it was somewhat
diminished for acyclic ketones (Scheme 2.37). Moreover, two available a-positions of ketones
and the high reactivity of nitrosobenzene made bis-aminoxylation a competitive process, which
could be suppressed with a large excess of ketone (up to 10 equiv) and a slow addition of
nitrosobenzene by a syringe pump. Unlike with the aldehydes, the a-aminoxylated ketones can
[115a]

be isolated and the weak O-N bond cleaved by simple treatment with CuSO4-5H,0.
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Although a-aminoxylation of ketones is highly enantioselective and amenable to kinetic

[115¢c, 115¢] [116]

resolution and desymmetrization reactions, the problem of ketone stoichiometry is
once again the major disadvantage of the method. Several approaches have been explored to
circumvent the problem. The group of Yamamoto found that the use of 2-nitrosotoluene 48
instead of nitrosobenzene, together with the tetrazole catalyst 47 enabled asymmetric
aminoxylation of a stoichiometric amount of ketone and aldehyde reagents (Scheme 2.38).l''"!
Nevertheless, slow addition of 2-nitrosotoluene over hours is still required, and the minor

amounts (3-16%) of the bis-aminoxylated product were found to be inseparable in all cases.

o] (0]
fjj 47 (10 mol%) ~ONHTol ONHToIﬁ\\\ONHToI
+
©: DMF 0°C,3h X X
1 equiv 75-86% 3-16%
>99.5:0.5 er (inseparable)
X=0, CH2, CMez, CHBu
i. 47 (10 mol%)
N\\O DMF, 0 °C, 3 h ONHTol N
R >cHo + " R OH N ¢ N
Me ii. NaBH,4 H  HN-N
1 equiv 48 53-61% 47
R = Bn. 'Pr 99:1er

Scheme 2.38 Catalytic asymmetric o-aminoxylation of ketones: Yamamoto modification.!''”!

Other organocatalytic a-oxygenation strategies of aldehydes and ketones have also been pursued
including the use of singlet oxygen, hypervalent iodine reagents, hydroperoxides, oxaziridines
and benzoyl peroxide as the oxygen source, and reaction of enamine radical cations (SOMO
activation) with TEMPO.””! Of these methodologies, the use of benzoyl peroxide to effect a-
benzoyloxylation has been the most promising methodology in terms of both reactivity and

enantioselectivity, and is covered in detail in the next section.

2.3.2.1 Benzoyl Peroxide as the Electrophilic Oxidant

Although early organocatalytic approaches were heavily dominated by the use of the highly
reactive nitrosobenzene, it is not the only electrophilic reagent that can effectively promote a-
oxidation of carbonyl compounds. Indeed, in 2009 the groups of Maruoka,''® Tomkinson'"
and Hayashit*® independently reported the use of benzoyl peroxide 49 for the enantioselective
a-benzoyloxylation of aldehydes (Scheme 2.39). Not only inexpensive, readily available and

easy-to-handle, benzoyl peroxide also proved to have another very important advantage: it could
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be used with stoichiometric amounts of the aldehyde. Good yields and excellent
enantioselectivities could be obtained using catalytic amounts of Maruoka’s trityl-substituted
pyrrolidine 50, MacMillan’s imidazolidinone 2 (used with an acid co-catalyst), or the silylated
prolinol S1. Radical inhibitor hydroquinone was used as a substoichiometric additive under

Maruoka’s conditions to prevent possible benzoyl radical side reactions.

50 51 or 2¢4- N02C6H4C02H

0]
R o,
m/© (10-20 mol%) H)J\\\\OBZ
0°Corr.t., THF, 1.5-24 h R
10 mol% hydroquinione (with cat. 50)
NaBH,4
© N/ Ph
Ph . 0Bz
%Ph INX Q\‘fph HO/\
H  ph B N H otBs R
50 2 51 40-78%
95:5-97:3 er

Scheme 2.39 Catalytic asymmetric o-benzoyloxylation of aldehydes.!"'*'2%

When considering the catalysts shown in Scheme 2.39, it becomes apparent that they all bear
particularly bulky groups around the reactive nitrogen centre. In fact, Maruoka and colleagues
specifically designed the trityl-substituted pyrrolidine 50 for the o-benzoyloxylation

[118]

reaction, and in their catalyst screening, Hayashi and co-workers found that the TBS

protecting group in catalyst 51 was necessary to achieve a higher yield compared to the

commonly used TMS group.!'*”

This steric bulk has been rationalized to prevent the attack of
the catalyst on benzoyl peroxide, resulting in a catalyst decomposition pathway.!''® 2! This
feature of the catalysts may also well be the reason why no other, more sterically demanding
substrate classes such as ketones and o-branched aldehydes had been applied to this catalyst
system. We rationalized that the less nucleophilic primary amines would be simultaneously less
susceptible to decomposition by oxidation and amenable to activation of sterically demanding
substrates. This hypothesis led to the development of an enantioselective a-benzoyloxylation

[122]

methodology of cyclic ketones" ~ and a-branched aldehydes, which is discussed in full detail in

Section 4.2.

2.3.3 Primary Aminocatalysis in the a-Oxidation of Carbonyl Compounds

As discussed in Section 2.1.3.2, the use of primary amines in enamine catalysis has been

extensively developed since 2005. Among methods for the a-functionalization of carbonyl
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compounds, cinchona-derived amines 9-14 have been particularly effective in catalyzing highly
enantioselective transformations, including fluorination, amination and C-C bond formation via

Michael additions (Scheme 2.40).13°% 4% 123]

o)
)j 14aTCA (10 mol%) ﬁF

R-— + NFSI R
N Na,CO5 (1.5 equiv) LA

X7 (1equiv) THF, - 20 °C " NFQJ
2 equi a
(2 equiv) 45-88% “ N
X =0, NBoc 97.5:2.5t0 99.5:0.5 er Ny
n=0-2
2
M
N o 9+2 (-)-CSA (10 mol%) R,,, Fro 14 e
R1:_/ t t ” R1_/ ’choztBu ;
H BUOzCN_NCO2 Bu ™ NHCOztBU
R2 (1 equiv)
) CHCl3, r.t., 24-36 h 82-99%
(1.5 equiv) 98:2 to 99.5:0.5 er A/ib e
1 — N | X
1 9+PhCOOH (10-20 mol%) R’», cHO =N
R 2 Ph
H R 9
R? pn” SN0z NO
(5 equiv) (1 equiv) 76-97% ’
- (4
(or ketones) r.t., neat, 2-4 d 2:1to >20:1 dr

82.5:17.5t0 96:4 er

Scheme 2.40 Examples of carbonyl a-functionalization catalyzed by cinchona-derived
amines, 135451231

Nevertheless, neither cinchona-derived amines nor any other primary amine catalysts found
application in the a-oxidation of carbonyl compounds, even though aminocatalytic epoxidation
methodologies attest to the oxidative stability of primary amines (cf. Section 2.2.3 and 2.2.4).

Prior to our report,!'**!

a single publication described the use of a primary amine in a reaction
between a-branched aldehydes and nitrosobenzene, but reported exclusive N-selectivity

(Scheme 2.41).1'4

0] H
T PhN=O (45, 1 equiv) e Ph NH Ph
R CH,Cly, -20 °C, 2-5 d NH, OH
(3 equiv) 49-73% 52
65.5:34.5 t0 80:20 er

Scheme 2.41 Primary amine catalysis in a reaction between o-branched aldehydes and
nitrosobenzene.'**
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3. OBJECTIVES OF THIS PH.D. WORK

The ubiquity of oxygenated functional groups in organic molecules places asymmetric C-O
bond formation among the most fundamental transformations in chemical synthesis. Despite the
myriad of metal-based and enzymatic methodologies that have been developed over the years,
continuous demand for improvement stimulates the search for new methods, which are general,
operationally simple and utilize inexpensive, readily available and environmentally benign
materials. The recently established field of organocatalysis has supplied new tools for
enantioselective C-O bond-forming reactions, providing solutions to long-standing synthetic
challenges. One such example is the organocatalytic asymmetric epoxidation of a,p-unsaturated
aldehydes, first disclosed by Jargensen and colleagues in 2005, for which no general approaches
existed before (cf. Section 2.2.3).""

[78-79]

Following the report of Jorgensen and others, our group made important contributions

to expand the substrate scope of epoxidation to other challenging substrates, % *% 8

including
cyclic and acyclic a,pB-unsaturated ketones. Key to the success of these methodologies was the
identification of a competent catalytic system: in particular, the activation of less reactive and
more sterically encumbered o,B-unsaturated ketones required a switch from the classically used
secondary amine catalysis to primary amine catalysis (cf. Section 2.1.3.2). This observation was
first made in our group in 2006 during the studies on transfer hydrogenation of cyclic enones, in

which the primary amine catalyst 5 (used as a salt with a Brensted acid co-catalyst) proved to be

superior over various established secondary amines (Scheme 3.1).

Q HH NHz . (R)}TRIP (3) 0
MeO,C CO,Me PN :
; | Pr CO,'Bu (5 mol%) ,
. | + N 5 |
R N - R

Bu,0O, 60 °C, 48 h

68-99%
85:15t0 99:1 er

Scheme 3.1 Primary amine catalysis in the transfer hydrogenation of o,B-unsaturated ketones.*¥
The application of primary aminocatalysis to the epoxidation of a,B-unsaturated ketones
identified two highly efficient catalyst systems consisting of primary ammonium salts
(R,R)-8:(S)-TRIP and 9-TFA, which could mediate the epoxidation of cyclic enones and
hydroperoxidation and epoxidation of acyclic enones (Scheme 3.2, cf. Section 2.2.3).[80’ 821
Apart from using readily available amine catalysts, the method also employed hydrogen

peroxide as an environmentally benign and atom-economic oxidant.
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o (R,R)-8*(S)-TRIP (10 mol%) o
or
Ph._ _NH, 9-TFA (10 mol%)
j’ R— | R— [0O
Ph ”NHZ n H202, dioxane, 30-50 C, 20-48 h n
(R,R)-8 R = Alk 33-85%
n=0-2 89:111t099.5:0.5 er
9:2TFA (10 mol%) o9
H2N R1/<I)J\R2
- N N H,0,, dioxane, 50 °C, 12-48 h
| N o] then 1N NaOH, Et,O, r.t., 1 h 55-90% (2 steps)
P » /\)LRz — 955 t0 99.5:0.5 er
9 MeO 9-2TCA (10 mol%) 0-Q oH
R', R2 = Alk ) R R?
H,0,, dioxane, 32 °C, 36-48 h
54-69%
97:3t097.5:25er

Scheme 3.2 Primary amine-catalyzed epoxidation and hydroperoxidation of enones. %%

The establishment of primary amine catalysts in epoxidation reactions encouraged us to explore
their ability to activate other previously inaccessible substrates. In particular, a-branched enals
still posed a formidable challenge to synthetic chemists, with neither metal catalysis nor
organocatalysis offering methodologies for their enantioselective epoxidation. Instead, multistep
approaches were commonly utilized, employing substrates of a higher or lower oxidation level
for epoxidation followed by redox adjustment (cf. Section 2.2.4). We recognized that a more
step-, atom- and redox-economic approach which operates at the oxidation level of an aldehyde
would not only be highly desirable, but also perfectly suited to amine-mediated catalysis.

The goal of this Ph.D. work was to develop a direct, efficient and enantioselective
epoxidation methodology for o-branched o,p-unsaturated aldehydes using environmentally
benign, inexpensive and easily available hydrogen peroxide as the oxidant. In particular,
primary amine catalysts, such as the cinchona alkaloid derivative 9, were envisioned to provide
a suitable catalytic platform. Over the course of this work, a further goal became the
rationalization of the absolute stereochemistry of the epoxide products by structural and
computational investigations of the reaction intermediates.

In general terms, the desired epoxidation was envisioned to proceed via iminium ion
activation of a-branched enals by primary ammonium salts (Scheme 3.3). This activation would
encourage conjugate addition of hydrogen peroxide, forming the enamine intermediate B. The
intermediate B would then undergo an intramolecular ring-closure, breaking the weak O-O bond
and forming the epoxide moiety while regenerating an iminium ion (structure C). Hydrolysis of

C would release the product and the catalyst for turnover. It is important to point out that,
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depending on the substitution pattern of the a-branched enal, the enantioselective step of the
reaction could either be the iminium-catalyzed conjugate addition of hydrogen peroxide (o.,p-
disubstituted enals, Scheme 3.3 (a)) or the enamine-catalyzed ring-closure (a-monosubstituted

enals, Scheme 3.3 (b)).

(0] - -
R%H O\NHZ =catalyst9 | i (@) X HKI/O b) x Hﬁ/o
| R! R
H
R2 | H

enantio | step
selective

O

Hz0 X Iminium Catalysis H,0, R?
Hor QD x-HOH Y
*N X-H--OH
R! i
o H J er|1antt_|o \ step
selective
R? c H‘NSO
RL~ H H\+/O X/O
Enamine Catalysis \r 1 N H‘f\rj
B RZ” O R H |
H,0 %1 ) Ph/Y\H

Scheme 3.3 Proposed mechanistic models of epoxidation of o,B-disubstituted enals (a), and a-
monosubstituted enals (b).

Over the course of this work, both mechanistic scenarios outlined in Scheme 3.3 were
successfully realized using the cinchona alkaloid-derived catalyst 9 (cf. Section 4.1). The high
activity of 9 under oxidative conditions and in particular, its success in effecting an
enantioselective epoxidation via enamine catalysis (Scheme 3.3 (b)) inspired us to turn our
attention to a mechanistically related transformation — oxidative a-functionalization of ketones
and a-branched aldehydes. Organocatalytic approaches to this transformation are based on
enamine activation of the carbonyl toward an attack on electrophilic oxidants, and possess the
advantage of not requiring carbonyl prefunctionalization to an enolate equivalent compared to
metal catalysis (cf. Section 2.3.2). Highly enantioselective a-oxidation of ketones has been
developed using nitrosobenzene, but the method requires a large excess of the ketone substrate
(up to 10 equiv) limiting the method’s practicability.!'"”) Moreover, no useful methodology,

organocatalytic or metal-based, exists for a-branched aldehydes to date (cf. Section 2.3.2). The
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recently developed asymmetric a-oxidation using benzoyl peroxide as the electrophilic oxidant
operates with stoichiometric amounts of the carbonyl component but had not been extended
beyond simple unbranched aldehydes for possible reasons discussed in Section 2.3.2.1.

On the basis of these considerations, we envisioned that the readily available primary amines
of type 9 could catalyze a direct enantioselective a-benzoyloxylation of ketones and a-branched
aldehydes. Thus, the second goal of this Ph.D. work was to develop an efficient method for the
a-benzoyloxylation of previously inaccessible carbonyl compounds that is stoichiometric in the
carbonyl reagent and introduces a protected oxygen functionality using primary aminocatalysis

(Scheme 3.4).

)

0
0
HJ\/R1 . ©\WO\O 9+ HA (cat) HJ\/OBZ
----------------- > .,
R2 o) Ry Ry o

Scheme 3.4 Envisioned a-benzoyloxylation of ketones and a-branched aldehydes using primary
amine catalyst 9.
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4. RESULTS AND DISCUSSION
4.1 Catalytic Asymmetric Epoxidation of a-Branched Enals

4.1.1. Identification of a Model System

The catalytic efficiency of 9-amino(9-deoxy)epiquinine TFA salt ([9-2TFA]) in promoting the

. . . . . 80. 82
enantioselective epoxidation of various a,B-unsaturated ketones!™" *

encouraged us to test this
catalytic platform in the asymmetric epoxidation a-substituted o,B-unsaturated aldehydes 53, a
previously unsolved substrate class. Following the enone studies,™ aqueous hydrogen peroxide
(50 wt. %) was selected as the second most atom economic and environmentally benign oxidant,
and reactions were conducted in water-miscible 1,4-dioxane at 50 °C. A brief screen of several
commercially available (F)-configured o-substituted enals 53a-c revealed that 2-methyl-2-
pentenal 53¢ afforded the desired product with an encouraging conversion and stereoselectivity
(Table 4.1, entry 3). In contrast, the epoxidation of a-methyl-cinnamaldehyde 53a gave only
traces of the desired product even after several days (entry 1). It is noteworthy that the same
detrimental effect of an aromatic -substituent was observed in the epoxidation of acyclic a,p-
unsaturated ketones, where chalcones proved to be unreactive.*? The epoxidation of the cyclic

aliphatic substrate 53b was found to be feasible but only sluggish under these reaction

conditions (entry 2).

Table 4.1 Catalytic asymmetric epoxidation of various a-substituted enals: preliminary study.

NH,
o 9-2TFA (10 mol%) .0 OL :/e\\,\, N
RV\)J\H RVWA H |

H,0, (50 wt. %, 1.5 equiv) N

R? - R?
1,4-dioxane (0.125 M)
53 50°C,24h 54 9 MeO
Entry  Time Substrate Conv.,%®  drf  er(trans)® er(cis)®
(0]
1 4d Ph™ ™ H 53a 6 88:12 nd nd
Me
(0]
2 48 h ©)kH 53b 20 >99:1 nd nd
(0]
3 22 h Et” ™ H 53c 47 75:25 93.7 60:40
Me

2 Determined by GC. ® Determined by chiral-phase GC
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As seen from Table 4.1, both of the acyclic (F)-configured enal substrates (entries 1, 3) afforded
the desired product as mixtures of diastereomers, with moderate selectivity for the frans-isomer.
This lack of stereospecificity is in accord with the stepwise mechanism typical for Weitz-
Scheffer type epoxidations (cf. Section 2.2.2). Interestingly, significant difference was observed
in the enantiomeric excess of the two diastereomers of S4¢ (entry 3). Assuming a sequential
formation of the two epoxide stereogenic centres via a catalyst-controlled enantioselective step,
followed by a diastereoselective step (cf. Chapter 3 for proposed mechanism), enantiomeric
enrichment of the trans-diastereomer at the expense of the cis-diastereomer is possible. Due to
the encouraging conversion and enantioselectivity observed in its epoxidation, 2-methyl-2-
pentenal 53¢ was chosen as the model substrate for further optimization. The absolute
configuration (2R,3S) of trans-54c¢ was assigned by comparing the optical rotation of the

corresponding epoxyalcohol after NaBH, reduction, to the literature value.!'*”!

4.1.2 Optimization of the Reaction Parameters

To understand the general effect of the reaction medium, a preliminary screen of various
chlorinated, aromatic and ethereal solvents was performed, keeping the other reaction
parameters as before (Table 4.2). Compared to the control in 1,4-dioxane (entry 1), every tested
solvent resulted in diminished stereoselectivity, with acetonitrile (entry 5) affording a

completely non-diastereoselective and only slightly enantioselective reaction.

Table 4.2 Preliminary solvent screen.

0 9:2TFA (10 mol%) .0 OL
EtyLH H,0, (50 wt. %, 1.5 equiv) EtATA H
Me 50 °C, 18 h Me
53¢ 54c
Entry Solvent (0.125 M)  Conversion,%? dr@ er (trans)®

1 1,4-dioxane 40 75:25 93.7
2° CH,Cl, 96 73:27 83:17
3 CHCl; 48 68:32 84.16
4 toluene 41 62:38 78:22
5 MeCN 23 51:49 64:36

2 Determined by GC. ® Determined by chiral-phase GC. ° Performed at 32 °C.

All of the solvents gave a similar conversion of approximately 40% after 18 hours with two

exceptions. Acetonitrile significantly retarded the reaction rate (entry 5), while dichloromethane
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improved the conversion to nearly complete (96%, entry 2). However, the volatility of
dichloromethane required lowering of the reaction temperature to 32 °C from the standard 50 °C,
and even at this temperature significant solvent loss was observed. It was hypothesized that the
success of dichloromethane may simply have been due to the increased reaction concentration,
which was tested next (Table 4.3). Indeed, increasing the concentration under the standard
reaction conditions (1,4-dioxane at 50 °C) led to some improvement of conversion (entries 2-3
vs. 1). However, increased concentration also compromised the stereoselectivity of the reaction,

discouraging us from changing this parameter.

Table 4.3 Optimization of the reaction concentration.

/\Hok 9-2TFA (10 mol%) A\?ﬂj\
AN > =
Et H o H,0, (50wt %, 1.5equiv) E' H
Me 1,4-dioxane, 50 °C, 18 h Me
53c 54c
Entry  Concentration, [M]  Conversion,%? dr? er (trans)°
1 0.125 40 75:25 93:7
2 0.25 48 75:25 89:11
3 0.50 50 70:30 84:16

2 Determined by GC. ® Determined by chiral-phase GC.

We next turned our attention to the catalytic system, and in particular the Breonsted acid co-
catalyst, which often plays an important role in iminium catalysis (cf. Section 2.1.3.1). A screen
of various achiral and chiral acids is summarized in Table 4.4. As expected, the structure of the
Bronsted acid had a significant impact on the conversion and stereoselectivity of the reaction,
although no clear trend with respect to the acid strength (pKa)mé] was observed. Thus, good
conversion and stereoselectivity was observed over a wide range of pKa values, including very
strong acids (entry 7), strong acids (entries 1-4) and weak acids (entries 6, 10-13). At the same
time, subtle electronic and/or structural properties of some Bronsted acids resulted in severe loss
of yield (entries 5 and 8). Although TFA performed equally well at 10-30 mol% loading (entries
1-3), reducing the catalyst loading of H3;PO4 from 20 to 7 mol% dramatically reduced the
conversion (entries 9-10). Among the achiral acids tried, those containing a phosphate group
had a positive effect on both the conversion and the stereoselectivity of the reaction (entries 5
and 9). To our delight, the chiral phosphoric acid (R)-TRIP (3) used at 20 mol% loading further
improved the stereoselectivity of the reaction to nearly perfect enantioselectivity (99.5:0.5 er)
and very good diastereoselectivity of 92:8 dr, demonstrating a dramatic case of “matched” chiral
induction (entry 12). Furthermore, the (S) enantiomer of TRIP resulted in the loss of this
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synergism,

diastereoselectivity (entry 13).

giving a completely

reversed but

only modest

enantioselectivity and

Table 4.4 Screen of various chiral and achiral Brensted acid co-catalysts with primary amine 9.

0 9 (10 mol%) o)
acid co-catalyst 0 J\
Et” ™ H ] Et 7 H
Me H,0, (50 wt. %, 1.5 equiv) Me
1,4-dioxane (0.125 M), 50 °C, 18 h
53c 54c
Entry  Acid co-catalyst pKa (H,0)?  [mol%)] Conversion,%° dr® er (trans)®
1 TFA -0.25 10 38 78:22 93.7
2 TFA -0.25 20 41 78:22 93.7
3 TFA -0.25 30 40 79:21 937
4 TCA 0.65 20 34 76:24 91:9
5 p-hitrobenzoic acid 3.44 20 6 54:46 84.5:15.5
6 (PhO),P(O)OH 3.72 20 69 82:18 937
7 pTSA-H,O -2.80 20 63 80:20 90.5:9.5
8 55 1.77¢ 20 25 67:33 74:26
9 56 n.a. 20 8 77:23 83:17
10 HsPO, 2158 20 77 80:20 937
11 H3PO, 2.15¢ 7 7 80:20 90:10
12 (R)-TRIP 4.22f 20 52 92:8 99.5:0.5
13 (S)-TRIP 4.22f 20 45 71:29 30.5:69.5

2 See references in text ® Determined by GC. © Determined by chiral-phase GC. ¢ pKa of 57 in DMSO.
€ pKa of first proton dissociation. f pKa in DMSO

9 MeO

o

o=n__ 9=
// zZ
o T

57

To assess the contribution of the amine catalyst 9 in the outstanding enantioselectivity of the

[9-2(R)-TRIP] salt, we screened other achiral and chiral primary amines with TRIP (3) as the

acid co-catalyst (Table 4.5) All achiral primary amines (entries 4-7) afforded the product with a

very similar enantioselectivity (approximately 70:30 er), highlighting the contribution of the

chiral Brensted acid in the enantiomeric induction. Chiral amines (entries 8-13) partly afforded

high enantioselectivities, especially when paired with the “matched” enantiomer of TRIP, but

none of the salts proved comparable to the original [9-:2(R)-TRIP] combination (entry 1).
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Interestingly, catalyst 61 which lacks the quinoline moiety displayed no “match/mismatch”
relationship with TRIP (entries 12-13) and afforded the product with the opposite sense of
selectivity compared to catalyst 9 when paired with TFA (see footnote). In line with the
mechanistic rationale discussed in Section 2.1.3.2, the secondary amine catalyst 4, which had
been found optimal for the epoxidation of a-unbranched enals,®® was inactive with the a-
branched enal 53¢ (entry 6). At this stage we also tested the pseudoenantiomer of 9, 9-amino(9-
deoxy)epiquinidineiV 11 in combination with (S)-TRIP (entry 2). As expected, the opposite
(25,3R)-enantiomer of the corresponding product ent-S4¢ was obtained with a comparable 57%
conversion and 93:7 er, albeit with a low diastereomeric ratio of 59:41. Using (R)-TRIP alone as
the catalyst (entry 14) resulted in the formation of only traces of the racemic product, in

accordance with a mechanism which involves covalent aminocatalysis.

Table 4.5 Screen of primary amine catalysts with the acid co-catalyst TRIP (3).

amine catalyst (10 mol%)

0 0
TRIP 3 (20 mol%) O
Et/\)LH H,05 (50 wt. %, 1.5 equiv) EtArJH
202 WL. 7, 1.0 equiv

Me 1,4-dioxane (0.125 M) 50 °C, 18 h Me

53¢ 54c
Entry Amine catalyst TRIP  Conv.,%? dre er (trans)®

JCB L
1 = N S (R) 52 92:8 99.5:0.5
| N

2 MeO (S) 45 71:29 30.5:69.5

58 (R) 13 59:41 68:32

e
NHQJ
=
3 N | 11 (S) 57 59:41 7:93
(@]
h NH

N
Me
4 EjﬁNH2
P

5 I 2 meso-8 R) 46 58:42 69:31
Ph” ~NH,
PSNTN

6 Ar H Ar 4 (R) <10 n.d. n.d

(Ar = 3,5_(CF3)206H3)

" Because catalysts 9-14 are derived from naturally occurring cinchona alkaloids, there are no direct routes to
obtain their enantiomers. However, pseudoenantiomeric pairs such as 9 and 11 generally afford products with the
opposite configuration and comparable enantioselectivity.
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Entry Amine catalyst TRIP  Conv.,%? dr® er (trans)®

NH,
7 C[ meso-59 (R 19 71:20 66:34
NH
NH,
8 O (R,R)-59 (R) 28 72:28 58:42
“NH,

9 Q\/NHZ 60 (R) 18 83:17 88:12
Ha

H
10 e (RR)-8 (R) 25 75:25 14:86

11 Ph™“NH, (S 32 81:19 6.5:93.5

12 \/& (R) 48 71:29 90:10
N¥/\NH2 61°¢

13 H (S) 35 74:26 6:94

14 none (R) <10 n.d. 49:51

2 Determined by GC.® Determined by chiral-phase GC. ¢ With 20 mol% TFA: 18% conv.,
35:65 er, 62:38 dr

Given the generally low conversion observed in the epoxidation reactions of the model substrate
53¢ with aqueous hydrogen peroxide, we tested a more nucleophilic organic peroxide reagent,
tert-butyl hydroperoxide, which has been employed in a number of organocatalytic

epoxidations P 420, 81, 83, 88] (Scheme 4.1).

o 9 (10 mol%) 0
ﬁ)k (R)-TRIP 3 (20 mol%) ﬁ\\\%k
Et7 ™ H Et ¥ H
Me 'BUOOH (5.5 M in decane, 1.5 equiv) Me

1,4-dioxane (0.125 M), 50 °C, 24 h
53c 54c
26%

75:25dr, 95:5 er

Scheme 4.1 Evaluating fert-butyl peroxide in the epoxidation of 53c.

However, despite higher nucleophilicity, tert-butyl peroxide afforded only 26% conversion after
24 hours. In addition, compared to hydrogen peroxide, the stereoselectivity of the reaction was
also diminished.

Having identified a highly stereoselective catalyst salt [9-2(R)-TRIP] and aqueous hydrogen
peroxide as the optimal oxidant, we decided to re-evaluate the solvent, this time focusing on
various ethers (Table 4.6). For solvents with low boiling points (entries 3 and 7), the reaction

temperature was lowered to r.t. so that all reactions could proceed at atmospheric pressure.
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Table 4.6 Re-evaluation of the reaction medium: screen of ethereal solvents.

(0] 9 (10 mol%) 1)

(R)-TRIP 3 (20 mol%) N 0
Et7 X H _ Et” > "H
H,0, (50 wt. %, 1.5 equiv)

Me solvent (0.125 M), 20 h Me
53¢ 54c
Entry Solvent T, °C Conversion,%? dr@ er (trans)®

1 1,4-dioxane 50 45 92:8 99.5:0.5
2 THF 50 74 92:8 99.5:0.5
3 Et,O r.t. 47 83:17 98:2
4 DME 50 57 92:8 99.5:0.5
5 Bu,O 50 0 n.a. n.a.
6 Pr,0 50 31 79:21 96.5:3.5
7 MTBE r.t 55 88:12 99.5:0.5

2 Determined by GC. ® Determined by chiral-phase GC.

While the enantioselectivity of the reactions remained very high for all of the solvents tried, a
range of conversions was observed. Notably, the reaction was completely shut down when
dibutyl ether was used as solvent (entry 5), presumably due to the insolubility of the catalyst in
this medium (a precipitate was observed). No clear trend could be observed among the other
water miscible and immiscible ethereal solvents, but THF emerged as the superior reaction
medium, improving the conversion by almost 30% compared to 1,4-dioxane (entry 2).

With the optimal solvent in hand, we examined the effect of changing the catalyst loading by
varying the amount of both the amine and the Bronsted acid component (Table 4.7). Decreasing
the loading of the amine catalyst 9 to 5 mol% (1:4 amine:acid ratio) resulted in a significant
drop in conversion (entry 2). A similar effect was observed when increasing the loading of 9 to
20 mol% (1:1 amine:acid ratio), which also significantly reduced the diastereoselectivity of the
reaction (entry 4). Keeping the amine loading constant at 10 mol%, but increasing the amount of
the Bronsted acid to 25 mol% (1: 2.5 amine:acid ratio) did not improve the conversion, but only
diminished it, although stereoselectivity remained unchanged.

At this point, we decided to keep the original ratio and loading of the catalysts and opted for
the fine-tuning of the Bronsted acid component in order to improve conversion. Since the
axially chiral BINOL-scaffold proved to be particularly promising in our initial investigations

34, 36, 80]

and in previous reports from our group,' corresponding bis-sulfonic and phosphoric acids,

synthesized by F. Lay, S. Marcus and M. Hannappel in our group, were screened (Table 4.8).
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Table 4.7 A screen of different stoichiometries of the catalytic salt [9-(R)-TRIP].

o) amine catalyst 9 e}
(R)-TRIP 3 N R
S H H,0, (50 wt. %, 1.5 equiv) BT
1,0, wt. %, 1.5 equiv
Me THF (0.125 M), 50 °C, 20 h Me
53c 54c
Entry 9. mol% (R)-TRIP, mol% Conversion,%? dr@ er (l‘rans)b
1 10 20 74 92:8 99.5:0.5
2 5 20 39 92:8 99:1
3 10 25 60 92:8 99.5:0.5
4 20 20 56 80:20 99:1

2 Determined by GC.  Determined by chiral-phase GC.

Table 4.8 Evaluation of BINOL-derived Brensted acid co-catalysts with primary amine 9.

9 (10 mol%)

o) _ 0
Brgnsted acid (20 mol%) ~0 J\
EtVLH H,05 (50 wt. %, 1.5 equiv) ="
207 . /0, 1.0 equiv
Me THF (0.125 M), 50 °C, 18 h Me
53c 54c
Entry Bransted acid R mol%  Conv.%® dr? er (trans)°

1 3,5-(CF3),CH; 622 (R) 10 14 94:6 98515
2 OO R 3,5-(CF3),CeH;  62a (R) 20 14 5347 8317

3 SOH  4'Bu-CeHy 62b  (R) 10 21 91:9 97525
4 OO SOsH  4.tBu-CgH, 62b (R) 20 23 3169 87:13

5 R 2,4,6-PrsCeH, 62 (S) 10 30 8911 96.5:3.5
6 24,6-PrsCgH,  62c (S) 20 30 56:44 955

7 H 63a (R) 20 78 8515 955

8 O O R H 63a (S) 20 64  80:20 93.5:6.5
9 0.0 Ph 63b  (R) 20 84 96:4  99.5:0.5

PN

10 OO O oH Ph 63b (S) 20 84 87113  81:19
11 R 4-Ph-CgH, 63c (R) 20 71 80:20  85:15
12 3,5-(CF3),CeH;  63d  (S) 20 72 96:4  99:1

a Determined by GC. ° Determined by chiral-phase GC.

As can be seen from Table 4.8, all BINOL-derived bis-sulfonic acids 62 (entries 1-6) afforded

the product with only very low conversion, which was unchanged at 10 and 20 mol% loading
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(since bis-sulfonic acids 62 possess two acidic moieties per molecule, the effective acid loading
should be considered as 20 and 40 mol%, respectively). However, 20 mol% loading of 62
(entries 2, 4 and 6) decreased the enantioselectivity of the reaction in all cases, and even more
dramatically eroded the diastereoselectivity. BINOL-derived phosphoric acids 63 fared better in
comparison, giving considerably higher conversions and generally high stereoselectivity (entries
7-12). In particular, the bis-phenyl substituted BINOL-derived phosphoric acid 63b (abbreviated
BIPP in this work) gave the highest conversion of 84% (entries 9-10). Intriguingly, in contrast to
bulkier (S)-TRIP, a much less pronounced mismatch was observed with (S)-BIPP (entry 10 vs.
9) and essentially no mismatch was observed with BINOL-phosphoric acid which lacks any
3,3’-substiuents (entry 8 vs. 7) in terms of enantioselectivity. Gratifyingly, (R)-BIPP proved to
be just as stereoselective as the (R)-TRIP co-catalyst, while being more catalytically active
(entry 9).

Using the more active catalyst salt [9-2(R)-BIPP], we next evaluated oxidant stoichiometry.
As summarized in Table 4.9, various amounts of commercially available 30 wt. % and 50 wt. %
hydrogen peroxide solutions were screened. To our delight, increasing the amount of the
peroxide readily improved the conversion. The best conditions were found to be 5 equiv of
50 wt. % hydrogen peroxide (entry 5), which afforded the product with 97% conversion and
only slightly diminished stereoselectivity. Using these optimal conditions with (R)-TRIP as the
Bronsted acid co-catalyst (entry 6) also resulted in improved conversion but the stereoselectivity

was too compromised to be useful.

Table 4.9 Optimization of the oxidant stoichiometry.

(0] 9 (10 mol%) o
Aﬁk (R)-BIPP 63b (20 mol%) N ﬁO)k
Bt H H,0, Et H
Me THF (0.125 M), 50 °C, 20 h Me
53c 54c
Entry H,0, equiv Conversion,%? dr@ er (trans)®

1 30 wt.% 2 90 95:5 99.5:0.5
2 30 wt.% 3 94 94:6 99.5:0.5
3 30 wt.% 5 98 93:7 98.5:11.5
4 50 wt.% 3 89 95:5 99.5:0.5
5 50 wt.% 5 97 93:7 99:1
6° 50 wt.% 5 88 85:15 98:2

@ Determined by GC. b Determined by chiral-phase GC. ¢ Using (R)-TRIP (20 mol%) as the
Brensted acid co-catalyst
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Having secured conditions which give an excellent conversion and stereoselectivity, we wished
to test if the loading of the Brensted acid co-catalyst (R)-BIPP (63b) could be reduced. In
particular, we wondered if the amount of BIPP could be lowered by a compensative addition of
an achiral Bronsted acid additive. To this end, we screened the achiral phosphoric acid H3POy,

together with various amounts of (R)-BIPP (Table 4.10).
Table 4.10 Optimization of the oxidant stoichiometry.

o 9 (10 mol%), cat. (R)-BIPP (63b) o

cat. H3PO4 \\\Q
Et” ™ H . Et ¥ H
H,0, (50 wt. %, 5 equiv)

Me THF (0.125 M), 50 °C, 24 h Me
53c 54c
Entry  Acid mol%  H3PO,4, mol% Conversion,%? dr? er (trans)®
1 (R)-BIPP 20 0 98 92:8 99:1
2 (R)-BIPP 15 0 94 94.6 99:1
3 (R-BIPP 10 0 89 90:10 98:2
4 (R)-BIPP 15 5 96 93.7 99:1
5 (R)-BIPP 10 5 94 91.9 99:1

2 Determined by GC. ® Determined by chiral-phase GC.

Unfortunately, reducing the loading of (R)-BIPP led to diminished conversion and
stereoselectivity (entries 1-3). Although the compensative addition of H3PO4appeared to restore

conversion (entries 4-5), it had no beneficial effect on the stereoselectivity of the reaction.

4.1.3 The Fate of Excess Hydrogen Peroxide and Optimization of Workup

Having established optimal conditions at 50 °C, we tested the epoxidation of 2-methyl-2-
pentenal 53¢ at a higher temperature (70 °C) in hopes of improving the reaction rate. However,
increased temperature resulted in the formation of previously undetected side products,
signifying that 50 °C represented a threshold for decomposition pathways. Intrigued by such
thermal behaviour, we decided to investigate its possible origins. A survey of the literature
revealed that hydroperoxy adducts of aldehydes (i.e. peroxyhydrate species of type 64, Scheme
4.2) can decompose into a variety of oxidation products under aqueous conditions at 70 °C.!'*"!
Peroxyhydrates represent the products of reversible addition of hydrogen peroxide to aldehydes,
similar to the rapid and reversible formation of gem-diols (hydrates) by the addition of water to

a carbonyl group.
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. o OH | o %" ho070°C o 9
; 2(4 : 0,N© ON
: oH \ / OH 100% \ / o
peroxyhydrate 64a
(0) 00 H,0, 70 °C
2t o
10% 2% 36% 8%

Scheme 4.2 Decomposition of furyl peroxyacetals at 70 °C in the presence of water.!'*”!

The possibility of the aldehyde products being reversibly masked as peroxyhydrates by the
excess of hydrogen peroxide under our reaction conditions was corroborated by a further
observation. The epoxidation product 54¢ could never be detected by TLC analysis of the crude
reaction mixture, even though crude GC analysis indicated the formation of the desired product
and the disappearance of the starting material. Instead, a baseline spot corresponding to a highly
polar species was observed by TLC. These results could be easily explained by the formation of
peroxyhydrate 64¢ under the reaction conditions which reverts to the expected product S54¢

under the high-temperature (and anhydrous) conditions of GC (Scheme 4.3).

0 9-2(R)-TRIP 0
/\)L (10 mol%) ﬁ)L H20, o) heat /HO)L
Et7 ™ H T = ———> Et T H
Me Hzgg ;(';HF (GC) Me
53c 54c 4c 54c

Scheme 4.3 Hypothesized formation of peroxyhydrate 64c¢ in the epoxidation of 53c.

In order to test this hypothesis, we performed 'H NMR studies using the epoxidation of
substrate 53g (cf. Section 4.1.5.1 for synthesis) as a non-volatile model system. Figure 4.1
shows the '"H NMR spectrum of the crude reaction mixture after consumption of the starting
material (a), superimposed with the spectrum of the isolated epoxide product 54g (b). In
accordance with our expectations, the crude reaction mixture showed the presence of a ca. 1:1
diastereomeric mixture of a new compound, together with small amounts of the expected
epoxide 54g. The characteristic acetal proton of the literature-known heptanal-derived
peroxyacetal 65 (Figure 4.1) has a chemical shift of 5.11 ppm.!'*®! The two singlets at 4.78 ppm
and 4.83 ppm belonging to the new compound thus correspond well to peroxyacetal protons
1b-H of the diastereomeric pair 64g. Furthermore, the crude reaction mixture was found to
quantitatively yield 54g upon a reductive workup with sodium thiosulfate, but not after a normal
aqueous workup, suggesting that a peroxyacetal and not a simple hydrate formation was
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responsible for masking the aldehyde product in the reaction. It is noteworthy that in their
kinetic studies on the epoxidation of unbranched enals with hydrogen peroxide,!™ Jorgensen
and colleagues also identified peroxyacetal species of type 64, which were responsible for

autocatalytic behaviour of the reaction (unpublished results).

1b-H (2 diast)

/

THF

3b-H (2 diast)

| \— 4.78 ppm 3a-H 3a'-H (diast)
483 pem W ®)

4.5 4.0 3.

(a)

25 [Ppm)

OH

- OH
H H ~H H o9 o
NO) N OH
<2 z OH
Ph/\/\(go Ph“)sﬁ“l*\o P“AMH n-C4Hg/\/%H
Me Me Me 5.11 ppm
539 549 (9:1 dr) 649 (~1:1dr) (known) 65

Figure 4.1 Selected regions of the "H NMR spectra showing the crude reaction mixture after
15 h for the epoxidation of 53g (a), and the isolated epoxide product 54g (b) (NMR in CDCl3).

The findings that excess hydrogen peroxide was reversibly taken up by the product as a
peroxyacetal 64 suggested that an efficient isolation of the product must involve a complete
reduction of any residual peroxide bonds. After a screen of conditions, two suitable workup
procedures were identified, which involve stirring the reaction with saturated aqueous sodium
thiosulfate for 5 min followed by an aqueous extraction, or adding solid sodium thiosulfate to

the crude reaction mixture and stirring the suspension for 1 hour followed by filtration.

4.1.4 Optimization of Reaction Conditions for a-Substituted Acroleins

Having secured optimal conditions for the epoxidation of o,B-disubstituted enals 53, we next
turned our attention to a similar substrate class, o-substituted acroleins 66. As discussed in
Chapter 3, due to mechanistic dissimilarities in the epoxidation of 66 vs. 53 we expected factors
governing the enantioselectivity to differ for these substrate classes. In particular, in contrast
enals 53, the initial iminium-catalyzed hydrogen peroxide addition to acroleins 66 no longer
generates a stereogenic centre, making the subsequent, enamine-catalyzed ring-closure the

enantiodetermining step of the reaction (Scheme 4.4).
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0 O\NHz = catalyst 9 fmmmmm e

= fo\ﬁ/O
T
NH; X

R/\ej\H 3 R%H

<0
67

Iminium Catalysis
H,O

-~
T
S
(®)
N

- Non-stereogenic
X H,0,
H.y, /O center created
|
RN
=0 H\N/O "'\ND
2 1
Enamine Catalysis R/\f\H Rf\H
Enantiodetermining o R2"+~OOH
step NPy R SR

Scheme 4.4 Proposed mechanistic model for the epoxidation a-monosubstituted enals.

In optimizing the reaction conditions for a-substituted acroleins, we decided to adopt the
previously optimized solvent, concentration, temperature and oxidant loading, but re-evaluate

129]

both the amine and the Brensted acid catalysts (Table 4.11). Readily available!'™ a-benzyl

derivative 66a synthesized by C. Rampalakos in our group was chosen as the model substrate.

Table 4.11 Evaluation of the catalytic salt in the epoxidation of a-substituted acroleins 66a.

i talyst (10 mol9
o amine catalyst (10 mol%) 0

acid co-catalyst
PhYLH g Ph/\\\eLH
H,0, (50 wt. %, 5 equiv) <0

THF (0.125 M), 50 °C, 24 h

66a 67a
Entry Amine catalyst Acid co-catalyst mol% Conv.,%? er P
1 TFA 20 21 59:41
2 \/e\\ NH, (PhO),P(O)OH 20 52 63:37
3 ] (R)-BIPP (63b) 20 92 91:9
_N
4 (R)-TRIP (3) 20 100 99:1
MeO
5 9 (S)-TRIP (3) 20 40 32:68
6 (R)-TRIP (3) 10 67 94:6

2 Determined by GC. ® Determined by chiral-phase GC
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Entry Amine catalyst Acid co-catalyst  mol% Conv.,%? erP
—
7 NH, R=0OMe (S)-TRIP (3) 20 44 29:71
(11)
= N
8 \ | R=H (S)-TRIP (3) 20 28 34:66
N\
(12)
R
Ph_ _NH,
9 j’ (RR)-8  (S)-TRIP(3) 20 100 18:82
Ph” "NH,
Ph. _NH,
10 I meso-8  (R)-TRIP (3) 20 75 57:43
Ph” ~NH,

a Determined by GC. ® Determined by chiral-phase GC

In stark contrast to the a,B-disubstituted enals 53, 9-amino(9-deoxy)epiquinine TFA salt
([9-2TFA]) mediated the epoxidation of 66a with only modest conversion and enantioselectivity,
giving the product 67a with 59:41 er (entry 1). The absolute (R)-configuration of 67a was
assigned by comparing the optical rotation of the corresponding epoxyalcohol after NaBH,
reduction, to the literature value.!3%

Using phosphoric acid diphenyl ester ((PhO),P(O)OH) instead of TFA resulted in improved
conversion, but the enantioselectivity remained low (entry 2). Fortunately, the axially chiral
BINOL-derived phosphoric acids once again proved to be powerful co-catalysts. Using 20
mol% of (R)-BIPP (entry 3) dramatically increased both the conversion and the
enantioselectivity of the reaction, which was further improved to full conversion and an
excellent er of 99:1 with the more bulky acid (R)-TRIP (entry 4). As with 2-methyl-2-pentenal
53a, a significant drop and reversal of enantioselectivity was observed when (S)-TRIP was used
as the co-catalyst (entry 5). Lowering the catalyst loading of (R)-TRIP to 10 mol% resulted in
diminished conversion and enantioselectivity (entry 6). Wishing to obtain the opposite (S)-
enantiomer of the product 67a, we also tried the pseudoenantiomeric amine catalyst 11 together
with (S)-TRIP. Although the desired switch in enantioselectivity was observed, both the
conversion and the enantiomeric ratio were only modest (entry 7). The selectivity was not
improved by using a related cinchonine-derived catalyst 12 (entry 8), but chiral diamine (R,R)-8
together with (S)-TRIP was found to give full conversion and an improved enantioselectivity of
82:18 er for the (S)-configured product 67a. The importance of both chiral components in the
highly enantioselective catalyst salt [9-2(R)-TRIP] was tested by substituting 9 with an achiral

primary diamine meso-8 (entry 10). Although the conversion was good, only poor

53



4. Results and Discussion

enantioselectivity was observed, signifying that both the chiral amine 9 and the chiral Brensted

acid (R)-TRIP were crucial for optimal enantioselectivity.

4.1.5 Reaction Scope and Discussion

With the optimized conditions for both a,B-disubstituted enals 53 and a-substituted acroleins 66
in hand, we wished to explore the scope of the novel epoxidation procedure. The following
protocol was applied for both substrate classes: the catalytic salt [9-2(R)-BIPP] or [9-2(R)-TRIP]
was generated in situ by mixing the primary amine 9 (10 mol%) and the respective Brensted
acid (R)-BIPP or (R)-TRIP (20 mol%) in THF for 5 min. The substrate 53 or 66 (0.125M) was
then added and stirred for an additional 5 min. Finally, aqueous hydrogen peroxide (50 wt. %, 5
equiv) was added, the reaction vessel sealed under ambient atmosphere and stirred at 50 °C for

24 hours.

4.1.5.1 Preparation of the Starting Materials

Although few substrates for the enantioselective epoxidation were commercially available, all of
the required (£)-configured a-branched enals could be easily prepared via one-step redox-
neutral methodologies from aldehyde precursors. The substrate synthesis was carried out
following three general strategies: self-aldol condensation developed in our group by

13 Grubbs cross-metathesis of acroleins with terminal olefins [** and

[129]

Zumbansen and Lis
crossed-aldol condensation with formaldehyde developed by Pikko and colleagues.
Self-aldol condensation of aldehydes was performed using catalytic morpholine TFA salt 68

[131

in refluxing dichloromethane I which afforded the products with very good yields and

complete E/Z selectivity (Table 4.12).

Table 4.12 Preparation of a-branched enals 53 by cross self-aldol condensation.!"*"]

o] 0]
0,
Reg 68 (20 mol%) RM [ j - TFA
CH,Cly, reflux, 12 h H N
R H
53 68
Entry Terminal olefin Enal Yield, %2 E/Z ratio®
1 F’h/\70 53k 91 >99:1
2 Ph._~_0 53e 86 97:3

2 |solated yield. ® Determined by crude 'H NMR analysis.
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Cross-metathesis between various terminal olefins and methacrylaldehyde was performed using
Grubbs second-generation catalyst 69 (Table 4.13). This procedure afforded the products 53
with complete E/Z selectivity except for the cyclohexyl-substituted enal 531 (entry 3). Yields
were generally low due to the homocoupling of the terminal enone (major product in the
formation of 53f, entry 2) and/or the instability of the aldehyde products which were prone to
spontaneous aerobic oxidation, especially in the crude reaction mixture (entry 3). This procedure

was not optimized.

Table 4.13 Preparation of a-branched enals 53 by cross metathesis. ['**!

~NN-
o Q 69 (6 mol%) o MeSCI Y Mes
RTY + yk > /\)J\ ""'"Ru=
H o CH,Clp, reflux, 12h R H o i
Me Me PCys "
(1 equiv) (1 equiv) 53 69
Entry Terminal olefin Enal Yield, %2 E/Z ratio®
1 P "X 53¢ 65 >20:1
/\/\/\ .
2 AcO A 53f 30° >20:1

N
3 O/\ 53l 554 6:1

3 |solated yield. ® Determined by crude 'H NMR analysis © Homocoupling of the terminal olefin
observed as a side product. 9 Product unstable, prone to oxidation even at 0 °C.

Pihko’s methylenation of aldehydes by crossed-aldol condensation with aqueous formaldehyde
was performed using catalytic pyrrolidine salt with the carboxylic acid 70."*! Various o-

substituted acroleins 66 were obtained in good yields except when highly volatile (Table 4.14).

Table 4.14 Preparation of a-branched acroleins 66 by Piliko’s methylenation.!'*”!

O pyrrolidine (10 mol%) (0]

o CO,H
+ 70 (20 mol%
R\)LH H)J\H ( ) RTHLH y N/©/
€2

CH,Cly, 45 °C, 30 min

(1 equiv) (1 equiv, 37% aq.)

66 70
Entry R Enal Yield, %2 Entry R Enal Yield, %2
1 A 66b 69 L4 66e 60
/\Mg\; : Ph/%
2 Y 66¢ 3 I 5 'Bu\; 66f 44b
3 W 66d 71 ;

2 |solated yield. ° Highly volatile product.
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4. Results and Discussion

To test the effect of enal geometry, we also synthesized (Z)-configured enal (Z)-53g, which
required a multistep procedure involving a Still-Gennari olefination! > of hydro-

cinnamaldehyde (product 73), followed by oxidation state adjustment!'**! (Scheme 4.5).

0 i. 'BUOK, THF, 0 °C 0 i. KHMDS (1 eqiv), THF
F3CH,CO. 30 min F3CH,CO. 18-crown-6,-78°C,1h  pp, XN
FsCH,CO™ ) - _ F3CH,CO Y - CO,Me
CO,Me ii. Mel (5 equiv) CO,Me ii. PR "0 (1 equiv)
0°Ctort,23h o
71 73% 72 -78°C, 1h 73

73 DIBAL (4.8 equiv) Ph/\/\( Swern, - 78 °C PR N
CHO

(crude) CH,Cl,, - 78 °C, 1h OH CH,Cl,, 75%
crude )
53% (2 steps) (2)-74 (2)-539

ZIE =955

Scheme 4.5 Synthesis of (£)-53g by Still-Gennari olefination followed by oxidation state
adjustment.

4.1.5.2 The Scope of a,p-Disubstituted Enals

A range of o,B-disubstituted enals was screened in the asymmetric epoxidation (Table 4.15).
Due to the sensitive nature of the aldehyde group, the products were reduced to the
corresponding epoxyalcohols in situ using NaBH4 for yield and er determination. To our delight,
good yields and excellent enantioselectivities were observed regardless of the size of the a-
substituent, with methyl, ethyl, benzyl and phenyl groups being well tolerated (entries 1-3, 8).
The reduced yield obtained for the model substrate 53¢ (entry 1) reflects the difficulty of
isolating the highly volatile product S4c. Good diastereoselectivity favouring the frans-isomer
was also observed in all cases, except for the a-phenyl-substituted enal 53h (entry 7). It is
noteworthy that the trans-diastereoselectivity was not always inherent to the substrate, but rather
reflected catalyst control. The diastereoselectivity obtained in the non-asymmetric epoxidation
of 53d using alkaline H,O, in methanol, for example, actually strongly favoured the cis
diastereomer (cis/trans dr 72:28)." We were pleased to find that under the optimized conditions,
cyclic substrate 53b could now be smoothly converted to the corresponding epoxide 54b with
excellent enantioselectivity (entry 4). Surprisingly, even a-methyl cinnamaldehyde 53a which
afforded only traces of product at the outset of our investigations (Section 4.1.1) could be

converted to the corresponding product with a moderate yield and very good enantioselectivity

¥ Relative configuration was assigned using NOE and ">C NMR analysis (y effect). See Chapter 7 for further details.
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by extending the reaction time to 48 h (entry 5). Non-conjugated aromatic group (entry 6) and
an ester group (entry 7) were also well tolerated. Interestingly, applying the optimal conditions
to the epoxidation of a non-branched enal 53i gave the corresponding product with only a
modest yield and enantioselectivity and an opposite sense of enantioinduction. Although
difficult to rationalize, this result underscores the intricate complementarity that must be
achieved between the steric and electronic requirements of the substrate and those of the catalyst

to obtain a viable catalytic system.

Table 4.15 Substrate scope of the epoxidation of o,-disubstituted enals 53.

0
9 (10 mol%), (R)-BIPP (20 mol%) ~0
Ry "H RSN H

H,0, (50 wt. %, 5 equiv)

R? R?
THF (0.125 M), 50 °C, 24 h
53 54
Entry Substrate Product Yield,%? drb er (trans)®
\\‘C_)
1 53¢ \/\‘ho 54c 43 928 98515
\\‘C.)
2 53d TN N0 s4g e 83:17¢ 991
Et
\\‘C.)
S
3 53¢ Ph/\/jﬂo 54e 77 90:10 99:1
Ph
0
4 53b O:Ao 54b 70 >99:11 98515
\\‘Q
5¢ 53a " Xp 54a 49 97:3 98:2

S
6 53f ACOMO 54f 66 93:7 99:1

.0
7 53g Ph 2o 549 75 955 98515
Ph O X f
8 53h O 54h 49 56:44 95:5
Ph

0
9 53i Wo 54i 30 95:5 70:30

a |solated yield after reduction with NaBH,. ® Determined by GC of the crude reaction mixture.
¢ Determined by chiral-phase GC 9 Opposite diastereoselecitivty (28:72 dr) in racemic reaction.
€48 h reaction time. f Unidentified side product also isolated.
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4. Results and Discussion

Unfortunately, substrates possessing a tetrasubstituted double bond were found to be resistant to
epoxidation. Thus, both 2-methylcyclohex-1-enecarbaldehyde 53j and B-cyclocitral 53k failed
to furnish the corresponding epoxide products, presumably due to the difficulty of the amine
catalyst 9 in condensing with the sterically hindered aldehyde moiety (Scheme 4.6). After nearly
complete conversion of the starting material, only decomposition products via the Baeyer-

Villiger reaction were identified by GC-MS and NMR analyses in the reaction of 53k.

H H
9 (10 mol%), (R)-BIPP (20 mol%) 0 -
o T o  decomposition
H20, (50 wt. %, 5 equiv) only

THF (0.125 M), 50 °C, 24 h
53 54

H
9 (10 mol%), (R)-BIPP (20 mol%)
\O -
H,0, (50 wt. %, 5 equiv)
THF (0.125 M), 50 °C, 24 h

decomposition
only

53k

Scheme 4.6 Decomposition of substrates 53j and 53k under the conditions of asymmetric
epoxidation catalyzed by [9-2(R)-BIPP].

We also tested the effect of enal geometry by submitting the (Z)-configured enal 53g to the
epoxidation conditions (Table 4.16). Based on the previous studies in our group using acyclic

821 and unbranched enals,”® we expected the reaction to be diastereoconvergent, or

enones
independent of the F/Z ratio of the starting material, due to rapid Z—FE isomerization of the
double bond under the conditions of aminocatalysis. A plausible mechanism for such

isomerization via reversible formation of a dienamine species is shown in Scheme 4.7.
(2)
Me Me
Ph/\/\/\[ - HX Ph/\/ﬁ H‘ND HX X
o= b — —
HTSNS H™ON PhM\%H Ph X H
X d d Me (E) Me

Scheme 4.7 Possible mechanism of the Z-F isomerization of enals under aminocatalysis.

When we tested the isomerization of (Z)-53g in the absence of hydrogen peroxide, full

isomerization to (£)-53g was indeed observed within 24 hours (Table 4.16, entry 1). Similarly,
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4. Results and Discussion

subjecting the more thermodynamically stable (£)-53g to the reaction conditions in the absence
of hydrogen peroxide did not yield any detectable amounts of (Z)-53g (entry 2). However, when
(£)-53g was subjected to the reaction conditions in the presence of hydrogen peroxide (entry 4),
only partial diastereoconvergence was observed. That is, although trans-54g was still formed as
the major product, its diastereomeric and enantiomeric ratios were diminished, whereas cis-54¢g
was formed with the opposite and higher enantioselectivity, ¥ when one compares the
epoxidation of (£)-configured starting material (entry 4) with that of the (£)-configured starting
material (entry 3). In addition, incomplete Z—FE isomerization of the recovered starting material
was observed even after 24 hours (entry 4). These results suggest that the Z—F isomerization
does not precede, but occurs at the same time as, enal epoxidation, so that the products 54¢g are
simultaneously formed from both (£) and (Z)-configured starting materials. The fact that
diastereoconvergence, even if only partial, is observed, combined with the incomplete Z—>F
isomerization of the starting material suggests that the epoxidation of (£)-53g is predominant
over the epoxidation of (£)-53g. This implies that the enantiomeric excess of the major product
should be directly dependent on the E/Z ratio of the substrate, but in general always

compromised by the presence of the (Z£)-configured starting material.

Table 4.16 Partial diastereoconvergence of (£) and (Z)-configured enals in the catalytic
asymmetric epoxidation.

9 (10 mol%)

(Ey539 _‘ (R)-BIPP (63b) (20 mol%) SN .0
> + Pn <

H20, /\/\[

/\/\E J \O

hY)
=
O]

THF (0.125 M), 50 °C, 24 h

trans-549 cis-549
@539 ©
Entry E:Zof 53g H,O, Conversion dr? er er E:Z of

equiv %3 (trans-54g)° (cis-54g)° remaining 53g°

1 >05:5 none - - - - >95:5

2 5:95 none - - - - >95:5

3 >95:5 5 93:5 95:5 98.5:1.5 65:35 >95:5

4 5:95 5 85 76:24 85:15 14:86 76:24

@ Determined by GC. P Determined by chiral-phase GC. ° Determined by crude 'H NMR analysis

¥ The absolute (25, 3R) configuration of the minor diastereomer cis-54g was determined by comparing the
corresponding epoxyalcohol after NaBH,; reduction to an authentic sample, synthesized by the Sharpless
epoxidation of the appropriate (Z)-configured allylic alcohol. See Chapter 7 for further details.
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4.1.5.3 The Scope of a-Substituted Acroleins

Several aliphatic a-substituted acroleins were subjected to the optimized catalytic asymmetric
epoxidation protocol, and the results are summarized in Table 4.17. It is noteworthy that a-aryl
acroleins are absent from the scope due to their extreme instability: attempts at the synthesis of
2-phenylacrylaldehyde resulted in the rapid decomposition of the purified product even at —
20 °C. Gratifyingly, all of the tested substrates 66 afforded the products with good isolated
yields and consistently excellent enantioselectivities. The reaction proved chemoselective in the
presence of an isolated double bond (substrate 66b), with the corresponding epoxide product
67b being formed without any side products (entry 2). Excellent enantiodiscrimination was
achieved even with the small substrate 66¢, although the high volatility of the product 67¢
resulted in a diminished yield (entry 3). In comparison, a longer aliphatic chain of 66d enabled
the isolation of the corresponding non-volatile product 67d with a very good 84% yield and 99:1
er (entry 4).

Table 4.17 Substrate scope of the epoxidation of a-substituted acroleins 66.

O (0]
Y}\ 9 (10 mol%), (R)-TRIP (20 mol%) Aek
R H , = RO H

H,0, (50 wt. %, 5 equiv) Sl
THF (0.125 M), 50 °C, 24 h
66 67

Entry Substrate Product Yield,%? er?

1 66a X O 67a 78 99:1

<0

2 66b R 74 98.5:1.5
AN

3 66c \/VO 67c 29° 98:2

<0
4 66d Wo 67d 84 99:1

=0

3 |solated yield after reduction with NaBH,. ® Determined by chiral-phase GC. ° Reflects the
high volatility of the product.

JCB I OO X
N B 0.,,-0
N ‘ g 0" “oH
MeO Ar
9 (R)-TRIP (3) Ar=2,4,6-Pr3CeH,
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4. Results and Discussion

Although we were unable to identify an efficient catalytic system to furnish epoxide products 67
with the opposite (S) configuration (cf. Section 4.1.4, Table 4.11), these products can be

accessed by the recently reported complementary approaches of Luo!! (2]

and Hayashi.

We also tested the catalytic system in a kinetic resolution of a ’-substituted enal rac-66e
(Scheme 4.8). Under the standard conditions, the reaction proceeded to 53% conversion,
whereby (R)-66e underwent epoxidation with good diastereoselectivity and excellent
enantioselectivity for the major diastereomer anti-67e, while (S)-66e was recovered with 97:3 er.
The absolute configuration of recovered (S)-66e was established by comparison of the optical
rotation to the literature value.'*” Because both diastereomers of racemic 67e have been

described in the literature,®®

it was possible to assign their relative configuration. Combining
this information, the epoxide products were assigned as (2S5,3R)-67e (anti-67e) and (2R,3R)-67¢
(syn-67e). Interestingly, it follows that the major product anti-67e has the opposite absolute
configuration of the epoxide moiety, compared to that normally preferred by the catalyst (cf.

Scheme 4.8 vs. Table 4.17).

o 9 (10 mol%) : 9 o o)
H (R)-TRIP (20 mol%) H + H + H
H,0, (50 wt. %, 5 equiv) O =0

THF (0.125M), 50 °C, 24h

rac-66e dr (antilsyn) = 83:17 (S)-66e anti-67e syn-67e
47% 44% 9%
973 er 96:4 er 8713 er

Scheme 4.8 Kinetic resolution of p’-substituted enal rac-66e under the conditions of
asymmetric epoxidation.

These results can be interpreted in the following way: excellent kinetic resolution of rac-66e
suggests that the §’-substituent has a significant match/mismatch relationship with the catalyst at
the stage of iminium activation (Scheme 4.9). This leads to (S)-66e being essentially unreactive
and undergoing only 7% conversion after 24 hours. On the other hand, (R)-66e readily
condenses with the catalyst and undergoes epoxidation with 98.5% conversion. At the stage of
epoxidation, however, the intrinsic biases of the catalyst 9 and the (R)-configured substrate
diverge (Scheme 4.9, (b)). While the steric hindrance by the [’-substituent of the substrate
directs the enantiodetermining epoxide ring-closure to occur from the opposite side, leading to
an anti-relationship, the bias of the chiral catalyst demands the opposite, as evidenced from the
absolute configuration imparted by the catalyst to achiral substrates (Table 4.17). The overall
result is the prevalence of the anti-diastereomer (substrate control), albeit with a somewhat low

selectivity (84:16) due to the opposing catalyst control. In the case of (5)-66e (Scheme 4.9, (a)),
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4. Results and Discussion

both the catalyst and the substrate should have the same intrinsic bias for the formation of the
anti product. The low anti/syn ratio of 60:40 could be explained by the fact that catalyst
condensation with (S)-66e represents a severely mismatched case which might change the

catalyst’s conformation thus diminishing its ability for proper enantiodiscrimination.

substrate control [] substrate control
catalyst control  [V] catalyst control ~ [X]
x_o -0 : 0
O\NHz = catalyst 9 Y 7% conversion = Ph - H
: > Ph H + (a)
Ph™ H =0 O
k/, (s)
Q severe mismatch Kent>>k anti 6040 syn
H —
\ X o (0]
kent H\Kl
98.5% conversion  pp N~y o+ P H o)
rac-66e 3 SN
Ph”(g) H (e]
anti 84:16 syn
substrate-catalyst interaction [] substrate control [V] substrate control [X]
catalyst control catalyst control v

Scheme 4.9 Kinetic resolution of B’-substituted enal rac-66e: a possible rationalization of the
product distribution.

An alternative explanation for the observed absolute configuration of the major product anti-67e
cannot be excluded, however. It is possible that the B’-substituent of the substrate simply
reverses the catalyst’s absolute sense of enantioselectivity (and concurrently diminishes er) by
changing an important conformational parameter, such as the E/Z geometry of the enamine
intermediate. In fact, the epoxidation of 3°,’-disubstituted achiral enal 66f provides tentative
support for this hypothesis (Scheme 4.10). Although the corresponding epoxide 67f was
obtained with only 7% yield after reduction, enough product was obtained to determine the
optical rotation, which was found have the opposite sign compared to all other substrates tested
(66a-d). This presumable reversal of enantioselectivity was accompanied by only moderate

enantioselectivity of 85:15 er.

0 9 (10 mol%) o from 67f from 67a-d
(R)-TRIP (20 mol%)
H r H (R) (S
>H%L o . SOH  R7X OH

H,O, (50 wt. %, 5 equiv)

THF (0.125M), 50 °C, 24h 0 0
66f 67f 25 R o5 .
7%2 [lp**=+5.3" [a]p*®=-10.8t0-23.8
a After reduction with NaBH, 85:15 er? (c0.153, CHCl3) (CHCl3)

Scheme 4.10 Epoxidation of ’,’-disubstituted enal 66f: reversal of enantioselectivity.
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4.1.6 Mechanistic Studies

4.1.6.1 Investigation of Catalytic Intermediates

Mechanistic studies on the asymmetric epoxidation and hydroperoxidation of acyclic o,p-
unsaturated ketones using 9-amino(9-deoxy)epiquinine 9*?! were initiated by C. Reisinger in
our group, who investigated the reaction intermediates using ESI-MS (Electrospray lonization
Mass Spectroscopy).!'*®! In these studies, oxidation of the model enone substrate 75 at 32 °C
was investigated by taking samples at various time points over 24 h and submitting them to ESI-
MS and MS/MS analysis. Significantly, the analysis revealed the presence of the expected
protonated reaction intermediates A-C and catalyst [9+H]" by mass (Scheme 4.11). These
intermediates are thought to be common to all aminocatalyzed epoxidation reactions of o,p-
unsaturated carbonyl compounds, and include the protonated imine species A formed by the
initial condensation of the amine catalyst with the carbonyl substrate, the hydroperoxy adduct B
formed by the conjugate addition of hydrogen peroxide to the iminium ion A, and the epoxide C

formed from B via enamine-catalyzed intramolecular ring-closure (see also Scheme 4.12).

0 9.2TCA (10 mol%) 0 0-0
o + OH
n-CeHs AN H,0, (50 Wt. %, 1.5 equiv)  n-CgHy < mCGHBMMe

3 3
1,4-dioxane, 32 °C, 24 h

75

n-CGH13 n-C5H13 n—C5H13

N _N
MeO MeO MeO MeO
9 A B C
[9 + H] A B C
formula CoH26N3O  C3oHioN3O  CzoHasN3O3  CsoHaoN30;
LRMS 324.1 460.3 494.3 476

HRMS: found 324.207039 460.332803 494.338147 476.327879
calced 324.206741 460.332238 494.337720 476.327145

error [ppm] 0.92 1.23 0.86 1.52

Scheme 4.11 ESI-MS studies by C. Reisinger on the asymmetric epoxidation and
hydroperoxidation of acyclic a,B-unsaturated ketones using 9.!*%!
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Another significant finding of the studies was the reactivity of the iminium ion A, which could
only be detected prior to the addition of hydrogen peroxide. Upon H,O, addition, the iminium
ion A could no longer be detected, suggesting its rapid consumption by hydrogen peroxide,
although the signal for the free catalyst 9 remained. Furthermore, already after 1 hour of the
reaction time, the peaks for both oxidation products B and C could be detected. The fact that the
free catalyst 9 as well as the iminium products of hydroperoxidation (B) and intramolecular
epoxide closure (C) could be easily detected in the crude reaction mixture, but that the iminium
ion A remained below the detection limit, suggested that the initial formation of the iminium
intermediate A is the rate-limiting step of the reaction, whereas hydrogen peroxide addition is
rapid (Scheme 4.12). Isolation of highly enantioenriched hydroperoxy adducts of type 77"
further suggested that the addition of hydrogen peroxide is irreversible.

n-CgHi3
« CCI;CO,H \/I/\ CCl,CO,
+
\)j\ slow H‘N
n-CoHyg” < = __AUN N
rate-determing step | N
9 MeO
A MeO
0-0 HO\O O ;
OH =——= ast
n'CGH13MMe n-C6H13/'\)J\Me H20, \irreversible
77 77
98.5:1.5er
n-CgHqz n-CgH13
_ hydrolysis HO‘O‘ N
CCI3002
0 hydronS|s fast
(0] A
n-CeHy3
(iminium)
76
>99.5:0.5 er
C B' (enamine)

Scheme 4.12 Putative reaction mechanism of the asymmetric epoxidation and
hydroperoxidation of acyclic a,B-unsaturated ketones using amine catalyst 9./'*

When analyzing the reaction at 50 °C, C. Reisinger further found the appearance of additional
signals at m/z 340, 492 and 510, which presumably correspond to the oxidized version of the
catalyst (species 9.0) and iminium ions B.o and C.o which incorporate this oxygenated catalyst
(Figure 4.2, tentative assignment). After 12 h of reaction time, these peaks gained in intensity,
while the parent peaks 9, B and C (m/z 324, 476 and 494, respectively) showed considerable

loss of intensity, suggesting extensive catalyst oxidation. A doubly oxidized catalyst species, i.e.
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a mass incorporating two oxygens (m/z 356) could not be detected. This oxidation behaviour,
though less rapid, was also present at 32 °C, suggesting that oxidation of the catalyst 9 was a

relatively facile process in the presence of aqueous hydrogen peroxide.

n-CgHq3 n-CgHq3
HO\O‘\ (:)
ﬁ NH, ﬁ Hn ﬁ Hn
— N | A — N | A — N | A
N N _N
MeO MeO MeO
9 B C
[9+0+H] B.o Cso
formula CaoH26N302  C30HaaN3O0s  C3oHaaN3O3
LRMS 340 510 492
HRMS: found n.a. n.a. 492.322675
calcd - - 492.322065
error [ppm] - - 1.24

Figure 4.2 Evidence for catalyst oxidation through ESI-MS studies on the asymmetric
epoxidation and hydroperoxidation of acyclic a,B-unsaturated ketones using catalyst 9.1'*%

The fact that the 12-hour hydroperoxidation reactions catalyzed by 9 proceed to completion and
with excellent enantioselectivity despite the apparent catalyst oxidation which already manifests
itself after 1 hour, raised interesting mechanistic questions. As part of this Ph.D. work, we
sought to continue the investigations of C. Reisinger and expand them to the related epoxidation
of a-branched enals.

The nature of catalyst oxidation, i.e. the exact structure of 9.0 was investigated first. The
observation that the epoxidation reactions are apparently undisturbed by catalyst oxidation, and
the formation of iminium species B.o and C,o suggested that the primary amine moiety cannot
be involved in the oxidation 9— 9.o. We therefore hypothesized that species 9.0 most likely
arises from the N-oxidation of the most reactive quinuclidine nitrogen. Toward this end, we
synthesized 9-amino(9-deoxy)epiquinine N-oxide 78 from 9 using substoichiometric amounts of
m-CPBA at -78 °C to ensure mono-oxidation (Scheme 4.13). The structure of 78 was
unambiguously confirmed by extensive NMR analysis. In particular, characterization of the
nitrogen atoms by 'H-""N HMBC experiments in MeOD demonstrated the presence of an

[137

unchanged aromatic (quinoline) nitrogen!” at 296.5 ppm, and an oxidized quinuclidine
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138]

nitrogen at 117.8 ppm, as well as a typical deshielding!"*® of protons and carbons 2, 6 and 8

which immediately surround the N-oxide moiety (Scheme 4.13).

P n.d. - nd.
A/QD NH, NH, :’ . :
o N N m-CPBA (0.9 equiv) __/\U!N ' ﬁ ,
| : o SN
i _N DCM, - 78 °C, 30 min S N 1T 2 g8 |
25 ppm \ 89% 117.8 ppm \ T :
MeO MeO
293 ppm 78 296.5 ppm

Scheme 4.13 Synthesis of 9-amino(9-deoxy)epiquinine N-oxide 78 using m-CPBA and
"N 'NMR characterization (in MeOD, NH; = 0 ppm, primary amine not detected).

With an authentic sample of 78 in hand, we carried out the model reaction of enone 75 (Scheme
4.11) to recover and analyze the catalyst species which remained at end of the 12 hour reaction
period. Crude 'H NMR analysis without an aqueous workup Vil showed a complex mixture
(Figure 4.3, (c)), which presumably corresponds to various catalytic intermediates 9, A, B, B’

and C as well as the related oxidized species (cf. Schemes 4.12 and Figure 4.2).

[rel]

1 @

Scale [7 |11 00

0.4

1 ()

—

3—_ (©) 78

T
7 € 5 [ppm]

o -]

Figure 4.3 'H NMR analysis (CD;OD) showing an authentic sample of 78 (a), the same product
isolated at the end of epoxidation of enone 75 (b), and the crude reaction mixture at the end of
epoxidation of enone 75 containing 78 and other unidentified catalytic species (c).

vii Although an aqueous workup would liberate the catalyst from any covalent intermediates A-C and presumably
simplify the spectrum, it had to be avoided because N-oxidized species 78 was found to be water-soluble.
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However, TLC analysis clearly indicated the formation of a new and more polar species which
eluted separately from 9 and other closely related compounds. Isolation of this species by flash
column chromatography showed it to be a single compound (Figure 4.3 (b)), which was
identical in all respects to the authentic sample of 78 (Figure 4.3, (a)). Thus, we established that
quinuclidine N-oxidation occurs in-situ and that 78 presumably corresponds to 9.o observed by
mass spectrometry. Unfortunately, other catalytic species present in the crude reaction mixture
could not be separated by column chromatography or reliably characterized.

To ensure that other potential products of oxidation were not being overlooked due to the
complexity of the crude reaction mixture, we subjected 9 to the epoxidation conditions in the
absence of substrate 75 (Scheme 4.14). Gratifyingly, in this simplified system we could observe
clean and complete oxidation of amine 9 to a single new species within 18 hours, which could
be easily monitored by NMR and IPC techniques over time. Characterization of the product
confirmed it to be the TFA salt of N-oxide 78. No other constitutional isomers or products of

multiple oxidation could be detected, in agreement with ESI-MS studies.

NH,
- N N TFA (2 equiv)

_N H,0, (50 wt. %, 15 equiv)
THF-dg, 50 °C

*2TFA

08

7 78 «2 TFA

\

P olgal]
:lol5354

9h

, I

1 4n JU
7 2h
| 9.2 TFA
] o5h ) J

T T
8.6 84 8.2 8.0 7.8 76 74 [ppm]

ans

\

Scheme 4.14 Oxidation of the catalyst 9 to 78 under standard conditions for epoxidation but in
the absence of substrate and 'H NMR analysis (THF-ds) of the process over time (only selected
time points shown).

Examining the kinetics of the oxidation under these simplified conditions showed a standard

conversion curve with no apparent autocatalytic effect (cf. Section 7.2.4).
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Having confidently established the identity of 9.0 as the N-oxide 78, we next examined its
reactivity. Mixing stoichiometric amounts of 78 with enone 75 in the absence of hydrogen

peroxide at 50 °C did not give any epoxidation products, ruling out the ability of 78 to act as an

139]

oxygen transfer reagent,!'*” at least at the reaction temperature employed (Scheme 4.15).

\)OJ\ TFA (20 mol%) /<?)oj\ only 75
+ NCoHeg™ 1,4-dioxane, 50 °C, 22 h  n-CgHy3 recovered
75 (1 equiv) then aq. workup 76

78 (1.5 equiv)

Scheme 4.15 Testing N-oxide 78 as an oxygen transfer reagent for the epoxidation of enone 75.

We next examined the competence of 78 as a catalyst by testing it in the epoxidation of enone
75, as well as enals 53¢ and 66a under the corresponding optimized conditions for each

substrate class. A control reaction using the unmodified amine catalyst 9 was also performed in

each case (Table 4.18).

Table 4.18 Evaluation of the N-oxidized catalyst 78 in the epoxidation of unsaturated carbonyl
compounds.

(0] O
R! amine (10 mol%), acid (20 mol%) R
R® R®
| conditions 0
R? R?
Entry Amine Acid Substrate Product Conditions Conv.,%? dr? er
1 9 TFA 75 76 H,0, (50 wt. %, 1.5 equiv) 99 >99:1 98.5:1.5
1,4-dioxane, 50 °C, 24 h
2 78 TFA 75 76 then 1N NaOH, THF 74 >99:1  96.5:3.5
3 9 (R)-BIPP 53c 54c H,0, (50 wt. %, 5 equiv) 94 93:7 99:1
4 78 (R-BIPP 53¢ 54c THF, 50°C, 24 h 995 86114 97525
5 9 (R)-TRIP 66a 67a H,0, (50 wt. %, 5 equiv) 99 n.a 99:1
6 78 (R-TRIP 66a 67a THF,50°C, 24 h 84 na. 946
2 Determined by GC. ° Determined by chiral-phase GC. 1) 1)

0]
n—C6H13/\)k n—C5H1 M

3

75 76
0
i \\‘Q
R1/\)J\H R1/\%J\H
R2 R2
R'=FEt R2=Me: 53¢ R'=Et, R?= Me: 54¢c
R'=H,R?=Bn:66a R'=H,R?>=Bn:67a
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After 24 hours, all substrates underwent epoxidation with good to excellent conversion in the
presence of either catalyst, indicating that the amine 78 was not only catalytically active but also
comparable to the control in terms of reactivity. Furthermore, when using the amine 78,
epoxides 76, S4c¢ and 67a were formed with the same sense of stereoinduction and nearly the
same enantio- and diastereoselectivity as with catalyst 9 (entries 1 vs. 2, 3 vs. 4 and 5 vs. 6).
These results demonstrate that the in situ N-oxidation of the catalyst 9 is not a decomposition
pathway that removes the active catalyst species from the reaction, but a competing process that
creates a new and nearly equally competent catalyst 78. Remarkably, N-oxidation of the
catalyst’s quinuclidine moiety does not appear to disrupt the formation of a highly organized
transition state in all of the epoxidation reactions.

Although the N-oxidized catalyst 78 can clearly act as a competing catalytic species, its
effective contribution to the reaction is not obvious since it depends on the rate of oxidation of 9.
The observation that products are formed with slightly lower enantio- and diastereoselectivity
when starting with the oxidized catalyst 78 than when starting with 9 (Table 4.18) implies that
the contribution of catalyst 78 in the latter case is only minor and not enough to offset the
overall enantiomeric excess of the product. Since results obtained by ESI-MS studies are only
qualitative, we attempted to quantify the rate of in sifu oxidation of catalyst 9 to 78 by NMR,
HPLC and IPC techniques using the hydroperoxidation of enone 75 as a model system.
Unfortunately, these studies were hindered by the presence of various catalytic intermediates
(similar to Figure 4.3 (c)), which made analysis exceedingly complicated. Although a hydrolytic
workup of crude samples would presumably liberate the catalytic species from any covalent
associations with the product or the starting material, it could not be used due to the solubility of
78 in water. Kinetic studies performed with exclusion of the starting material (Scheme 4.14) are
also not reliable. In these simplified studies, the catalyst was found to be completely oxidized
after 18 hours, whereas in the presence of the substrate, oxidation of 78 was clearly only partial
even after 24 hours (Figure 4.3 (¢)).

Although not detrimental to activity or enantioselectivity, the oxidation of the catalyst 9
under the reaction conditions still results in slightly lowered catalytic efficiency (Table 4.18).
Since this process can compromise the catalyst’s recyclability, we tested the feasibility of
reducing 78 back to 9. Preliminary investigations were performed using a procedure adapted
from Deng et al.'"*"! Submitting pure 78 to a slight excess of sulfurous acid in acetone resulted
in a clean reduction to afford the amine 9, albeit with only a modest isolated yield of 56%
(Scheme 4.16). Switching the solvent to THF shut down the reaction, giving only complete

recovery of the starting material. Submitting a TFA salt of 78 to the same conditions gave
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complete conversion to the desired product, albeit together with 24% of imine 79 formed by
condensation of 9 with acetone. At this point, further optimization was not performed, but it
appears that a clean reduction should be feasible with minor modification of conditions and/or a

hydrolytic workup to recover 9 from 79.

NH
H,SO; (6 wt. %) ﬁ 2 Solvent Yield?
(1.2 equiv) =/ N X

| _N acetone 56%
solvent,0 °Ctor.t., 17 h THF 0%
MeO
9
NH J'\
H,SO; (6 Wt. %) ﬁ 2 N
(1.2 equiv) = N | N — N X
<2 TFA _N o+ | N

acetone, 0 °Ctor.t.,, 17 h =

MeO MeO
L 78 i 9 79
76%P 24%"

a |solated yield. ® Conversion determined by 'H NMR

Scheme 4.16 Preliminary investigations of the reduction of 78 to 9 with sulphurous acid.

4.1.6.2 Investigation of Absolute Stereochemistry in the Epoxidation of Substrates 53

NMR investigations were performed in collaboration with Dr. Christophe Farées (NMR
department, MPI Miilheim). Computational studies were performed by Dr. C. Fares and 1.
Polyak (AK Prof. Thiel, MPI Miilheim).

As discussed in Section 2.1.2.3, despite the myriad of synthetic transformations employing 9-
amino(9-deoxy)epiquinine 9 and its salts as aminocatalysts, no mechanistic studies exist to date
to shed light on the absolute stereochemistry imparted by the catalyst to the products. Yet, when
one surveys the literature, remarkable consistency in the stereochemical outcome is observed

across mechanistically similar reactions catalyzed by 9 for a variety of different substrates.[*'*

41b, 48]

We became interested in rationalizing the absolute stereochemistry determined by the salts of
catalyst 9 in the epoxidation of a-branched enals 53. To approach this problem, we decided to
perform structural studies of the iminium intermediate formed between amine 9 and enal 53,
which participates in the enantiodetermining step of the reaction. a-Methyl cinnamaldehyde 53a
was anticipated to form the most stable imine adduct with 9 due to the conjugation of the phenyl

group with the unsaturated imine and chosen for the investigation. The high enantioselectivity
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obtained in the epoxidation of 53a (98:2 er, Section 4.1.5.2, Table 4.15) justified the choice of
this a-branched enal as a representative substrate. After a brief optimization, it was found that
condensation of 9 and 53a proceeds quantitatively in methanol in the presence of 4A molecular
sieves (Scheme 4.17). A slight (5 %) excess of 53a was used to ensure complete consumption of
9. The resulting imine 80 was isolated as an amorphous solid without purification by a simple
filtration and removal of solvent under reduced pressure, and analyzed together with the small
excess of remaining 53a. Imine 80 was found to be sufficiently stable to be handled under air

and with non-dried solvents. For long-term storage, however, 80 was kept under argon at -20 °C.

Ph
Me. -~

PRS0

NH, Me N~ "H
_ N X 53a (1.05 equiv) _ N N

| - |
MeOH, 4A MS, r.t., 30 min N

MeO quant. MeO
9 80

Scheme 4.17 Synthesis of imine 80 by the condensation of 9 with 53a.

Unfortunately, extensive attempts at crystallizing 80 or its (R)-TRIP, TFA, HCIO,4, TfOH,
MsOH and HBF; salts did not meet with success. Notably, crystallization of the (R)-TRIP salt of
80 (in a glove box to exclude moisture) resulted in the formation of crystals of (R)-TRIP only,
while imine 80 remained dissolved in the mother liquor. However, recent studies by the group
of Gschwind on the mechanisms of proline and silyl prolinol organocatalysts have demonstrated
that NMR spectroscopy can be used as a powerful tool for conformational analysis of
catalytically relevant intermediates.!"*"! Encouraged by these reports, we prepared samples of 80
and its various representative salts (cf. Section 4.1.4, Table 4.4) for NMR analysis. The salts
were prepared by dissolving 80 together with the corresponding acid in a specific ratio in a

deuterated solvent. The structures examined in this work are summarized in Figure 4.4.

B Ph 7 X equiv (n) Imine salt
Me .~
TFA 1 80a
o
R « |onx TFA 2 80b
| N (R)-TRIP 1 80c
(R-TRIP 2 80d
MeO
80 (R-TRIP 05 80e

Figure 4.4 Salts of imine 80 used for structural analysis by NMR in this work.
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It is noteworthy that iminium salts 80a-e were found to be extremely sensitive to moisture and
hydrolyzed rapidly in air. Therefore, samples had to be prepared in the presence of 4A
molecular sieves in dried glassware, filtered into flame-dried NMR tubes under argon and sealed
under vacuum (cf. Chapter 7 for experimental details). When sealed, however, the samples in
CDClI; and other solvents were found to be stable and could be stored for months.

A comparison of 80 dissolved in the reaction solvent THF-dg and in CDClI; revealed only
very minor differences by NMR, so for convenience we chose deuterated chloroform as the
standard polar, non-protic solvent for all samples at ca. 58 mM concentration. The numbering

system shown in Figure 4.5 was adopted for all samples and is used in the following discussion.

20 20
19 19
18 5b
15 17 5aH H ob
Me =16 H
6a
5 14 sy 2H H 2
6 21F 13 11a
4 N
7 .3 H 2aH N
_— T
H
10 7b
H H H
11b 2b 8

80 [80+H]"‘

Figure 4.5 Numbering system used in the characterization of 80 and its salts.

In order to find the best conditions to characterize 80 and its salts, a range of temperatures were
first screened. Figure 4.6 shows the 'H NMR spectra of 80a (80-1TFA) measured over a series
of temperature spanning 100 °. Near room temperature (300 K), the majority of lines appeared
sharp and well dispersed except for the peaks corresponding to protons in the vicinity of the
central Cy (Ho, Hg, Hy, Hj3, H3- and Hs). The same was true for the corresponding carbons in the
C NMR spectra. At this stage, the broadening was attributed to a degree of conformational
freedom around the central Cs-Cy and/or C4-Cy bonds, which has been found typical for the
parent cinchona alkaloids (cf. Section 2.1.3.3).

In an attempt to sharpen these peaks, both lower and higher temperatures of the sample were
examined. As the temperature was lowered from 300 K, the peaks first broadened and then
sharpened again near 223 K, albeit as split signals in an approximate ratio of 3:1. Presumably, at
223 K, two species reflecting a small conformational difference could be “frozen out” in a 3:1
ratio. As the temperature was increased from 300 K to 323 K, all of the peaks sharpened, except
for H; at 12.8 ppm originating from TFA. Although the broadening of peaks was affected over
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the temperature range, the position of the peaks did not change severely, suggesting that major
conformational changes or decomposition of the sample were not occurring. Therefore, in order
to obtain a full 'H, *C and '°N chemical shift assignment it was necessary to measure certain
experiments at both high and low temperature, despite relaxation obstruction on the performance

of some experiments.
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Figure 4.6 'H NMR analysis of 80a over a 100 ° temperature range and peak splitting at 223K.
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The relative configuration of the double bonds in the unsaturated imine moiety (aza-diene), the
overall conformation of 80 and its salts, and the approximate position of the associated
counteranion were analyzed by detailed NMR experiments at several temperatures in CDCl;. In
general, analysis of the chemical shifts and scalar couplings for samples 80a-e showed that in
the presence of different counteranions (TFA, TRIP) and different acid stoichiometries
(0.5 - 2 equiv), the overall conformation of the iminium structure remained unchanged, although
some smaller conformational adjustments are possible. Assignment of different structural

elements verified for each of 80a-e is discussed in the following text.

Configuration of the imine double bond N=Cj3

The configuration of the imine double bond (N=C;3) is one of the most crucial parameters in
enantioselectivity, as it determines the position of the catalyst relative to the substrate and thus
has a direct influence on facial discrimination. This double bond was determined to be £ based
primarily on the signature J coupling constant between 'Hy; and Ny, (Figure 4.7). The
observed value of 3 Hz falls within the range of 2-5 Hz typical for £ configuration, as opposed

to -10 to -15 Hz typical for the Z configuration!'**!.

Conformation of the single bond C;3-Cy4

The conformation of the single bond between C;3 and C;4 was determined to be close to s-trans,
based principally on NOE contacts indicators, namely the strong NOE between H;; and Hig, in
combination with the weak NOE between H,; and H;s (Me), and H;s and H;s (Me) (Figure 4.7).
A small deviation from planarity (180°) of the aza-diene system was indicated by the coupling

constant >.J (H13-Ci5) of 2.9 Hz, as discussed for substituted butadienes.!'*’!
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Figure 4.7 Determination of (E£,E)-s-trans conformation of the unsaturated imine moiety.
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Configuration of the double bond C4=Cjis

The geometry of the double bond C;4=Ci¢, derived from the E-configured enal 53a was
confirmed to be unchanged (£) in the imine adduct 80. Although the smaller coupling constant
of 7.6 Hz for *J (Hys-Cys) compared to 10 Hz for *J(H¢-Ci3) would seem to indicate the
opposite configuration, Vogeli and von Philipsborn have demonstrated that the vicinal 3J(;,H
coupling constants in trisubstituted alkenes strongly vary with a number of structural factors.!'**!
Indeed, the authors showed that in certain cases, 3JC,H coupling constants for frans-substituents
(spanning the range of 7.4 — 17.9 Hz) may be smaller than those for cis-substituents (4.6 —
11.1 Hz). For example, the coupling constants observed in the E-configured enal moiety of

. . . e . . 144
isomorellin 81, an isomer of natural antibiotic morellin, reflect such a case,!'*¥

and are very
close to ones measured for 80 (Figure 4.8). In addition, the relatively weak NOE existing
between Hj¢ and H;s (Me) as well as the very strong NOE (one of the strongest in the NOESY
spectrum) between H;¢ and H;s, strongly support the £ configuration (Figure 4.7). Linear NOE
build-up for both these key NOEs over five mixing times did not indicate the presence of spin-

diffusion which could skew the intensities.

\z?b
P4
\
s
=z 5
(0]

=
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3
I

3
- _N 13
N H
MeO _L
81 (isomorellin) 80  Trmmmmmmmsmmeed
3J (Ha-Co) = 7.5 Hz (trans) 3J (Hq¢-C45) = 7.6 Hz (trans)
3J (Ha-Cp) = 9.7 Hz (cis) 3J (Hy-C13) = 10 Hz (cis)

Figure 4.8 Confirmation of the (E)-configuration of the C 4-C;¢ double bond.!"*

Conformation of the single bond Ci4-Cy7

Overlap of the signals corresponding to both ortho- and both meta-substituent pairs in the
aromatic ring in the 'H and C spectra did not allow a proper NOE or J-coupling analysis of the
Ci6-Cy7 bond conformation. The magnetic equivalence of both ortho- and both meta- proton and
carbon pairs in the aromatic ring indicates that the C;4-C;7 bond is dynamic and allows for rapid

ring flips, even at low temperature. It is expected, however, that due to steric hindrance with the
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C,s methyl group, a perfectly planar m-conjugated system of the phenyl ring with the unsaturated

imine (aza-diene) is not possible.

Conformation of the single bond Cs-Cy

The large vicinal coupling constant 3JH,H of 9.3-9.5 Hz between Hg and Hy as well as key NOE
from Hy to Hep, (80a-€) and H7, (80, 80a-e) were found to be in accordance with this single bond
adopting a conformation which places Hg and Hy close to a trans configuration (¢ Hg,Cs,Co,Hg =

180°, Figure 4.9).

‘ (0] H8C8C9Hg =180°

H
H o ‘\ H H o
6a H 7 H
H H®Ho 6a H ya o
LN ag g
Hoo HOC N e H e
>_/ +\ | H : L N | H
H ,,,,, N H N
H H-="
HoTH :g H H Hg
80a-d 80
Yy
2J (Hg-Hg) = 9.3 Hz NOE 2J (Hg-Hg) = 9.5 Hz

Figure 4.9 Key NOE correlation establishing the frans-relationship of Hs-Hg (300 K).

Configuration of the single bond Cy-Cg4

As mentioned in Section 2.1.2.3, the quinoline group in cinchona alkaloids and derivates exists
in several energetically favored positions assumed by the rotation of the Co-C4 bond.!””
Analysis of NOESY data at room temperature for the unprotonated imine 80 suggested a mixture
of two rapidly exchanging conformations involving the quinoline group. This was particularly
evident from the similar NOESY cross-peaks patterns for Hs» and Hs-, both of which showed
close proximity to Hg, Hy, H;s (Me) and H7, (Figure 4.10 (a)). Since the Hs-Hy coupling
remained large at 10 Hz in both conformations, the Cg-Cy bond is not likely to be involved in
this conformational change. Indeed, most consistent with the NMR data is a 180° bond rotation
be around Co-C4 giving syn and anti conformers (Figure 4.11). In the monoprotonated salt 80a
this interchange was found to be strongly hindered to favour the syn conformer, as indicated by
the relative ratio of the same NOE cross-peaks (Figure 4.10 (b)). At low temperatures down
to - 60 °C, the protonated species 80a displayed broadening and peak-doubling in a 3:1 ratio,

which presumably corresponds to the syn and anti conformers of the quinoline group, although
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residual slow exchange and broadening did not allow to confirm this by NOESY. Interestingly,
the free amine 80 did not show similar peak splitting at low temperatures down to - 60 °C

(although broadening did occur), suggesting unhindered rotation of the quinoline group.
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Figure 4.10 NOESY spectrum of 80 at 300K (r.t.) in CDCI; showing a mixture of quinoline
rotational conformers indicated by same cross-peaks of Hs- and Hs: (a), and the same spectrum
of the monoprotonated salt 80a showing a preference for the syn conformer (b).

Figure 4.11 Proposed conformers originating from Cy-C4 bond rotation which account for the
NOESY data.
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Protonation site with 1 equivalent of TFA (salt 80a) or (R)-TRIP (salt 80c)

In agreement with the relative pKa values of all three nitrogen sites,!'*”) NMR analysis of the
salt 80a confirmed the most basic quinuclidine nitrogen (N;) to be fully protonated upon the
addition of 1 equivalent of TFA, forming two fully charged species ([80+H]" and CF3CO;). The
broad peak corresponding to H; appeared at 12.8 ppm, and showed key NOE cross-peaks to Ha,,
Hy,, Hga, Hep and Hg (Figure 4.12). Moreover, the chemical shift of N; was found to move
downfield from 24.3 ppm to 40.5 ppm with respect to NH3 (0 ppm) upon addition of the acid. A
one-bond coupling 'J (H;-N) of 70 Hz could also be measured.

Examination of the imine nitrogen N, in the protonated species 80a further revealed an
upfield change in the '°N chemical shift from 333.8 ppm to 318.3 ppm with respect to NH; (0
ppm), which is typical for (partial) protonation of sp2 nitrogen atoms."'*” This upfield shift was
not sufficient to justify a full protonation of the imine to iminium upon acid addition, since an
upfield shift on the order of 100 ppm would be expected.'*”! There was also no indication of a
! Fne coupling constant for N,; even at low temperature where several conformation of 80a could
be observed, supporting the absence of full protonation. The chemical shift of the quinoline
nitrogen N,, was determined to be essentially unchanged. Taken together, these results support a
model in which the protonated quinuclidine (N;-H;) participates in a hydrogen bond with N,
forming a pseudo-five-membered-ring (H;-N;-Cs-Co-Ny;) (Figure 4.12). This effectively

rigidifies the iminium structure, discouraging rotation around the Cg-Co bond.

4/@ 21N Jib/H——N
_/\N Z —/\NIN A
1 *t s

| | H
~_N N :<
MeO MeO
80 80a
N, = 24.3 ppm 8N, = 40.5 ppm UHNy)=70Hz | »~ 2
8N,y = 333.8 ppm %Ny, = 318.3 ppm 1J (H-Ny1) n.a. NOE

Figure 4.12 Structure of the monoprotonated salt 80a as suggested by NMR data and key NOE
signals indicating the site of full protonation.

The data obtained for the (R)-TRIP salt 80¢ were in very close agreement with those of 80a,
suggesting that the counteranion does not affect the protonation behaviour of the iminium

species (cf. Chapter 7 for full characterization).
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Protonation sites with 2 equivalents of TFA (salt 80b) or (R)-TRIP (salt 80d)

The monoprotonated TFA salt 80a and its bis-protonated analogue 80b displayed essentially
identical catalytic behaviour under unoptimized conditions (cf. Section 4.1.2, Table 4.4).
However, because we employed 2 equivalents of the acid under the optimized conditions to
improve the diastereoselectivity of the reaction (cf. Section 4.1.5.2, Table 4.15), we sought to
determine how the second acid equivalent is involved in the structure and whether major
conformational changes are caused by the additional protonation. Analysis of the doubly
protonated salts 80b and 80d, however, did not show any significant changes in the iminium
structure. Importantly, the pseudo-five-membered ring formed by hydrogen bonding between
the protonated quinuclidine and the imine moiety was not disrupted (Figure 4.13). Instead, the
second site of protonation was found to be on the quinoline nitrogen, which was again in accord

451 This was supported by the

with the relative pKa values of the three nitrogen atoms.
disappearance of the quinoline nitrogen signal (N2,) in the NMR spectrum and an upfield shift
of the surrounding carbon signals C,-, Cg,, Cg- and C» (Figure 4.13), which was not observed in
the monoprotonated sample 80a. In addition, the broad peak at approx. 12 ppm corresponding to

both acidic protons displayed additional NOE cross-peaks to H,» and Hg-.

2%

MeO ¢ 8
7

80b/d

Figure 4.13 Protonation sites of the 2TFA salt 80b.

Position of the counteranion with 1 equivalent of TFA (80a) and (R)-TRIP (80c)

In the epoxidation of enals 53, the counteranion derived from the acid co-catalyst was found to
exert a pronounced effect of the reaction (cf. Section 4.1.4, Table 4.4). Nevertheless, analysis of
the different salts 80a-e revealed an essentially unchanged conformation of the iminium cation.
This suggested that the effect of the counteranion is not vicarious (i.e. in altering the iminium
structure) but a direct one, i.e. as a structural or directing element. To investigate this
hypothesis, we sought to determine the proximity of the ion association, and in the event of a

close association, map the exact position of the counteranion relative to the iminium species. In
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approaching this problem, we resorted to (hetero)nuclear Overhauser effect (NOESY and
HOESY) measurements as well as diffusion ordered spectroscopy (DOSY) using the non-protic
polar solvent chloroform, protic solvent methanol, or a mixture of both.

In the TFA salt 80a, protons neighbouring the trifluoroacetate counteranion were identified
by a 1-D 'H,"°F HOESY using several mixing times from the CF; frequency of TFA. The
spectrum in chloroform (Figure 4.14) showed a large number of weak cross peaks with similar
intensities, correlating to the proton signals of all three sub-components of 80 (quinuclidine,

quinoline and aza-diene), indicating a close but unspecific association with the counteranion.

sel 19F HOESY
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Figure 4.14 1-D "H,"°F HOESY spectrum of the TFA salt 80a.

Similar results were obtained from *'P-HOESY and 2D-NOESY analyses on the (R)-TRIP salt
80c, which also demonstrated unspecific ionic pairing between the positively charged iminium
ion [80+H]" and the negatively charged counteranion of TRIP. This was further supported by
the observation that the NMR symmetry of the TRIP counteranion was not broken in the salt
80c, as would be expected for ionic pairs that are rapidly associating and dissociating.
Nevertheless, when we prepared a mixture of 80 with 0.5 equiv of (R)-TRIP (salt 80e), 'H NMR
analysis clearly indicated the presence of two distinct species and not an average of partly
protonated structures. DOSY spectroscopy further confirmed two sets of peaks with different
diffusion coefficients, corresponding to unprotonated imine 80 (7.3¢'® m%s) and the

monoprotonated TRIP salt 80¢ (5.7¢'® m?s) in which [80+H]" and the negatively charged
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counteranion of TRIP diffused together (Figure 4.15 (a)). This implied that despite the lack of
geometrically specific binding between 80 and (R)-TRIP, the ion pair association is relatively

strong in neat CDCl;.
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Figure 4.15 DOSY spectrum of salt 80e ([80-0.5 (R)-TRIP]) showing the presence of
unprotonated imine 80 and the monoprotonated (R)-TRIP salt 80c in CDCl; (a), and ion-
separated salt 80c¢ in protic solvent MeOD (b).

We next examined how the ion pairing was affected by the presence of a protic solvent or a
protic additive, since an excess of aqueous hydrogen peroxide is employed in the epoxidation of
enals 53. In neat methanol, complete ion separation was observed for the salt 80c as indicated by
a DOSY experiment. Under these conditions, the [80+H]" cation and the TRIP™ anion clearly
diffused at different rates (Figure 4.15 (b)). However, since the environment of a standard
epoxidation reaction is only slightly protic, we also examined the effect of a protic additive in
chloroform. Under the optimized conditions of epoxidation (cf. Section 4.1.5.2), a combined
144 equivalents of H,O, and H,O with respect to the catalyst are present in ca. 987 equiv of
solvent (THF), which corresponds to a 1:7 ratio of protic to aprotic media. Based on these
calculations, we prepared a sample of 80a in CDClI; containing 7 equiv of MeOH" with respect

to 80a, which corresponded to a similar 1:10 ratio of protic to aprotic solvent. A 1-D 'H,"F

Vil Since the presence of water or aqueous hydrogen peroxide would cause immediate and complete hydrolysis of
salts 80a-e, methanol was chosen to simulate the slightly protic environment of the epoxidation.
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HOESY of this sample revealed weak non-specific cross-peaks, suggesting that the ion
association remained largely undisrupted. Although direct observation of the diffusion
coefficient of the counteranion by DOSY was not possible as a trifluoroacetate anion lacks
protons, the diffusion coefficient of the iminium species was found to be between that of 80
alone and the heavier TRIP salt 80¢, further supporting the existence of ion pairing. Hence, we
speculated that under the slightly protic reaction conditions, the counteranion remains in close
association with the iminium cation [80+H]’, albeit this association lacks any obvious

organization.

Structure-activity analysis of the effect of the counteranion

Drawing on the findings by NMR, we decided to perform additional experiments on the
epoxidation of the model substrate 53¢ with the aim of elucidating the role of the counteranion.
The observation by NMR that methanol completely separates the ions of the salt 80¢ (cf. Figure
4.15) suggested that carrying out the epoxidation reaction in this solvent should create a
transition state which lacks the counteranion, and thus directly highlight the contribution of the
counteranion to stereoselectivity. This hypothesis was further supported by the observation that
solvation of the iminium cation [80+H]" by methanol did not appear to cause any major
conformational changes, as indicated by NMR analysis. Table 4.19 shows the results of the
experiments using the amine catalyst 9 with TFA and (R)-TRIP acid co-catalysts in methanol

(entries 1-2), together with control reactions in THF (entries 3-4).

Table 4.19 The effect of ion-separating solvent methanol on the stereoselectivity of epoxidation
of the model a-branched enal 53c.

o 9 (10 mol%) o
/\HJ\ acid (20 mol%) /\TAJ\
A > =
Et H H,0, (50 wt. %, 5 equiv) Et H
Me solvent (0.125 M), 50 °C, 24 h Me
53c 54c
Entry Acid Solvent Conversion,%?  dr? er (trans)®
1 (R)-TRIP MeOH 37 51:49 43:57
2 TFA MeOH 78 51:49 46:54
3 (R)-TRIP THF 81 87:13 99:1
4 TFA THF 73 65:35 75:25

2 Determined by GC. ° Determined by chiral-phase GC.
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The (R)-TRIP salt of the catalyst was found to be incompletely soluble in methanol, which
likely explains the low conversion observed in this reaction (entry 1). Employing the readily
soluble TFA salt in methanol (entry 2) resulted in a smooth reaction, with the conversion after
24 hours comparable to the control (entry 4). However, a dramatic effect was observed on the
stereoselectivity of the reactions in methanol. In accordance with our predictions, the lack of
counteranion contribution was clearly evident as both (R)-TRIP and TFA co-catalyst salts gave
essentially the same diastereo- and enantioselectivity (entries 1-2), in stark contrast to the
control reactions in THF (entries 3-4). Furthermore, the diastereoselectivity of both reactions in
methanol was completely eroded, while the enantioselectivity was considerably lower and even
reversed, compared to THF. These results strongly indicate that while the close association of
the counteranion is irrelevant for conversion (entry 2 vs. 4) it is crucial for enantioselectivity
(entries 1-2 vs. 3-4)

To approach the same hypothesis differently, we also screened various acid co-catalysts
which, upon dissociation, form anions of different coordinating strength (strength of cation-
anion association). A summary of these results is presented in Table 4.20. In the absence of acid

(entry 1), weakly acidic H,O, or H,O is presumed to be the formal proton source.

Table 4.20 Analysis of acid co-catalysts with different coordinating strength of the conjugate
base in the epoxidation of 53c.

(0] 9 (10 mol%)

o)
acid (20 mol%) 0 §
Et7 X H _ Et” " “H
H,0, (50 wt. %, 5 equiv)

Me THF (0.125 M), 50 °C, 24 h Me
53c 54c
Entry Acid co-catalyst Conversion,%? dr? er (trans)P

1 none 13 63:37 85:15
2 TFA 73 65:35 75:25
3 TCA 14 63:37 78:22
4 CF,HCOLH 34 68.5:31.5 82:18
5 CCI,HCO,H 36 69:31 80:20
6 MeCO,H 18 60:40 84:16
7 HCI 69 65:35 89:11
8 HBr 1¢ n.d. n.d.
9 HBF,4 100 46:54 57:43

2 Determined by GC. P Determined by chiral-phase GC. ° Discolouration (Br, evolution)
and sample decomposition observed.
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4. Results and Discussion

Plotting these results, as well as the earlier results of acid co-catalyst optimization (Section 4.1.2,

Table 4.4), under a scale of anion coordinating strength!'**)

revealed a clear pattern, whereby the
enantioselectivity of the epoxidation was greatest with the most coordinating anions and
decreased with diminishing coordinating strength (Figure 4.16). Once again, conversion

appeared to be independent of the counteranion, and did not follow any easily observable trend.

anion (0] 0o o, OH 0o 0 F
c R SO F-B=F Th\ A
Me~ ~O" FsC” O HO O- Me O~ I|= Z

strongly weakly
coordinating coordinating

er of 54c? 89:11 84:16 76:24 - - 57:43 - ref: Table 4.20 ’

er of 54c® - - 93:7 93:7 90.5:9.5° - 74:26° ref: Table 4.4 ’
high product <= » low product

er o 0 2 0 er

2 With 5 equiv 50 wt. % H,0, in THF o2 L S,
b With 1.5 equiv 50 wt. % H,0, in 1,4-dioxane Et H NH
¢ Result for p-toluene sufonic acid (pTSA). Me e}
4 Result for disulfonamide 55 54c 55

Figure 4.16 Dependence of enantioselectivity in the epoxidation of 53¢ on the coordinating
strength of the counteranion'*®! derived from the acid co-catalyst.

All of the results combined suggest that a tight association of the counteranion with the iminium
ion is crucial for enantioselectivity, that is, the counteranion plays a direct role in the observed
sense and degree of enantioselectivity. Since the counteranion does not appear to have a specific
docking site in the putative pre-transition state assemblies 80a-e as determined by NMR studies,

it likely undergoes organization in the transition state, i.e. with the attack of hydrogen peroxide.

Calculated model of [80+H]" and proposed rationalization of the absolute stereochemistry

Using NOE integrals obtained from the NMR analysis of samples 80 and 80a-e for distance
restraints, an NMR-derived model for the iminium structure [80+H]" was calculated using
XPLOR-NIH Ver. 2.9.7!4! (cf. Chapter 7 for a detailed description of all the parameters used).
Figure 4.17 (a) shows the energy-optimized structure of [80+H]" obtained with this method. To
support the validity of this low-theory structure, DFT calculations (B3LYP, vacuum) with SVP
or TZVPP basis set using the Turbomole programiX were used in parallel to derive a model of

[80+H]" (Figure 4.17 (b)). Gratifyingly, both NMR-derived (i.e. empirically supported) model

™ For prescreening of initial structures, MNDO program and OM3 semi-empirical method were used.
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4. Results and Discussion

and the DFT-calculated model using a much higher level of theory produced essentially the

same structure.

si-(B) face
attack

Figure 4.17 NMR-derived model for the iminium structure [80+H]", calculated using XPLOR-
NIH Ver. 2.9.7! (a), and a model of the same structure derived by DFT (B3LYP, vacuum)
calculations (b).

Significantly, both of the energy-optimized models are in perfect agreement with the results
obtained by NMR analysis, including a proton bridge between the quinuclidine and imine
nitrogens, (E,E)-s-trans geometry of the unsaturated iminium moiety and the preferred “syn”
orientation of the quinoline group. As discussed previously, the pseudo-five-membered ring
formed between the quinuclidine and imine nitrogens, together with the planar m-conjugated
system of the unsaturated iminium moiety effectively rigidify the whole system (and in
particular single bonds Cs-Cy and Cy-N>,), and presumably allow for a very organized transition

state. Indeed, the only dynamic moiety appears to be the quinoline group, which presumably
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4. Results and Discussion

sweeps the area in front of the re-(B) face of the substrate and shields it. The resulting si-(B) face
attack is in accord with the absolute configuration observed in the reaction. Furthermore, when
we used the truncated catalyst 61 which lacks the quinoline moiety, a much lower and reversed
enantioselectivity was observed compared to catalyst 9 (cf. Section 4.1.2, Table 4.5),
supprorting the direct role of the quinoline group in enantiodiscrimination.

Although entirely consistent with the empirical data, the model based on the iminium species
alone cannot be used to fully rationalize the excellent enantioselectivity observed in the
epoxidation of enals 53. Indeed, as shown experimentally, a significant contribution to
enantiodiscrimination is provided by the counteranion (cf. Table 4.19 and 4.20). Its exact role is
more difficult to rationalize, however, since analysis of the ground-state conformation of salts
80a-e does not indicate any specific association of the counteranion with the iminium cation.
Presumably, the organization of the counteranion first occurs in the transition state, i.e. with the
attack of hydrogen peroxide. In fact, an association of the weakly acidic hydrogen peroxide and
the basic counteranion is possible. Such an association would increase the effective steric bulk
of hydrogen peroxide, making an attack from the shielded re-(B) face even more difficult and
thus contributing to enantioselectivity (Figure 4.18, (a)). In the case of chiral counteranions such
as that of (R)-TRIP, the association with hydrogen peroxide would effectively create a “chiral”
nucleophile (H,0,-X") attacking a chiral electrophile (iminium [80+H]"), thus explaining the
often dramatic match/mismatch observed with different enantiomers of the same chiral acid co-
catalysis. The counteranion in this association would also be perfectly positioned to accept the
proton from the developing oxonium ion in the transition state (Figure 4.18, (b)).

Alternative mechanistic scenarios cannot be excluded, however. An existence of an iminium
conformer in which the intramolecular proton bridge is disrupted in the transition state and the
quinuclidine moiety acts as a free base to direct the attack of hydrogen peroxide is possible and
has been frequently suggested in the literature, albeit without mechanistic support.°> 8- 82 1361
This scenario would involve a conformational reorganization of the iminium species [80+H]" in
the transition state from a stable and highly populated conformer to a higher-energy species in
which the imine moiety is fully protonated and the quinuclidine moiety exists as a free base
(Figure 4.18, (c)). However, since multiple protonation of the amine catalyst 9 with up to 3
equiv of TFA does not affect the enantioselectivity or the rate of the reaction (cf. Section 4.1.2,
Table 4.4), the involvement of quinuclidine as a free base seems unlikely. In addition, the (E,E)-
s-trans geometry of the unsaturated iminium moiety does not allow a close approach of the
quinuclidine nitrogen to the reactive carbon center C-16, suggesting that a direct coordination of

hydrogen peroxide with the quinuclidine nitrogen in the transition state is implausible.
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0 H si-(B)face

FsC
3 \f o~ attack

(a)

Ay H\? OYCF3

“--- 0L, .0

re-(B) face
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/
N
HO-O-H- >
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Figure 4.18 Proposed association of the counteranion with hydrogen peroxide, enhancing
enantioselectivity (a), and acting as a proton acceptor in the putative transition state (b); an
alternative mechanistic scenario in which the quinuclidine group directs the attack of hydrogen
peroxide.

As previously mentioned, a survey of the literature revealed that the stereochemical outcome of

[91, 150] [38-39, 41b,

Michael reactions between various nucleophiles and a-branched enals and enones

el catalyzed by 9 and its closely related analogues is remarkably consistent (Scheme 4.18).
Given the importance of the Bronsted acid co-catalyst in all of the reported reactions, and the
fact that all of the nucleophiles must lose a proton in the transition state, a common mechanistic
scenario responsible for the observed facial stereoselectivity is possible. The mechanism derived
by our studies (Figure 4.18, (¢)) could in principle be generalized to all reactions listed in

Scheme 4.18 with one important consideration: the absolute stereochemistry is expected to
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4. Results and Discussion

depend on the geometry of the iminium ion, which can presumably vary with the carbonyl
substrate. Indeed, a simple mnemonic can be drawn for the iminium-catalyzed Michael
additions of nucleophiles to a-branched enals and enones, which takes into consideration the
most stable iminium configuration of each substrate™ together with the conformation of the

cinchona-derived catalyst 9, as derived from our stuides (Scheme 4.19).

Nucleophile
catalyst (10-20mol%)

TR
3 /\,Rj\o ROX0 @

iz
c

HX (20-40 mol%) ¢ R2R®
NH,
. N | A Nucleophiles
_N
A\ R
~ H,O
H
catalyst

o Nucleophile

Nu O
X catalyst (10-20mol%)
R1 /\)J\ RZ R1 R2

HX (10-40 mol%) R3
Nucleophiles
A\
NC.__CN LOH  Ph @
0 |N ” ‘BuOOH (b)
i NO R. H,O
) 2 Meo OMe N SH 2

Scheme 4.18 Absolute facial selectivity observed in Michael reactions of various nucleophiles
and a-branched enals®" "*" (a), and enones?*” 9. 41b. 41c] (b) catalyzed by 9 and its closely related
analogues based on a literature survey. HX = Bronsted acid.

Cyclic enones Acyclic enones a-Branched enals

Scheme 4.19. A simplified mnemonic to explain the facial selectivity in the iminium-catalyzed
Michael additions to a-branched enals and enones. HX = Bronsted acid co-catalyst.
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4.2 Catalytic Asymmetric a-Benzoyloxylation of Carbonyl Compounds

The excellent reactivity and enantioselectivity of 9-amino(9-deoxy)epiquinine 9 in the
epoxidation of sterically demanding substrates (cf. Section 4.1.6.1) prompted us to explore this
catalyst in other oxidative transformations. As discussed in Section 2.3.2, o-oxidation of
carbonyl compounds presented the ideal challenge. While a-aminoxylation with nitrosobenzene
under secondary amine catalysis had established itself as a highly enantioselective procedure for
aldehydes and ketones, it suffered from the major disadvantage of using a large excess of the
carbonyl substrate, as well as being inapplicable to a-branched aldehydes and aromatic ketones
(cf. Section 2.3.2). On the other hand, secondary amine-catalyzed methods using benzoyl
peroxide as the oxidant, which are stoichiometric in the carbonyl compound, had not been
extended to any substrate classes beyond unbranched aldehydes (cf. Section 2.3.2.1).">! we
thus reasoned that catalytic asymmetric a-oxidation of sterically demanding substrates, which is

stoichiometric in the carbonyl reagent, might be possible with the primary amine catalyst 9.

The work described in this section was performed in collaboration with N. Demoulin.

4.2.1 a-Benzoyloxylation of Cyclic Ketones

4.2.1.1 Identification of a Model System

We began our investigations with ketone substrates and chose the commercially available
cyclohexanone 83a as the model substrate. In order to establish an oxidant compatible with a
primary amine catalytic system, we first screened several common electrophilic oxygen sources
with substrate 83a and catalytic salt [9-TFA] at room temperature (Table 4.21). THF was used
as a solvent based on our previous studies on epoxidation (Section 4.1), and radical inhibitor 85
(commonly used to stabilize ethereal solvents against radical chain reactions) was employed
with benzoyl peroxide to avoid any possible side reactions of benzoyl radicals. Under the
conditions tried, only benzoyl peroxide, which was used as the commercially available 30%
hydrate, gave traces (4%) of the desired a-benzoyloxylated product 84a (entry 5). The reaction
with nitrosobenzene did not furnish any of the corresponding a-aminoxylated ketone, and only
dimerized oxidant was observed in addition to the recovered starting material (entry 1). Di-tert-
butyl peroxide (entry 2), cumene hydroperoxide 36 (entry 3) and m-CPBA (entry 4) similarly
failed to provide any conversion after 15 hours, giving only recovered starting material.
Repeating the reaction with benzoyl peroxide but in the presence of 30 mol% of the acid co-

catalyst TFA failed to improve conversion (entry 6).
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Table 4.21 Evaluation of common oxidants in the a-oxidation of 83a with catalyst 9.

...............

(0] O

é 9 -TFA (10 mol%) ij/OR
oxidant (1.5 equiv)

:
3
s

e}
83a THF (0.4 M), r.t., 15h 84a
""""""" BzOOBz (49)
Entry  Oxidant R Yield,%? Notes
1 PhN=0 (45) NH,Ph 0 only dimerized PhNO + 83a O\OH
2 BUOOBU By 0 83a only Me Me
CHP (36)
3 CHP (36) H 0 83a only
4  m-CPBA H 0 83a only OH
b Bu ‘Bu
5 BzOOBz (49) Bz 4 30% hydrate of 49 used
6 BzOOBz (49)"°¢ Bz 4 30% hydrate of 49 used
Me
a Determined by 'H NMR with an internal standard (PhzCH).° In the 85

presence of 10 mol% radical inhibitor 85. ¢ Using 30 mol% TFA.

Since the amine catalyst 9 is known to activate ketones toward a-functionalization with various
electrophiles (cf. Section 2.3.4), and since benzoyloxylaton is known to be amenable to enamine

catalysis,!!'#120]

we wondered why the combination of these two principles resulted in only
traces of the desired reaction (Table 4.21, entry 3). To address this question, we first examined if
the catalyst 9 undergoes decomposition under the reaction conditions. After stirring the catalytic
salt 9-3TFA with excess of benzoyl peroxide (30% hydrate) at room temperature for 16 hours in
deuterated THF, analysis of the crude mixture by '"H NMR revealed no changes in the catalyst

structure, ruling out catalyst decomposition (Figure 4.19).

(3
o) a b
o) N A
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(@]
49
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|
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| ! . . | ! . . | . ! . | . ! . |
8 [ 4 2 [ppm]

Figure 4.19 'THNMR spectrum of 9-3TFA alone (a), and of 9-3TFA after treatment with excess
BzOOBz (49) for 16 h at r.t. (b) (in THF-dsg).
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Having established that the catalytic salt 9-3TFA is stable in the presence of benzoyl peroxide,
we next considered the effect of water present in the reaction. Indeed, the commercially
available 30% hydrate of benzoyl peroxide introduces a large excess of water into the reaction.
Since the reversible formation of catalytically relevant enamine B proceeds via the iminium
intermediate A, excess of water can hinder the overall reaction by shifting the first equilibrium
toward the carbonyl substrate and lowering the effective concentration of A (Scheme 4.20). An
unfavourable iminium-enamine equilibrium characteristic to primary amine catalysts (cf.
Section 2.1.3.2) in the subsequent tautomerization might further suppress the formation of

enamine B, resulting in a very slow catalytic cycle.

Q v - O\;:]’H O\NH O\N

0]
NH3 X tautomerization BzOOBz OBz
_— e () -
excess H,0 unfavourable very slow

with primary amines
83a A B C

O—NH2 = catalyst 9

Scheme 4.20 The hypothesized effect of excess water on the a-benzoyloxylation of ketones with
primary amine catalyst 9.

In order to test this hypothesis, we prepared anhydrous benzoyl peroxide by a simple treatment
with MgSQy, filtration and evaporation of the solvent (cf. Chapter 7 for experimental details).
Table 4.22 shows the results of experiments in which water was excluded either with dried

benzoyl peroxide 49 and/or with addition of 4A molecular sieves.

Table 4.22 The effect of water exclusion on a-benzoyloxylaton of 83a with catalyst 9.

0]

o)
9-3TFA (10 mol%)
ij BHT (85,10 mol%) 6/082
BzOOBz 49 (1.5 equiv)

THF (0.4 M), r.t., 15 h

83a 84a
Entry Oxidant Additive Yield,%?2 er®
1 49 (30% hydrate) - 4 -
2 49 (anhydrous) - 19 -
3 49 (anhydrous) 4A MS 77 75:25

2 Determined by NMR with an internal standard (PhsCH). ® Determined
by chiral-phase HPLC.
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To our delight, excluding the excess of water by using anhydrous benzoyl peroxide (entry 2)
resulted in an increase of yield from 4% to 19%. Using 4A molecular sieves in combination
with the dried reagent improved the yield even further, albeit the product 84a was isolated with
a modest enantioselectivity of 75:25 er (entry 3). The absolute (S) configuration of 84a was
established by comparing its optical rotation to the literature value.!'*

The encouraging conversion obtained with the exclusion of water confirmed our expectations
that asymmetric a-benzoyloxylation of ketones was possible with primary amine catalysis
employing the quinine derivative 9. At this point, we wished to examine how other amine
catalysts performed in the transformation, and screened various primary, as well as secondary

amine scaffolds (Table 4.23). For reasons of solubility, DMSO was used as solvent with

zwitterionic amino acid catalysts 1 and 86 instead of THF.

Table 4.23 Screen of amine catalysts in the a-benzoyloxylation of 83a.

0}

O
catalyst (10 mol%)
é BHT (85,10 mol%) @OBZ
BzOOBz (anhyd., 1.5 equiv)

THF (0.4 M), r.t., 24 h

83a 84a
Entry Amine catalyst Acid co-catalyst? Solvent Conv.,%" er®
1 none DMSO <5 -
86
2 H,N" "COOH TCA THF <5 -
3 Q\COOH 1 none DMSO 119 n.d.
H
4 O\\<Ph 87 none THF 0 -
N Ph
H OH
5 w 17 none THF 0 -
Ph
N
H OTMs
Ph Ph
6 88 (R)-TRIP (3) THF 29 57:43
NH,
Ph
7 89 PhO),PO,H THF <5 -
HZNJ\COOH (PhO),PO;

2 10 mol% loading. ® Determined by "H NMR with an internal standard (Ph3CH). ¢ Determined
by chiral-phase HPLC. 9 After 5 d.

92



4. Results and Discussion

Entry Amine catalyst Acid co-catalyst? Solvent Conv.,%° er®
6 \J\/ 90 (PhO),PO,H THF <5 -
H,N™ "COOH
7 )\/l\ 91 (PhO),PO,H THF <5 -
H,N™ "COOH
Ph j\
10 H,N~ “COOH 92 (PhO),PO,H THF <5 -

2 10 mol% loading. ® Determined by "H NMR. ¢ Determined by chiral-phase HPLC.

In general, none of the tested catalysts afforded the desired product 84a with useful levels of
conversion. As expected, secondary amine catalysts (entries 3-5) proved ineffective, presumably
due to difficulties in condensing with a ketone substrate and concurrent decomposition by

181211 Of these, only L-proline 1 (entry 3) gave some conversion (11%) after

benzoyl peroxide.[
24 hours, which was unchanged over the next 5 days, strongly suggesting catalyst deactivation.
Amino acid-based primary amine catalysts 86 and 89-92 also furnished only traces of the
desired product, when used as zwitterionic species in DMSO (entry 1) or as THF-soluble salts
with inorganic acids (entries 2, 7-10). We also tested a combination of the achiral primary amine
88 together with the chiral Brensted acid (R)-TRIP (entry 6). Intriguingly, while the conversion
was low, some enantioselectivity (57:43 er) was observed, suggesting that the Bronsted acid was
involved in the enantioselective step of the reaction. Presumably, the acid can activate benzoyl
peroxide toward nucleophilic substitution by protonating the benzoate leaving group.

Having identified an unprecedented a-benzoyloxylation of ketones using anhydrous benzoyl

peroxide and a catalytic salt of 9-amino(9-deoxy)epiquinine 9, we set out to optimize the

reaction parameters.

4.2.1.2 Optimization of the Reaction Parameters

Considering the high conversion and low enantioselectivity obtained when using molecular
sieves (Table 4.22, entry 3), we wondered if the relatively labile product 84a was undergoing
racemization under the reaction conditions. In particular, we speculated that the (reversible)
trapping of water by molecular sieves not only encouraged the formation of the catalytically
active enamine intermediate B, thus speeding up the reaction, but also retarded hydrolysis of the

intermediate C encouraging racemization via formation of enamine D (Scheme 4.21).
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QA Q.
o] q + - NH N O\NH
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4 A MS fast racemization
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Scheme 4.21 The possible effect of water trapping by 4A MS on the enantioselectivity of 84a.

Another source of racemization could be the high loading (30 mol%) of the acid co-catalyst
TFA. We thus varied several parameters of the reaction with the aim of identifying
racemization-free conditions. Table 4.24 shows the results of changing the amount and identity

of the Brensted acid, and examining the effect of molecular sieves.

Table 4.24 Identifying racemization-free conditions in the a-benzoyloxylation of 83a.

o 9 (10 mol%) o
iﬁ el é’
BzOOBz (anhyd., 1.5 equiv)
83a THF (0.4 M), rt, 24 h 84a
Entry  Acid co-catalyst  mol % Additive Yield,%? er®
1 TFA 30 4A MS 77 75:25
2 TFA 20 4A MS 41 83:17
3 TFA 10 4A MS 22 91:9
e ™ 0 mvs o -
5 TCA 40 4A MS 79 68:32
6 TCA 40 none 32 93.5:6.5
7 TCA 10 none 34 97:3

a Determined by "H NMR with an internal standard (Ph;CH). P Determined by chiral-phase
HPLC. © Performed without amine 9.

As seen from entries 1-3, and in accord with out expectations, lowering the amount of the acid
co-catalyst TFA in the presence of molecular sieves resulted in improved enantioselectivity,
albeit a diminished yield. At this point we also tested for a racemic background reaction which
might be catalyzed by TFA and/or molecular sieves; however, no conversion was observed in

the absence of the amine catalyst 9 (entry 4). Testing the less acidic co-catalyst TCA, we found
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a similar yield compared to TFA in the presence of molecular sieves (cf. entry 1), but the
product was obtained with poor enantioselectivity (entry 5). When we excluded the molecular
sieves (entry 6), the yield of the product dropped but the enantioselectivity improved
dramatically, supporting the hypothesis outlined in Scheme 4.22. Gratifyingly, combining lower
catalyst loading (10 mol%) with the absence of molecular sieves resulted in an additive effect
and the product was obtained with an excellent er of 97:3 (entry 7).

With the racemization-free conditions in hand, we set out to improve the conversion of the a-
benzoyloxylation. A screen of different reaction concentrations in the presence of various

amounts of the co-catalyst TCA was performed (Table 4.25).

Table 4.25 Evaluation of reaction concentration at different loadings of the acid-cocatalyst TFA
in the a-benzoyloxylation of 83a.

o 9 (10 mol%) o o
é BHT Igsﬁgartﬁm%) ij/OBZ BZO%@/OBZ
BzOOBz (anhyd., 1.5 equiv)

83a THF,rt,24h 84a 93a
Entry TCA, mol% [THF], M Yield,%? er?

1 40 0.4 32 93.5:6.5

2 40 1 56 85:15

3 10 0.4 34 97:3

4 10 0.5 56 97:3

5 10 1 67 97:3

6° 10 2 66° n.d

7 10 1 15 n.d

8 1 1 28 97:3

9 2 1 27 97:3

a Determined by 'H NMR with an internal standard (PhsCH).
b Determined by chiral-phase HPLC. ¢ BzZOOBz (30 % hydrate) used.
9'11% of bis-benzoylated product 93a also observed.

At 40 mol% TCA loading, increasing the concentration from 0.4 M (entry 1) to 1 M (entry 2)
improved the yield nearly twofold, but resulted in diminished enantioselectivity. Fortunately, at
lower TCA loading (10 mol%), increasing the concentration improved the yield without
affecting the enantioselectivity (entries 3-5), with the best result obtained at 1 M concentration

(entry 5). Further increase in the concentration to 2 M (entry 6) led to an appreciable formation
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(11%) of the bis-benzoyloxylated product 93a together with the desired product which was
formed in a similar 66% yield. Using hydrated benzoyl peroxide (30% hydrate) under the
optimal concentration of 1 M still resulted in only 15% yield of the product 84a, suggesting that
the exclusion of excess water was crucial for the reaction rate (entry 6). Decreasing the loading
of the acid co-catalyst TCA to 1 mol% (entry 8) and 2 mol% (entry 9) gave the product with the
optimal enantioselectivity (97:3 er) but a compromised yield of only 27-28%.

With the optimal concentration and acid co-catalyst loading in hand, we next examined the
reaction medium by testing a range of protic and aprotic solvents with different polarity (Table
4.26). Compared to the control reaction in THF (entry 1), toluene gave an improved conversion
but a diminished enantioselectivity (entry 2). Chloroform proved to be inferior to THF (entry 3),
while the use of methanol as solvent under weakly acidic reaction conditions resulted in
complete acetalization of the starting material (ketal 94) which shut down the benzoyloxylation
reaction (entry 4). In acetonitrile, the product was obtained in a very low yield of 13% and a
slightly reduced enantiomeric excess (entry 5). 1,4-Dioxane proved to be the optimal solvent,

giving the product in 76% yield and an unchanged 97:3 er (entry 6).

Table 4.26 Screen of solvents in the a-benzoyloxylation of 83a.

(0] (0]

9 (10 mol%), TFA (10 mol%) MeQ OMe
ij BHT (8510 mol%) ij/OBZ
BzOOBz (anhyd., 1.5 equiv) é
83a solvent (1 M), r.t., 24 h 84a 04
Entry Solvent Yield,%? er?
1 THF 67 97:3
2 toluene 78 91:9
3 CHCl; 54 96:4
4 MeOH 0°
5 MeCN 13 94:6
6 1,4-dioxane 76 97:3

a8 Determined by 'H NMR with an internal standard (PhsCH).
b Determined by chiral-phase HPLC. ¢ Complete conversion of SM to 94

Since the different acid co-catalysts which were briefly screened up to this point (Tables 4.23,
4.24) were found to exert an observable effect on the reaction, we next systematically examined

achiral Brensted acids covering a range of pKa values (Table 4.27).
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Table 4.27 Screen of Bronsted acid co-catalysts in the a-benzoyloxylation of 83a.

o o g
aci mol%
ij BHT (85,10 mol%) 6/082
BzOOBz (anhyd., 1.5 equiv)
83a 1,4-dioxane (1 M), r.t., 24 h 84a
Entry Acid co-catalyst Yield,%? er® ﬁ NH,
1 TCA 76 97:3 =/ N | \N
2 CCl,HCO,H 59 87:13
MeO
3 TFA 66 87:13 9
4 MeCO,H 11 n.d.
5 pTSA <5 - OzN\©\
6 (PhO),PO,H 83 96:4 0.0
N\
7° (PhO),PO,H 56 96:4 /@/O OH
8 56 28 96:4 O2N 56

a Determined by "H NMR with an internal standard (Ph;CH).
b Determined by chiral-phase HPLC. °20 mol% of acid used.

Compared to the control (TCA, entry 1), all other acetic acids proved to be inferior. Both weaker
dichloroacetic acid (entry 2) and acetic acid (entry 4), and stronger acid TFA (entry 3) gave
lower conversion and enantioselectivity. Very strong acid pTSA (entry 5) afforded only traces
of the desired product. Phosphoric acid diphenyl ester (DPP), however, gave an improved
conversion albeit a slightly lower enantioselectivity (entry 6). Increasing the catalyst loading of
this acid to 20 mol% resulted in diminished conversion (entry 7). Applying the more acidic
phosphoric acid 56 also resulted in a significantly decreased yield (entry 8).

Using 10 mol% DPP, we examined the related cinchona scaffolds as primary amine catalysts
(Table 4.28). Within the same enantiomeric series (entries 1-4), the best catalyst remained to be
9, affording the desired a-benzoyloxylation product with the highest yield and enantioselectivity.
As expected, the pseudoenantiomeric catalysts 11 and 12 gave the opposite (R)-configured
product ent-84a, albeit with reduced enantioselectivity. Interestingly, the cinchonine derivative

12 gave the highest yield of the desired product among all the screened catalysts (entry 6).
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Table 4.28 Evaluation of different cinchona derived primary amine catalysts in the a-
benzoyloxylation of 83a.

o amine (10 mol%) o)

(PhO),PO,H (10 mol%)
BHT (85,10 mol%) OBz ﬁ NH2 NH, ﬂj

BzOOBz (anhyd., 1.5 equiv) | N N

83a 1,4-dioxane (1 M), r.t.,, 24 h 84a
MeO OMe
Entry Amine Yield,%? erP 9 11
1 9 83 96:4 ﬁ NH, NH,
2 10 48 937 =/ N B & N
= N N S
3 15 65 90:10
10 12
4 13 49 94:6
NH
5 1 51 8:92 ﬁ 2 NH2
— N A N X
6 12 88 12:88 | _N | _N
a Determined by "H NMR with an internal standard (Ph;CH). 15 HO 13 MeO

b Determined by chiral-phase HPLC.

We next turned our attention to the structure of the electrophilic peroxide reagent. In particular,
we considered conceptually related organocatalytic a-amination reactions with azocarboxylate
reagents 95, in which the enantioselectivity of the reaction is generally directly proportional to
the steric bulk of the aminating reagent. Scheme 4.22 shows such an example from the recent

report of Lu and colleagues.**”!

R er (96
LCO,R  9+-)-CSA (10 mol%) Me, CHO (%6)
¢HO N =~ A _coRr
Ph)\M * N CHCl3 rt,24h  Ph™ N Bn 92:8
e RO,C” ’ HN i .
“COR Pr 97.5:2.5
95 96 Bu 98.5:1.5

Scheme 4.22 The dependence of enantioselectivity in organocatalytic a-amination reactions on
the bulk of the azocarboxylate reagent.”*>"

To emulate this effect, we prepared the more sterically demanding neopentenoyl peroxide 97

1321 and tested it in the

from the corresponding acyl chloride and hydrogen peroxide,
benzoyloxylation of cyclohexanone 83 (Scheme 4.23). Unfortunately, the desired product 98
was formed with only 10% conversion, presumably due to the lower reactivity of aliphatic acyl
peroxides, which generate a less stabilized acetate as the leaving group compared to benzoyl
peroxide. Synthesis of bulkier aromatic acyl peroxides which require multiple steps was not
attempted for reasons of practicability.
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(50 wt. %) 61%

- @)
O pyridine M
M + aqg. H202 —_— O,O (a)
Cl Et)0,5°C,2h
o
97

9 (10 mol%)

0 0
(PhO),PO,H (10 mol%) o
BHT (85,10 mol%) N é/ W (b)
97 (1.5 equiv) o
8

83a 1,4-dioxane (1 M), r.t., 24 h 9

10% conversion, er n.d.

Scheme 4.23 Synthesis of neopentenoyl peroxide 97 (a), and its application in the
benzoyloxylation of 83a (b).

Finally, we briefly tested the reaction temperature and found that the slightly elevated
temperature of 30 °C gave the most reproducible results. Higher temperature (40 °C) resulted in
diminished and poorly reproducible enantioselectivity, possible due to a slow thermal
decomposition of benzoyl peroxide.

With the optimal conditions in hand, we screened several commercially available cyclic
ketones in the a-benzoyloxylaton reaction. Disappointingly, we found generally unsatisfactory

enantioselectivities, compared to the model substrate (Scheme 4.24).

9 (10 mol%) 0
(PhO),PO,H (10 mol%) oB
< BHT (85,10 mol%) z
BzOOBz (anhyd., 1.5 equiv)
n 1,4-dioxane (1 M), 30 °C, 24 h n
83 84
o) o) 0 0 o)
itro Bz OBz QO Bz fk/ro Bz @,O Bz
/ i 0
0" o
_/
84a 84g 84c 84b 84d
69% yield 77% yield, 50:1rr  76% yield 60% yield 56% yield
96:4 er 96:4 er 94:6 er 92:8 er 946 er

Scheme 4.24 Preliminary scope of catalytic asymmetric a-benzoyloxylation of cyclic ketones
(1r = regioisomeric ratio).

Using the substrate 83b which afforded the product with the lowest enantioselectivity (92:8 er),
we sought to re-optimize the reaction conditions. Toward this end, we evaluated the catalyst

loading of the acid (PhO),PO,H, and also screened other Breonsted acids, including chiral acid
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TRIP and Mosher’s acid 100, in hopes of achieving a cooperative effect with the chiral amine

catalyst 9 (Table 4.29).

Table 4.29 Re-evaluation of Brensted acid co-catalysts in the a-benzoyloxylation of 83b.

2 Y cat Q
fjj BHT (85,10 mol%) f‘j/OBZ \©\
o BzOOBz (anhyd., 1.5 equiv) 0
83b 1,4-dioxane (1 M), r.t., 24 h 84b o OH
Entry  Acid co-catalyst ~ mol% Yield, %P erc /©/
1 (PhO),PO,H 5 31 95:5
2 (PhO),PO,H 10 74 95:5 Q
3 (PhO),PO,H 20 37 95:5 Q \/o
4 (PhO),PO,H 30 10 nd. O J OH
5 56 10 40 94:6
6 99 10 76 94.5:5.5
7 (R)-TRIP 10 61 91:9 Me CF,
8 (S)-TRIP 10 85 93:7 ©/< COOH
9 100 10 46 94:6

a Determined by "H NMR with an internal standard (PhsCH).
b Determined by chiral-phase HPLC.

However, varying the loading of phosphoric acid diphenyl ester (entries 1-4) confirmed that the
original 10 mol% loading was optimal, as both lower and higher loading resulted in diminished
yield, although unchanged enantioselectivity. Achiral phosphoric acids 56 and 99 gave a similar
enantioselectivity but failed to improve the yield. Unfortunately, neither enantiomer of the chiral
phosphoric acid TRIP (entries 7-8) resulted in improved enantioselectivity, although (S)-TRIP
appeared to be the more “matched” enantiomer, giving complete conversion and a high NMR
yield of 85%. Mosher’s acid 100 proved to be only moderately active and also failed to improve
the enantioselectivity (entry 9).

Nevertheless, comparing the results of this optimization with those of the preliminary scope
under the same reaction condition (Table 4.29, entry 2 vs. Scheme 4.24), we became cognizant
of a disparity in the enantiomeric excess of the product 84b (95:5 er during optimization vs.
92:8 er after isolation of the pure product). Given the identical reaction conditions, we realized
that this difference in the enantiomeric excess must be attributable to product purification. In

particular, preparative thin-layer chromatography was used to isolate the products for the
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optimization study and flash column chromatography was employed in the study of the reaction
scope. Consulting the literature, we found that products 84 are indeed known to be labile under
the conditions of silica gel chromatography and typically require a rapid plug to preserve their
enantiomeric excess.!"”*! At this point, we decided to keep the optimal reaction conditions and
focus on optimizing the purification of the product by flash column chromatography.
Unfortunately, attempts at purifying the product with deactivated silica gel,” preparative TLC-
grade silica gel* and alumina failed to improve the enantiomeric excess of the pure isolated
products. However, faster column chromatography (under 30 min elution time) was found to be
more reproducible and afford the product with a better enantiomeric excess.

Re-screen of other substrates 83 revealed that the enantiomeric excess could also be
improved by using the originally identified acid TCA as the co-catalyst. We thus decided to use

either TCA or DPP as the co-catalyst under the optimized conditions, depending on the substrate.

4.2.1.3 Reaction Scope and Discussion

A range of cyclic ketones was tested in the a-benzoyloxylation reaction (Table 4.30). All of the
substrates were obtained from commercial sources except for 4-isopropylidenecyclohexanone

154 . . .
134 various six-, seven-, and eight-

83e which was prepared following a literature method.
membered carbocyclic and heterocyclic ketones cleanly underwent o-benzoyloxylation,
affording the desired products 84 with good yields and excellent enantioselectivities. Using the
pseudoenantiomeric catalyst 12, the opposite enantiomer of the product 84a could be obtained in
a good yield, though with lower enantioselectivity (entry 2). However, using DPP as the acid co-
catalyst and the pseudoenantiomeric cinchonine-derived amine 12, both enantiomers of product
84b could be generated with equal efficiency (entries 3 and 4). A range of functional groups
were tolerated in the reaction, including an acetal, an olefin and a carbamate (entries 6-8). The
B,p-disubstituted substrate 83g afforded the product 84g as a single regioisomer, with
benzoyloxylation taking place at the less substituted side (entry 9). The enantiopure substrate
83h (entry 10) was found to undergo a highly regioselective and trans-diastereoselective o-
benzoyloxylation with the pseudoenantiomeric quinidine-derived amine 11, which was
identified as the optimal catalyst after a brief screen of several cinchona-derived amines. Highly

cis-selective benzoyloxylation was also possible for this substrate under standard conditions

with catalyst 9, albeit with reduced regioselectivity (entry 11). In all cases, less than 5% of the

* Deactivation of standard silica gel (Merck, 60, particle size 0.040-0.063 mm) was performed with concentrated
ammonia (10 wt. %).
* Scratched from preparative TLC plates (Macherey-Nagel, SIL G-25 UV,s,), pulverized and packed in a column.
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bis-benzoyloxylated ketone was observed as the only by-product except for larger ring-sized
cycloheptanone and cyclooctanone (entries 12 and 13), where oxygenation was a competitive

process that could be effectively suppressed by using two equivalents of the starting material.

Table 4.30 Substrate scope of the catalytic asymmetric a-benzoyloxylation of cyclic ketones 83.

1) 9 (10 mol%) o
TCA (10 mol%)

BHT (85,10 mol%) OBz
R—— > R——
BzOOBz (anhyd., 1.5 equiv)
n 1,4-dioxane (1 M), 30 °C, 24 h
83 84
Entry?  Substrate Product? Yield,%® erd
(0]
1 83a ij/OBZ 84a 67 97:3 (>99:1)°
61f 96.5:3.51
o
OBz
2h 83a é ent-84a 73 89:11
0
OBz
39 83b 84b 66 95:5
(0]
(0]
0Bz
490 83b ent-84b 63 95:5
)
0
OBz
5 83c 84c 78 94.5:55
(6]
OBz
6 83d 84d 52 95.5:4.5
(O Ne) (89 brsm)
\/
0
OBz
7 83e 84e 63 94:6
0
8 83f OBz 84f 45 92:8

=z
o
o

@ Reactions performed on 0.4 mmol scale. ® The absolute configuration of 84 was assigned by
by comparison of the optical rotation with the literature values or by analogy (see Chapter 7
for details). © Isolated yield .9 Determined by chiral-phase HPLC. © After a single
recrystallization. T Using 2-methyltetrahydrofuran as solvent. 9 Using (PhO),PO,H as the
acid co-catalyst. " Using catalyst 12.
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Entry?  Substrate Product Yield, %P er®
O
9 83g OBz 84g 77 96:4
(>20:1 rr)y
O
) 0Bz
10 83h ’/[iij 84h 60 >99:1k
(18:1 dr)
o] (12:1 rry
OBz
11 83h 84i 57 >99:1k
(18.5:1 dr)
o) el
OBz 21y
129/ 83j 84j 74 98:2
o)
OBz
139! 83k <:iij§ 84k 81m 98:2

2 Reactions performed on 0.4 mmol scale. P The absolute configuration of 84 was assigned by
by comparison of the optical rotation with the literature values or by analogy (see Chapter 7
for details). © Isolated yield .9 Determined by chiral-phase HPLC. 9Using (PhO),PO,H

as the acid co-catalyst.' rr = regiomeric ratio. } Using catalyst 11. ¥ Enantiomerically pure

starting material 83h was used. ' Contains 11% of the dibenzoyloxylated product.

= P
PV v v
— N A =z N = N
N N N

MeO OMe
9 1 12

We also examined the compatibility of our reaction with the environmentally benign and
industrially valuable solvent 2-methyltetrahydrofuran. Gratifyingly, the reaction with the model
ketone 83a afforded the product with a similar yield and enantioselectivity (entry 1).

To probe the utility of our method in preparative synthesis, we also performed the reaction
with ketone 83a on a fivefold scale (2 mmol, 0.4 g) and were pleased to obtain the
corresponding product 83a with a good yield (76%) and essentially uncompromized
enantioselectivity (95.5:4.5 er), which could be readily improved to 99.5:0.5 er by a single
recrystallization.Xii Furthermore, we tested a substrate with a complex pre-existing architecture,
where use of stoichiometric amounts of the ketone is particularly valuable. From cholestanone
(831), we could successfully obtain the corresponding 2a-benzoyloxylated product 831 with

excellent regio- and diastereocontrol and a high yield of 88% using catalyst 11 (Scheme 4.25).

*i See Chapter 7 for experimental details.
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Notably, the corresponding 2a-hydroxycholestanone has been synthesized using nitrosobenzene
and 0.5 equiv of L-proline followed by in situ deprotection, which afforded the corresponding
product in 63% yield.!"*”!

The highly sterically biased substrate 831 also allowed us to test the extent of catalyst control
in the benzoyloxylaton reaction. Applying the pseudoenantiomeric catalyst 9, we obtained the
C-4 regioisomer 83m in a modest yield of 25% instead of the expected C-2 diastereomer epi-841.
Although the C-4 position of the starting material is more sterically hindered, this outcome is
not surprising, since installing an (S)-configured benzoyloxy group at C-2 would create a highly
unfavourable 1,3-diaxial strain (Scheme 4.23). Benzoyloxylation at C-4, on the other hand
allows the catalyst to exercise its inherent sense of stereoselectivity while placing the
benzoyloxy group in an equatorial position. The steric congestion of C-4 due to a neighbouring
B-substituent, however, makes this process sluggish, explaining the low yield obtained for 83m.
Complete regioselectivity at the less substituted site observed for the ,B-disubstituted substrate
83¢g (Table 4.30, entry 9) underscores the sensitivity of the catalyst to steric bulk near the
reactive a-carbon. Overall, these results indicate that while substrate control was dominant in
the regioselectivity of the reaction, the catalyst exercised excellent control of the absolute
stereochemical outcome, as evidenced by high diastereoselectivities and the complete absence

of the regioisomeric product 841 with catalyst 9.

11.TCA (10 mol%)
BHT (85, 10 mol%)

BzOOBz (anhyd., 1.5 equiv)

30 °C, THF, 24 h
84l

88% yield
20:1dr, 20:1 rr

9.TCA (10 mol%)
BHT (85, 10 mol%)

BzOOBz (anhyd., 1.5 equiv)
30 °C, THF, 24 h

84m
mor e sterically o ) 25% yield
congested 1,3-diaxial interaction 20:1 dr, >20:1 rr

epi-84l (not formed)

Scheme 4.25 a-Benzoyloxylation of cholestanone 831 using primary amine catalysts 11 and 9.
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Unfortunately, acyclic and medium or large ring-sized (n>8) ketones proved to be a limitation of
the method, as they underwent benzoyloxylation with none to very poor conversion (Scheme
4.26). This lack of reactivity presumably stems from the low nucleophilicity of the primary-
amine derived enamine intermediates, which is further reduced by the lack of ring strain. o-
Substituted cyclohexanone 105 and the aromatic ketone 101 were similarly unreactive even in
the presence of molecular sieves (cf. Section 4.2.1.1), presumably due to steric hindrance around
the ketone moiety. Highly basic amines 83n and 830 were also found to be incompatible with
the reaction and gave no product. For reasons which are difficult to explain, cyclic enones 106

and 107 were found to be unreactive.

o [9-TCA] (10 mol%)

0}
RJH 85 (10 mol%) R1JKKOBZ
) BzOOBz (anhyd., 1.5 equiv) R2

1,4-dioxane (1 M), 30 °C, 24 h

(o]
101 103 104

102
0% conversion 0% conversion <5% conversion <5% conversion
(0] (0] (0] (0] 0]
Ph T
N N
Me Me
105 106 107 83n 830

0% conversion 0% conversion 0% conversion 0% conversion 0% conversion

Scheme 4.26 Limitations in the a-benzoyloxylation of ketone using primary amine catalyst 9.

4.2.1.4 Asymmetric Total Synthesis of Cineole Monoterpenoids

To further demonstrate the utility of the novel a-benzoyloxylation methodology, we applied it in
a concise asymmetric total synthesis of the monoterpenoid (+)-2[3,4-dihydroxy-1,8-cineole (108),
a predicted metabolite of the bio-oxidation of 1,8-cineole in mammals.!'>® Only the synthesis of
rac-108 had been reported previously by epimerization of synthetic racemic epi-108 via a non-
diastereoselective oxidation-reduction sequence.!"*® Cineoles and their oxidized derivatives are
found in many plant and animal species, and have numerous applications as herbicides,

[157]

medications and perfumes. Efficient and stereoselective approaches for creating libraries of
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cineole derivatives thus represent an important pursuit not only for biosynthetic studies, but also
for discovery of new potent bioactive compounds.

Our retrosynthetic strategy for (+)-108 consisted of a Payne-type rearrangement of the
epoxide 110 to construct the requisite bicyclic ether core 111 (Scheme 4.27). The epoxide 110
could be derived from the monoprotected diol 109, which itself would come from a Grignard

methylation of the already synthesized a-benzoyloxylated ketone 84e (cf. Table 4.30, entry 7).

Payne-type
rearrangement
Q0 0]
OH deprotection OBz
H p— p—
HO HO H
(+)-108 111
Gr|gnard
(0]
OBz epOX|dat|on MeMgCI OBz
110 84e (946 er)

Scheme 4.27 Retrosynthetic analysis of (+)-23,4-dihydroxy-1,8-cineole ((+)-108).

The forward synthesis of (+)-108 began with the diastereoselective Grignard reaction of 84e
using methylmagnesium chloride, which afforded the desired monoprotected cis-diol 109 with
an acceptable dr of 4:1 and 51% yield (Scheme 4.28). The low yield was attributable to partial
deprotection of the benzoyl group by the excess of the Grignard reagent. Using only a slight
excess of MeMgCl resulted in a very sluggish reactivity of at -78 °C; warming up the reaction to
0 °C resulted in competitive deprotection of the benzoyl group. A brief screen of various
organometallic reagents, including MeMgBr, MeLi and MeMgBr with catalytic zinc (1)
chloride failed to improve the yield and diastereoselectivity. Gratifyingly, no racemization of
84e was observed during the reaction, and the desired monoprotected diol 109 was obtained

with an unchanged er of 94:6, which was confirmed by chiral-phase HPLC analysis.

(0] HO, »
0Bz MeMgCl (4.5 equiv) \OB2
THF, -78 °C
51%, 4:1 dr
84e 109
94:6 er 94:6 er

Scheme 4.28 Grignard reaction of 84e to afford the monoprotected diol 109.
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The relative configuration of 109 and its diastercomer epi-109 was verified by NOESY
correlation. In addition, 109 was derivatized to the literature-known diol 112"** by basic

hydrolysis, which confirmed the cis-configuration of the two hydroxy groups (Scheme 4.29).

: NOE  Ho NOE | ho - HO, «
OBz A__OBz | OBz __OH
: NaOH, H,0
“H H : THF, MeOH
yield n.d.
109 epi-109 109 112

Scheme 4.29 Determination of the relative stereochemistry of 109 and epi-109 by NOESY
correlation and derivatization to 112.["°!

Treatment of 109 with m-CPBA at 0 °C cleanly generated epoxide 110 as a single diastereomer,
whose relative configuration was tentatively assigned as shown, based on the ability of
oxygenated moieties to direct the approach of m-CPBA!"*! (Scheme 4.30). Submitting crude
110 to a Lewis acid-catalyzed Payne-type rearrangement afforded the desired 1,8-bicyclic ether
111 (6-endo-cyclization) together with the readily separable 1,4-cineole derivative 113 (5-exo-
cyclization) in 2:1 ratio and a combined yield of 64% over 2 steps. Given the possibility of
cationic intermediate A under Lewis acid catalysis (Scheme 4.30), we could not confirm the
relative configuration of epoxide 110 from the configurational outcome in 111 and 113.
Deprotection of 111 by methanolysis cleanly afforded (+)-108. The related 2,4-dihydroxy-1,4-
cineole (+)-114"! could be similarly obtained by the deprotection of 113.

HO -
__OBz 0 0
OBz
m-CPBA BF3*OEt, %OBZ . OBz
_—
CHxClp, 0°C CH,Cl,, 0 °C 4o H H
j 1 OH
single diastereomer 111113 = 21 111 113
109 (94:6 er) 110 (44%, 2 steps) (20%, 2 steps)
0 0
%OBZ NaOMe, MeOH %OH
HO H 60 °C, 95% HO H o -
" (+)108 <_oBz
(0] (0]
OBz OH
NaOMe, MeOH
H > H OH
60 °C, 54% - -
OH 113 OH (4)114 A

Scheme 4.30 Completion of the synthesis of (+)-108 and a related monoterpenoid (+)-114.
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4.2.1.5 Mechanistic Considerations

Mechanistically, we believe that the developed a-benzoyloxylaton of ketones catalyzed by the
primary amine 9 proceeds via enamine activation of the carbonyl substrate toward an
intermolecular attack on benzoyl peroxide. Furthermore, in the presence of an acid co-catalyst,
the quinuclidine moiety of the catalyst is expected to be protonated. This internal Brensted
acidic sight might coordinate the basic carbonyl group of benzoyl peroxide, bringing it close to
the nucleophile and simultaneously activating it toward fragmentation (Scheme 4.31, structure
A). An alternative, intramolecular mechanistic scenario cannot be excluded, however. Given the

high reactivity of the quinuclidine nitrogen in 9, N-benzoyloxylation!'®”’

of the catalyst and/or
the enamine intermediate shown in assembly A can be envisioned, giving species B which could
rearrange to afford the common intermediate C (Scheme 4.31). Although nucleophiles normally
attack N-benzoyloxylated amines at the carbonyl carbon to give stable N-oxides, the
intramolecular nature of this putative process may change the inherent reactivity. The fact that
N-fluorinated cinchona alkaloids are known to effect a-fluorination of silyl enol ethers and

ketoesters'*® further adds to the plausibility of an intermediate of type B.

=N
X \_/
ﬁ L i e °N
— N S = B
| + Hj\w 3 K OMe
_N R2 BzOOBz PhYO’ H (NH
MeO o. " (R
(0] R2
’ HX O)\Ph A
BzOH BzOOBz
N A BzOH
X \_/
o N H,0 %
o o OMe R1JK(OBZ f' R1J\KOBZ
o:< ‘\( R2 R?
Z ~R! 9
Ph c
R? B HX = acid co-catalyst

O~NH2 = catalyst 9

Scheme 4.31 Possible mechanistic scenarios in a-benzoyloxylaton of ketones catalyzed by 9.

In order to clarify the mechanism, we decided to investigate the fate of the catalyst 9 under the
reaction conditions using NMR spectroscopy. At the outset of these investigations (cf. Section

4.2.1.1), we performed "H NMR studies on the triply protonated catalyst 9-:3TFA which was
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treated with benzoyl peroxide for 16 hours at room temperature, and found no changes in the
structure of the catalyst. Repeating this study with the monoprotonated catalyst 9-TCA at 30 °C
to simulate the optimized reaction conditions afforded different results, however. Figure 4.20
shows that stirring 9-TCA with 1.5 equiv of benzoyl peroxide for 24 hours resulted in complete
conversion of 9 to a new product (115). An aqueous workup to remove the acid components

allowed us to isolate this derivative in a spectroscopically pure form in 92% isolated yield.

(b)
e

()

: . . . : T T T T T T T : . . . :
8 [ 4 2 [ppm]

Figure 4.20 'H NMR spectrum of the catalyst salt 9-TCA (a), the crude spectrum of a new
compound (115) formed from the treatment of 9°-TCA with 1.5 equiv benzoyl peroxide for 24 h
at 30 °C (b), compound 115 purified by an aqueous workup to remove acidic components.

Mass analysis of 115 indicated the incorporation of a benzoyloxy (PhCOO) group and NMR
analysis showed significant deshielding of the quinuclidine nitrogen as well as the surrounding
carbon and proton atoms, consistent with N-oxidation. A ""N-'"H HMBC spectrum further
revealed an appearance of a second new nitrogen chemical shift. Particularly revealing was also

[160b]

IR analysis, which suggested that neither N-benzoyloxy ammonium nor N-benzoyl

ammonium!'¢!!

stretching frequencies were present (both around 1770 cm™), but instead
revealed two strong bands at 1650 and 1620 cm™. At room temperature, compound 115
displayed several broadened peaks in the "H and >C NMR spectra, which could be sharpened at
-20 °C. At this low temperature, all peaks also split into pairs in a 2.5:1 ratio, suggesting the
existence of conformers which slowly interconvert at room temperature. Importantly, setting up
115 as a catalyst (10 mol%) or as a stoichiometric reagent in the absence of benzoyl peroxide
(1.5 equiv) under optimized conditions with substrate 83a gave no conversion.

In order to gain more insight into this transformation, we also followed the reaction of 9-TCA

with benzoyl peroxide over time (Figure 4.21). This study revealed that conversion of 9 to the
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4. Results and Discussion

new derivative 115 proceeded through a single detectable intermediate 116. This intermediate
appeared to be present at a constant concentration until the full consumption of the starting

material 9 between 6 and 9 hours, after which the intermediate was completely converted to 115

(t=22 h 5 min).
H A/ib— 2
9 ( 2) N A 2

] | N
4 t=0min
~] 115 (H-2') MeO
] 9
] t=3n5min (HZ)JAMML
i OMe
] X NH,
+
T t=4h10min o N | N
] (e} 0] ~.N
il ’
‘?__ Ph 116
] t=6h (putative)
1 full consumption of 9 115 -2') )o]\
2 T HN” “Ph
< t=8h50min (H- 2 L
7 =/ N 2
] 115 ’
& 0- IN
T t=22h 5min
i MeO
o ee . a0 e 115

Figure 4.21 "HNMR analysis of the reaction between 9 and 1.5 equiv benzoyl peroxide over 24
hours at 30 °C (selected region showing H-2’, spectra recorded in THF-ds).

Taking all of these results together, we hypothesized that catalyst 9 indeed undergoes N-

benzoyloxylation (putative intermediate 116) under the conditions tested, but this intermediate is

[160a]

unstable and slowly rearranges to the N-oxide derivative 115 via an intramolecular process

(Scheme 4.32). The initial N-benzoyloxylation 9—116 may be reversible.!'**!

o
OMe
NH; « TCA HNJ\Ph
N BzOOBz +
= ' (1.5 equiv) 92% =/ N N
N —_— O0- N
THF 30°C,24h -HX
MeO -BzO" Ph MeO
9 116 (putative) 115 (fully characterized)

Scheme 4.32 Decomposition of 9 into 115 via the putative intermediate 116 by benzoyl
peroxide in the absence of a ketone substrate.
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The extensive characterization of the stable isolated product 115 discussed above was found to
be fully consistent with the proposed structure shown in Scheme 4.32, including quinuclidine N-
oxidation, the IR stretching frequencies of 1650 and 1620 cm™ which are typical for the N-
benzoyl amide bands I and I1,!"*! and the observation of amide rotamers by NMR which could
be “frozen out” at -20 °C. A single intermediate observed in the NMR (Figure 4.21) tentatively
suggests that quinuclidine N-oxidation and primary amine benzoylation do not occur as two
separate processes but share a common precursor (i.e. compound 116). The inability of 115 to
mediate benzoyloxylation is also explained by the amidation of the primary amine group.
Unfortunately, we could not confirm the identity of 116 by mass spectroscopy because the ion
[116]" has an identical m/z value as [115+H]" and a very similar fragmentation pattern, making
results ambiguous.

Since we observed no reaction of benzoyl peroxide with the triply protonated catalyst
9-3TFA (Figure 4.19), but complete conversion of the monoprotonated catalyst 9-TCA to
product 115 (Figure 4.20) in the absence of a ketone substrate, we decided to test if full
protonation of the catalyst with TCA would similarly suppress the reaction 9—115. Indeed,
forming the salt 9-3TCA and subjecting it to benzoyl peroxide, we observed only traces of

product 115 after 24 hours (Figure 4.22).

c,_ U L_MJLM«J“LM

T T . . T . T . : . . T : . . . T
8 6 4 2 [ppm]

Figure 4.22 "H NMR spectrum of ] 9-3TCA (a), and the crude spectrum of 9-3TCA treated with
1.5 equiv BZOOBz for 24 h at 30 °C showing only traces of 115 (b) in THF-ds.

Because benzoic acid (BzOH) is generated during the a-benzoyloxylation reaction from benzoyl
peroxide, we further speculated that the triply protonated species 9-TCA-2BzOH could also be
resistant to the formation of 115. Toward this end, we prepared salt 9-TCA-2BzOH by stirring 9
with 1 equiv of TCA and 2 equiv of benzoic acid. However, subjecting the resulting salt to

benzoyl peroxide for 24 h at 30 °C resulted in complete conversion of 9 to 115 (Figure 4.23).
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4. Results and Discussion

This suggested that a simple excess of an acidic component (i.e. 3 equiv of acid with respect to
9) is not enough to prevent catalyst decomposition 9—115; the pKa of the acid co-catalyst plays

a decisive role in the process as well.

AN

(b)

(©)

. T T T . T T T T T . T T T . . .
8 [ 4 2 [ppm]

Figure 4.23 "H NMR spectrum of the catalyst salt 9-TCA-2BzOH (a), the crude spectrum of 115
formed from the treatment of 9-TCA-2BzOH with 1.5 equiv benzoyl peroxide for 24 h at 30 °C
(b), purified compound 115 shown for reference (c). All spectra in THF-ds.

Thus, we established that in the presence of benzoyl peroxide, the optimal salt 9-TCA undergoes
the decomposition pathway 9—115 in the absence of a ketone substrate, presumably via N-
benzoyloxylation of the quinuclidine moiety. This process occurs even in the presence of excess
benzoic acid, which is normally generated during the benzoyloxylation reaction. With these
results in hand, we next followed the fate of the catalyst salt 9-TCA in the presence of the
ketone substrate 83a (Scheme 4.33). Optimized reaction conditions were used, except for the
solvent THF-dg instead of dioxane and a higher catalyst loading of 50 mol%, employed for
better resolution of the catalyst NMR signals. Although higher catalyst loading resulted in an
increased reaction rate (>95% conversion after 8 h instead of 24 h with 10 mol% catalyst
loading), product 84a was obtained with the same enantioselectivity and a comparable yield.*™
We monitored the reaction by taking samples at approximately 15 min intervals and measured
the conversion of ketone 83a, as well as examined the structure of the catalyst. As expected, the
NMR spectra contained more signals related to the catalyst 9 in the presence of the ketone
substrate, which can be attributed to the formation of iminium and enamine catalytic
intermediates. However, the catalyst salt 9-TCA represented the major species and could be

followed over time. As can be seen from Scheme 4.33, up to 71% conversion of 83a, catalyst

*il However, bis-benzoyloxylated product 93a was observed as a side product.
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salt 9-TCA appears to be largely unchanged, but above 80% conversion of 83a, new species

related to the catalyst begin to predominate.

NH, HNJ\Ph
9 (50 mol%) 1) » + .

TCA (50 mol%) OBz =/ N S =/ N =
BHT (85,10 mol%) _N O- N
BzOOBz (anhyd., 1.5 equiv)

THF-dg (1 M), 30 °C 84a MeO MeO

Conversion of 83a

1 9 TCA—=

: (H-2)
o <5% conversion
q.)”j\/\-v\ﬁkm_/\& 61% conversion
w_J/M\M 71% conversion
"—JJJ\V\/L/\J\M 80% conversion

)’MMM«_AJ 86% conversion
L=« .

—’/“/J\ML_”\ 92% conversion
o

-« 115 (H-2")
JUL reference spectrum

[re]

Scheme 4.33 Following the fate of catalyst 9 under the conditions of a-benzoyloxylation with
the model substrate 83a by 'HNMR analysis in THF-dg (selected region shows H-2").

These results suggest that at low concentration of the ketone substrate, catalyst decomposition
pathways begin to be operative. The formation of 115 was confirmed by 'H NMR analysis at the
end of the reaction. Presumably, when the primary amine moiety in 9 is covalently bound to the
ketone substrate, it cannot participate in the irreversible rearrangement to 115 even if the
quinuclidine moiety is (reversibly) N-benzoyloxylated. Although detailed interpretation of this
NMR study was not possible due to concurrent formation of various catalytic intermediates as
well as the generation of benzoic acid which formed new salts thus slightly shifting the NMR
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4. Results and Discussion

signals, it raises interesting questions about catalyst stability under the reaction conditions. In
particular, the study suggests that the singly protonated catalyst 9-TCA undergoes
decomposition when none or little of the ketone substrate is left. Recalling the effect of acid co-
catalyst stoichiometry on suppressing the decomposition pathway 9— 1185, the study furthermore
implies that in reactions mediated by the triply protonated catalytic species (e.g. 9:3TCA), the
catalyst should be active even after complete consumption of the ketone substrate. This, in turn,
should have direct consequences on the configurational stability of the products 84, which are
sensitive to racemization. The observation of bis-benzoyloxylated products such as 93a under
standard reaction conditions suggests that catalyst 9 can form a new enamine species B with the
product 84 via the imine intermediate A (Scheme 4.34). Imine A can also isomerize to enamine
C causing racemization of the stereocenter in 84. In contrast, the inactivated catalyst derivative
115 should not result in any racemization of the product 84 since it lacks a primary amine
moiety to form covalent intermediates A-C and/or the quinuclidine group to act as a Brensted

base.

(0]

BzO, OB

iir iir ﬁj e
93a

\§ “NH
%115 racemization i OBz

no racemization

O_'NHQ = catalyst 9

C

Scheme 4.34 Possible racemization and bis-benzoyloxylation of 84a by intact catalyst 9.

Indeed, we had found a direct effect of acid co-catalyst stoichiometry on the enantiomeric
excess of the product 84a in the model reaction of cyclohexanone 83a during optimization (cf.
Section 4.2.1.2), where the best er was consistently obtained with the lower acid co-catalyst
loading of 10 mol% compared to 30-40 mol% (cf. Tables 4.24-4.25). We wondered if this effect
was directly related to catalyst stability which was maintained at high acid co-catalyst loading,
allowing the active catalyst to racemize the newly created stereocenter in the product 84 at the
end of the reaction

In order to test this hypothesis, we stirred the enantioenriched product 84a with the catalytic
salts 9-TCA, 9-3TCA and the inactivated catalyst salt 115-TCA in dioxane at 30 °C in the
absence of benzoyl peroxide. The initial and final enantiomeric excess of the product 84a is

summarized in Table 4.31 for each set of conditions.
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Table 4.31 Testing for racemization of 84a with salts of 9 and 115.

o amine (10 mol%) 9 A/ih NH,
ij,OBZ TCA cat. ij,osz — /N | N
_N
1,4-dioxane (1 M), 30 °C, 24 h

84a 84a MeO
Entry Amine  TCA, mol% ert=0h? er,t=24h? 9
1 9 10 96:4 84:16 0
2 9 30 96:4 76:24 A/QD HNJ\Ph
3 115 10 96:4 95545 =/\"N
4 none 10 96:4 95.6:4.6 N

115 MeO

@ Determined by chiral-phase HPLC.

In accord with our expectations, both salts 9-TCA and 9-3TCA caused racemization of the
product 84a, while the inactivated salt 115-TCA or TCA alone did not change the enantiomeric
excess of 84a after 24 h. Since no erosion of the enantiomeric excess is observed in the o-
benzoyloxylation of ketones 83 under optimized conditions even after 48 h, these results
strongly support a mechanistic scenario in which the salt 9-TCA catalyzes the a-
benzoyloxylation of ketones 83 until nearly complete conversion, after which the decomposition
pathway 9—115 becomes operative. Although irreversibly destroying the catalyst, this
decomposition appears to suppress bis-benzoyloxylation and maintain a high enantiomeric
excess of product 84 by preventing its racemization.

Finally, we wished to determine if the putative N-benzoyloxylation of the quinuclidine
moiety of amine 9 only participates in the decomposition 9—115 or if it also serves as the
source of the benzoyloxy group in the transition state (cf. Scheme 4.31, structure B). Although
the unstable intermediate 116 could not be isolated, kinetic NMR studies shown in Figure 4.21
demonstrated that in the reaction of 9-TCA with benzoyl peroxide, 116 can be intercepted at a
time point between 6 and 9 hours of reaction time. At this time point, all of 9 is consumed and
only the desired compound 116 along with inactive 115 are present. Careful NMR control of
this reaction allowed us to intercept this time point and inject cyclohexanone 83a. Formation of
the product 84a would strongly suggest that the intermediate 116 is catalytically competent,
supporting N-benzoyloxylation of the catalyst in the transition state. However, only traces of
84a could be observed, rendering the results ambiguous. At this point, differentiation of the two
mechanistic scenarios shown in Scheme 4.31 awaits further experimental work (cf. Outlook,

Section 6).
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4.2.2 a-Benzoyloxylation of a-Branched Aldehydes

As discussed in Section 2.3.2, no direct asymmetric o-oxidation methodologies, whether
organocatalytic or metal-based, exist for o-branched aldehydes to date.”” Nevertheless,
activation of a-branched aldehydes has been successfully developed by using primary amine

1641 and by others.**?% *!) In addition, the groups of Maruoka,

catalysts in our laboratories
Hayashi and Tomkinson have shown that simple unbranched aldehydes serve as suitable
substrates for a-benzoyloxylation."'®'?°! Inspired by these considerations and by the excellent
performance of the amine catalyst 9 in the a-benzoyloxylation of cyclic ketones, we sought to

expand the reaction to a-branched aldehydes.

4.2.2.1 Development and Optimization of the Catalytic System

As a model substrate, we chose the commercially available racemic aldehyde 117a and carried
out the benzoyloxylation reaction using the previously established catalytic salt 9-TCA. A slight
excess of anhydrous benzoyl peroxide (1.2 equiv) in THF at room temperature was employed,
and radical inhibitor BHT (85) was added as before to avoid any possible side reactions of
benzoyl radicals. We were pleased to obtain the desired product 118a with an excellent NMR
yield of 90% and full conversion of the starting material after 17 h, albeit in nearly racemic form
(Table 4.32, entry 1). Interestingly, when we excluded the acid co-catalyst, the reaction still
proceeded with complete conversion and the same yield, but a significantly higher
enantioselectivity. It is noteworthy that, in contrast to the ketones 84, products 118 are
configurationally stable, and their enantiomeric excess thus reliably reflects the

enantioselectivity of the catalyst.

Table 4.32 Preliminary results for a-benzoyloxylation of 117a with catalyst 9.

9 (10 mol%), TCA cat.
=0 2 S0
BHT (85, 10 mol%) Me OBz
anhyd. BzOOBz (1.2 equiv)
117a 118a

THF (2 M), rt., 17 h

Entry TCA, mol% Yield? er® ﬁ NH,
1 10 90 51.5:48.5 — N | A
.N
2 0 90 66.5:33.5
MeO
2 Determined by 'H NMR with an internal standard (Ph;CH). 9

b Determined by chiral-phase HPLC after reduction with NaBH,;
118a was found to be unstable under conditions of HPLC.
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Although the results in Table 4.32 suggested that an external acid additive was unnecessary, we
hypothesized that the primary amine-catalyzed benzoyloxylation of a-branched aldehydes still
involves a Bronsted acid in the catalytic cycle, and that this role is fulfilled by the in situ
generated benzoic acid after the first catalytic turnover. Based on these considerations, we
screened several Bronsted acid co-catalysts, including both enantiomers of the chiral phosphoric
acid TRIP in hopes of influencing the enantioselectivity of the reaction (Table 4.33). Although
both the achiral phosphoric acid diphenyl ester (entry 2) and (R)-TRIP (entry 3) resulted in
reduced enantioselectivity of the product 118a, (S)-TRIP appeared to be a “matched”
combination with the catalyst 9 and increased the enantiomeric excess of the product to 70:30 er

(entry 4).

Table 4.33 Effect of the acid co-catalyst in the a-benzoyloxylation of 117a with catalyst 9.

9 (10 mol%)

~o acid (10 mol%) N0
BHT (85, 10 mol%) Me OBz
anhyd. BzOOBz (1.2 equiv)
117a

THF (1 M), r.t, 17 h 118a

Entry Acid Yield? er®
1 none 90 66.5:33.5
2 (PhO),PO,H 93 56:44
3 (R)-TRIP 83 52:48
4 (S)-TRIP 78 70:30
2 Determined by 'H NMR with an internal standard (Ph;CH).

b Determined by chiral-phase HPLC after reduction with NaBH,

Inspired by the recent report of Melchiorre et al. who had shown that the cupreine-derived
catalyst 15 was particularly effective in the y-functionalization of a-branched aldehydes,™ we
also tested this catalyst alone and in combination with both enantiomers of TRIP (Table 4.34).
In the absence of an acid co-catalyst, catalyst 15 proved to be slightly more enantioselective
than 9 under the same reaction conditions (cf. Table 4.33, entry 1). However, unlike with the
catalyst 9, even the “matched” (S)-enantiomer of TRIP failed to improve the enantioselectivity
(entry 2). Employing (R)-TRIP as catalyst resulted in racemic product 118a, in accord with our

earlier observations (entry 3).
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Table 4.34 Evaluation of cupreine-derived catalyst 15 in the a-benzoyloxylation of 117a.

15 (10 mol%)

Xo acid (10 mol%) X0
BHT (85, 10 mol%) Me OBz
anhyd. BzOOBz (1.2 equiv)
117a THF (1 M), rt, 17 h 118a
Entry Acid Yield? er®
4/6\\ NH,
1 none 80 68:32 — N | X
2 (R)-TRIP 93 50:50 N
3 (S)-TRIP 83 63.5:36.5 HO
15

a@ Determined by 'H NMR with an internal standard (Ph3CH).
b Determined by chiral-phase HPLC after reduction with NaBH,

At this point we decided to evaluate other amine catalysts. In particular, we were intrigued if
secondary amines could promote the a-benzoyloxylaton of a-branched aldehydes, even though
this catalyst class has failed in reactions employing nitrosobenzene as the oxidant.”” Table 4.35
summarizes the screen of various common secondary amine catalysts, together with the results

obtained for primary cinchona-derived amines 9 and 15 for comparison.

Table 4.35 Evaluation secondary amine catalysts in the a-benzoyloxylation of 117a.

X0 amine (10 mol%) z 0
Me OBz
BHT (85, 10 mol%)
117a anhyd. BzOOBz (1.2 equiv) 118a
THF (1 M), r.t., 17 h
Entry Amine Time,h  Yield?® er®
NH,
1 - N N R =Me (9) 17 90 66.5:44.5
| _N
2 R =H (15) 17 80 68:32
RO
3 R =H(119) 39 37 20:80
4 R =TMS (18) 17 <5 n.d.

5 [N_>\COOH 1 17 <5 n.d
H

a Determined by 'H NMR with an internal standard (Ph;CH).
b Determined by chiral-phase HPLC after reduction with NaBH,
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Entry Amine Time,h  Yield? er?
Ph
6 N Ph 50 41 49 39:61
H Ph
N,
7 N -z ,N 47 17 33 39:61
H HN-N
8 Q\/N@ 120 17 44 43:57
H

H
9 QVN‘P*‘ 121 17 <5 nd.
H

o o)
=W
10 N N 122 40 80 61:39
HN
o) o)

@ Determined by 'H NMR with an internal standard (Ph3CH).
b Determined by chiral-phase HPLC after reduction with NaBH,

Compared to the primary amines 9 and 15, most secondary amines mediated benzoyloxylation
of 117a with a similar enantioselectivity of approximately 60:40 er, except for prolinol 119
which gave an improved enantiomeric ratio of 80:20 (entry 3). However, the conversion of the
starting material was only modest with all secondary amine catalysts tried (entries 3-9), with a
single exception of the dimeric catalyst 122 (entry 10). The success of 122 which possesses
two secondary amine groups may be attributable to a higher effective catalyst loading
(20 mol%), however.

The low yields observed with secondary amine catalysts likely resulted from their difficulty
in forming covalent enamine intermediates with the sterically hindered a-branched aldehydes. In
addition, as suggested by Maruoka and co-workers, nucleophilic secondary amines can react
with benzoyl peroxide leading to catalyst decomposition, unless flanked by sterically demanding
groups.""® In view of this, we decided to pursue a-benzoyloxylation of a-branched aldehydes
further using primary amine catalysis which furnished the desired products with the best yields.

Given the modest enantioselectivity observed in the a-benzoyloxylation of aldehyde 117a
under various conditions, we turned our attention to the mechanism of the reaction. It is well
known that in reactions operating under enamine catalysis, effective control of enamine

27a, 165]

geometry is crucial for enantioselectivity,! since (£) and (Z) enamine isomers typically

*¥ This catalyst was prepared by G. Bordeau in our group.
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furnish opposite enantiomers of the product. Under thermodynamic conditions of
organocatalysis, substrates with a low steric and/or electronic bias might form equilibrium
mixtures of (£) and (Z) enamine intermediates which are similar in energy. In such situations,
unless one of the enamine isomers reacts at a significantly higher rate, even the most facially
selective catalysts will produce racemic or nearly racemic products. For this reason, nearly all
highly enantioselective methodologies employing enamine catalysis with a-branched aldehydes
rely on sterically biased substrates, such as aliphatic aldehydes bearing a-aryl substituents.’* In
this respect, substrate 117a represents a less biased substrate, as the electronically and sterically

similar a-methyl substituent and the methylene group of the main chain likely result in £ and Z

enamine intermediates B and C having very similar energies (Scheme 4.35).

o
E_ D | Bzoosz
117a = N - 5

118a
H HX HX B

Q

\

Y '
T > BzOOBz X Yo
_— BzO Me
A CH3
C ent-118a
O_NH2 = catalyst 9 B and C likely similar in energy (arbitrary stereochemical assignment)

Scheme 4.35 Mechanistic considerations with the sterically unbiased substrate 117a.

Thus, in order to test the true enantioselectivity of cinchona-derived primary amine catalysts in
the a-benzoyloxylation of a-branched aldehydes, we decided to evaluate a more sterically biased
2-phenyl acetaldehyde 117b (Table 4.36). Gratifyingly, in the absence of an acid co-catalyst
both quinine-derived catalyst 9 (entry 1) and cupreine-derived catalyst 15 (entry 2) catalyzed the
formation of the corresponding product 118b with complete conversion and an excellent NMR
yield. In accordance with our expectations, the product 118b was also obtained with higher
enantioselectivity compared to 118a using either catalyst, whereby amines 9 and 15 gave very
similar results. The absolute (R)-configuration of the product 118b was established by

[166]

comparison of the optical rotation with the literature value after global reduction to 2-

phenylpropane-1,2-diol with LiAIH4,

120



4. Results and Discussion

Table 4.36 a-Benzoyloxylation of sterically biased substrate 117b with catalysts 9 and 15.

catalyst (10 mol%) ©Y\
AN N
o BHT (85, 10 mol%) °

Me ”OBZ
anhyd. BzOOBz (1.2 equiv)

117b THF @2 M), r.t, 17 h 118b
Entry Catalyst Yield? er?

1 9 95 74:26

2 15 95 76:24

2 Determined by 'H NMR with an internal standard (Ph;CH).
b Determined by chiral-phase HPLC after reduction with NaBH,4

We also followed the conversion of the aldehyde 117b over time with the catalyst 9 using
'H NMR spectroscopy. Plotting the results, we obtained a sigmoidal curve characteristic to
autocatalytic reactions, which contained an initial lag period until approximately 20%

conversion of the starting material (Figure 4.24).

100 4

L ]
L ]
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70 -
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30 -
lag period 9 (10 mol%) ©Y\
_______________ X - N0 +BzOH
20 1 O BHT (85,10 mol%) o

Me OBz
BzOOBz (1.2 equiv)

101 117b THF (2 M), r.t, 17 h 118b
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Time, h

Figure 4.24 a-Benzoyloxylation of 117b with catalyst 9: a plot of conversion over time showing
a sigmoidal graph with a lag period, typical for autocatalytic reactions.

This autocatalytic behaviour strongly supports our hypothesis on the role of benzoic acid which
builds up in the reaction and participates in catalysis. In particular, at 20% conversion, 20 mol%

of benzoic are generated, which might form a more active catalyst salt 9-2BzOH.
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4.2.2.2 Preliminary Reaction Scope and Discussion

Since this kinetic study shown in Figure 4.24 confirmed that one or several molecules of acid
participate in the catalytic cycle of the reaction, we were encouraged to further test chiral
Bronsted acid additives to improve the enantioselectivity of the process. In addition, the results
obtained with 117b pointed out the influence of the substrate’s steric bias on the
enantioselectivity of the reaction. To understand the relative influence of these factors, we
decided to perform a comprehensive analysis of various substrates, screening them against
different acid co-catalysts and amine catalysts 9 and 15. The required starting materials 117c-e

were prepared using standard chemical transformations (Scheme 4.36).

HO™ " OH BnBr.Ag0 _ Bno” >y oH

Me CH,Cl,, 2 d, 25% Me

123 124a _‘ Swern oxidation RO/\§/§O

Me
NaH, TBSCI
HO/\AOH THE : TBSO/\;AOH R = OBn (117c), 93%
Me , 45 min, quant. Me R = OTBS (117d): 69%
123 124b

OH

DIBAL H TBDPSCI TBDPSO o
CHzCIZ, 78 °C 0] imidazole, DMF, 20 h \/\f
57% (2 steps)
126 117e

Scheme 4.36 Synthesis of the starting materials 117¢-e.

We chose to synthesize aldehydes containing a protected alcohol functionality in the main chain
to create an electronic bias in the substrate, as well as a basic site, which might serve as a
coordination point in the catalytic assembly. Effectively, we wished to mimic the epoxidation
intermediates A derived from a-substituted acroleins 66 (Scheme 4.37) which contain two
oxygen molecules in the - and y-positions, and which were found to undergo enamine-

catalyzed ring-closure with remarkable enantioselectivity (cf. Section 4.1.5.3).

0 HNSO 0 HND HN/O
R/W“)‘\H —> R /w . R/EikH 7 —= R/\f - P
06 A 97 67 0
O‘NHz = catalyst 9 H’O 98:2-99:1 er A or

Scheme 4.37 Mechanistic rationale for the design of substrates 117c-e.
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A screening matrix using substrates 117a-e, amine catalysts 9 and 15 and different chiral is
summarized in Table 4.37.

Table 4.37 Evaluation of various substrates 117 in the a-benzoyloxylation with catalysts 9 and
15 and various acid co-catalysts.

amine (10 mol%)
RE/QO acid (10 mol%) R)/\o
Me OBz

BHT (85, 10 mol%)
117 BzOOBz (1.2 equiv) 118
THF (1 M), rt., 17 h
Amine Acid co-catalyst
Entrya Substrate Catalyst none (R)_TRIP (S)_TRIP (_)_CSA
N 9 66.5:33.5 er 52:48 er 70:30 er )
mo 90% yield 83% yield 78% yield
! Bu
117a 15 68:32 er 50:50 er 63.5:36.5 er )
80% yield 59% yield 30% yield
9 74:26 er 42:58 er 84:16 er 80:20 er
2 X0 95% yield 95% yield 95% yield 95% yield
76:24 er 15:85 er 82:18 er
117b 15 95% yield 95% yield 95% yield )
BnO“{*o 78:22 er 70:30 er .
3 9 76% + 9% 127  50% + 46% 127 S .
117c
4 TBSO/\{\O 9 82:18 er 57.5:42.5 er 90:10 er )
88% +12% 127  43% +57% 127  72% + 28% 127
117d
SO 9 72:28 er 39.5:60.5 er 88:12 er 67.5:32.5 er
5 T1BDP \/\?o 63% yield 75% yield 90% yield  95% yield
117e 15 76:24 er 23:77 er 84:16 er )
95% yield 85% yield 90% yield

2 Yields of products 118 were determined by "H NMR with an internal standard (Ph3CH), and er values were
determined by chiral-phase HPLC after reduction with NaBH,.

123

O
SO4H

(-)-CSA

\‘/*o
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i
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In accord with our expectations, all sterically and/or electronically biased substrates 117b-e
afforded the corresponding products with a higher enantioselectivity than the model substrate
117a in the absence of an acid co-catalyst (entries 1-5, column 1). Unfortunately, both substrates
117¢ (entry 3) and 117d (entry 4) proved to be liable to elimination of the protected B-hydroxy
substituent, leading to the formation of methacrylic aldehyde 127 in various amounts.
Presumably, this formal retro-oxa-Michael reaction was promoted by enamine catalysis with

further activation of the leaving group by the acid co-catalyst (Scheme 4.38).

o HNSO H‘,t,/o
Me hydrolysis
catalyst9 e /‘) Me | ydroly Me |
OR HX ;
GOR
R = OBn (117¢) by HOR 127

R = OTBS (117d)

Scheme 4.38 A likely mechanism for the formation of methacrylic aldehyde 127 from 117¢-d.

Brensted acid co-catalyst (R)-TRIP in combination with amine 9 proved to be a “mismatch” for
all substrates, resulting in erosion of the product’s enantiomeric excess, presumably due to the
conflicting sense of selectivity of the two chiral catalysts (column 2). Surprisingly, however,
(R)-TRIP used in combination with 15 was quite enantioselective with the substrate 117b (entry
2), furnishing the opposite enantiomer of the product 118b with an er of 85:15. Gratifyingly,
employing (S)-TRIP as the acid co-catalyst improved the enantioselectivity of all reactions.
Interestingly, the amount of the elimination product 127 observed with substrate 117¢ (entry 3)
strongly depended on which enantiomer of the acid co-catalyst TRIP was employed. In the
“mismatched” case with (R)-TRIP, the elimination side product 127 amounted to 46% of the
total yield, whereas with (S)-TRIP, 127 was the only product of the reaction (92% yield). These
results are in agreement with our hypothesis that the oxygen moiety in the substrate serves as a
coordination site in the catalyst assembly, which leads to both the desired reaction pathway
forming a-benzoyloxylated product 118 and the undesired elimination leading to side product
127.

Using the best catalyst salt 9-(S)-TRIP, we performed the a-benzoyloxylation reaction on
selected substrates on a preparative scale (0.4 mmol). Table 4.38 shows the isolated yields and
enantioselectivities of the products 118b,d-e. Although still preliminary, these results suggest
that the primary amine catalysis holds significant promise for a-benzoyloxylation of a-branched
aldehydes. Both aromatic (entries 1-2) and aliphatic (entries 3-4) substrates could be converted

to the corresponding products with good yields and useful enantioselectivities at the newly
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created quaternary stereocenter. Importantly, the opposite enantiomer of 117b could be accessed
using the cupreine derivative 15 and (R)-TRIP, although the generality of this system has yet to

be tested on other substrates.

Table 4.38 Preliminary scope of a-benzoyloxylation of a-branched aldehydes 117 with the
catalyst salt 9-(S)-TRIP.

9 (10 mol%)
R\g/%o (S)-TRIP (10 mol%) Rﬁo
BHT (85, 10 mol%) Me OBz

117 anhyd. BzZOOBz (1.2 equiv) 118
THF (1 M), r.t., 17 h

Entry@ Substrate Product® Yield,%¢ erd

/i

1 117b o 83 85.5:14.5
Me OBz

2 117b S 76 88:12
X Yo
Mé OBz

3 117d TBSO™ 2 ™0 57f 91.5:85
Me OBz
TBDPSO S

4 17e 7 N0 90 88:12
Me OBz

a Reactions performed on 0.4 mmol scale. P The absolute configuration of 118 was assigned
by comparison of the optical rotation with the literature values or by analogy (see Chapter 7
for details). ° Isolated yield. ¢ Determined by chiral-phase HPLC after reduction with NaBH,.
© Using catalyst 15 and (R)-TRIP as co-catalyst. f Side product 127 observed.

4.2.3 a-Benzoyloxylation of a-Branched Enals

In parallel with our investigations on the a-benzoyloxylation of a-branched aldehydes via
enamine catalysis, we also explored a related transformation of a,f-unsaturated o-branched
aldehydes via dienamine catalysis. We have already shown that enals 53 and 66 readily
condense with the catalyst 9 to form iminium species A (Scheme 4.39) which act as substrates
for Weitz-Scheffer epoxidation with nucleophilic hydrogen peroxide (cf. Section 4.1). In the
presence of electrophilic benzoyl peroxide, such an iminium species cannot participate in any
productive reaction pathways; however, it can isomerize to a dienamine B and as such react with

benzoyl peroxide as a nucleophile. Since dienamines have two potential sites of reactivity, the
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4. Results and Discussion

benzoyloxylation could occur at either a- or y-position of the nucleophile, or give a mixture of
both. Although dienamine catalysis has been increasingly explored in recent years, analysis of
the literature gives no hints at the precise factors which govern a/y selectivity, making

predictions difficult (cf. Section 2.1.3.4).

9 O= OBz
aVE q Ej a-product
.0 N, NH

W) a

catalyst 9 HX 128
—  — BzOOBz
O
HX 7
53b A X B y-product
(arbitrary enamine OBz
geometry)

129

Scheme 4.39 Benzoyloxylation of enal 53b via dienamine catalysis.

4.2.3.1 Development and Optimization of the Catalytic System

As a model substrate, we chose the cyclic enal 53b, which was reported by Melchiorre et al.*>®

to undergo selective y-amination via dienamine catalysis.™ In order to identify a suitable
catalytic system, we screened various amine catalysts at 10 mol% loading together with
different acid co-catalysts (Table 4.39). The model substrate 53b was used with a slight excess
of anhydrous benzoyl peroxide (1.5 equiv) in THF at 1 M concentration and room temperature,
in the presence of the radical inhibitor BHT (85). Carrying out the reaction with the achiral
amine catalyst meso-8 and an equal amount (10 mol%) of Brensted acid TCA (entry 1) afforded
a mixture a and y products in a modest yield, favouring the o-product with a 84:16 ratio.
Excluding the acid co-catalyst (entry 2) shut down the reaction, presumably because the acid is
required to catalyze iminium-dienamine isomerization shown in Scheme 4.40 (vide supra).
Employing the chiral version of the catalyst (R,R)-8 with TCA gave the product in a similar
yield and a slightly lower o/y ratio, and only very low enantioselectivity (entry 3). Pairing this
catalyst with the chiral phosphoric acid TRIP failed to improve the enantioselectivity, although
opposite enantiomers of the major product 128b were observed with (R)- and (S)-TRIP (entries
4-5). When we used the cupreine-derived catalyst 15 together with 30 mol% TCA, both the a/y
ratio and the enantiomer excess of the product 128b were improved (entry 6). Unfortunately,

pairing the catalyst with either enantiomer of the BINOL-derived chiral phosphoric acid 63a

* Our subsequent characterization of the product revealed it to be misassigned, and showed that a-aminated
compound is actually formed (cf. Section 2.1.2.4, Scheme 2.15 and Section 7.4).
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resulted in decreased enantioselectivity and o/y ratios (entries 7-8). The highest a/y selectivity
and enantioselectivity were once again obtained with the quinine-derived catalyst 9 and TCA as
the acid co-catalyst (entry 9). Excluding the acid from this reaction resulted in no conversion of

the starting material (entry 10).

Table 4.39 Identification of a suitable catalytic system for the benzoyloxylation of 53b.

CHO amine (10 mol%) OHC OBz CHO
@ acid cat. ij @
+
anhyd. BzZOOBz (1.5 equiv) OBz
53b BHT (85, 10 mol%), THF (1 M), r.t., 18 h 128b 129
Entry Amine Acid mol% 128:129  vyield (128), %® er (128)°
1 meso-8 TCA 10 86:14 54 -
2 meso-8 none 0 - 0 -
3 (R,R)-8 TCA 10 80:20 45 54:46
4 (R,R)-8 (R)-TRIP 10 80:20 37 43:57
5 (R,R)-8 (S)-TRIP 10 76:24 33 54:46
6 15 TCA 30 89:11 68 63:37
7 15 (R)-63a 20 85:15 60 56:44
8 15 (S)-63a 20 85:15 57 50:50
9 9 TCA 30 89:11 74 76:24
10 9 none 0 - 0 -

a Determined by "H NMR with an internal standard (Ph3CH). ° Determined by chiral-phase HPLC.

NH NH,
Ph Ph
— 0.0 = N Ny, —/\N AN

H,N  NH, | | _N

O’ \OH N
(R,R)-8 OO 63a 9 MeO 15 HO

Encouraged by the result with the catalyst 9, we tested it with various achiral and chiral
Bronsted acid co-catalysts of different strengths. Table 4.40 shows the results which are
arranged from the highest to the lowest pKa value of the tested acid. Weak acids (entries 1-3)
gave only traces of the desired product, and a very strong acid pTSA (entry 12) afforded the
product as a racemate with only a modest yield. Better results could be observed with acids of
medium strength (entries 4-11). Although chiral Brensted acids including Mosher’s acid 100
(entry 5) and (R)-TRIP (entry 8) catalyzed the reaction with an improved enantioselectivity for
the major product 128b, the yield and a/y selectivity were only moderate. The original catalyst

salt 9-3TCA remained to be optimal in terms of activity and regioselectivity.
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Table 4.40 Evaluation of various Brensted acid co-catalysts with amine catalyst 9 in the
benzoyloxylation of 53b.

CHO 9 (10 mol%) OHC OBz CHO
acid cat. ij
+
anhyd. BzOOBz (1.5 equiv) OBz
gap  BHT (85,10 mol%), THF (1 M), rt, 18 h 128b 1296
Entry Acid mol% 128:129 yield (128), %2 er (128)°
1 PhCO,H 30 - 0 -
2 (S)-131 30 - <10 64.5:35.5
3 132 10 - <10 -
4 133 30 89:11 39 62:38
5 100 20 85:15 21 80.5:19.5
oKa 6 (PhO),PO,H 30 86:14 76 50:50
7 (S)-TRIP 20 79:21 41 62:38
8 (R)-TRIP 20 71:29 31 17:83
9 (+)-CSA 20 87:13 58 65.5:34.5
10 TCA 30 89:11 74 76:24
11 TFA 30 88:12 59 63:37
| 12 pTSA 30 86:14 33 50:50

& Determined by "H NMR with an internal standard (PhsCH). ® Determined by chiral-phase HPLC.

Me CF;

©/<COOH

we decided to evaluate it more thoroughly using a

[126]

Recognizing an effect of the acid pKa,
range of achiral carboxylic acids as co-catalysts (Table 4.41). Indeed, a clear trend could be
observed with respect to the enantioselectivity of the major product 128b, which peaked at
pKa=1.2-1.6, albeit the yields were generally only modest (entries 3-6). The highest
enantioselectivity and regioselectivity was obtained when using dibromoacetic acid (pKa = 1.47,
entry 4). Interestingly, tribromoacetic acid gave no conversion of the product and discolouration

of the reaction medium, suggesting its decomposition into Br, under the reaction conditions

(entry 8).
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Table 4.41 Examining the effect of Bronsted acid pKal'**!

amine catalyst 9.

in the benzoyloxylation of 53b with
CHO 9 (10 mol%) OHC_OBz CHO

acid (30 mol%) ij @\
+
anhyd. BzOOBz (1.5 equiv) OBz

BHT (85, 10 mol%), THF (1 M), r.t, 18 h

53b 128b 129b

Entry Acid pKa?® 128:129 yield (128), %° er (128)°
1 PhCO,H 4.19 - 0 -
2 Ph3CCO,H 4.07 - 2 -
3 CgF5sCO,H 1.60 90:10 28 78:22
4 CHBr,CO,H 1.47 90:10 37 84:16
5 CHCI,CO,H 1.29 88:12 42 79:21 pha=12-16
6 CHF,CO,H 1.24 88:12 22 78.5:21.5
7 HO,C-CO,H 1.23 82:18 29 65.5:34.5
8d CBr;CO3H 0.66 - 0 N
9 CCIzCO,H 0.65 89:11 74 76:24
10 CF3CO,H -0.25 88:12 59 63:37

@ See reference in text. ® Determined by '"H NMR with an internal standard (Ph3CH).®
Determined by chiral-phase HPLC. 9 Discolouration of reaction medium (evolution of Bry)
observed.

At this point we also tested the acyclic enal 53¢ and enone 134 for reactivity using the most
reactive catalyst salt 9-3TCA (Scheme 4.40). While the enal 53¢ underwent the desired reaction
with a good yield and a very similar enantio- and regioselectivity as its cyclic counterpart 53b,
enone 134 proved to be inert to the reaction conditions, and only starting material was recovered

after 18 hours of reaction time.

9 (10 mol%) o

Q TCA (30 mol%)
\/\HLH \/%H (a)
anhyd. BzOOBz (1.5 equiv) BzO
53c
0}
/%)I\/

BHT (85, 10 mol%)
THF (1M), rt., 18 h 128¢
74%,76.5:23.5 er
oy >90:10

9 (10 mol%) (0]

TCA (30 mol%) /%/ (b)
BzO

anhyd. BzOOBz (1.5 equiv)

BHT (85, 1 19
THF ((1M) ?_{nﬁsﬁz only 134 recovered

134

Scheme 4.40 Benzoyloxylation of linear enal 53¢ (a) and enone 134 (b) with amine catalyst 9.
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4.2.3.2 Investigations on o/y Selectivity

Since the majority of the reported dienamine-catalyzed reactions do not form a quaternary
stereocenter if a choice between a and y-substitution allows it (cf. Section 2.1.3.4), we were
intrigued by the unusually high a-selectivity observed in the benzoyloxylation of a-branched
enals which leads to the formation of a quaternary stereocenter. Wishing to rationalize this
behaviour, we briefly tested other electrophiles with the cyclic substrate S3b using quinine-
derived primary amine catalyst 9 and achiral primary diamine catalyst meso-8. Electrophilic
chlorination with NCS (Scheme 4.41 (a)) and fluorination with NFSI (Scheme 4.41 (b)) were
tried.

CHO catalyst (10 mol%) OHC CI CHO

CA 30 O :o catalys a Y
‘ICS 5 equ €so 8 56:4 (a)
( V) O

THF (1M), r.t, 18 h
53b 135 136

CHO catalyst (10 mol% OHC F
e ° catalyst oy er(137)

TCA (30 mol%)
_ 0 meso-8 90:10 (b)
NFSI (1.5 equiv)

THF (1M), r.t., 18 h 9 86:14 58:42
(1M) 137 (major prd)

Ph Ph ﬁ NH2 ¢l 0.2 20
H =/ N N O N 20 SN

N NH, [~ 7 PRI Ph

meso-8 9 MeO NCS NFSI

53b

Scheme 4.41 Electrophilic chlorination (a) and fluorination (b) of enal 53¢ with amine catalysts
meso-8 and 9.

Interestingly, opposite results were obtained in the chlorination reaction of 53b using the
cinchona amine 9 which exceptionally favoured y-substitution (product 136), and diamine meso-

XVi

8 which slightly favoured a-substitution™" (product 135). More consistent results were obtained
with the fluorination of 53b where both catalysts preferred a-substitution forming a quaternary
stereocenter (product 137). Chiral catalyst 9 promoted the formation of 137 with low
enantioselectivity. These results imply that a/y selectivity of dienamine-catalyzed reactions is
not inherent to the catalyst structure, but strongly depends on the reaction and the electrophile

used.

i Although y-substituted products of chlorination and fluorination were stable to chromatography, attempts at
purifying the a-products 135 and 137 by silica gel chromatography consistently resulted in product decomposition.
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We also wished to revisit the y-amination of 53b reported by Melchiorre and colleagues,*

in which the y-selectivity was in stark contrast to our results with benzoyloxylation, despite very
similar catalyst systems and electrophiles employed (Scheme 4.42, (a)). When we repeated the
reaction, we could reproduce the yield and enantiomeric ratio of the product which was formed
with very high selectivity. However, the reported structure of the product was found to be
erroneous. Indeed, 2D-NMR spectroscopy and X-ray analysis allowed us to unambiguously
establish that the product of a-amination was formed in the reaction (structure 20, Scheme 4.42,
(b), cf. Chapter 7 for experimental details). Interestingly, although the a-selectivity was
confirmed to be consistent in both amination and benzoyloxylation of enals 53b, the former
reaction furnished the product with a much higher enantioselectivity. Presumably, the greater
steric bulk of the aminating reagent compared to benzoyl peroxide is responsible to higher

enantiocontrol.

Reported results

|/N

JCB NH, CHO CHO
N X 13 + 1.5 TFA (20 mol%)
.NHBoc

BocN=NBoc

CHCl,, 48h Boc
13 MeO 53c 3 19

100% y-selective
78% yield, 99.5:0.5 er

Our results
CHO OHC NBoc-NHBoc
13+1.5 TFA (20 mol%) X
(b)
BocN=NBoc
CHClI3, 48 h 20
53c 100% a-selective

L X-ray

94% conv, 99:1 er

Scheme 4.42 Selectivity in the amination of enal 53b as reported>® (a), and after reassignment
by us (b). X-ray: red = oxygen, blue = nitrogen, grey = carbon, white = hydrogen.

131



5. Summary

5. SUMMARY

Given the enormous importance of oxidative transformations in organic synthesis, an active
research program in our laboratory is aimed at the development of organocatalytic approaches to
asymmetric oxidation reactions. This Ph.D. thesis describes the development of highly
enantioselective procedures for catalytic epoxidation of a-branched o,B-unsaturated aldehydes
and a-benzoyloxylation of cyclic ketones. Both methodologies employ catalytic salts of 9-
amino(9-deoxy)epiquinine 9 derived in a single-pot operation from the abundant cinchona
alkaloid quinine, and inexpensive and environmentally benign oxidants.

Prior to this work, no general asymmetric methodologies existed for the epoxidation -
branched enals, whether organocatalytic or metal-based (cf. Section 2.2.4). The difficulties in
the activation of the aldehyde moiety by metals, and the general inability of classically used
secondary aminocatalysts to activate hindered a-branched unsaturated aldehydes resulted in this
substrate being virtually unexplored for enantioselective epoxidation. Indeed, multistep
approaches with reduced step, atom and redox economy had to be employed to access the
corresponding a-branched a,B-epoxyaldehydes. Yet these structures serve as some of the most
frequently employed synthons in total synthesis and other transformations (cf. Section 2.2.5). A
growing body literature from our and other laboratories indicated that primary amine catalysts
can often overcome the challenges of activating sterically hindered substrates (cf. Section
2.1.3.2). With these considerations in mind, and drawing on the results from our laboratory on

the epoxidation of various a,B-unsaturated ketones!®% 32!

we hypothesized that the primary amine
9 could serve as a suitable catalytic platform for the epoxidation of a-branched enals.

Focusing on the epoxidation of a,B-disubstituted enals 53 first, we discovered that catalytic
salts of the primary amine 9 with the axially chiral BINOL-derived phosphoric acid (R)-BIPP
(63a) promoted the epoxidation with outstanding enantioselectivity, and good to excellent
diastereoselectivity and yields for a variety of linear and cyclic enals 53 (Scheme 5.1, (a)). Z-
configured enals were found to undergo the epoxidation with partial diastereoconvergence,
giving the same major product as the E-configured enals albeit with reduced stereoselectivity
and yield (cf. Section 4.1.5.2). Expanding the reaction scope to a-branched acroleins 66 in
which the enantiodiscriminating step operates under a different mechanistic regime (cf. Section
4.1.4), we found that a slightly different catalytic salt consisting of 9 and the bulkier phosphoric
acid (R)-TRIP (3) mediated the reaction with excellent enantioselectivity and good yields
(Scheme 5.1, (b)). In addition, a highly efficient kinetic resolution could be applied to the B’-
substituted substrate rac-66e (cf. Section 4.1.5.3).
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R1
R2

R',R? =

R =

Alk, Ph
Alk, Ph
-(CH2)4)
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Scheme 5.1 Catalytic

0
9 (10 mol%), (R)-BIPP (63c, 20 mol%) /\O)L 4377%
R ™" "H AAOT-
H,0, (50 wt. %, 5 equiv) R2 5965.454;397.,13 dr
THF (0.125 M), 50 °C, 24 h :5-99:1 er
54
0]
9 (10 mol%), (R)-TRIP (3, 20 mol%) /\ej\ 20.84%
RO X H 5.09-
H,0, (50 wt. %, 5 equiv) %9 98:2-99:1 er
THF (0.125 M), 50 °C, 24 h o7
o
P’/O o
o< il H
Ar
rac-66e

achieved in this work.

Ar = 2,4,6-PryCgH,: 3

Ar = Ph: 63c

asymmetric epoxidation of o-branched o,B-unsaturated aldehydes

Mechanistic studies aimed at elucidation of the catalytic intermediates and the rationalization of

the absolute stereochemistry (in the epoxidation of enals 53) were also carried out. During the

course of these investigations, an in sifu catalyst oxidation pathway, first identified by C.

Reisinger in our group, was clarified. This pathway, which is common to all reactions catalyzed

by 9 in the presence of hydrogen peroxide, was found to selectively generate N-oxide 78 under

the reaction conditions. Compound 78 was found to be inactive as an oxygen transfer reagent (cf.

Section 4.1.6.1), but a very powerful catalyst in the epoxidation of three different substrate

classes, comparable to the unmodified amine 9 (Scheme 5.2).

o @)
n_CeHBAl)J\

76

0]

n-CeH4 3/\)1\

75

74%, 96.5:3.5 er

Scheme 5.2 Product of in situ catalyst oxidation 78 and its catalytic competence.
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The fact that N-oxidation of the catalyst’s quinuclidine moiety does not appear to disrupt the
formation of a highly organized transition state in all of the epoxidation reactions raises
interesting mechanistic questions and encourages further studies.

Preliminary investigations aimed at catalyst recycling indicate that N-oxide 78 can be cleanly
reduced back to 9, albeit in a modest yield (56%). Although this reaction was not yet optimized,
we anticipate that an efficient process can be developed through minor adjustment of the
reaction conditions.

Finally, we performed extensive NMR studies on the catalytically relevant imine salts
[80+H] X to rationalize the absolute configuration imparted to products 54 by the salts of
catalyst 9. These investigations clearly identified the ground state conformation of the iminium
[80+H]", which was found to be rigidified by an intramolecular hydrogen bridge (Figure 5.1).
The counteranion was also found to be of critical importance for stereoselectivity but not yield,
and determined to exist in a close albeit non-specific association with the iminium cation.
Computational studies generated a model of the iminium cation with excellent agreement to the
NMR data. Based on these ground-state conformational studies and experimental data, we
propose an enantioselectivity model where the dynamic quinoline moiety of the amine catalyst 9
acts to shield the re-(B) face of the substrate, while the large and/or chiral counteranion from the
Brensted acid co-catalyst reinforces this facial selectivity by coordinating to the small hydrogen
peroxide nucleophile, and by acting as a proton acceptor in the transition state (Figure 5.1).

H si-(B)face
o~ attack

H
|\ H H\O
b | _
(0] T O\H//X
re-(B) face
H attack L _

[80+H]*

Figure 5.1 Proposed origin of facial selectivity and transition state in the epoxidation of enals
53.

Similar studies on the epoxidation of acroleins 66 were not performed since the
enantiodiscriminating step of the reaction presumably involves a very short-lived hydroperoxy

enamine adduct 82 (Figure 5.2, E/Z geometry not determined). The leaving group is likely
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activated by the Bronsted acid co-catalyst in the transition state,”*! as shown in the two possible

structures 82.

OH =N
R o~
/Tﬁﬁl 4% W (0]
A/ib HN X or — +r\{l\ RYJ\H
= N ~ | H“O\HN \
N O 66

MeO 82 —

Figure 5.2 Putative catalytic intermediate involved in the enantiodiscriminating step of
epoxidation of a-branched acroleins 66 (enamine geometry undetermined).

Encouraged by the excellent reactivity and enantioselectivity of 9-amino(9-deoxy)epiquinine 9
in the epoxidation of sterically demanding substrates, we decided to explore this catalyst in
other oxidative transformations. As a consequence, we have developed an efficient,
operationally simple and highly enantioselective methodology for the a-benzoyloxylation of
cyclic ketones using a trichloroacetic acid salt of 9 as the catalyst, and anhydrous benzoyl
peroxide as the inexpensive and easy-to-handle oxidant. Our approach took inspiration from the
catalytic asymmetric a-benzoyloxylation methodologies for simple unbranched aldehydes using

81200 The high reactivity of benzoyl peroxide

secondary amine catalysts (cf. Section 2.3.2.1) [
with secondary amines posed a unique challenge in catalyst design, and in all of the reports
bulky groups were included around the reactive nitrogen centre to prevent catalyst
decomposition. Although ensuring catalyst stability, this steric bulk inadvertently limited the
substrate scope to unencumbered and highly reactive substrates. Indeed, ketones and a-branched
aldehydes were not amenable to the developed a-benzoyloxylation methodologies, presumably
due to difficulties of the catalysts in forming congested covalent intermediates. Alternative
oxidation strategies using nitrosobenzene suffered from poor O/N chemoselectivity, and/or the
need for a large excess of the carbonyl substrate.”” Our studies on the cinchona alkaloid-

(82,91, 136] 4 dentified this

derived primary amine catalysts for organocatalytic epoxidation reactions
catalyst class as not only active with hindered substrates but also stable to oxidation, and
encouraged us to test it in the a-benzoyloxylation reactions.

Over the course of our investigations, we discovered that the catalyst salt 9-TCA promotes
the a-benzoyloxylation of cyclic ketones 83 with excellent enantioselectivity and good yields
(Scheme 5.3, (a)). An excess of water in the reaction was determined to be deleterious to

conversion, and anhydrous benzoyl peroxide was identified as the optimal oxidant. A range of

functional groups, pre-existing stereocenters and ring sizes in ketones 83 could be tolerated. In
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addition, the reaction was found to be amenable to large-scale synthesis without any loss in
yield or enantioselectivity, and could be carried out in the industrially valuable solvent 2-
methyltetrahydrofuran. A concise, enantioselective synthesis of putative natural products (+)-
2PB,4-dihydroxy-1,8-cineole 108 and 2,4-dihydroxy-1,4-cineole 114!"°% could be carried out by

using the developed a-benzoyloxylation as the key enantioselective step (Scheme 5.3, (b)).

o 9 (10 mol%) o
TCA (10 mol%) OB
. BHT (85,10 mol%) < @/ z 45-78% @
T . N 92:8-98:2 er a
N BzOOBz (anhyd., 1.5 equiv) (>99.5:0.5 er after recryst.)
1,4-dioxane (1 M), 30 °C, 24 h n
83 84
n=1-3
(0]
o) (0]
OBz OH OH
T and H (b)
H
HO OH
(+)-108 (+)114
84e

Scheme 5.3 Scope of the a-benzoyloxylation of cyclic ketones 83 (a), and synthesis of putative
natural products 108 and 114 using a-benzoyloxylation as the key step (b).

Mechanistic studies revealed that the optimal catalyst salt 9-TCA undergoes decomposition in
the absence of a ketone substrate by a reaction with benzoyl peroxide. Observation of an
unstable intermediate by NMR suggested that this decomposition occurs by an initial N-
benzoyloxylation of the quinuclidine moiety (putative intermediate 116) followed by an
intramolecular rearrangement (Scheme 5.4). Triply protonated species [9-3TCA] was found to

be resistant to this process.

NH, « TCA
BzOOBz
— N A

| (1.5 equiv)
N —
THF, 30 °C, 24 h
MeO - BzO"
9 116 (putative) 115 (fully characterized)

Scheme 5.4 Decomposition of catalyst salt 9-TCA by benzoyl peroxide in the absence of the
ketone substrate.
Based on these observations, similar N-benzoyloxylation of the catalytically relevant enamine

intermediate cannot be excluded as a mechanistic scenario, which promotes o-benzoyloxylation
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of ketones by an intramolecular rearrangement (Figure 5.3, (a)). Indeed, extensive catalyst
decomposition 9-TCA—115 was found to occur either in the absence of a ketone substrate or at
the end of the benzoyloxylation reaction with ketone 83a, i.e. when the concentration of ketone
83a is low. At high ketone concentration, the desired a-benzoyloxylation was the only
productive pathway, even though facile quinuclidine N-benzoyloxylation would still be
expected. No conclusive experimental support could be obtained for this hypothesis, however,
making further mechanistic studies necessary. An alternative, intermolecular mechanistic

scenario is equally likely (Figure 5.3, (b)).

N . 'N/
_ =N X N\ // | \
X \ / +N — N 4
NN = 0y OMe @ O H (NH Ol ®
N OMe
O NH, o:< L ( Y F%W
o=+~ ph” R % B
Ph R2 R
o) Ph
without ketone with ketone (no direct evidence)

Figure 5.3 Possible mechanistic scenarios of the a-benzoyloxylation of ketones via an
intramolecular rearrangement (a), and an intermolecular substitution reaction (b).

Preliminary studies aimed at expanding the a-benzoyloxylation protocol to a-branched
aldehydes revealed that the catalyst 9 paired with the chiral phosphoric acid (S)-TRIP could
mediate the reaction with excellent yields and useful enantioselectivities up to 91.5:8.5 er for a

range of aromatic and aliphatic aldehydes 117 (Scheme 5.5).

9 (10 mol%) .
R S)-TRIP (10 mol%
\{%0 O)FTRIP o 7. o 57-90%
R = Ar, Alk BHT (85, 10 mol%) Me OBz 85.5:14.5-91.5:8.5 er
117 anhyd. BzOOBz (1.2 equiv) 118

THF (0.5 M), r.t, 17 h

Scheme 5.5 Preliminary scope of the a-benzoyloxylation of a-branched aldehydes 117.

Finally, the a-benzoyloxylation method was also extended to a-branched enals 53 by invoking
dienamine catalysis. The desired transformation was shown to occur with good yields and
promising enantioselectivity for both cyclic and linear substrates (Scheme 5.6). High o-
regioselectivity favouring the formation of quaternary stereocenters was observed, which

represents an unusual case of reactivity in dienamine catalysis (cf. Section 2.1.3.4).
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CHO 9 (10 mol%) OHC OBz
Br,CHCO,H (30 mol%) 37%, 84:16 er (@)
anhyd. BzOOBz (1.5 equiv) a:y = 90:10
536 BHT (85, 10 mol%), THF (1 M), r.t., 18 h 1286

9 (10 mol%) o

M TCA (30 mol%) \/%( 73%, 76.5:23.5 er
anhyd. BzZOOBz (1.5 equiv) BzO @y 9010 ®)

0,
53 BHT (85, 10 mol%), THF (1M), r.t., 18 h 128¢

Scheme 5.6 Preliminary results for the a-benzoyloxylation of the cyclic a-branched enal 53b (a),
and linear a-branched enal 53c.

Importantly, the resulting products 128 represent extremely useful building blocks, possessing a
quaternary stereocenter and three different handles for further functionalization, including a
reactive aldehyde moiety, an allylic benzoate, and a double bond. In addition, simple reduction
of the aldehyde moiety with NaBH4 in the same pot at the end of the reaction affords a
monoprotected diol 138, which contains an allylic and a homoallylic alcohol (Scheme 5.7).
Simple equilibration under basic conditions furthermore quantitatively transforms 138 into the

allylic alcohol 156.

diol

‘ monoprotected

aldehyde allylic benzoate { homoallylic alcohol

quaternary OHC OBz in situ NaBH, HO— OBz BzO— OH
stereocenter > base
1 —_— [l
| L
138 156

1

b reduction
k\ \
128 double bond

Scheme 5.7 Synthetic versatility of products 128.

A brief examination of other electrophiles with the enal 53b revealed that a/y selectivity in
reactions catalyzed by 9 is reaction- and not catalyst-specific. In particular, chlorination with
NCS using catalyst 9 favoured the y-product 136, while fluorination with NFSI using catalyst 9
and amination with BocN=NBoc using the closely related catalyst 13 favoured the a-products

137 and 20, respectively (Scheme 5.8).

il Short reaction times (10 min) or low temperatures (-78 °C) are necessary to isolate 138 which isomerizes to 156
under the conditions of NaBH, reductions with prolonged stirring at room temperature (cf. Chapter 7 for details).
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5. Summary

CHO 9 (10 mol%) CHO
TCA (30 mol%)
NCS (1.5 equiv) cl
THF (1M), r.t., 18 h
53b 136
CHO 9 (10 mol%) OHC F
TCA (30 mol%)
NFSI (1.5 equiv)
THF (1M), r.t., 18 h
53b 137
CHO OHC. NBoc-NHBoc
@ 13+1.5 TFA (20 mol%)
BocN=NBoc
53c CHCl3, 48 h 20

78% yield, 99.5:0.5 er

Scheme 5.8 o/y Selectivity of catalyst 9 and its saturated congener 13 in the dienamine-
catalyzed chlorination (a), fluorination (b), and amination (c) of a-branched enal 53b.

oy = 33:67

ay =86:14

oy > 99:1

This work has been disclosed in part in the following publications:

“Catalytic Asymmetric Epoxidation of a-Branched Enals”: O. Lifchits, C. M. Reisinger, B. List,

J. Am. Chem. Soc. 2010, 132, 10227.

“Direct Asymmetric oo Benzoyloxylation of Cyclic Ketones”: O. Lifchits, N. Demoulin, B. List,

Angew. Chem. 2011, 123, 9854; Angew. Chem. Int. Ed. 2011, 50, 9680.
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6. Outlook

6. OUTLOOK

6.1 Epoxidation of Sterically Hindered Electron-Deficient Olefins

As described in Section 4.1, we have identified catalyst salts 9-(R)-BIPP and 9-(R)-TRIP which
promote the epoxidation of a-branched enals 53 and 66, respectively, with good yields and
outstanding enantioselectivities. While the protocol appears to be very general for a variety a,p-
disubstituted enals and o-substituted acroleins, more dense enals represent a limitation of the
method. In particular, substrates containing a tetrasubstituted double bond are inert to the
reaction conditions. B-Cyclocitral 53k, for example, was found to undergo Baeyer-Villiger type
decomposition under the optimized reaction conditions, instead of the desired epoxidation
(Scheme 6.1). This strongly suggests the absence of iminium activation of the double bond via
covalent catalysis. Presumably, the high steric hindrance around the aldehyde group in 53k
prevents its condensation with the catalyst 9. In the absence of this catalytic pathway, non-
catalyzed addition of hydrogen peroxide (present in excess and at 50 °C) to the substrate’s

aldehyde group leads to the formation of the observed decomposition products.

H not formed
9 (10 mol%), (R)-BIPP (20 mol%) O. H 0
o - g
H,0, (50 wt. %, 5 equiv) O
THF (0.125 M), 50 °C, 24 h 54k

53k

Scheme 6.1 Limitation of the epoxidation methodology with trisubstituted enals.

Two possible approaches can be pursued to solve this problem. Firstly, non-covalent catalysis
may be employed to activate hindered enals. Although the aldehyde group is notoriously
difficult for such activation, recent progress in so-called “super Brensted acid catalysis” has
made a variety of reactions relying on electrophilic activation of aldehydes possible.!'®”
Secondly, covalent catalysis using smaller and more reactive Lewis bases might prove
successful, since reducing the steric bulk of the catalyst has been proven effective in tackling
sterically demanding substrates. Preliminary investigations revealed that small amines such as
ammonia, methylamine and longer-chain primary aliphatic amines are unreactive with
tetrasubstituted enals such as 53k at atmospheric pressure, presumably due to their low
nucleophilicity. An intriguing approach based on a-heteroatom effect ['®®! has recently been
introduced to create powerful Lewis base catalysts 138 containing a cyclic hydrazine core
(Scheme 6.1).1' These catalysts mimic secondary and primary amines, but are more

nucleophilic due to the electronic contribution of the a-nitrogen. Just like their amine
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counterparts, secondary hydrazines 138a proved to be best for the iminium-like activation of

unsaturated aldehydes, while the primary hydrazine 138b was found to be optimal for less

reactive enones.!'®)

NH N—NH,
/SiNl S/
7\ \ A
O o R o O
138a 138b
R=H, EtorBn

Figure 6.1 Examples of cyclic hydrazines used as more nucleophilic mimics of secondary and
primary amine catalysts. !

Catalysts of type 138b might prove to be more reactive with hindered enals 53. Another, yet
unexplored, scaffold for more nucleophilic yet less sterically demanding Lewis bases could be
based on hydroxylamines. These structures are expected to not only possess increased
nucleophilicity due to the a-heteroatom effect, but also a particularly unencumbered primary
amine functionality due to a small oxygen linker. In our investigations toward this end, we

successfully synthesized hydroxylamine 140 from natural quinine 139 (Scheme 6.2).

ﬁ ONH,
i) PPh; DIAD, N-hydroxyphthalimide = N N

I/N

if) NHoNH»-H»0, 79%
MeO

140

Scheme 6.2 Synthesis of the hydroxylamine derivative 140 from quinine 139.

Unfortunately, 140 failed to catalyze epoxidation of sterically hindered enals 53, when used
with a phosphoric or trifluoroacetic acid co-catalyst. However, we suspect that this lack of
reactivity is attributable to the weak basicity of the hydroxylamine nitrogen leading to sluggish
protonation of the imine intermediates, necessary for the LUMO-lowering activation of the
substrate. A solution to this problem could be highly acidic “super-Brensted acids” used in
combination with 140 or similar structures, which have not been attempted yet.

A very similar problem of substrate activation exists for a-branched enones, for which no
general and enantioselective epoxidation method exists to date. Julia-Colonna"™ and PTC """
catalysis cover a very narrow substrate scope and generally offer moderate enantioselectivity;

isolated examples of Bronsted acid/Bronsted base activation with chiral secondary amines!**>
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2] are also poorly enantioselective with this substrate class. Although Melchiorre and

colleagues have recently disclosed a relatively efficient catalytic asymmetric sulfa-Michael
reaction of a-branched enones using the cinchona-derived primary amine catalyst 15 and various
Bronsted acid co-catalysts,'”*) the method is limited to highly nucleophilic thiols as
nucleophiles. This limitation, together with the strong dependence of the reaction on solvent cast
doubt on the covalent nature of the catalysis, proposed by the authors. Indeed, we found that a-
branched enones are quite resistant to forming iminium intermediates, even with less hindered
primary amine catalysts such as 15.

Our own efforts on the epoxidation of a-branched enones have revealed that substrate 141a
can react with nucleophilic fert-butyl peroxide to form epoxide 142 in the absence of iminium
activation, although long reaction times are necessary for useful yields (Scheme 6.3, (a)).
Bronsted acid (S)-143!"" alone, which presumably catalyzes the enantioselective epoxide ring-
closure step after initial (uncatalyzed) oxa-Michael addition is sufficient to effect up to 95:5 er
for product 142. Importantly, the high reactivity of enone 141 leads to an uncatalyzed and
presumably radical side reaction under ambient atmosphere in the presence of ters-butyl
peroxide forming the tetraoxygenated compound 144 (Scheme 6.3, (b)). This side reaction can
be effectively suppressed by the addition of radical inhibitor BHT (85), whereby the best results
were obtained with 1 equiv of BHT and by carrying out the reaction under argon (i.e. with the

exclusion of ambient oxygen) and in the dark.

SiPhg
o (S)-143 (15 mol%) o OO
Ph Ph O o (a)
BHT ( ) o * 14 o

85, 1 equiv), TBHP (2 equiv OH
1,3-dichlorobenzene [0.625M], 50 °C < 5% OO
141a under Ar and in the dark 142 .
SIPh3
24 h: 35%, 95:5 er
67 h: 70%, 94.5:5.5 er (5)-143 )
Q Ph i E o Q
TBHP (1.5 equiv) : :
thk -  HO-O ® h L (©
toluene, air, 17h, 32% Q !
n i I
141a 144 OBuU ! 141b 141c !

Scheme 6.3 Epoxidation of a-branched enone 141a with Brensted acid catalyst (S)-143 in the
absence of iminium catalysis (a), radical side reaction of 141a with tert-butyl peroxide under
ambient atmosphere (b), and substrates which are unreactive under the optimized conditions (c).

Despite these promising results, we found that the less reactive aliphatic substrates 141b and

141c¢ were inert to the reaction conditions, suggesting that activation of the substrate toward the
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initial oxa-Michael addition by the peroxide reagent is crucial. Although a screen of numerous
small amines and hydroxylamines was not successful in effecting iminium catalysis, approaches
discussed above for hindered enals 53 had not been tried and represent a possible solution to this
long-standing problem.

Our mechanistic studies of the catalytic intermediates in the epoxidation of enals 53 also raise
interesting questions. As discussed in Section 4.1.6.1, catalyst 9 was found to undergo N-
oxidation of the quinuclidine moiety during all epoxidation reactions to form compound 78.
Employing isolated 78 as a catalyst in the epoxidation of enals 53, 66 and enone 75, we found
essentially unchanged yields and enantioselectivities compared to the standard reaction with
catalyst 9. This implies that N-oxidation of the quinuclidine moiety of 9 might not change the
active conformation of the catalyst in the transition state. Detailed structural investigations of
the corresponding imine adduct 145 (Figure 6.2) would therefore be of immense value. In
particular, we expect that the pseudo-five-membered ring formed by a hydrogen bond between
the iminium and the quinuclidine moiety of the protonated adduct [80+H] observed by NMR (cf.
Section 4.1.6.2), must be preserved in the analogous N-oxidized imine adduct [145+H]" as an
extended pseudo-six-membered ring (Figure 6.2). A similar type of hydrogen bonding between
tertiary amine N-oxides and amide hydrogens is well documented, and serves as the basis of

dimeric organocatalysts 146!'"! (Figure 6.2).

R1
Y <
N +

/ N Z N,/// _ _'N F

—/\"N AN + : 00

[N OAN-H H—y ©
\
MeO é O
78 [80+H]* [145+H]* 146

Figure 6.2 Predicted conformation of the protonated imine adduct [145+H]" formed between N-
oxidized catalyst 78 and an o-branched enal, in analogy to [80+H] observed by NMR (cf.
Section 4.1.6.2) and catalysts of type 146.!'"”!

Our initial attempts at synthesizing 145 proved unsuccessful, as neither condensation of 78 with
a-methyl cinnamaldehyde S53a under optimized conditions (cf. Section 4.1.6.2), nor N-oxidation
of 80 with m-CPBA provided the desired product. However, condensation of 78 with 53a in the
presence of 1 equiv TFA and 3A mol. sieves afforded 145-TFA with 76% conversion after 17
hours. We expect that a longer reaction time would afford 145-TFA with full conversion,

allowing facile characterization of this salt by various NMR techniques.
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6.2 Benzoyloxylation of Carbonyl Compounds

Mechanistic investigations of the catalytic asymmetric a-benzoyloxylation of cyclic ketones
with amine 9 is another highly interesting area for further research. In particular, we have shown
a catalyst degradation pathway which produces the derivative 115 from 9 and presumably
proceeds via the unstable N-benzoyloxylated intermediate 116 (cf. Section 4.2.1.5). This
observation raises the possibility of N-benzoyloxylated catalytic intermediate A which acts as an
intramolecular benzoyl transfer reagent (Figure 6.3). On the other hand, a simple intermolecular
mechanism shown in assembly B is also possible, necessitating a study to distinguish the two

potential mechanisms.

OMe %
- HNJ\Ph _NINA /NN
X NH, " \ -, OMe /\H //NH OMe
b . N _ O ,NH Ph. O (
OYO _N A on (© R! o. Z R
Ph MeO

116 (putative) 115 A B

Figure 6.3 Observed catalyst decomposition product 115 formed from the rearrangement of the
putative intermediate 116 and the possible mechanisms of ketone a-benzoyloxylation promoted
by catalyst 9.

Reacting the intermediate 116 with a ketone substrate in the absence of benzoyl peroxide could
clarify if an intramolecular benzoyl transfer is possible. However, isolation of 116 is impossible
since it only exists as an unstable intermediate and completely decomposes into 115 during the
course of its synthesis. One way to approach this problem could involve the synthesis of N-
benzoyloxylated quinuclidine salt 147, which can be stabilized as a tetraphenyl borate salt ['’®]

(Scheme 6.4)

ih . j\ NaBPh, ib BPh,
NAN Ph o/OTPh """""""" = UNA + NaCO,Ph

\

o 0._0
147 Ph

Scheme 6.4 Proposed synthesis of N-benzoyloxylated quinuclidine salt 147 to be used as a
mechanistic probe.

The isolated salt 147 could then be used as a potential benzoyl transfer reagent in a reaction with

the ketone substrate 83a and a primary amine catalyst 88 or meso-8 for the activation of ketone
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as an enamine (Scheme 6.5, (a)). Since there exists a possibility of the amine catalyst reacting
with 147 instead of forming an enamine intermediate with the ketone 83a, a preformed enamine
148 which is stable under anhydrous conditions could be used instead (Scheme 6.5, (b)).
Formation of the a-benzoyloxylated product 84a in either reaction shown in Scheme 6.5 would

be a strong indication for a mechanistic scenario involving an intramolecular benzoyl transfer.

Eb BPh, Q Ph)\Ph (cat.) 0 oB
NA 88 z
o_o * [ ) Tttt > (@)
hd or Ph Ph
147 Ph 83a < 84a

O meso-8 o

147

Scheme 6.5 Proposed mechanistic studies to test the possibility of intramolecular benzoyl
transfer in the a-benzoyloxylation of ketones 83.

Preliminary studies on the catalytic asymmetric a-benzoyloxylation of a-branched aldehydes
117 and enals 53 revealed that primary amine catalysis holds significant promise. The high
yields and useful enantioselectivities obtained with both substrate classes indicate that a highly
enantioselective method is possible through suitable catalyst optimization. The corresponding
products 118 and 128 bearing quaternary stereocenters represent extremely useful synthetic

building blocks, for which no direct, general and enantioselective approaches exist yet.
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7. EXPERIMENTAL SECTION

7.1 General Experimental Conditions

Solvents and reagents

All solvents used in the standard procedures were purified by distillation. Absolute diethyl ether,
tetrahydrofuran and toluene were obtained by distillation over sodium with benzophenone as
indicator; absolute chloroform and dichloromethane were obtained by distillation over calcium
hydride, and ethanol, isopropanol and methanol were dried by distillation over magnesium.
Absolute 1,4-dioxane, MTBE, DME, acetonitrile and DMSO were purchased from Sigma-
Aldrich and used as received. Unsaturated aldehydes 53 were obtained from commercial sources
(Sigma-Aldrich, TCI Europe) and used without purification if freshly purchased or distilled
prior to use. All other commercial reagents were obtained from various sources and used

without further purification.

Catalysts

Chiral binaphthol derived phosphoric acids 3 and 63 where prepared according to, or in analogy
with the reported procedures of Akiyama, Terada and colleagues.!'’”! Chiral binaphthol derived
phosphoric acid 143 was prepared according to the procedure of MacMillan et al'™ Chiral
binaphthol derived disulfonamide 57 and bis-sulfonic acid 62 were prepared according to the
procedure of List and co-workers.!'”®! Primary amine catalysts 9-amino(9-deoxy)epiquinine 9, 9-
amino(9-deoxy)epicinchonidine 10,  9-amino(9-deoxy)epiquinidine 11,  9-amino(9-
deoxy)epicinchonine 12,  9-amino(9-deoxy)epihydroquinine 13  and  9-amino(9-
deoxy)epicupreine 15 were prepared according to the procedure of Soods et al.l'"! with
modifications by Reisinger.!'**! The secondary catalyst 4 was prepared by X. Wang according to

the reported procedure.”*®

Inert gas atmosphere

Air and moisture sensitive reactions were conducted under an atmosphere of argon (4ir Liguide,
>99.5% purity). Unless otherwise stated, all organocatalytic reactions were performed under an

ambient atmosphere without the exclusion of moisture or air.
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Chromatographic analysis and purification

Reactions were monitored by thin layer chromatography (TLC) on silica gel pre-coated
plastic sheets (0.2 mm, Machery-Nagel). Visualization was accomplished by irradiation with
UV light at 254 nm and/or p-anisaldehyde stain (0.7 mL p-anisaldehyde, 250 mL EtOH, 9.5 mL
conc. HySO4, 2.7 mL glacial AcOH) or potassium permanganate stain (1.5 g KMnOy, 10 g
K,CO;, 1.25 mL 10% NaOH, 200 mL H,0). Preparative scale TLC was performed on
Macherey-Nagel glass plates (SIL G-25 UVjsa).

Flash column chromatography was performed using Merck silica gel (60, particle size 0.040-

0.063 mm) using a specified solvent mixture and elevated pressure.

Gas chromatography (GC) was performed on HP 6890 and 5890 Series instruments equipped
with a split-mode capillary injection system and a flame ionization detector (FID) using

hydrogen as carrier gas. The following stationary phase columns were used in this work:

Hydrodex-f TBDACc (25 m x 0.25 mm): heptakis-(2,3-di-O-acetyl-6-O-t-butyldimethyl-sylil)-[3-
cyclodextrin

BGB-176SE/ SE-52 (30 m x 0.25 mm): 2,3-dimethyl-6-tert-butyldimethylsilyl-fB-cyclodextrin

Lipodex G (25 m x 0.25 mm): octakis-(2,3-di-O-pentyl-6-O-methyl)-y-cyclodextrin

BGB-177/BGB-15 (30 m x 0.25 mm): 2,6-dimethyl-3-pentyl-B-cyclodextrin

BGB-174/BGB-1701 (25 m x 0.25 mm): 2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin

BGB-178/BGB-15 (30 m x 0.25 mm): 2,3-diethyl-6-tert-butdyldimethylsilyl- B-cyclodextrin

High pressure liquid chromatography (HPLC) was performed on a Shimadzu LC-2010C
system equipped with a spectrophometric detector or a diode array. Commercial HPLC-grade
solvents were used, and measurements were conducted at 25 °C. The chiral stationary phase of

the columns is specified in each experiment.

Nuclear magnetic resonance (NMR)

Spectra were recorded on Bruker DPX (‘H: 300 MHz, "°C: 75.5 MHz), Bruker AV 400 ('H: 400
MHz, "*C: 100.8 MHz), Bruker AV 500 (‘H: 500 MHz, °C: 125 MHz) and Bruker AV 600 (‘H:
600 MHz, °C: 150 MHz, °N: 60 MHz, '°F: 376 MHz, *'P: 240 MHz) spectrometers. The
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spectra were recorded at room temperature (298 K) unless otherwise stated. Proton chemical
shifts are reported in ppm (8) relative to tetramethylsilane (TMS, 0 ppm) with the solvent
resonance employed as the internal standard (CDCl3 & 7.26). ">C chemical shifts are reported in
ppm from tetramethylsilane (TMS) with the solvent resonance as the internal standard (CDCls, &
77.0). 3P chemical shifts are reported in ppm relative to H3PO4 (0 ppm), 5N shifts are reported
in ppm relative to NH; (0 ppm), and '°F are reported in ppm relative to CFCl; (0 ppm). Data are
reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, q = quartet, Q =
quintuplet, h = heptuplet, m = multiplet, br = broad, c.m = centered multiplet), coupling

constants J (Hz) and integration.

Mass spectrometry (MS)

Mass spectra were measured on a Finnigan MAT 8200 (70 eV) or MAT 8400 (70 eV) by
electron ionization, chemical ionization or fast atom/ion bombardment techniques. High
resolution mass spectra were obtained on a Bruker APEX III FT-MS (7 T magnet). All masses
are given in atomic units/elementary charge (m/z) and reported in percentage relative to the

basic peak.

Specific rotation

Optical rotations were determined with Autopol IV polarimeter (Rudolph Research Analytical)
using a 0.5 mL cell with a path length of 1 dm at 589 nm (sodium D-line) and 25 °C. Data are

reported as follows: [a],"™, concentration (c in g/100 mL), and solvent.

Determination of enantiomeric ratios (er)

Enantiomeric ratios (er) were determined by chiral GC or chiral HPLC analysis by comparing
samples with the appropriate racemic mixtures. All racemates of the epoxyaldehydes 54 and 67
and the corresponding alcohol products were prepared according to the procedure described by
Pihko et al™ All racemates of the a-benzoyloxyketones 84 and a-benzoyloxyaldehydes 118
were prepared according to the procedure of Tomkinson et al" Racemic compounds 128
were prepared analogously to the standard benozoyloxylaton procedure for enals except using
10 mol% of meso-8 and 10 mol% of TCA. Racemic 137 were prepared analogously to the
standard fluorination procedure for enals except using 10 mol% of meso-8 and 10 mol% of

TCA. The absolute configuration was established by comparison of the optical rotation with the
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literature value as specified in individual experiments or X-ray crystallography (for compound

20). All other absolute configurations were assigned by analogy.

Melting point (mp)

All melting points were measured on a Biichi 540 Melting Point apparatus in open glass

capillaries. The values are given in °C and are uncorrected.
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7.2 Catalytic Asymmetric Epoxidation of a-Branched Enals

7.2.1 Preparation of the Starting Materials

(E)-2-benzyl-5-phenylpent-2-enal  (53e¢) Following the
Ph (6]
/\:y procedure of Zumbansen et al.”'" to a solution of 3-
Chemical Formula: C4gH1g0 phenylpropanal (1 g, 7.45 mmol, 1 equiv) in dichloromethane
Molecular Weight: 250,33

(7.45 mL) was added morpholinium trifluoroacetate (300 mg,
1.49 mmol, 0.2 equiv) and the mixture was stirred at reflux for 19 h. Removal of the solvent
under reduced pressure and flash chromatography (10% Et,O in pentane) afforded 53e as a
colourless oil (800 mg, 3.2 mmol, 86%, E/Z =97:3).

"H NMR (500 MHz, CDCl3) 3 9.43 (s, 1H, CHO), 7.30-7.27 (m, 2H, CHy,), 7.24-7.20 (m, 3H,
CHy,), 7.17-7.09 (m, SH, CHy,), 6.61 (apparent t, /= 6.9 Hz, 1H, C=CH), 3.57 (s, 2H, PhCH,),
2.77-2.70 (m, 4H, PhCH,CH,).

BC NMR (125 MHz, CDCL): & 194.6, 154.8, 142.8, 140.5, 139.1, 128.6, 128.5, 128.4, 128.3,
126.4, 126.1, 34.5, 31.1, 29.7.

FTIR (thin film) 3085, 3062, 3027, 2924, 2821, 2716, 1680, 1639, 1601, 1495, 1453, 1137,
1076, 1030, 1002, 883, 733, 697 cm’"

HRMS (m/z) calcd for C;gH,50 [M]+: 250.1358, found: 250.1357.

The spectroscopic data are identical in all respects to those previously reported.['*”!

(E)-2-methyl-5-phenylpent-2-enal  (53g) Following the
Ph/\/\ho procedure of Chatterjee et al.**! to a stirring solution of

Chemical Formula: C4,H14,0 Grubbs second generation catalyst 69 (53 mg, 0.063 mmol, 6.3
Molecular Weight: 174,24

mol%) and 4-phenyl-1-butene (150.2 pL, 1.0 mmol, 1 equiv) in

dry dichloromethane (2.5 mL) under argon was added methacrylaldehyde (82.6 pL, 1.0 mmol,
1 equiv) dropwise via a syringe. The mixture was stirred at reflux for 12 h and the solvent was
removed under reduced pressure. Purification by flash chromatography (4% Et,O in pentane)

afforded 3e as a yellow oil (226 mg, 1.3 mmol, 65%, E/Z > 20:1).

'"H NMR (500 MHz, CDCl3) & 9.38 (s, 1H, CHO), 7.33-7.19 (m, 5H, CHy,), 6.50 (tq,
J=173Hz,J=1.3 Hz, 1H, C=CH), 2.82 (apparent t,J = 7.5 Hz, 2H, PhCH,), 2.68 (apparent q,
J=11.5Hz, 2H, PhCH,CH)), 1.69 (br. s, 3H, CHj).

BC NMR (125 MHz, CDCly): & 195.3, 153.3, 140.6, 139.9, 128.6, 128.4, 126.3, 34.4, 30.7, 9.2.
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FTIR (thin film) 3062, 3028, 2926, 2821, 2713, 1684, 1644, 1454, 1360, 1240, 1015, 700 cm’!
HRMS (m/z) calcd for C;,H,40 [M]+: 174.1045, found: 174.1046.

The physical data are identical in all respects to those previously reported.!'*"!

F30H200\P/9 ‘BuOK F3CH2CO\P//O PR "o o N
FiCH,CO' )~y FaCH,CO — Lome
CoMe Mel Co,Me  KHMDS 2
7 72 73
DIBAL Ph X Swern
73 — _Swern _ ph TN
OH CHO
(2)-74 (2)-53g
o Methyl 2-(bis(2,2,2-trifluoroethoxy)phosphoryl)propanoate
F3CH,CO. 17 _ '
: C: CO,P (72): Following the procedure of Sano et al., [134] t5 a solution
32

CO,Me

Chemical Formula: CgH11F¢O5sP
Molecular Weight: 332,13

of '‘BuOK (1.27g, 11.3 mmol, 1.2 equiv) in THF (13 mL) was
slowly added methyl bis(2,2,2-trifluoroethyl)phosphonoacetate

71 (2 mL, 9.46 mmol, 1 equiv) at 0 °C under argon. The

mixture was stirred at 0 °C for 30 min under argon, and methyl iodide (2.96 mL, 47.3 mmol, 5

equiv) was slowly added at 0 °C. The solution was warmed up to room temperature, stirred for

23 h and treated with a saturated aqueous solution of NH4CIl. The reaction mixture was

extracted with EtOAc three times, dried over Na,SOy,, filtered and concentrated. Flash column

chromatography eluting with 30% EtOAc in hexanes afforded 72 as a colourless oil (2.30 g,
6.93 mmol, 73%).

"HNMR (500 MHz, CDCls) &: 4.49-4.38 (m, 4H, FsCCH,), 3.78 (s, 3H, CO,CHj), 3.20 (dq,
Jup = 22.8 Hz, J = 7.4 Hz, 1H, P(O)CHCH3), 1.52 (dd, Jiyp = 19.3 Hz, J = 7.4 Hz, 3H, CH;).

The physical data are identical in all respects to those previously reported.!”? 4]
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(Z2)-methyl 2-methyl-5-phenylpent-2-enoate (73): Following

PR the procedure of Still and Gennari,!"**! a solution of 72 (332 mg,
COzMe

1 mmol, 1 equiv) and 18-crown-6 (1.32 g, 5 mmol, 5 equiv) in
Chemical Formula: C43H460;
Molecular Weight: 204,26 THF (20 mL) was cooled to -78 °C under argon and treated

with KHMDS (199.5 mg, 1 mmol, 1 equiv). 3-Phenylpropanal

(133 pL, 1 mmol, 1 equiv) was added and the resulting mixture was stirred at — 78 °C for 1h.
Saturated aqueous solution of NH4Cl was added and the product was extracted with diethyl
ether three times, dried over Na,SQOy, filtered and concentrated. The unsaturated ester 73 (Z/E >
20:1 by '"HNMR) was used without purification.

'THNMR (500 MHz, CDCl3) &: 7.30-7.17 (m, SH, CHa,), 5.98 (td, J= 6.9 Hz, J = 1.2 Hz, 1H,
C=CH), 3.72 (s, 3H, CO,CH3), 2.81-2.70 (m, 4H, PhCH,CH,), 1.89 (d, J = 1.2 Hz, 3H, CH).

The physical data are identical in all respects to those previously reported.!'*!

(Z2)-2-methyl-5-phenylpent-2-en-1-o0l ((Z)-74): Crude 73 (1
Ph/\&( mmol) was dissolved in dichloromethane (3 mL) under argon
OH and cooled to -78 °C. DIBAL (4.8 mL, 1M in hexanes, 4.8

Chemical Formula: C4,H4¢0 . . .
Molecular Weight: 176,25 mmol, 4.8 equiv) was added dropwise and the solution was

stirred for 1 h at — 78 °C. The reaction was quenched with
aqueous Rochelle’s salt and stirred vigorously for 2 h. The crude reaction mixture was
extracted with dichloromethane three times, dried over Na,SQOy, filtered and concentrated. Flash
column chromatography eluting with 15% diethyl ether in pentane afforded (Z)-74 as a

colourless oil (93.2 mg, 0.53 mmol, 53% over two steps).

"HNMR (500 MHz, CDCls) &: 7.30-7.16 (m, SH, CHy,), 5.33 (t, J=7.6 Hz, 1H, C=CH), 3.92
(s, 2H, CH,OH), 2.66 (apparent t, J= 7.2 Hz, 2H, PhCH,CH,), 2.37 (c. m, 2H, PhCH,CH>),
1.76 (d, /= 1.1 Hz, 3H, CH3).

The physical data are identical in all respects to those previously reported.!'***!
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(Z2)-2-methyl-5-phenylpent-2-enal ((Z2)-53g): Oxalyl chloride
Ph/\/\( (50.3 pL, 0.59 mmol, 2 equiv) was dissolved in

O
Chemical Formula: C15H;40 dichloromethane (9 mL) and the solution was cooled to — 78 °C.
Molecular Weight: 174,24 DMSO (83.2 uL, 1.17 mmol, 4 equiv) was added dropwise

at -78 °C and the solution was stirred for 30 min. A solution of (£)-74 in dichloromethane (2

mL) was added dropwise and the reaction was stirred for 30 min. Et;N (244 uL, 1.76 mmol 6
equiv) was added dropwise and the solution was stirred for 1 h at — 78 °C. The reaction was
warmed up to room temperature, treated with a saturated aqueous solution of NH4Cl and
extracted with dichloromethane three times, dried over Na,SOy, filtered and concentrated. 'H
NMR analysis of the crude reaction mixture indicated Z/E ratio of 97:3. Flash column
chromatography eluting with 15% diethyl ether in pentane afforded (Z)-53g as a colourless oil
(38.2 mg, 0.22 mmol, 75%, Z:F = 95:5).

'HNMR (500 MHz, CDCls) &: 10.0 (s, [H, CHO), 9.38 (s, 0.05 H, E-isomer, CHO), 7.31-7.17

(m, SH, CHy,), 6.53 (td, J=8.0 Hz, 1H, C=CH), 2.91-2.78 (m, 4H, PhCH,CH,), 1.76 (d,

J=1.1 Hz, 3H, CH;).

3C NMR (125 MHz, CDCI3): § 191.0, 147.9, 140.3, 136.6, 128.6, 128.5, 126.4, 35.7, 28.5,

16.4.

FTIR (thin film) 3063, 3028, 2925, 2859, 1678, 1645, 1496, 1355, 1242, 1016, 907, 730, 700
-1

cm .

The physical data are identical in all respects to those previously reported.[lgl]

(E)-6-methyl-7-oxohept-5-en-1-yl acetate (53f) Prepared by

NS
AcO O
¢ W Grubbs  metathesis from  hex-5-en-1-yl acetate and

Chemical Formula: C1oH1¢03 | methacrylaldehyde according to the reported procedure.[]3 2l

Molecular Weight: 184,23

"H NMR (500 MHz, CDCl3) § 9.41 (s, 1H, CHO), 6.47 (tq, J= 7.3 Hz, J= 1.3 Hz, 1H, C=CH),
4.10 (t, J = 6.4 Hz, 2H, AcOCH,), 2.40 (q, J = 7.5 Hz, 2H, CH,C=CH), 2.06 (s, 3H, CO,CH3),
1.76-1.56 (m, 7H, CH3, CHy).

BC NMR (125 MHz, CDCls): 195.2, 171.1, 153.7, 139.8, 64.0, 28.5, 28.3, 24.9, 21.0, 9.3 §;
FTIR (thin film) 2949, 2867, 2715, 2256, 1736, 1684, 1645, 1457, 1388, 1366, 1236, 1047,
908, 729 cm’’

HRMS (m/z) caled for CoH; 405 [M]™: 184.1099, found: 184.1099.

The physical data are identical in all respects to those previously reported. [132]
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2-methylcyclohex-1-enecarbaldehyde (53j): Following the
éAO procedure of Piers et al.'*! to a solution of 1-methylcyclohept-

l1-ene (200 mg, 1.81 mmol, 1 equiv) in MeCN (9 mL), CCls (9

C,\;‘j[‘;‘;j‘;fgvrg;ﬁ; fgjgf mL) and water (13 mL) was added NalOy (1.6 g, 7.60 mmol, 4.2
equiv) followed by RuO,°xH,O (4.8 mg, 0.036 mmol, 0.02

equiv), and the mixture was stirred vigorously for 1h at room temperature. The mixture was
diluted with water and extracted with CH,Cl, three times. The combined organic layers were
washed with brine, dried over Na,SO, and the solvent was carefully evaporated. The crude
reaction mixture was diluted with CH,Cl, (18 mL) and L-proline (20.7 mg, 0.18 mmol, 0.1
equiv) was added. After 14h, AcOH (104 uL, 1.81 mmol, 1 equiv) was added, and the reaction
mixture was stirred at room temperature for 34h after which all of the starting material was
consumed. The crude reaction mixture was diluted with ether, washed with sat. aq. NaHCO;
and extracted with ether three times. The combined organic layers were washed with brine,
dried over Na,SO4 and evaporated under reduced pressure. Flash chromatography (30% Et,O
in pentane) afforded 53j as a colourless oil (76.3 mg, 0.61 mmol, 34%).

"H NMR (500 MHz, CDCl3) § 10.15 (s, 1H, CHO), 2.23-2-16 (m, 4H, CH,C=CCH,), 2.14 (br
s, 3H, CH3), 1.66-1.57 (m, 4H, CH»).

The spectroscopic data are identical in all respects to those previously reported.['*]

2-benzylacrylaldehyde (66a): Prepared from 3-phenylpropanal
Ph/\ﬂA\O and formaldehyde according to the reported procedure.!'*!

Chemical Formula: C4oHoO
Molecular Weight: 146,19

"H NMR (500 MHz, CDCl3) 3 9.60 (s, 1H, CHO), 7.31-7.17 (m,
5H, CHay), 6.10 (s, 1H, C=CHy), 6.07 (s, 1H, C=CH>), 3.57 (s, 2H, PhCH,).

BC NMR (125 MHz, CDCls): 8 194.0, 149.8, 138.1, 135.3, 129.2, 128.6, 126.5, 34.2.

FTIR (thin film) 3087, 3063, 3029, 2919, 2824, 2701, 1686, 1602, 1496, 1453, 1434, 1245,
1075, 950, 737, 699 cm™

HRMS (m/z) calcd for C;oH;cO [M]+: 146.0732, found: 146.0733.

The physical data are identical in all respects to those previously reported.!'*”!
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2-methylenedec-9-enal (66b): Following the procedure of

WO Erkkilii et al., ' pyrrolidine (17 pL, 0.2 mmol, 0.1 equiv) and

acid 70 (66 mg, 0.4 mmol, 0.2 equiv) were dissolved in

Chemical Formula: C44H4g0O

Molecular Weight: 166,26 dichloromethane (2 mL) and 36.5% aq. formaldehyde (160 pL, 2

mmol, 1 equiv) was added followed by dec-9-enal (365 puL, 2
mmol, 1 equiv). The reaction was stirred at 45 °C for 45 min and cooled to r.t. The crude
mixture was washed with 10% aq. NaHCO3, extracted with dichloromethane three times, and
the combined organic layers were washed with brine, dried over Na,SO4 and evaporated under
reduced pressure. Flash column chromatography eluting with 5% Et,O in pentane afforded 66b
as a colourless oil (128.6 mg, 0.77 mmol, 39%).

"H NMR (500 MHz, CDCl3) & 9.54 (s, 1H, CHO), 6.24 (c. m, 1H, HC(O)C=CH,), 5.98 (br d,
J=0.7 Hz, 1H, HC(O)C=CH,), 5.80 (ddt, /=17.1 Hz, J=10.1 Hz, J=6.7 Hz, CH=CH,),
5.02-491 (m, 2H, CH=CH,), 2.23 (t, J=7.5 Hz, 2H, H,C=CCH;), 2.06-2.00 (m, 2H,
H,C=CHCH;), 1.49-1.29 (m, 8H).

BC NMR (125 MHz, CDCl;): & 194.8, 150.5, 139.1, 133.9, 114.2, 33.7, 29.1, 28.9, 28.8, 27.8,
27.7.

FTIR (thin film) 3078, 2978, 2928, 2857, 1695, 1641, 1464, 1440, 1329, 995, 942, 910, 850
cm’!

HRMS (m/z) caled for C11H 50 [M]: 166.1358, found: 166.1359.

The physical data are identical in all respects to those previously reported.[184]

2-methylenepentanal (67c): Prepared from pentanal and
\/W]A\O formaldehyde according to the reported procedure.!'*”!

Chemical Formula: CgH1g0
Molecular Weight: 98,14

"H NMR (500 MHz, CDCl3) & 9.55 (s, 1H, CHO), 6.26 (s, 1H, C=CH,), 6.00 (s, 1H, C=CH),),
2.21 (t,J="7.6 Hz, 2H, H,C=CCH,), 1.49 (apparent sext, 2H, CH;CH)), 0.93 (t, /= 7.4 Hz, 3H,
CH3).

BC NMR (125 MHz, CDCl3): & 194.9, 150.2, 134.1,29.8, 20.95, 14.1.

FTIR (thin film) 2961, 2932, 2874, 2704, 1686, 1640, 1464, 1379, 1087, 944, 876, 744 cm™
HRMS (m/z) calcd for CsH ;00 [M]': 98.0732, found: 98.0731
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2-methylenedecanal (67d): Prepared from decanal and

W 0 | formaldehyde according to the reported procedure.!'*”!

Chemical Formula: C44H,00
Molecular Weight: 168,28

"H NMR (500 MHz, CDCL) § 9.71 (s, 1H, CHO), 6.25 (br s, 1H, C=CH,), 5.99 (br s, 1H,
C=CHy,), 2.23 (t, J= 7.6 Hz, 2H, H,C=CCHb,), 1.44 (c. m, 2H, CH,), 1.33-1.23 (m, 10H, CH»),
0.88 (t, J = 6.7 Hz, 3H, CHs).

13C NMR (125 MHz, CDCls): § 194.9, 150.5, 134.0, 31.9, 29.4, 29.3, 29.2, 27.77, 27.75, 22.7,
14.1.

FTIR (thin film) 2926, 2856, 2256, 1694, 1628, 1466, 1330, 1106, 942, 907, 729 cm’"

HRMS (m/2) caled for Cy1HaO [M]': 168.1514, found: 168.1514.

2-methylene-3-phenylbutanal (rac-66e): Prepared from 3-

wo phenylbutanal and formaldehyde according to the reported
[129]

procedure.
Chemical Formula: C14H42,0

Molecular Weight: 160,21

"H NMR (500 MHz, CDCl3) 8 9.54 (s, 1H, CHO), 7.30-7.18 (m,
5H, CHy,), 6.24 (br d, J= 1.1 Hz, 1H, , C=CHy,), 6.08 (br s, 1H, , C=CH,), 4.03 (q, /= 7.2 Hz,
1H, CH;CH), 1.43 (d, 7.1 Hz, 3H, CH3).

BC NMR (125 MHz, CDCly): 8 193.9, 154.3, 143.6, 133.7, 128.4, 127.5, 126.4, 37.2, 20.0.
FTIR (thin film) 3062, 3029, 2972, 2937, 2878, 2817, 2670, 2256, 1693, 1493, 1453, 1245,
948, 907, 730, 699 cm’!

HRMS (m/z) calcd for C;H,,0 [M]+: 160.0888, found: 160.0886.

The spectroscopic data are identical in all respects to those previously reported.['*”]
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7.2.2 General Epoxidation Procedures

7.2.2.1 Epoxidation of a,p-Disubstituted Enals 53

9 (10 mol%)

O
R)-63b(20 mol% =
R1Mo (R)-63b( ) R“\‘Ao

R? H,0, (5 equiv), THF R2
53 50 °C, 24h 54
\/iB i OO )
= N
O 0.0
_N N\
99
MeO Ph
9 (R)-63b

Procedure A: Phosphoric acid (R)-63b (25.0 mg, 0.05 mmol, 0.2 equiv) and amine 9 (8.08 mg,
0.025 mmol, 0.1 equiv) were dissolved in dry THF (2 mL, 0.125 M) and stirred for 5 min under
ambient atmosphere at room temperature. The a-branched enal 53 (0.25 mmol, 1 equiv) was
added and the mixture was stirred for an additional 5 min at room temperature. Aqueous
hydrogen peroxide (77 pL, 50% w/w, 1.25 mmol, 5 equiv) was added, the reaction vessel was
sealed and the reaction mixture was stirred for 24 h at 50 °C under an atmosphere of air. The
reaction can be monitored by the disappearance of the starting material; the formed product is
masked as a very polar species that appears as a poorly stainable spot on the TLC (R¢~ 0.1) and
is presumably a hydroperoxide adduct of the aldehyde 64 (cf. Section 4.1.3). The product 54 is
liberated as the free aldehyde when the excess peroxide is quenched. This was performed by
stirring the crude reaction mixture with 10% aqueous Na,S,03 (1 mL) for 10 min. The mixture
was then diluted with water (5 mL) and diethyl ether (5 mL) and partitioned. The aqueous layer
was washed with diethyl ether (5 mL x 3), and the combined organic layers were washed with
brine and dried over Na,SQO4. Evaporation of the solvent and flash column chromatography

with the specified solvent system afforded the desired product.

Procedure B: In cases when the epoxyaldehyde products were very volatile or unstable for
GC/HPLC analysis, a modified workup procedure was used and the product was reduced to the
corresponding alcohol. The crude reaction mixture was quenched by adding solid Na,S,03 (250
mg) and the suspension was stirred for 1 h. It was then filtered through a pad of Celite, washing

with 2-5 mL diethyl ether and 2 mL EtOH. To this filtrate was added solid NaBH4 (14.1 mg,
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0.375 mmol, 1.5 equiv) and the reaction mixture was stirred for 10 min. Saturated aqueous
Na,K-tartrate (Rochelle’s salt) was added and the reaction mixture was stirred for 1 h. The
resulting biphasic solution was diluted with diethyl ether (5 mL) and water (10 mL) and
partitioned. The aqueous layer was washed extracted with EtOAc (5 mL x 2), and the combined
organic layers were washed with brine and dried over Na,SO4. Evaporation of the solvent and

flash column chromatography with the specified solvent system afforded the desired product.

7.2.2.2 Epoxidation of a-Substituted Acroleins 66

o 0
9 (10 mol%), (R)-TRIP (20 mol%) /\e}\
R H ] R™ H
H,0, (50 wt. %, 5 equiv) N

THF (0.125 M), 50 °C, 24 h

66 67
P & PON
— N \ AN O\P//o
g Cr
MeO Ar
9 (R-TRIP (3) Ar=2,4,6-PryCgH,

Procedure C: Epoxidation of disubstituted enals 66 was performed exactly as in Procedure A
for non-volatile products and Procedure B for volatile products, except that phosphoric acid

(R)-3 ((R)-TRIP) was used (37.6 mg, 0.05 mmol, 0.2 equiv) instead of (R)-63b.
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7.2.3 Scope of Enantioenriched a,p-Epoxyaldehydes

7.2.3.1 a,p-Disubstituted Epoxyaldehydes 54

$..0 ((2S,3S)-2-methyl-3-phenyloxiran-2-yl)methanol (149a):

©/\'@\ OH Prepared according to the general Procedure B using commercial
(E)-2-methyl-3-phenylacrylaldehyde followed by reduction with

Chemical Formula: C1gH 120,
Molecular Weight: 164,20 NaBHy. Purification by flash chromatography (30% Et,0 in

pentane) afforded 149a as a colourless oil (20.1 mg, 0.12 mmol,

49%, 97:3 dr, 97.5:3.5 er).

"H NMR (500 MHz, CDCl3) § 7.41-7.34 (m, 2H, CHy,), 7.34-7.28 (m, 3H, CHy,), 4.23 (s, 1H,
PhCH), 3.87 (d, /= 12.4 Hz, 1H, CH,0OH), 3.77 (d, J = 12.4 Hz, 1H, CH,OH), 1.99 (br s, 1H,
OH), 1.10 (s, 3H, CH3).

BC NMR (125 MHz, CDCly): & 135.6, 128.1, 127.6, 126.4, 64.9, 63.6, 60.1, 13.5.

FTIR (thin film) 3412, 3064, 2932, 2870, 1605, 1495, 1451, 1385, 1249, 1070, 1040, 956,
601, 852 cm™

HRMS (m/z) calcd for CioH,02Na [M]: 164.0837. Found 164.0836.

m.p.: 52.2 - 53.2 °C.

[a]p® : — 14.5 (¢ 0.815, CHCly), Lit!"®: [a]p* : — 16.9 (¢ 2, CHCl5. >98% ee)

Chiral GC (Hydrodex — B-TBDAc, 60 min at 110 °C, 15 °C/min until 220 °C, 5 min at
220 °C, 0.6 bar Hy): t,42.6 min (major enantiomer, major diastereomer), t; 46.3 min (major
enantiomer, minor diastereomer), t, 40.1 min (minor enantiomer, major diastereomer), t. 51.6

min (minor enantiomer, minor diastereomer).

(2R,3S)-2-methyl-3-phenyloxirane-2-carbaldehyde (54a):
®).0
\ E(R)\O Chiral GC (BGB-177, 60 min at 120 °C, 15 °C/min until 220 °C,

5 min at 220 °C, 0.6 bar N): t,30.6 min (minor enantiomer), t;

Chemical Formula: C4gH 190,

Molecular Weight: 162,19 31.0 min (major enantiomer).
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Chemical Formula: C;H,0,
Molecular Weight: 128,17

(1S,6S)-7-oxabicyclo[4.1.0]heptan-1-ylmethanol (149b):
Prepared according to the general Procedure B using
commercial cyclohex-1-enecarbaldehyde (0.36 mmol) followed
by reduction with NaBH4. Purification by flash chromatography

(50% Et,0O in pentane) afforded 149b as a colourless oil (32.2

mg, 0.25 mmol, 70%, 98.5:1.5 er).

"H NMR (400 MHz, CDCL3) & 3.68 (dd, J = 12.2 Hz, J = 3.0 Hz, 1H, CH,0H), 3.59 (dd,
J=12.1 Hz, J = 8.4 Hz, 1H, CH,0H), 3.26 (d, J = 3.4 Hz, 1H, CHO¢poy), 2.01-1.95 (m, 1H,
OH), 1.90-1.64 (m, 4H, CH,), 1.54-1.41 (m, 2H, CH,), 1.34-1.23 (m, 2H, CH,).

BC NMR (100 MHz, CDCl3): & 64.5, 60.1, 55.8, 25.3, 24.4, 19.9 19.7.

FTIR (thin film) 3417, 2938, 2872, 1435, 1032, 916, 731 cm™’

HRMS (m/z) caled for C;H 30, [M+H]": 129.0916. Found 129.0916.

[a]p®® : —22.6 (¢ 0.504, CHCly); Lit!"*!: [0]p™ : — 22.8 (¢ 2.6, CHCl3 93% ee).

Chiral GC (BGB-177/BGB-15, 90 °C isocratic, 0.6 bar Hy) t, 32.2 min (minor enantiomer), t;

32.6 min (major enantiomer).

The physical data are identical in all respects to those previously reported.

@
nQ

rR) O

v/i

Chemical Formula: C;H 190,
Molecular Weight: 126,15

°
||b

sy OH

Chemical Formula: CgH1202
Molecular Weight: 116,16

[185]

(1R,6S)-7-oxabicyclo[4.1.0]heptane-1-carbaldehyde (54b):
Chiral GC (BGB-177/BGB-15, 65 °C isocratic, 0.7 bar Hj) t;

31.7 min (minor enantiomer), t, 34.2 min (major enantiomer).

((25,35)-3-ethyl-2-methyloxiran-2-yl)methanol (149c¢):
Prepared according to the general Procedure A using
commercial (E)-2-methylpent-2-enal (£/Z >20:1, 0.4 mmol)
followed by reduction with NaBH4. Purification by flash

chromatography (50% Et,O in pentane) afforded 149¢ as a

colourless oil (19.9 mg, 0.17 mmol, 43%, 92:8 dr, 98.5:1.5 er)

"H NMR (400 MHz, CDCl3) & 3.69 (dd, J = 12.2 Hz, J = 4.3 Hz, 1H, CH,OH), 3.58 (dd, J =
12.2 Hz,J = 8.2 Hz, 1H, CH,OH), 3.00 (t, J= 6.4 Hz, 1H, CHOcpox), 2.82 (minor diastereomer,
t, J=6.4 Hz, 1H, CHO¢pox), 1.72 (br dd, 1H, OH), 1.68-1.50 (m, 2H, CH3CH,), 1.29 (s, 3H,
CH3), 1.04 (t,J= 7.5 Hz, 3H, CH3CH.,).
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3C NMR (100 MHz, CDCls) only major diastereomer peaks detected: 6 65.4, 61.3, 60.9, 21.5,
14.1, 10.5.

FTIR (thin film) 3427, 2972, 2937, 2878, 1460, 1348, 1040, 909, 732 cm’’

HRMS (m/z) calced for C¢H130, [M+H]": 117.0916, found 117.0915.

[a]p® — 14.1 (¢ 0.170, CHCL3); Lit"*): [o]p* = — 13.5 (c = 0.84, CHCL;).

Chiral GC (Hydrodex-f TBDAc, 20 min at 100 °C, 8 °C/min until 220 °C, 5 min at 220 °C,
0.5 bar H,) t; 9.1 min (major enantiomer, major diastereomer), t. 11.0 min (major enantiomer,
minor diastereomer), t; 12.0 min (minor enantiomer, major diastereomer), t, 13.2 min (minor

enantiomer, minor diastereomer).

The physical data are identical in all respects to those previously reported.!'*]

(2R,3S)-3-ethyl-2-methyloxirane-2-carbaldehyde (54¢): Chiral

©.0 GC (BGB-176SE/ SE-52, 45 min at 40 °C, 8 °C/min until 220 °C,
=0
\/\(R)\ 5 min at 220 °C, 0.5 bar Hy) t; 29.9 min (minor enantiomer,
Chemical Formula: CgH4¢0, . . . . . .
Molecular Weight: 114,14 minor diastereomer), t, 32.2 min (major enantiomer, minor

diastereomer), t; 35.6 min (minor enantiomer, major
diastereomer), t; 35.9 min (major enantiomer, major diastereomer).

Conditions for efficient separation of (25,3R)-enriched mixture: Lipodex G (40 °C,
1 °C/min until 60 °C, 12 °C/min until 220 °C, 5 min at 220 °C, 0.5 bar H) t; 8.0 min (major
enantiomer, minor diastereomer), t; 8.9 min (minor enantiomer, minor diastereomer), t, 9.1 min

(major enantiomer, major diastereomer), t; 10.9 min (minor enantiomer, major diastereomer).

((25,3S)-2-ethyl-3-propyloxiran-2-yl)methanol (149d):
/\ﬁ)\‘\‘?{\OH Prepared according to the general Procedure A using
(S)
Et commercial (E)-2-ethylhex-2-enal (E/Z= 94:6, 0.36 mmol)
Chemical F la: CgH450: . . . .
MiT;‘gjlarc\),:,r;;at: 12 4,1212 followed by reduction with NaBH4. Purification by flash

chromatography (50% Et,O in pentane) afforded 149 as a
colourless oil (33.1 mg, 0.23 mmol, 64%, 83:17 dr, 99:1 er).

"H NMR (400 MHz, CDCl3)  3.76 (dd, J = 12.1 Hz, J = 4.5 Hz, 1H, CH,OH), 3.61 (dd, J =
12.1 Hz, J= 8.2 Hz, 1H, CH,0OH), 3.67 (minor diastereomer, dd, /= 11.8 Hz, /= 5.2 Hz, 1H,
CH,0OH), 3.05 (apparent t, J = 5.6 Hz, 1H, CHO¢ox), 2.87 (minor diastereomer, dd, J = 6.6 Hz,
J=5.7Hz, 1H, CHO¢pox), 1.95-1.84 (minor diastereomer, 2H, CH,CH3), 1.81-1.71 (m, 2H,
CH,CHs), 1.62-1.44 (m, 4H, CH3CH,CH,), 1.02-0.95 (m, 6H, CH3, CH3).
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3C NMR (100 MHz, CDCI3) major diastereomer: 6 63.96, 62.9, 60.4, 29.9, 21.8, 20.1 14.0,
9.3; minor diastereomer: 6 63.94, 63.3, 61.6, 30.0, 26.5, 20.0, 13.9, 8.9.

FTIR (thin film) 3431, 2963, 2937, 2876, 1465, 1381, 1048, 908, 733 cm’’

HRMS (m/z) calcd for CsH;70, [M+H]": 145.1229. Found 145.1227.

[a]p® : —39.4 (¢ 0.508, CHCl;).

Chiral GC (Lipodex G, 70 °C isocratic, 0.5 bar H;) t; 29.3 min (minor enantiomer, major

diastereomer), t, 32.0 min (major enantiomer, major diastereomer), t, 36.1 min (major

enantiomer, minor diastereomer), t, 37.4 min (minor enantiomer, minor diastereomer).

The absolute stereochemistry was assigned by analogy and the relative stereochemistry was

confirmed by NOESY and >C NMR experiments:

NOESY 13¢ chemical shift: NOESY 13C chemical shift:
Y- effect
Et\_ 20.9
60.4§ 0 218
\\\\\ ~
63.96
29 ™ \oH NOE
NOE major diastereomer NOE minor diastereomer
(2R,35S)-2-ethyl-3-propyloxirane-2-carbaldehyde (54d): Chiral
(S) . . .
/\/£(§o GC (BGB-177/BGB-15, 35 min at 70 °C, 8 °C/min until 220 °C,
(R)

Chemical Formula: CgH440,
Molecular Weight: 142,20

5 min at 220 °C, 0.6 bar Hj) t; 19.6 min (minor enantiomer,
minor diastereomer), t, 21.4 min (major enantiomer, minor

diastereomer), t. 22.6 min (major enantiomer, major

diastereomer), t; 25.1 min (minor enantiomer, major diastereomer).

X
Ph f(sy OH
Ph

Chemical Formula: C41gH290,
Molecular Weight: 268,35

((2S,35)-2-benzyl-3-phenethyloxiran-2-yl)methanol  (149e):
Prepared according to the general Procedure B using (E)-2-
benzyl-5-phenylpent-2-enal (E/Z >20:1, 0.25 mmol) followed by
reduction with NaBH4. Purification by flash chromatography
(20% Et,0O in pentane) afforded 149e as a colourless oil (51.6

mg, 0.19 mmol, 77%, 90:10 dr, 99:1 er).
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"H NMR (500 MHz, CDCls) § 7.33-7.15 (m, 10H, CHy,), 3.59 (dd, J=12.3 Hz,J=4.2 Hz, 1H,
CH,OH), 3.48 (dd, J=12.3 Hz,J = 8.5 Hz, IH, CH,OH), 3.19 (dd, /= 7.5 Hz, J= 5.2 Hz, 1H,
CHOcpox), 3.05 (minor diastereomer, d, J = 14.1 Hz, 1H, CHOcpox), 2.98 (d, J=14.8 Hz, 1H,
PhCH,), 2.96-2.89 (m, 1H, PhCH,), 2.86-2.77 (m, 1H, PhCH>), 2.70 (d, J=14.8 Hz, 1H,
PhCH,), 2.68-2.64 (minor diastereomer, m, 1H), 2.13-1.99 (m, 2H, PhCH,CH,), 1.92-1.80
(minor diastereomer, m, 1H), 1.52 (dd,/J= 8.5 Hz, J=4.2 Hz, 1H, OH).

3C NMR (125 MHz, CDCIl3) major diastereomer: 6 141.1, 136.5, 129.3, 128.6, 128.54, 128.48,
126.7, 126.2, 63.7, 63.1, 60.0, 35.0, 33.0; minor diastereomer (not all peaks detected): 136.3,
129.8, 128.44, 128.41, 126.3, 62.5, 61.6, 34.9, 32.7, 29.9.

FTIR (thin film) 3437, 3063, 3028, 2928, 1603, 1496, 1454, 1068, 1031, 908, 732, 700 cm’
HRMS (m/z) calcd for C;gH»0O,Na [M+Na]+: 291.1356. Found 291.1353.

a]p>®: —38.0 (¢ 0.548, CHCL).

Chiral HPLC: Diastercomer separation: Zorbax XDB/C18, methanol/water = 70:30, flow rate
1.0 mL/min, 29.2 MPa, 210 nm. Upon separation, the major diastereomer was switched to a
chiral column at 3.32 min till 3.42 min: Kromasil - AmyCoat, methanol/water = 98:2, flow rate
1.0 mL/min, 12.6 MPa, 220 nm). Major diastereomer: t; 6.8 min (major enantiomer), t. 8.4 min

(minor enantiomer).

The absolute configuration was assigned by analogy.

4-((2S,3S)-3-(hydroxymethyl)-3-methyloxiran-2-yl)butyl

$).0

AcO/\/\/\\E@\OH acetate (149f): Prepared according to the general Procedure B
. " e " =90

Chemical Formula: GygH1Os using (E)-6-methyl-7-oxohept-5-enyl acetate 53f (E/Z >20:1,

Molecular Weight: 202,25 0.25 mmol) followed by reduction with NaBH,. Purification by

flash chromatography (50% Et,0O in pentane) afforded 149f as a
colourless oil (33.5 mg, 0.160 mmol, 66%, 97:3 er).

"H NMR (500 MHz, CDCl;) & 4.09 (apparent t, J = 6.6 Hz, 2H, AcOCH.), 3.68 (apparent d,
J=12.0 Hz, 1H, CH,0OH), 3.58 (dd, /= 12.0 Hz, J = 6.9 Hz, 1H, CH,OH), 3.04 (apparent t,
J= 5.6 Hz, 1H, CHO¢pox), 2.85 (minor diastereomer, apparent t, J= 6.1 Hz, 1H, CHO¢pox),
2.06 (s,3H, CH3CO), 2.01 (br s, 1H, OH), 1.74-1.48 (m, 6H, CH»), 1.29 (s, 3H, CH3).

BC NMR (125 MHz, CDCl;) major diastereomer: & 171.3, 65.3, 64.2, 60.9, 59.9, 28.4, 27.8,
23.0, 21.0, 14.2; minor diastereomer (not all peaks detected): 64.6, 64.2, 63.9, 27.7, 23.2, 20.2;
FTIR (thin film) 3447, 2955, 2868, 2250, 17365, 1458, 1433, 1387, 1367, 1240, 1035, 911,
868, 729 cm™
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HRMS (m/z) caled for C1oH;3O4Na [M+Na]+: 225.1097. Found 225.1099.

[a]p®: = 17.7 (¢ 0.362, CHCL).

Chiral GC (Lipodex G, 60 min at 120 °C, 15 °C/min until 220 °C, 5 min at 220 °C, 0.5 bar
H): t:37.9 min (minor enantiomer, major diastereomer), t; 39.1 min (major enantiomer, major
diastereomer), t, 41.0 min (major enantiomer, minor diastereomer), t, 42.2 min (minor

enantiomer, minor diastereomer).

The absolute configuration was assigned by analogy.

4-((2S,3R)-3-formyl-3-methyloxiran-2-yl)butyl acetate (54f):
(S)
Aco/\/\/{?ho Chiral GC (BGB-174/BGB-1701, 40 min at 155 °C, 10 °C/min
(R)
until 220 °C, 5 min at 220 °C, 0.5 bar H): t;22.1 min (major

Chemical Formula: C4gH 104 . . ) . . )
Molecular Weight: 200,23 enantiomer, minor diastercomer), t; 23.8 min (mlnor enantiomer,

minor diastereomer), t, 31.6 min (minor enantiomer, major

diastereomer), t; 32.5 min (major enantiomer, major diastereomer).

((2S,35)-2-methyl-3-phenethyloxiran-2-yl)methanol (149g):

@
nQ

Prepared according to the general Procedure B using (£)-2-
methyl-5-phenylpent-2-enal 53g (E/Z = 20:1, 0.25 mmol)

Ph sy OH

Chemical Formula: C4,H460,
Molecular Weight: 192,25 followed by reduction with NaBH,. Purification by flash

chromatography (50% Et;O in pentane) afforded 149g as a
colourless oil (36.2 mg, 0.19 mmol, 75%, 95:5 dr, 98.5:1.5 er).

"H NMR (500 MHz, CDCl3) & 7.31-7.28 (m, 2H, CHy,), 7.22-7.19 (m, 3H, CHy,), 3.63 (dd, J
= 12.3 Hz, J=3.9 Hz, 1H, CH,OH), 3.52 (dd, J = 12.3 Hz,J= 8.8 Hz, 1H, CH,OH), 3.48
(minor diastereomer, dd, J = 11.7 Hz,J = 5.8 Hz, 1H, CH,OH), 3.38 (minor diastereomer, dd,
J=11.7Hz,J = 6.2 Hz, 1H, CH,OH), 3.09 (t,J= 6.2 Hz, 1H, CHO¢pox), 2.89-2.83 (m, 1H,
PhCH,), 2.76-2.70 (m, 1H, PhCH;), 2.06-1.94 (m, 1H, PhCH,CH;), 1.88-1.81 (m, 1H,
PhCH,CH;), 1.65 (br s, 1H, OH), 1.12 (s, 3H, CH3).

BC NMR (125 MHz, CDCl3) major diastereomer: 6 141.2, 128.49, 128.47, 126.2, 65.3, 61.2,
59.6, 32.7, 30.1, 14.1; minor diastereomer (not all signals detected): 142.4, 128.75, 128.6,
126.3, 64.3, 63.7, 20.1.

FTIR (thin film) 3427, 3027, 2928, 2861, 1604, 1496, 1454, 1073, 1039, 908, 749, 700 cm™"
HRMS (m/z) calcd for C;,H; 60, [M]+: 192.1150. Found 192.1151.
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[a]p®: = 27.6 (¢ 0.521, CHCL).

Chiral HPLC: Diastereomer separation: Zorbax XDB/C18, acetonitrile/water = 25:75, flow
rate 1.0 mL/min, 22.2 MPa, 210 nm. Upon separation, each diastereomer was switched to a
chiral column at 5.57 min till 5.62 min for the minor diastereomer and 6.06 min till 6.11 min
for the major diastereomer: Chiralpak AS-RH, acetonitrile/water = 30:70, flow rate 1.0
mL/min, 10.1 MPa, 210 nm). Minor diastereomer (cis-149g): t, 10.9 min (major enantiomer),
t. 11.6 min (minor enantiomer). Major diastereomer (frans-149g): t. 11.5 min (minor

enantiomer), t; 12.21 min (major enantiomer).

The absolute stereochemistry was assigned by analogy. The minor (25, 3R) diastereomer cis-

149¢g has been described.!'**!

(2R,3S)-2-methyl-3-phenethyloxirane-2-carbaldehyde (54g):
Ph/\/\E(Rﬁo Chiral GC (BGB-177/BGB-15, 60 min at 120 °C, 10 °C/min
until 230 °C, 5 min at 230 °C, 0.7 bar H») t; 40.0 min (major

Chemical Formula: C45H440,
Molecular Weight: 190,24 enantiomer, minor diastereomer), t. 40.6 min (minor enantiomer,

minor diastereomer), t; 45.1 min (major enantiomer, major

diastereomer), t; 45.6 min (minor enantiomer, major diastereomer).

Preparation of an authentic sample for the determination of the absolute stereochemistry

of cis-149g (cf. Section 4.1.5.2):

O
Ph/\/\( Sharpless Ph/\/%
OH  epoxidation OH

(Z2)-74 cis-1499g

o) ((2S,3R)-2-methyl-3-phenethyloxiran-2-yl)methanol (cis-
Ph .
/\Al( 149g): Following the procedure of Prévost and Woerpel,** a
OH . ..

Chemical Formula: GygH0, solution of (+)-diisopropyl tartrate (13.2 pL, 0.0625 mmol, 0.22
Molecular Weight: 192,25 equiv) in dichloromethane (1 mL) with 4A molecular sieves (16

mg) was cooled to -20 °C. Ti(O'Pr); (4.6 uL, 0.0129 mmol, 0.16
equiv) was added, followed by tert-butylhydroperoxide (77.5 pL, 5.5 M in decanes, 0.426
mmol, 1.5 equiv). A solution of (£)-74 (50 mg, 0.28 mmol, 1 equiv) in dichloromethane (0.2
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mL) was added. The reaction mixture was stirred at — 20 °C for 16 h, warmed up to room
temperature at treated with H,O (0.3 mL) and 30% NaOH (0.1 mL). After stirring the biphasic
solution for 1h at room temperature, the mixture was extracted with dichloromethane three
times, dried over Na,SOy, filtered and concentrated. Flash column chromatography eluting with

35% diethyl ether in pentane afforded cis-149g as a colourless oil (43.6 mg, 0.23 mmol, 80%).

"H NMR (500 MHz, CDCl3) 8 7.31-7.28 (m, 2H, CHy,), 7.23-7.19 (m, 3H, CHy,), 3.47 (d, J =
12.0 Hz, 1H, CH,OH), 3.38 (d, J = 12.0 Hz, 1H, CH,OH), 2.89-2.84 (m, 2H, PhCH,), 2.75-
2.67 (m, 1H, CHOgpox), 2.05-1.98 (m, 1H, PhCH,CH,), 1.87-1.81 (m, 1H, PhCH,CH>), 1.60
(brs, 1H, OH), 1.32 (s, 3H, CH3).

Chiral HPLC: Chiralpak AS-RH, acetonitrile/water = 30:70, flow rate 1.0 mL/min, 10.1 MPa,
210 nm). t. 5.55 min (major enantiomer), t, 6.26 min (minor enantiomer). Since no
diastereomer separation was required in this case, the sample was not pre-eluted on an achiral

HPLC column.

The physical data are identical in all respects to those previously reported.!'***!

((2S,3S)-2-methyl-3-phenethyloxiran-2-yl)methanol (149h):
0]

Ph \/ﬂAOH Prepared according to the general Procedure B using (E)-2,4-
Ph diphenylbut-2-enal 53h (E/Z > 20:1, 0.25 mmol) followed by

Cr;:;?;iillalzro\;vrl?;:tcﬁ:1;(? 2| reduction with NaBHy. Purification by flash chromatography
(50% Et;O in pentane) afforded 149h as a colourless oil (29.4
mg, 0.12 mmol, 49%, 56:44 dr, 95:5 er).
'"H NMR (500 MHz, CDCls) & 7.46-7.05 (m, 10H, major + minor diast, CHy,), 4.32 (dd, J =
12.3 Hz, J = 4.8 Hz, 1H, major diast, CH,OH), 4.14 (dd, J = 12.3 Hz, J=5.8 Hz, 1H, major
diast, CH,OH), 4.06-3.91 (m, 2H, minor diast, CH,OH), 3.61 (t,J= 6.2 Hz, 1H, minor diast,
CHOcpox), 3.22 (t,J = 6.4 Hz, 1H, major diast, CHOcpox), 3.16 (dd, /= 14.7 Hz, /= 6.4 Hz, 1H,
major diast, PhCH,), 3.10 (dd, J= 14.7 Hz, J = 6.3 Hz, 1H, major diast, PhCH,), 2.58 (dd, J =
14.7 Hz,J = 6.8 Hz, 1H, minor diast, PhCH), 2.52 (dd, J = 14.7 Hz, J= 5.8 Hz, 1H, minor
diast, PhCH;) 1.82 (br s, 1H, minor diast, OH), 1.73 (br s, 1H, major diast, OH).
BENMR (125 MHz, CDCls, mixture of 2 diastereomers) 8 138.9, 137.44, 137.40, 135.6, 128.9,
128.8, 128.7, 128.6, 128.5, 128.4, 128.1, 127.9, 127.4, 127.0, 126.8, 128.6, 125.9, 68.7, 66.2,
64.4,64.1,63.2,61.4,34.9,34.8.
FTIR (thin film) 3432, 3062, 3029, 2923, 1603, 1496, 1453, 1085, 1031, 939, 861, 762 cm’'
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HRMS (m/z) caled for C1¢H;¢0O,Na [M+Na]+: 263.1042. Found 263.1040.

Chiral HPLC: Diastereomer separation: Zorbax XDB/CI18, elution gradient 0-9.5 min:
methanol/water = 55:45, 9.5-12.5 min: methanol/water = 80:20, 12.5-20 min: methanol/water
= 55:45 , flow rate 1.0 mL/min, 32.8 MPa, 210 nm. Upon separation, each diastereomer was
switched to a chiral column at 7.38 min till 7.42 min for the minor diastereomer and 8.28 min
till 8.33 min for the major diastereomer: CelluCoat RP, acetonitrile/water = 40:60, flow rate
1.0 mL/min, 18.2 MPa, 210 nm). Minor diastereomer: t, 18.2 min (minor enantiomer), t. 19.4
min (major enantiomer). Major diastereomer: t. 18.1 min (major enantiomer), t. 18.6 min

(minor enantiomer).

The absolute stereochemistry was assigned by analogy.

(2S,3R)-3-heptyloxirane-2-carbaldehyde (54i): Prepared

/W\%Ao according to the general Procedure A using commercial (E)-
© dec-2-enal. The yield (30%) was determined by GC analysis

Chemical Formula: C4gH;g05
Molecular Weight: 170,25 (95:5 dr, 70:30 er).

"H NMR (300 MHz, CDCl3) 8 = 9.01 (d, J = 6.2 Hz, 1H), 3.18 - 3.15 (m, 1H), 3.09 (dd, J =
6.2 Hz, 1H), 1.23 - 1.63 (m, 10H), 0.86 (t, J= 5.3 Hz, 3H)

Chiral GC: (BGB-176, 90 °C iso, 0.5 bar H): t.12.1 min (major enantiomer, major
diastereomer), t; 12.9 min (minor enantiomer, major diastereomer), t, 5.4 min (major

enantiomer, minor diastereomer), t, 1.12 min (minor enantiomer, minor diastereomer).

The physical data are identical in all respects to those previously reported.*®) The absolute
stereochemistry was assigned by comparison of the chiral GC spectra with an authentic

sample of (2R,3S)-54i which was prepared using the procedure of Wang and List.*®

167



7. Experimental Section

7.2.3.2 a-Substituted Epoxyaldehydes 67

(R)-2-benzyloxirane-2-carbaldehyde (67a): Prepared according

(R)
©/\§§o to the general Procedure C using 2-benzylacrylaldehyde 66a

(0.25 mmol). Purification by flash chromatography (20% Et,O in

Chemical Formula: C4gH4¢0» .
Molecular Weight: 162,19 pentane) afforded 67a as a colourless oil (31.7 mg, 0.195 mmol,

78%, 99:1 er).

"H NMR (400 MHz, CDCl3) & 8.94 (s, 1H, CHO), 7.31-7.20 (m, 5H, CHy,), 3.21 (d, J= 1.4 Hz,
2H, PhCHy), 3.00 (d, J = 4.6 Hz, 1H, CHyOcpoy), 2.85 (d, J = 4.6 Hz, 1H, CH,Ocpo).

BC NMR (100 MHz, CDCl3): & 198.6, 134.8, 129.9, 128.4, 127.0, 61.4, 48.9, 33.1.

FTIR (thin film) 3064, 3032, 2826, 1726, 1497, 1454, 1077, 1010, 907, 730 cm™"

HRMS (m/z) caled for CioH;00, [M]": 162.0681. Found 162.0682.

[a]p® : + 47.0 (¢ 0.502, CHCL,).

Chiral GC (BGB-178/BGB-15, 35 min at 115 °C, 8 °C/min until 220 °C, 0.6 bar H,) t; 26.0

min (major enantiomer), t; 27.0 min (minor enantiomer).

The physical data are identical in all respects to those previously reported.®™ The absolute

stereochemistry was assigned by analogy.

(S)-(2-(oct-7-enyl)oxiran-2-yl)methanol  (150b):  Prepared

MOH according to the general Procedure C using 2-methylenedec-9-
o} . .
enal 66b (0.25 mmol) followed by reduction with NaBH,.
Chemical Formula: C411H5q0, . . .
Molecular Weight: 184,28 Purification by flash chromatography (30% Et;O in pentane)
afforded 150b as a colourless oil (33.9 mg, 0.184 mmol, 74%,

98.5:1.5 er).

'"H NMR (300 MHz, CDCl;) & 5.80 (ddt, J=17.4 Hz, J=10.2 Hz, J=6.7 Hz, CH=CH,),
5.03-4.99 (m, 2H, CH=CH,), 3.77 (dd, J=12.2, J = 4.2 Hz, 1H, CH,0H), 3.64 (dd, J=12.2
Hz, J = 8.6 Hz, 1H, CH,OH), 2.88 (d, J = 4.7 Hz, 1H, CHyO¢pox), 2.66 (d, J = 4.7 Hz, 1H,
CH,0.poy), 2.07-2.00 (m, 2H, CH,=CHCHy,), 1.82-1.26 (m, 11H, CH,).

BC NMR (75 MHz, CDCLy): 6 139.0, 114.3, 62.8, 59.7, 49.8, 33.7, 32.0, 29.6, 28.9, 28.8, 24.6;
FTIR (thin film) 3429, 3077, 2928, 2857, 2249, 1641, 1464, 1415, 1046, 908, 730 cm™*

HRMS (m/z) caled for CiH»0, [M+H]': 185.1542. Found 185.1540.

[a]p®: = 10.8 (¢ 0.574, CHCL).
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Chiral GC (Hydrodex-8 TBDAc, 25 min at 150 °C, 10 °C/min until 220 °C, 0.5 bar H,) t, 14.5
min (major enantiomer), t, 15.4 min (minor enantiomer).

The absolute stereochemistry was assigned by analogy.

(R)-2-(oct-7-enyl)oxirane-2-carbaldehyde (67b):

= @0 | 'H NMR (500 MHz, CDCLy) & 8.88 (s, 1H, CHO), 5.80 (ddt,

Chemical Formula: C11:1302 J=17.09 Hz, J=10.2 Hz, J= 6.6 Hz, CH=CH,), 5.03-4.90 (m,
Molecular Weight: 182,26 2H, CH=CH,), 3.02 (br s, 2H, CH»O¢pox), 2.09-1.88 (m, 3H,

CHb), 1.76-1.66 (m, 1H, CH»), 1.46-1.21 (m, 8H, CH>).

BC NMR (100 MHz, CDCls): & 199.1, 139.0, 114.3, 61.4, 49.6, 33.7, 29.5, 28.8, 28.7, 27.6,

24.3.

FTIR (thin film) 3077, 2929, 2857,1730, 1641, 1464, 1438, 1144, 910, 731 cm™

HRMS (m/z) calcd for Cy1Hj90, [M+H]'™: 183.13851. Found 183.13831.

Chiral GC (BGB-174/BGB-1701, 130 °C isocratic, then baked out at 8 °C/min until 220 °C, 5

min at 220 °C, 0.5 bar H): t; 27.8 min (major enantiomer), t. 29.3 min (minor enantiomer).

(S)-(2-octyloxiran-2-yl)methanol (150d): Prepared according
> o OH to the general procedure B using 2-methylenedecanal 5S¢ (0.25

Chemical Formula: C1qHy,0, mmol) followed by reduction with NaBH,. Purification by flash

Molecular Weight: 186,29 chromatography (50% Et,O in pentane) afforded 150d as a

colourless oil (36.4 mg, 0.196 mmol, 78%, 99:1 er).

"H NMR (500 MHz, CDCl3) & 3.78 (dd, /= 12.1, J = 3.8 Hz, 1H, CH,OH), 3.64 (dd, J = 12.1
Hz, J = 8.4 Hz, 1H, CH,OH), 2.89 (d, J = 4.7 Hz, 1H, CH,O¢pox), 2.67 (d, J = 4.7 Hz, 1H,
CH1O¢pox), 1.80-1.75 (m, 1H, CH»), 1.68 (br s, 1H, OH), 1.53-1.47 (m, 1H, CH}), 1.39-1.23 (m,
12H, CH,), 0.88 (t, /= 6.7 Hz, 3H, CH3).

BC NMR (125 MHz, CDCl3): 8 62.7, 59.8, 49.8, 32.0, 31.8,29.7, 29.2, 24.6, 22.6, 14.1.

FTIR (thin film) 3421, 2927, 2857, 2251, 1466, 1364, 1197, 1053, 908, 808, 731 cm’’

[a]p?: — 14.8 (¢ 0.595, CHCLs); Lit!"*” [a]p*: — 11.7 (¢ 1.0, CHCl3, 72% ee).

HRMS (m/2) caled for C;1H30, [M+H]™: 187.1698. Found 187.1699.

Chiral GC (BGB-177/BGB-15, 140 °C isocratic, then baked out at 220 °C, 0.6 bar H») t, 19.75
min (major enantiomer), t; 20.8 min (minor enantiomer).

The physical data are identical in all respects to those previously reported.!'*
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. 53% conversion
O
dr (antilsyn) = 83:17 O/\H/\

rac-66e anti-67e syn-67e S)-66e
44% 9% 47%
96:4 er 87:13 er 97:3 er

(S)-2-((R)-1-phenylethyl)oxirane-2-carbaldehyde (anti-67¢):
©)\@0 Prepared according to the general Procedure C using racemic 2-
methylene-3-phenylbutanal rac-66e (0.25 mmol). Analysis of

Chemical Formula: C11H202 | the crude reaction mixture after 24 h showed 53% conversion of
Molecular Weight: 176,21

the starting material and two diastereomers anti-67e and syn-67e
with dr = 83:17. Purification by flash chromatography (5% EtOAc in pentane) afforded anti-
67e as a colourless oil (13.0 mg, 0.074 mmol, 30%, lowered yield due to incomplete separation

from (5)-66e, 96:4 er).

"H NMR (500 MHz, CDCl3) & 8.95 (s, 1H, CHO), 7.31-7.28 (m, 2H, CHy,), 7.26-7.21 (m, 3H,
CHa,), 3.68 (q, J= 7.2 Hz, 1H, PhCH), 2.87 (d, J= 4.6 Hz, 1H, CH,O¢p0x), 2.58 (d, J= 4.6 Hz,
1H, CH,O¢pox), 1.38 (d, J= 6.9 Hz, 3H, CH3).

BC NMR (125 MHz, CDCly): § 199.0, 140.4, 128.5, 128.2, 127.1, 64.6, 48.9, 35.8, 16.2.

FTIR (thin film) 30314, 2979, 2940, 2821, 2255, 1733, 1496, 1454, 907, 865, 729 cm

HRMS (m/z) calcd for C;1H;,0, [M]': 176.0837. Found 176.0839.

[a]p®: +41.5 (¢ 0.65, CHCl).

Chiral GC (G-BP, 40 min at 110 °C, 14 °C/min until 220 °C, 5 min at 220 °C, 0.6 bar H»):
t: 25.3 min (minor enantiomer, major diastereomer anti-67e), t, 27.0 min (major enantiomer,
major diastereomer anti-67e), t; 34.0 min (minor enantiomer, minor diastereomer syn-67e), t;

36.3 min (major enantiomer, minor diastereomer syn-67e).

The physical data are identical in all respects to those previously reported.™

(S)-2-methylene-3-phenylbutanal (S)-66e: The physical data of

©/\H/\\o this compound are identical in all respects to rac-66e. This

compound was isolated by flash chromatography (5% EtOAc in

Chemical Formula: C41{H4,0

Molecular Weight: 160,21 pentane) as a colourless oil (8.79 mg, 0.055 mmol, 22%, lowered

yield due to incomplete separation from anti-67e, 97:3 er).

[a]p®® : + 48.6 (¢ 0.44, CHCl3), Lit (R enantiomer)!"*: [o]p™ : — 38.7 (¢ 1.01, CHCl;).
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Chiral GC (G-BP, 40 min at 110 °C, 14 °C/min until 220 °C, 5 min at 220 °C, 0.6 bar H) t,

13.9 min (major enantiomer), t; 14.4 min (minor enantiomer).

Assignment of the absolute configuration:

(S)
mo
(S)-66e

(S)-66e: The absolute configuration was established by comparison of the optical rotation with

the literature value.!'*!

6d

anti-67e: The relative anti-configuration was assigned by comparison of the chemical shifts in
'H and "C NMR spectra with the literature values.®™  The absolute configuration was

assigned based on the configuration of the recovered enantioenriched starting material (S)-66e.

RAR) o

6e

syn-67e: The relative syn-configuration was assigned by comparison of the chemical shifts in
'H and °C NMR spectra with the literature values.™ The absolute configuration was
tentatively assigned based on the observed dr and er values of all components of the reaction,
such that the stoichiometry of the (R) and (S) enantiomers at C-3 is balanced. GC and NMR
analyses of the crude reaction mixture indicated that (S5)-66e, anti-67e and syn-67e were the

only components of the reaction.
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7.2.4 Studies on the N-oxidation of catalyst 9

7.2.4.1. Synthesis of 9-amino(9-deoxy)epiquinine N-oxide (78)

9-amino(9-deoxy)epiquinine  N-oxide  (78):9-Amino-(9-
deoxy)epiquinine (9) (100 mg, 0.31 mmol) was dissolved in
dichloromethane (3 mL) and cooled to — 78 °C. Under ambient
atmosphere, m-CPBA (60 mg, 0.27 mmol, 0.87 equv, 77%

Chemical Formula: CooHasNsO5 purity) was added, and the reaction mixture was stirred for 1 h

Molecular Weight: 339,43

at -78 °C. The crude reaction mixture was then directly loaded

onto a silica gel column packed with a 900:100:6.5 solvent mixture of CH,Cl,:MeOH:NH3
conc. and eluted with the same solvent mixture. The first eluted product corresponds to the
excess starting material (9). Further elution yielded the title compound 78 as an oil which
becomes a highly hygroscopic amorphous white foam after washing with ether and evaporating
the solvent under reduced pressure (92.8 mg, 0.27 mmol, quant.).

"H NMR (500 MHz, MeOD) & 8.71 (d, J = 4.6 Hz, 1H, H-2"), 7.98 (d, J=9.2 Hz, 1H, H-8"),
7.73 (br s, 1 H, H-5"), 7.64 (d, J = 4.6 Hz, 1H, H-3"), 7.48 (dd, J = 9.2 Hz, J = 2.5 Hz, 1H, H-
7°),5.92 (ddd, J=17.2 Hz, J=10.5 Hz, J= 6.8 Hz, 1H, H-10), 5.38-5.08 (m, 3H, H-9 + H-11),
4.08 (c. m, 1H, H-6b), 4.03 (s, 3H, C-12), 3.89 (br s, 1H, H-8), 3.70 (dd, /= 12.9 Hz, J = 10.6
Hz, 1H, H-2a), 3.53-3.37 (m, 2H, H-2b + H-6a), 2.99-2.88 (m, 1H, H-3), 2.15-1.79 (m, 3H, H-5
+ H-7b), 1.76 (c. m, 1H, H-4), 1.09-0.99 (m, 1H, H-7a).

BC NMR (150 MHz, MeOD) § 160.3 (C-6°), 148.4 (C-2°), 147.6 (C-8a’), 144.9 (C-4"), 139.3
(C-10), 131.5 (C-8°), 129.7 (C-4a’), 124.15 (C-7°), 121.8 (C-3’), 117.2 (C-11), 102.0 (C-5"),
74.7 (C-8), 71.7 (C-2), 58.5 (C-6), 56.3 (C-12), 52.0 (C-9), 41.6 (C-3), 28.8 (C-7), 28.0 (C-4),
27.8 (C-5).

N-NMR (60 MHz, MeOD, 8xi:= 0 ppm) & 296.5 (quinoline N), 117.5 (N-oxide), primary
amine could not be detected.

FTIR (thin film) 3264, 2943, 2216, 1620, 1590, 1507, 1474, 1432, 1359, 1309, 1263, 1236,
1175, 1135, 1083, 1028, 987, 909, 856, 830, 725.

LRMS (EI): m/z =339 [M], 322, 305, 214, 187, 156, 136, 108, 98, 81, 67, 56, 41.

HRMS (m/z) caled for CooH¢N30, [M+H]": 340.20195. Found: 340.20190.
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7.2.4.2 Kinetic studies

Kinetic studies on the oxidation of the amine salt [9-2TFA] to [78:2TFA] were performed by
taking aliquots of the reaction over 18 h (Table 7.1). Two methods were employed to determine
the reaction conversion: aliquots diluted in THF-dg (approx. 0.1 mL sample + 0.3 mL THF-dy)
were analyzed by 'H NMR spectrometry, and aliquots diluted in MeOH (0.2 -1 pL in 1 mL
MeOH) were analyzed by ion pair chromatography (IPC, 50 mm Zorbax Eclipse Plus C18, 1.8
um, 4.6 mm i.D.; mobile phase: methanol/5 mm DiKGA pH 4.6 = 50:50, 1.0 mL/min, 220 nm,
308K). The conversion vs. time graph (Figure 7.1) was plotted using the average conversion

obtained from both methods. This graph shows no apparent autocatalytic effect.

Table 7.1 Conversion of the amine salt [9-:2TFA] to [78:2TFA] in the presence of excess ag.
H,0,, monitored over 18 h.

NH,
. N N TFA (2 equiv)

| _N H,0, (50 wt. %, 15 equiv)
THF-dg, 50 °C

*2TFA

Reaction time, h  Conv., % (NMR)  Conv.,% (IPC)E Reaction time, h Conv., % (NMR)  Conv.,% (IPC)

05 4 4 5 43 37
1 6 12 7 64 59
2 17 18 i 9 62 72
3 24 25 18 100 90
4 37 3B

100 +

90 -

80 -

70 -

%

60 4

50 -

Conversion,

40

30 -

20 4

0 2 4 6 8 10 12 14 16 18 20
Time, h

Figure 7.1 Kinetic plot of oxidation of the amine salt [9-2TFA] to [78-:2TFA] in the presence of
excess aq. H,O».
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7.2.4.3 Reduction of 9-amino(9-deoxy)epiquinine N-oxide 78 to 9-amino(9-
deoxy)epiquinine 9

A/ih NH,
H,S03 acetone — N =

| |
N ~_N
0°C-rt
MeO MeO
78 9

9-Amino(9-deoxy)epiquinine N-oxide (78) (20.6 mg, 0.061 mmol) was dissolved in acetone
(0.8 mL) and H,SOs3 (6% wt, 0.1 mL, 0.073 mmol, 1.2 equiv) was added dropwise at 0 °C. The
reaction mixture was stirred for 17 h, dissolved in dichloromethane, washed with sat. aq.
NaHCOs3, dried over MgSOy, filtered and the solvent was removed under reduced pressure. The
resulting white amorphous foam (11.1 mg, 0.034 mmol, 56%) was obtained as a
spectroscopically pure compound, whose physical data was identical in all respects to 9-amino-

(9-deoxy)epiquinine (9).

'H NMR (500 MHz, CDCls) & 8.73 (d, J = 4.5 Hz, 1H, H-2"),
8.01 (d,J=9.2 Hz, 1H, H-8), 7.64 (br s, 1 H, H-5), 7.43 (br
d,J=42Hz, 1H, H-3"), 7.36 (dd, J= 9.1 Hz, J= 2.8 Hz, 1H,
H-7°), 5.78 (ddd, J= 17.3 Hz, J= 10.1 Hz, J= 7.3 Hz, 1H,
Chemical Formula: GgHagiaO CH=CH), 5.00-4.93 (m, 2H, CH=CHy), 4.57 (br d, J = 9.7

Molecular Weight: 323,43 Hz, 1H, H-9), 3.94 (s, 3H, C-12), 3.26 (dd, J = 13.8 Hz, J =
10.0 Hz, 1H, H-2), 3.21-3.15 (m, 1H, H-6), 3.11-3.02 (m, 1H, H-8), 2.82-2.75 (m, 2H, H-6, H-
2), 2.30-2.23 (m, 1H, H-3), 1.94 (br s, 2H, NHb), 1.62-1.58 (m, 1H, H-4), 1.57-1.50 (m, 2H, H-
5), 1.45-1.36 (m, 1H, H-7), 0.75 (ddt, J=13.6 Hz, J= 7.5 Hz, J= 1.9 Hz, 1H, H-7).

13C NMR (150 MHz, MeOD) § 157.6 (C-6), 147.8 (C-2°), 147.0 (C-82°), 144.7 (C-4"), 141.7
(CH=CH,), 131.8 (C-8"), 128.7 (C-4a), 121.2 (C-7"), 119.9 (C-3"), 114.3 (CH=CH,), 102.0
(C-5%), 61.9 (C-8), 56.3 (C-2), 55.5 (C-12), 52.5 (C-9), 40.9 (C-6), 39.8 (C-3), 28.2 (C-5), 27.5
(C-4), 26.0 (C-7).
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7.2.5 NMR Investigations of Imine Salts 80

(S,E)-1-(6-methoxyquinolin-4-yl)-N-((E)-2-methyl-3-phenylallylidene)-1-((1S,2S,4S,5R)-5-
vinylquinuclidin-2-yl)methanamine (80): 9-Amino-(9-deoxy)epiquinine (9) (400 mg, 1.24

mmol) and (E)-2-methyl-3-
phenylacrylaldehyde (183 pL, 1.30

20

Sap H o mmol, 1.05 equiv) were dissolved

3 H 6f":ygl/HH 7a in methanol (4 mL) and activated 4

W 2an 4 A molecular sieves (0.5g) were
7&') added. After stirring the reaction
mixture overnight, TLC control

(CH2C12: MeOH:NH3

Chemical Formula: C30H33N30 conc.9:1:0.065) showed the
Molecular Weight: 451,60

[
o L

disappearance of the starting
material. The mixture was filtered through a pad of Celite washing with dichloromethane, and
the solvent was evaporated under reduced pressure to afford the title compound in quantitative
yield, containing 5% of the excess (£)-2-methyl-3-phenylacrylaldehyde. This compound was
found to be fairly stable to hydrolysis and could be handled in the air and with non-dried
solvents. For long-term storage, it was kept under argon at 4 °C as a solid and in a vacuum-

sealed NMR tube as a solution.

'H NMR (600 MHz, CDCls) & 8.64 (d, J = 4.5 Hz, 1H, H-2"), 7.96 (s, 1H, H-13), 7.92 (d, J =
9.2 Hz, 1H, H-8°), 7.87 (d, J = 2.8 Hz, 1H, H-5"), 7.39 (d, J = 4.5 Hz, 1H, H-3"), 7.28 (dd, J =
9.2 Hz, J = 2.8 Hz, 1H, H-7"), 7.25-7.16 (m, 5H, H-18 + H-19 + H-20), 6.67 (br s, 1H, H-16),
5.69 (ddd, J=17.3 Hz, J=10.3 Hz, J= 7.4 Hz, 1H, H-10), 4.88 (ddd, J= 17.3 Hz, J<2 Hz,
J<2Hz 1H, H-11a), 4.84 (ddd, J= 10.3 Hz, J <2 Hz, J <2 Hz, 1H, H-11b), 4.69 (d, J= 9.5 Hz,
1H, H-9), 3.89 (s, 3H, H-12), 3.53 (ddd, J = 10 Hz, J= 9.5 Hz, J= 8 Hz 1H, H-8), 3.15 (dd, J =
13.8 Hz, J = 10.3 Hz, 1H, H-2a), 3.13 (dddd, J= 14 Hz, J= 9 Hz, J= 2.5 Hz, 1H, H-6b), 2.69
(ddd, J= 14 Hz, J=10.5 Hz, J = 5.9 Hz, 1H, H-6a), 2.67 (dd, J= 13.8 Hz, J= 6.0 Hz, 1H, H-
2b), 2.15 (c. m, 1H, H-3), 2.07 (d, J < 2 Hz, 3H, H-15), 1.56 (c. m, 1H, H-4), 1.47 (c. m, 2H,
H-5a + H-5b), 1.26 (dddd, J = 13.7 Hz, J= 10 Hz, J= 3.7 Hz, 1H, H-7b), 0.81 (dddd, J= 13.7
Hz,J=8 Hz, J < 2 Hz, 1H, H-7a).

13C NMR (150 MHz, CDCls) § 165.7 (C-13), 157.3 (C-6), 147.7 (C-2), 146.1 (C-4"), 145.1
(C-8a%), 142.0 (C-10), 139.44 (C-16), 137.15 (C-14), 136.7 (C-17), 131.7 (C-8°), 129.3 (C-19),
128.3 (C-18), 128.0 (C-4a’), 127.6 (C-20), 121.5 (C-3"), 121.3 (C-7°), 114.2 (C-11), 103.3 (C-
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5%), 74.8 (C-9), 60.4 (C-8), 56.6 (C-2), 55.5 (C-12), 41.0 (C-6), 40.0 (C-3), 28.35 (C-5), 28.0
(C-4), 26.0 (C-7), 13.5 (C-15).

N-NMR (60 MHz, CDCls, dnu:= 0 ppm) & 333.8 (imine N), 305.2 (quinoline N), 24.3
(quinuclidine N).

LRMS (EI): m/z =451 [M], 308, 293, 266, 225, 199, 173, 160, 136, 81, 42.

HRMS (m/z) calcd for C30H33N30Na [M+H]+: 474.2516. Found: 474.2519.

H H Selected NOESY correlation

C9-C4' rotation

(S,E)-1-(6-methoxyquinolin-4-yl)-N-((E)-2-methyl-3-phenylallylidene)-1-((1S,2S5,4S,5R)-5-

vinylquinuclidin-2-yl)methanamine trifluoroacetic acid salt (80a): Imine 80 (20 mg, 0.044

mmol) was dissolved in dry

55 CDCIl; in a flame-dried two-
5aH H .
60 1 HGb7 necked flask containing 20 mg
3 H H"® _ )
s activated 4 A molecular sieves.

N To this suspension,

1
H H trichloroacetic acid (3.3 pL,
2

0.044 mmol, 1 equiv) was

_ added. After stirring for 5 min,
Chemical Formula: C3,H34F3N303

Molecular Weight: 565,63 the solution was transferred

into a flame-dried NMR tube using an HPLC syringe filter to remove molecular sieves and

sealed under vacuum.
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"H NMR (600 MHz, CDCl3) § 12.5 (br s, 1H, NH), 8.73 (d, J = 4.4 Hz, 1H, H-2"), 8.02 (d, J =
9.4 Hz, 1H, H-8"), 7.99 (s, 1H, H-13), 7.75 (br s, 1H, H-5"), 7.38 (dd, J = 9.4 Hz, J = 2.8 Hz,
1H, H-7"), 7.35 (br s, 1H, H-3"), 7.31-7.22 (m, 5H, H-18 + H-19 + H-20), 6.68 (br s, 1H, H-16),
5.68 (ddd, J=17.2 Hz, J=10.2 Hz, J= 6.6 Hz, 1H, H-10), 5.16-5.07 (m, 2H, H-11a + H-11b),
4.90 (br s, 1H, H-9), 4.28 (br s, 1H, H-8), 3.98 (s, 3H, H-12), 3.72 (dd, J = 14 Hz, J = 10 Hz,
1H, H-2a), 3.52 (c. m, 1H, H-6b), 3.35 (c. m, 1H, H-6a), 3.27 (c. m, 1H, H-2b), 2.65 (dt, J= 10
Hz, J= 5.2 Hz, 1H, H-3), 2.18 (d, J = 1.2 Hz, 3H, H-15), 2.00 (c. m, 1H, H-4), 1.96 (c. m, 2H,
H-5a + H-5b), 1.71 (dd, J = 13.2 Hz, J = 10.8 Hz, 1H, H-7b), 1.35 (d, J= 13.2, 1H, H-7a).

BC NMR (150 MHz, CDCls) & 169.6 (C-13), 162.3 (q, J = 34.3 Hz, COCF3), 158.3 (C-6),
1472 (C-2°), 145.4 (C-4), 142.1 (2C, C-8a’ + 16), 137.1 (2C, C-14 + C-10), 136.1 (C-17),
132.3 (C-8°), 129.5 (C-18), 128.3 (C-19), 128.1 (C-20), 127.1 (C-4a’), 122.5 (C-7"), 122.1 (C-
3%), 117.3 (C-11), 116.9 (q, J = 293.7 Hz, COCF3), 103.7 (C-5"), 74.4 (C-9), 60.0 (C-8), 56.1
(C-12), 53.8 (C-2), 40.5 (C-6), 36.9 (C-3), 27.0 (C-4), 24.9 (C-5), 24.3 (C-7), 12.7 (C-15);
BN-NMR (60 MHz, CDCls, = 0 ppm,) & 318.3 (imine N), 310.4 (quinoline N), 40.5
(quinuclidine N).

YF-NMR (376 MHz, CDCl3) & -79.5.

LRMS or HRMS were not performed due to extreme sensitivity of the title compound to

hydrolysis.

Selected NOESY correlation
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Selected NOESY correlation

3JH8-H9 ~10Hz
(p HBCBCYH9 ~ 180° H

(S,E)-1-(6-methoxyquinolin-4-yl)-N-((E)-2-methyl-3-phenylallylidene)-1-((1S,2S,4S,5R)-5

vinylquinuclidin-2-yl)methanamine bis-trifluoroacetic acid salt (80b): Imine 80 (19.9 mg,

5b
5aH H 6
H
3H eam’/ H7a
1"
ho2an/N ¢ y
y— H
10 7b
H H H
11b 2b 8

Chemical Formula: C34H35FgN3O5
Molecular Weight: 679,65

0.044 mmol) was dissolved in
dry CDCl; in a flame-dried
two-necked flask containing 20
mg activated 4 A molecular
sieves. To this suspension
trichloroacetic acid (6.5 puL,

0.088 mmol, 2 equiv) was

added. After stirring for 5 min,

this solution was transferred to a flame-dried NMR tube using an HPLC syringe filter to

remove molecular sieves and sealed under vacuum.

"H NMR (600 MHz, CDCL3) 8 12.0 (br s, 1H, NH), 8.88 (d, /= 5.0 Hz, 1H, H-2"), 8.23 (d, J =
9.3 Hz, 1H, H-8"), 8.13 (s, 1H, H-13), 7.98 (br s, 1H, H-5"), 7.77 (d, J = 5.0 Hz, 1H, H-3"),
7.50 (dd, J= 9.2 Hz, J= 2.4 Hz, 1H, H-7"), 7.30-7.18 (m, 5H, H-18 + H-19 + H-20), 6.74 (s,
1H, H-16), 5.66 (ddd, J= 17.2 Hz, J= 10.4 Hz, J= 6.4 Hz, 1H, H-10), 5.15 (c. m, 1H, H-9),
5.13 (dd, J=10.2 Hz, J= 1.2 Hz, 1H, H-11a), 5.10 (dd, J= 17.2 Hz, J= 1.2 Hz, 1H, H-11b),

178



7. Experimental Section

4.34 (dt, J=9.6 Hz, J= 6.0 Hz, 1H, H-8), 4.03 (s, 3H, H-12), 3.67 (c. m, 1H, H-6b), 3.65 (dd,
1H, J=13.8 Hz, J=10.6 Hz, H-2a), 3.34 (c. m, 1H, H-6a), 3.31 (ddd, /= 13.8 Hz, J = 6.0 Hz,
J=1.6 Hz, 1H, H-2b), 2.65 (dt, /= 10.8 Hz, J = 6.0 Hz, 1H, H-3), 2.15 (d, J = 1.2 Hz, 3H, H-
15), 2.12-1.90 (m, 3H, H-4 + H-5a + H-5b), 1.74 (ddd, /= 13.6 Hz, J= 9.6 Hz, J= 2.0 Hz,1H,
H-7b), 1.40 (d, J = 13.6 Hz, 1H, H-7a).

BC NMR (150 MHz, CDCl;) & 171.2 (C-13), 162.1 (q, J = 35.7 Hz, COCF3), 159.7 (C-6"),
147.7 (C-4"), 143.4 (C-16), 143.0 (C-2"), 139.5 (C-8a’), 136.6 (C-10), 136.5 (C-14), 135.7 (C-
17), 129.5 (C-19), 128.4 (C-20), 128.36 (C-18), 128.0 (C-4a’), 127.3 (C-8’), 125.6 (C-7"),
122.5 (C-3’), 117.6 (C-11), 116.6 (q, J = 291.4 Hz, COCF3), 103.6 (C-5’), 73.2 (br, C-9), 59.8
(C-8), 56.4 (C-12), 53.8 (C-2), 40.9 (C-6), 36.6 (C-3), 26.8 (C-4), 24.4 (C-5), 23.9 (C-7), 12.6
(C-15).

N-NMR (60 MHz, CDClI3, 0nm= 0 ppm) 6 313.9 (imine-N), quinoline N could not be detected,
quinuclidine N could not be detected.

N-NMR (60 MHz, CDCl3, T = 296 K, &xi:= 0 ppm) & 294 (quinoline N), 103 (N-oxide),
amide N not detected under these conditions.

YF-NMR (376 MHz, CDCl3) & -79.5.

HRMS was not performed due to extreme sensitivity of the title compound to hydrolysis.

Selected NOESY correlation
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(S,E)-1-(6-methoxyquinolin-4-yl)-N-((E)-2-methyl-3-phenylallylidene)-1-((1S5,2S,4S,5R)-5
vinylquinuclidin-2-yl)methanamine (R)-TRIP salt (80c) :

5
5en H

7ex

112
H 2exH

7en

11E

Chemical Formula: CggHggN3O5P
Molecular Weight: 1204,56

Imine 80 (20 mg, 0.044 mmol) was dissolved in dry CDCl; in a flame-dried two-necked flask
containing 20 mg activated 4 A molecular sieves. To this suspension, (R)-TRIP (3) (31 mg,
0.044 mmol, 1 equiv) was added. After stirring for 5 min, this solution was transferred to a
flame-dried NMR tube using an HPLC syringe filter to remove molecular sieves and sealed
under vacuum.

'"H NMR (600 MHz, CDCls, 223K, 2 conformers in 3:1 ratio, only major conformer described)
0 12.72 (brs, 1H, NH), 8.83 (d, J=4.7 Hz, 1H, H-2"), 8.08 (d, /= 9.3 Hz, 1H, H-8’), 7.88 (d, J
= 8.4 Hz, 2H, H-5a), 7.85 (s, 2H, H-3a), 7.49 (dd, J= 8.2 Hz, J= 5.4 Hz, 2H, H-6a), 7.45 (dd,
J=9.4Hz, J=2.2 Hz, 1H, H-7"), 7.35 (d, J= 8.5 Hz, 2H, H-8a), 7.30 (dd, /= 8 Hz, J=n.d,,
2H, H-7a), 7.22-7.16 (m, 3H, H-19 + H-20), 7.08 (c. m, 1H, H-13), 7.075 (s, 2H, H-15a), 7.073
(d, J=4.3 Hz, 1H, H-3"), 6.99 (br s, 3H, H-5" + H-13a), 6.63 (br s, 2H, C-18), 6.05 (s, 1H, H-
16), 5.61 (ddd, J=16.7 Hz, J=10.4 Hz, J= 6.2 Hz, 1H, H-10), 5.12 (d, /= 10.8 Hz, 1H, H-9),
5.06 (d, J=10.5 Hz, 1H, H-11E), 4.99 (d, /= 17.1 Hz, 1H, H-11Z), 4.18 (c. m, 1H, H-2ex),
3.91 (s, 3H, H-12), 3.41 (t, J=10.3 Hz, 1H, H-8), 3.08 (br s, 2H, H-40a), 2.91 (sept, J = 6.8 Hz,
2H, H-30a), 2.75 (t, J= 11.5 Hz, 1H, H-6ex), 2.60 (c. m, 1H, H-6en), 2.62 (sept, J= 6.6 Hz, 2H,
H-20a), 2.43 (c. m, 2H, H-3 + H-2en), 1.80 (c. m, 1H, H-4), 1.77 (t, /= 12.0 Hz, 1H, H-7en),
1.54 (c. m, 2H, H-5), 1.29 (c. m, 6H, H-31a), 1.28 (c. m, 6H, H-32a), 1.20 (s, 3H, H-15), 1.18
(c. m, 6H, H-42a), 1.05 (s, 6H, H-22a), 1.04 (s, 6H, H-41a), 0.96 (c. m, 1H, H-7ex), 0.88 (d, J =
6.7 Hz, 6H, H-21a).

BC NMR (150 MHz, CDCl3) 8 169.4 (C-13), 158.7 (C-6"), 148.75 (d, Jp.c = 9.1 Hz, C-1a),
148.5 (C-16a), 147.6 (C-12a), 147.7 (C-2’), 147.3 (C-14a), 145.1 (C-4’), 133.7 (C-11a), 141.8
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(C-8a'), 141.3 (C-16), 137.6 (C-10 + C-14), 136.1 (C-17), 133.7 (C-11a), 133.45 (d, Jp.c = 2.4
Hz, C-2a), 132.9 (C-9a), 132.5 (C-8’), 131.2 (C-3a), 130.3 (C-4a), 129.3 (C-18), 128.2 (C-19 +
C-4a'), 128.0 (C-5a), 127.6 (C-20), 126.9 (C-8a), 125.5 (C-7a), 124.3 (C-6a), 122.82 (d, Jp.c =
2 Hz, C-10a), 121.8 (C-7°), 121.6 (br, C-37), 120.6 (C-15a), 119.6 (C-13a), 116.7 (C-11), 102.0
(C-5), 64.0 (br, C-9), 61.2 (C-8), 55.7 (C-12), 54.0 (C-2), 39.3 (C-6), 36.6 (C-3), 34.2 (C-30a),
31.1 (C-40a), 30.7 (C-20a), 26.8 (C-4), 26.4 (C-41a), 25.1 (C-5), 24.3 (C-7), 24.7 (C-21a), 24.3
(C-31a), 24.1 (C-32a), 23.8 (C-22a), 23.69 (C-42a), 11.9 (C-15).

BN-NMR (60 MHz, CDCl; T = 223K, &ni= 0 ppms) & 320.5 (imine N), 307.5 (“Jgz1 = 10.3
Hz, quinoline N), 40.5 ("Jxu+ = 70 Hz, quinuclidine N).

3'P-NMR (202 MHz, CDCl3, T = 223K, 2 species in a 3:1 ratio) & 6.2 (3:1), 5.6 (3:1) LRMS or

HRMS was not performed due to extreme sensitivity of the title compound to hydrolysis.

3JH8-H9 ~10Hz
(p H8CBCIHY ~ 180° H

181



7. Experimental Section

Summary of SN NMR data for salts 80

Acid partner HX Equiv Imine-Nj;, Quinoline-Ny,, Quinuclidine-Nj,
(salt) HX ppm ppm ppm
None (80) - 333.8 305.2 243
TFA (80a) 1 3183 310.4 40.5
(R)-TRIP (80b) 1 320.5 307.5 40.5
(R)-TRIP (80b)" 1 319.1 297.5 not detected
TFA (80c¢) 2 313.9 not detected not detected
(R)-TRIP (80d) 2 not detected not detected 40.6

# in MeOD as solvent

Summary of '"H NMR data for salts 80

11z

H
SenH ! 6ex
6
3 H en H H 7ex
4
2ex
H H N
=
10 7en
H H
2en 8

5ex

— N '
H
H H LI .
11E 11b 2b 8
Proton 80 80a (1 TFA) 80b (2 80c (1 TRIP) 80c (1 TRIP)
assignment Shift, Shift, ppm TFA) Shift, ppm Shift, ppm
ppm Shift, ppm in CD;0D
N-H - 12.5 12.0 12.7 (exchangeable)
2a (ex) 3.15 3.72 3.65 4.18
2b (en) 2.67 3.27 3.31 2.43
3 2.15 2.65 2.65 243
4 1.56 2.00 2.12-1.90 1.80
5 1.47 1.96 2.12-1.90 1.54
6a (en) 2.69 3.35 3.34 2.60
6b (ex) 3.13 3.52 3.67 2.75
7a (ex) 0.81 1.35 1.40 0.96
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7b (en) 1.26 1.71 1.74 1.77
8 3.53 428 434 3.41
9 4.69 4.90 5.15 5.12
10 5.69 5.68 5.66 5.61
112 (Z) 4.88 5.16-5.07 5.13 4.99
11b (E) 4.84 5.16-5.07 5.10 5.06
12 3.89 3.98 4.03 3.91
13 7.96 7.99 8.13 7.08
15 2.07 2.18 2.15 1.20
16 6.67 6.68 6.74 6.05
18 725-7.16 | 7.31-722 | 7.30-7.18 6.63
19 7.25-7.16 | 731722 | 7.30-7.18 7.22-7.16
20 725-7.16 | 7.31-722 | 7.30-7.18 7.22-7.16
2’ 8.64 8.73 8.88 8.83 8.71
3 7.39 735 7.77 7.07
5 7.87 7.75 7.98 6.99
7 7.28 7.38 7.50 7.45 7.48
8 7.92 8.02 8.23 8.08 8.00

Comparison of '"H NMR data for (R)-TRIP as counteranion in salts 80c and free acid (R)-

TRIP
Proton (R)-TRIP acid (R)-TRIP counterion in 80c
assignment Shift, ppm!'*®! Shift, ppm
3a 7.76 7.85
Sa 7.88 7.88
6a 7.45-7.49 7.49
7a 7.22-7.30 7.30
8a 7.22-7.30 7.35
13a 6.91 6.99
15a 6.94 7.07
20a 2.49 2.62
2la 0.69 0.88
22a 0.94 1.05
30a 2.56 291
31a 1.19 1.29
32a 1.19 1.28
40a 2.81 3.08
4la 0.87 1.04
42a 1.01 1.18
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NMR-derived model: computational details

The NMR-derived model for the iminium structures 80 and [80+H]" structures were calculated
using XPLOR-NIH Ver. 2.9.7."*1 The low-level force-field defined in the parameter for 80 was
simply generated by PRODRG. Distance restraints derived from NOE cross peaks integrals over
5 different mixing time of 0, 100, 200, 300, 500 and 750 ms were applied using the
“RELAXATION"!"*") function of XPLOR to account for spin-diffusion effect while J-coupling-
derived restraints were imposed by using the “DIHEDRAL”"*! function of the XPLOR-
program. The simulated annealing computation operated in the following way: an initial
molecular model was first minimized with a gradient criterion of less than 0.5 kcal/mol. The
molecule is then set to a temperature of 2000K over a period of 8.1 ps, in steps of 1.25 fs. The
molecule evolves at this temperature for 8.1 ps (6500 steps), thus sampling conformational
space extensively. This is followed by a first cooling period lasting 6.25 ps down to 1000 K then
by a second cooling period of 2.5ps dwn to 100K, both followed by Powell energy minimisation.
This protocol was repeated 500 times and the 20 resulting conformers with lowest energy were
preserved. During the first cooling period (5000 steps), NOE and J-coupling-derived dihedral
angle terms are gradually raised from their initial weighting (0.02 kcal mol 'A™ and 1.0 kcal
mol 'deg™®) to their final weighting of (20.0 kcal mol 'A™ and 1000 kcal mol 'deg?)

respectively.

List of NOE integrals (no units) used in XPLOR simulated annealing:

Mixing times (ms)

Atom 1 Atom2 0 100 200 300 500 750

H2' H3' 0 -6807000 -15103500 -25131000 -37046000 -48903000
HS' H7' 0 8207850  -8459250 -21682500 -42346000 -57675500
H1 HS8 0 -6149300 -10252100 -14155000 -16756000 -15819000
H1 H2 0 -7559450 -12609000 -16183000 -17430000 -14698000
H1 H6b 0 -4736050 -7431050 -9396900 -9726150 -7619650
H1 Hé6a 0 -5977750 -9125550 -12143000 -12764500 -10202850
H1 H2b 0 -6204550 -9743400 -13305000 -13483500 -10478500
HI13 H16 0 -21701500 -39821500 -56816500 -81254000 -99154000
H13 H9 0 -12194500 -21131500 -28413500 -36035000 -39313000
H13 HS8 0 -618255 -586175 -911640 -1900950  -1395505
H13 H6b 0 -1236095 -2643150 -3856950 -3041650 -3036050
H13 H15 0 -1407100 -1780650 -1700650 -4389350  -3098900
HS' H9 0 -8837850 -16086000 -21475500 -27603000 -30311500
H5' HS8 0 -10018650 -17517000 -23850000 -31637500 -34836500
H5' HI12 0 -12781500 -21535000 -30516000 -43310500 -49277000
HS' HI15 0 -961760 -2261500  -4519400 -5648400 -6149000
H7' HI12 0 -3922550 -2969250 -6618150 -8045500 -11616200
H3' H7a 0 -3547400 -6404900 -9760500 -9691200 -11085500
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H3' H9 0 -10134600 -17499500 -23422500 -30685500 -32522000
H3' HS8 0 -4793400 -8332300 -10757850 -14911000 -17589500
H3' H15 0 979860 99365 -1440910 -1061450  -1022205
H18/19 H16 0 486050 -9185900  -13371000 -22705000 -29305000
H18/19 H15 0 -7812650 -11562500 -16143000 -26825000 -32687500
H16 HI15 0 1639900  -1197150 -2683100 -2021925 -3798650
H10 H2b 0 -3443950 -6522900 -8862550 -11840000 -13120500
H10 H3 0 -4004650 -4982800 -7616550 -11123500 -13869500
H10 H4 0 -1786550  -4483350 -6601850 -7872050 -9796100
H10 H7b 0 -4638900 -8361050 -12106500 -15515500 -17732000
Hlla/11b H2b 0 -3399550  -5443400 -7592050 -9246050 -10791000
Hlla/11b H3 0 -2860450 -5766450 -7578300 -11750000 -14224000
H9 H7a 0 -6351200 -10245000 -12966950 -14218600 -12979250
H9 H6b 0 -11422500 -18934000 -22933000 -25371500 -22709000
H9 H4/5a/5b 0 -6225050 -10371350 -13237550 -14085550 -12890300
HS8 H2b 0 -16207500 -25480000 -32718500 -36934000 -35192500
HS8 H7b 0 -13375500 -21747000 -28232000 -32881500 -32498000
HI2 HI15 0 -2142455 -4660900 -6600150 -8739450 -9921050

List of dihedral angles used in XPLOR simulated annealing
Atoml Atom2 Atom3 Atom4 Dihedral (°) =+
HS8 C8 Cc9 H9 180 40
Cc9 N21 Cl13 Cl4 180 1
N21 CI13 Cl4 Cl6 180 40
C13 Cl4 Clé6 C17 180 1

List of additional distance restraint used in XPLOR simulated annealing
Atom 1 Atom?2 Ilower Upper
HI N21 1.5A 25A

XPLOR-based structure calculations: experimental summary

Results for structural models of 80 and [80+H]" (20 best of 500)80 [80+H]"

Average Energy 641 kcal/mol 564 kcal/mol
RMSD <0.1A <0.1A

Full Relaxation Matrix violations

% of peak volumes with deviations within range 0.5-1.5 94% 94%
Other violations

dihedral angles >5° (>7°) 1(0) 0 (0)

bond angles >5° (>7°) 6 (0) 3(0)

bond lengths >0.05 A (>0.07 A) 5(0) 5(0)

185




7. Experimental Section

Overlay of the resulting five lowest energy structures derived from the NMR data (NOE and J
couplings are depicted in green for the free imine 80 and in black for the protonated species 80a.
These structures are in overall agreement with the applied restraints with very low levels of
violations and with relatively low residual energy. The flexibility of certain moieties such as in
the phenyl group or in the ethylene group is present due to the lack of restraints measured by

NMR.

80a
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7.2.6 Synthesis of 9-hydroxylamino(9-deoxy)epiquinine 140

ﬁ ONH,
i) PPhs DIAD, N-hydroxyphthalimide = N N

|/N

i) NHoNH»-H,0, 79%
MeO

140

In a flame-dried round bottom flask under argon, quinine 139 (266 mg, 0.82 mmol, 1 equiv),
triphenyl phosphine (258 mg, 1.97 mmol, 2.4 equiv) and N-hydroxyphthalimide (160.7 mg,
1.97 mmol, 2.4 equiv) were dissolved in dry THF (5 mL). The resulting orange solution was
cooled to 0 °C and diisopropyl azadicarboxylate (DIAD, 195.2 uL, 1.97 mmol, 2.4 equiv) was
added dropwise. The solution was allowed to warm up to room temperature and stirred for 4 h.
Hydrazine monohydrate (152.5 pL, 3.77 mmol, 4.6 mmol) was added and the reaction was
stirred for 30 min. The crude reaction mixture was diluted in ethyl acetate and water, and
extracted with diethyl acetate three times. The combined organic layers were washed with sat.
aq. NaCl, dried over MgSOs,, filtered and the solvent was removed under reduced pressure.
Column chromatography eluting with a gradient of 20%-50% MeOH in EtOAc afforded 140 as
an off-white amorphous foam (221.4 mg, 0.65 mmol, 79%).

- " "H NMR (500 MHz, CDCl3) & 8.78 (d, J = 4.5 Hz, 1H, H-2"),
ﬁe oy 8.06 (d, J=9.3 Hz, 1H, H-8"), 7.77 (br s, 1 H, H-5), 7.42 (d, J
=N =2.8 Hz, 1H, H-3"), 7.40 (br d, J = 2.9 Hz, 1H, H-7"), 5.74 (ddd,
MeO P s J=172Hz, J=10.5 Hz, J= 7.5 Hz, 1H, H-10), 5.47 (br s, 1H,
_— Fo:fn " ;mstNsoz H-9), 4.95 (c. m, 2H, H-11), 3.96 (s, 3H, C-12), 3.42-3.26 (m,
Molecular Weight: 339,43 3H), 2.95-2.83 (m, 1H), 2.78 (dq, J = 13.9 Hz, J = 2.2 Hz, 1H),
2.29 (brs, 1H), 1.71-1.55 (m, 3H), 0.83 (dd, /= 13.5 Hz, J= 7.5 Hz, 1H).
BC NMR (125 MHz, CDCls) & 157.8, 147.3, 144.8, 143.3 (br), 141.5, 131.7, 128.2, 121.7,
121.2 (br), 114.4, 101.8, 84.7 (br), 58.9, 55.7, 55.5, 41.1, 39.5, 27.9, 27.4, 25.0.

HRMS (m/z) caled for CoHasN30,Na [M+Na]": 362.18389. Found: 362.18414.
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7.3 Catalytic Asymmetric a-Benzoyloxylation of Carbonyl Compounds

7.3.1 Preparation of the Starting Materials

. NP
S e, ————— 0O K
Cl
0O
97

According to the procedure of Kochi,'** to a solution of pyridine (4.9 mL, 36 mmol, 2.4 equiv)
in diethyl ether (15 mL) at 0 °C was added 50 wt. %, aqueous hydrogen peroxide (2.05 mL, 33
mmol, 2.2 equiv) dropwise with rapid stirring. Neopentenyl chloride (4.17 mL, 30 mmol, 2
equiv) was added dropwise, so that the temperature did not exceed 4 °C. The reaction was
stirred vigorously for 2 h, and 100 mL of ether were added, followed by a chilled solution of
H,SO4 (50 mL in 200 mL water). The phase were separated and the aqueous solution washed
with diethyl ether (100 mL). The combined organic phases were washed with chilled 10%
H,SO4, water and NaHCOj; (twice) and dried over Na,SO,4. The solvent was removed under
reduced pressure to afford 97 as a white solid (2.12g, 9.2 mmol, 61%)).

"H NMR (500 MHz, THF-ds) : § 2.43 (s, 4H), 1.20 (s, 18H).

The physical data are identical in all respects to those previously reported.!'*”

Ketones 83a-d and 83f-k were obtained from commercial sources (Sigma-Aldrich, Alfa Aesar)

and used without purification.

o] )\
+ -
é‘; PPhs | H2S04, SiO,
oo
/

o o°
-/

83d 151 83e

4-Isopropylidenecyclohexanone (83e): Following the literature
method of Revial et al!"® NaH (616 mg, 15.4 mmol, 1.2 equiv,
60% suspension in oil) was dissolved in dry DMSO (8 mL), and the
o solution was stirred at 50 °C until it was red in colour. Ketone 83d

Chemical F la: CgH440 . .
Milr: 'Cﬁar \7\;2;& 13?8’1241 (2g, 12.8 mmol, 1 equiv) in DMSO (8 mL) was added and the

reaction was stirred at 50 °C for 16 h. It was then cooled to room
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temperature, diluted with water (8§ mL) and extracted with diethyl ether three times. Triphenyl
phosphine oxide was repeatedly precipitated and filtered off by the addition of hexanes. The
crude product 151 was dissolved in dichloromethane (10 mL), and 15% aq. H,SO4 (10 mL) and
silica gel (1 spatula) and strirred at room temperature for 2 days. Column chromatography
eluting with a gradient of 10% diethyl ether in pentane afforded 83e as a colourless oil (1.17 g,
8.5 mmol, 55%, 2 steps).

"H NMR: (500 MHz, CDCls) & 2.54 (apparent t, J = 6.5 Hz, 4H, CH,C(O)CH,), 2.39 (apparent
t,J=7.4 Hz, 4H, CH,C=C(Me,)CH>), 1.72 (s, 6H, CH3).

The physical data are identical in all respects to those previously reported.!'*!

Ho/\ﬁOH BnBr, Ag;0 BnO/\g/\OH

Me Me
123 124a

3-(benzyloxy)-2-methylpropan-1-ol (124a): To the diol 123 (4.9 mL, 55.5 mmol, 1 equiv) in
dichloromethane (250 mL) was added Ag,O (1.9 g, 83 mmol, 1.5 equiv) and benzyl bromide
(7.3 mL, 61 mmol, 1.1 equiv). The mixture was stirred at room temperature for 2 days, after
which incomplete conversion was still observed. The crude reaction mixture was diluted with
water, extracted with dichloromethane three times, dried over MgSQO,4 and the solvent was
removed under reduced pressure. Column chromatography eluting with 30% EtOAc in hexanes

afforded spectroscopically pure 124a as a colourless oil (2.53 g, 14 mmol, 25%).

'"H NMR: (500 MHz, CDCl;) & 7.40-7.28 (m, 5H, CHy,), 4.53
BnO” Yy OH

Me (br s, 2H, PhCH)), 3.67-3.59 (m, 2H, CH,OH), 3.57 (dd, J=9.2
Chemical Formula: C41H0» | Hz, J= 4.8 Hz, 1H, BnOCH)), 3.44 (dd, J = 9.2 Hz, J = 8.2 Hz,

Molecular Weight: 180,24
1H, BnOCH,), 2.55 (br s, 1H, OH), 2.09 (c.m, 1H, MeCH), 0.89

(d, J=17.2 Hz, 3H, CH3).

The physical data are identical in all respects to those previously reported.!'
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Bno/\g/\ OH  Swern oxidation Bno/\g/\o

Me 93% Me

124a 117¢

3-(benzyloxy)-2-methylpropanal (117¢): To a solution of oxalyl chloride (0.98 mL, 11.1 mmol,
2 equiv) in dry dichloromethane (5 mL) at -78 °C under argon was added DMSO (0.8 mL, 11.1
mmol, 2 equiv) in dry dichloromethane (5 mL). The mixture was stirred for 10 min, and the
alcohol 124a (1.0 g, 5.55 mmol, 1 equiv) in dry dichloromethane (15 mL) was added dropwise
at -78°C. The mixture was stirred at this temperature for 25 min and triethyl amine (3 mL, 21.6
mmol, 3.9 equiv) was added. After stirring the reaction at -78 °C for an addition 15 min, the
reaction was allowed to warm up to r.t., diluted with 100 mL of dichloromethane, and washed
with 1M HCI and water. The aqueous layer was washed with dichloromethane three times, and
the combined organic layers washed with sat. aq. NaCl, dried over MgSOj4 and the solvent was
removed under reduced pressure. Column chromatography eluting with 20% EtOAc in hexanes

afforded spectroscopically pure 117¢ as a colourless oil (0.92 g, 5.16 mmol, 93%).

1
H NMR: (500 MHz, CDCls) § 9.74 (d, J = 8.2 Hz, 1H, CHO),
Bno” ¥ o ( ? ( )
Me 7.39-7.28 (m, SH, CHy,), 4.54 (s, 2H, PhCH3), 3.70 (dd, J= 9.4 Hz,
Chemical Formula: C11H1402 | j = 6.8 Hz, 1H, BnOCH,), 3.65 (dd, J = 9.4 Hz, J = 5.2 Hz, 1H,
Molecular Weight: 178,23
BnOCH.), 2. 68 (c. m, 1H, MeCH), 1.15 (d, J= 7.0 Hz, 3H, CH}).
HRMS (m/z) aled for C;1H;50, [M+H]™: 179.10720. Found: 179.10712

The physical data are identical in all respects to those previously reported.!'

NaH, TBSCI
HO OH TBSO OH
/\“f THF, 45 min, quant. /\,\f
123 124b

In a flame-dried round bottom flask equipped with a dropping funnel under argon, NaH (1.78 g,
44.4 mmol, 1 equiv, 60% suspension in oil) was suspended in dry THF (84 mL), and the diol
123 (3.9 mL, 44.4 mmol, 1 equiv) was added dropwise. The reaction mixture was stirred at r.t.
for 45 min and TBSCI (6.7 g, 44.4 mmol, 1 equiv) was added in several portions. The reaction
was stirred for another 45 min and quenched with 10% aq. Na,CO;3; and water to dissolve all
insoluble material. The crude reaction extracted with diethyl ether three times, the combined

organic layers washed with sat. aq. NaCl, dried over MgSO, and the solvent was removed under
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reduced pressure. Compound 124b was obtained in a spectroscopically pure form and

quantitative yield (9,1 g, 44.4 mmol) without any further purification.

'"H NMR: (500 MHz, CDCl3) & 3.75 (ddd, /= 9.8 Hz, J= 4.4
TBSO/\(\OH
Me Hz, J= 0.4 Hz, 1H, TBSOCH,), 3.68-3.58 (m, 2H, CH,OH),
Chemical Formula: C10H240,Si | 3 55 (dd, J=9.7 Hz, J= 7.9 Hz, 1H, TBSOCH,), 2.86 (br s, 1H,
Molecular Weight: 204,38
OH), 1.95 (c. m, 1H, MeCH), 0.91 (s, 9H, (CH3);CSi), 0.84 (d,
J=6.9 Hz, 3H, CHs), 0.08 (s, 6H, Si(CHj3),).

The physical data are identical in all respects to those previously reported.!"™"’

TBSO/Y\OH Swern oxidation TBSO/\E/%o

Me 69% Me
124b 117d

3-((tert-butyldimethylsilyl)oxy)-2-methylpropanal (117d): To a solution of oxalyl chloride
(0.91 mL, 10.6 mmol, 2 equiv) in dry dichloromethane (18 mL) at -78 °C under argon was
added DMSO (1.5 mL, 21.2 mmol, 4 equiv). The mixture was stirred for 30 min, and the
alcohol 124b (1.0 g, 5.3 mmol, 1 equiv) in dry dichloromethane (18 mL) was added dropwise
at -78°C. The mixture was stirred at this temperature for 30 min and triethyl amine (4.4 mL,
31.9 mmol, 6 equiv) was added. After stirring the reaction at -78 °C for an addition 30 min, the
reaction was allowed to warm up to r.t., quenched with sat. aq. NH4Cl, diluted with 100 mL of
dichloromethane, and washed with sat. aq. NH4CI and water. The aqueous layer was washed
with dichloromethane three times, and the combined organic layers washed with sat. aq. NaCl,
dried over MgSO4 and the solvent was removed under reduced pressure. Column
chromatography eluting with 15% EtOAc in hexanes afforded spectroscopically pure 117d as a
colourless oil (0.74 g, 3.66 mmol, 69%).

'H NMR: (500 MHz, CDCl3) 6 9.73 (d, J = 1.6 Hz, 1H, CHO),

AN
TBSO/\“%/:\O 3.83 (dd, J = 10.5, J = 5.1 Hz, 1H, TBSOCH>), 3.81 (dd, J =

Chemical Formula: C1gH»,0,Si | 10.2, J = 6.3 Hz, 1H, TBSOCH;), 2.53-2.50 (m, 1H, MeCH),

Molecular Weight: 202,37 .
1.05 (d, J = 7.0 Hz, 3H, CH3), 0.83 (s, 9H, (CH3)3CSi), 0.04 (s,

6H, Si(CHs),).

The physical data are identical in all respects to those previously reported.[lgg]
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o OH o)
TBDPSCI
—>DIBAL - OTBDPS
O 0 — H
DCM, - 78 °C imidazole, DMF

117e

4-((tert-butyldiphenylsilyl)oxy)-2-methylbutanal (117e): a-Methyl-y-butyrolactone (1 g, 9.99
mmol, 1 equiv) was dissolved in anhydrous dichloromethane (12 mL) and cooled to — 78 °C. To
this solution was added DIBAL (1 M in dichloromethane, 11 mL, 1.1 equiv) and the reaction
was stirred at — 78 °C for 1 h, at which point TLC control showed complete conversion of the
starting material. The crude reaction mixture was quenched with ethyl acetate and sodium
potassium tartrate (Rochelle’s salt) at — 78 °C and allowed warm up to room temperature over
1 h while stirring. The reaction was then extracted with dichloromethane three times, washed
with brine, dried over MgSQ,, filtered and carefully evaporated under reduced pressure (this
product is very volatile) to afford the crude lactol as clear liquid, which was used in the next
step without purification. The crude lactol was dissolved in anhydrous DMF (10 mL). To this
solution was added TBDPSCI (2.74 g, 9.99 mmol, 1 equiv) and imidazole (1.02 g, 15 mmol, 1.5
equiv), and the reaction was stirred at room temperature for 20 h. The crude reaction mixture
was diluted with dichloromethane, washed with sat. aq. NH4Cl, extracted with dichloromethane
three times, washed with brine, dried over MgSQ,, filtered and evaporated under reduced
pressure. Column chromatography eluting with 3% diethyl ether in pentane afforded pure 117e
as a colorless oil (1.93 g, 5.67 mmol, 57% over 2 steps).

o "H NMR: (500 MHz, CDCls) & 9.69 (d, J = 1.6 Hz, 1H, CHO),
HJ\(\/OTBDPS 7.69-7.63 (m, 4H, CHy,), 7.47-7.36 (m, 6H, CH,,), 3.78-3.67
_ | (m, 2H, TBDPSOCH,), 2.59 (dpent, J= 6.9 Hz, J= 1.4 Hz, 1H,
Chemical Formula: C1Hyg0,Si
Molecular Weight: 340,53 MeCH), 2.06-1.97 (m, 1H, TBDPSOCH,CH,), 1.67-1.59 (m,
1H, TBDPSOCH,CHy,), 1.09 (d, J= 7.2 Hz, 3H, CH3), 1.05 (s, 9H, (CH3);CSi).

The physical data are identical in all respects to those previously reported.!""!
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7.3.2 General a-Benzoyloxylaton Procedures

Anhydrous benzoyl peroxide is available commercially (98% anhydrous) or can be prepared
from the commercially available 70-75% hydrate on a large scale using a simple procedure as
follows. To benzoyl peroxide (10 g, 75%, remainder water, Sigma-Aldrich) was added
dichloromethane (100 mL) and stirred for 5 min at room temperature until most of the solid
dissolved. This slightly opaque solution was cooled to 0 °C and MgSO,xH»O or Na,SO4 (10 g,
Sigma-Aldrich) was added slowly. This suspension was thoroughly swirled, filtered through a
sintered glass filter, evaporated under reduced pressure (keeping the water bath temperature
below 30 °C) and dried under vacuum to obtain a fine free-flowing white solid. Anhydrous
benzoyl peroxide prepared in this manner was stored at 4 °C and its purity was checked by 'H

NMR in THF-ds.

CAUTION: Although we handled this compound without any special precautions, and never
experienced any shock or heat related explosions, care should be taken when using this
chemical. Anhydrous benzoyl peroxide should never be heated above 40 °C or exposed to
sparks, shock or strong reducing agents. This compound is known to explode spontaneously

when heated above its melting point at 103 °C.

7.3.2.1 a-Benzoyloxylaton of Cyclic Ketones 83
Procedure A: a -Benzoyloxylation of 6-membered cyclic ketones 83a-h and cholestanone 83|

A 2 mL vial, equipped with a magnetic stirring bar, was charged with 2,6-di-tert-butyl-4-
methylphenol (BHT) (9.0 mg, 0.0408 mmol, 10 mol%), cinchona primary amine derivative 9,
11 or 12 (0.408 mmol, 10 mol%), trichloroacetic acid (6.6 mg, 0.0408 mmol, 10 mol%), ketone
1 (0.408 mmol) and 1,4-dioxane (0.4 mL) and stirred for 5 min before adding anhydrous
benzoyl peroxide (147 mg, 0.612 mmol, 1.5 equiv). The reaction mixture was stirred at 30 °C
for 24 h (48 h for 2 mmol scale), diluted with dichloromethane, treated with a saturated
aqueous solution of NaHCOs, extracted three times with dichloromethane, washed with brine,
dried over Na,SQy, filtered, concentrated to approx. 1 mL (approx. 5 mL on 2 mmol scale) and
purified by either flash column chromatography eluting with a specified mixture of pentane and
Et,O, or preparative TLC. The enantioselectivity was determined by chiral-phase HPLC
analysis. Although most ketones 84 could be purified by regular silica-gel chromatography
without any, or with only slight (< 3% ee), racemization, compounds 84e and 84f were found to
be particularly sensitive to racemization. Preparative TLC-grade silica (Macherey-Nagel, SIL
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G-25 UVys4) was found to reproducibly preserve the enantiomeric excess for all purified
ketones 84, whereas other types of silica and alumina diminished the enantioselectivity after
flash column chromatography for some products. A rapid plug of regular silica or alumina
eluting with diethyl ether without a prior aqueous workup was found to be effective in

preventing racemization but failed to remove excess benzoyl peroxide.

Procedure B: « -Benzoyloxylation of n-membered cyclic ketones (n = 7,8) 83j-k

A 2 mL vial, equipped with a magnetic stirring bar, was charged with 2,6-di-tert-butyl-4-
methylphenol (BHT) (4.5 mg, 0.0204 mmol, 10 mol% w.r.t. benzoyl peroxide), 9-amino(9-
deoxy)epiquinine 9 (6.6 mg, 0.0204 mmol, 10 mol% w.r.t. benzoyl peroxide), phosphoric acid
diphenyl ester (5.1 mg, 0.0204 mmol, 10 mol% w.r.t. benzoyl peroxide), ketone 1 (0.408 mmol,
2 equiv w.r.t. benzoyl peroxide) and 0.2 mL of dioxane and stirred for 5 min before adding
anhydrous benzoyl peroxide (49 mg, 0.208 mmol). The reaction mixture was stirred at 30 °C
for 20 h, diluted with dichloromethane, then treated with a saturated aqueous solution of
NaHCOs;, extracted three times with dichloromethane, washed with brine, dried over Na,SOy,
filtered, concentrated to approx. 1 mL and purified by either flash column chromatography
eluting with a specified mixture of pentane and Et,O, or preparative TLC. The

enantioselectivity was determined by chiral-phase HPLC analysis.

7.3.2.2 a-Benzoyloxylaton of a-Branched Aldehydes 117

A 2 mL vial, equipped with a magnetic stirring bar, was charged with 2,6-di-tert-butyl-4-
methylphenol (BHT) (9.0 mg, 0.0408 mmol, 10 mol%), cinchona primary amine derivative 9 or
15 (0.408 mmol, 10 mol%), (R) or (S)-TRIP 3 (29 mg, 0.0408 mmol), aldehyde 117 (0.408
mmol) and THF (0.4 mL) before adding anhydrous benzoyl peroxide (119 mg, 0.490 mmol, 1.2
equiv). The reaction mixture was stirred at room temperature for 15 h, diluted with
dichloromethane, then treated with a saturated aqueous solution of NaHCO;, extracted three
times with dichloromethane, washed with brine, dried over Na,SQO,, filtered, concentrated and
purified by either flash column chromatography eluting with a specified mixture of pentane and
Et,O. The enantioselectivity of the resulting aldehydes 118 was determined by chiral-phase
HPLC analysis.
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Procedure C: in-situ reduction of aldehydes 118 to diols 154

To the crude reaction mixture containing aldehyde 118 was added ethanol (2 mL) and NaBH4
(2 equiv) at room temperature. The reaction mixture was stirred at room temperature for 10 min,
diluted with ethyl acetate, and treated with a saturated aqueous solution of NH4Cl, extracted
three times with ethyl acetate, washed with brine, dried over Na,SQy, filtered, concentrated to
approximately 1 mL and purified by either flash column chromatography eluting with a
specified mixture of ethyl acetate/hexane or diethyl ether/pentane, or preparative TLC. The
enantioselectivity was determined by chiral-phase HPLC analysis. IMPORTANT: stirring the
reaction for longer times (> 10 min) at room temperature results in the transfer of the benzoyl
group to the primary alcohol moiety (complete within 2 hr) to form the more
thermodynamically stable product'”? (cf. compounds 156 and 157). This process can be
effectively suppressed by short reaction time (10 min or less, vide supra) or by running the

reaction at — 78 °C and monitoring the reaction by TLC.

7.3.2.3 a-Benzoyloxylaton of a-Branched Enals 53b-c

A 2 mL vial, equipped with a magnetic stirring bar, was charged with 2,6-di-tert-butyl-4-
methylphenol (BHT) (4.4 mg, 0.020 mmol, 10 mol%), 9-amino(9-deoxy)epiquinine 9 (6.5 mg,
0.020 mmol, 10 mol%), trichloroacetic acid (9.8 mg, 0.060 mmol, 30 mol%), aldehyde 53 (0.20
mmol) and THF (0.2 mL) before adding anhydrous benzoyl peroxide (72.7 mg, 0.30 mmol, 1.5
equiv). The reaction mixture was stirred at room temperature for 18 h, diluted with
dichloromethane, then treated with a saturated aqueous solution of NaHCO3, extracted three
times with dichloromethane, washed with brine, dried over Na,SO,, filtered, concentrated and
purified by either flash column chromatography eluting with a specified mixture of pentane and
Et;,0. The enantioselectivity of the resulting aldehydes 128 and 129 was determined by chiral-
phase HPLC analysis.
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7.3.3 Scope of Enantioenriched a-Benzoyloxylated Carbonyl Compounds

7.3.3.1 a-Benzoyloxylated Cyclic Ketones 84

o (S)-2-Benzoyloxycyclohexanone (84a): Prepared according to

é,OBZ the general procedure A (Section 7.3.2.1) using commercial
cyclohexanone 83a (21 pL, 0.204 mmol) and 9-amino-9-

Chemical Formula: C43H4403

Molecular Weight: 218,25 deoxyepiquinine 9 (6.6 mg, 0.0204 mmol). Purification by flash

chromatography (20% Et,O in pentane) afforded 84a as a white
solid (29.7 mg, 0.14 mmol, 67%, 97:3 er). A single recrystallization from hot pentane/diethyl
ether increased the enantiomeric ratio of 84a to >99.5:0.5 er.

"H NMR (400 MHz, CDCls) § 8.09 (dd, J = 8.4 Hz, J= 1.1 Hz, 2H, CHy,), 7.57 (tt, J= 7.4 Hz,
J=1.2 Hz, 1H, CHy,), 7.44 (t, J= 7.8 Hz, 2H, CHa,), 5.41 (dd, J = 12.0 Hz, J= 6.3 Hz, 1H,
CHOBz), 2.57 (dq, J=13.7 Hz, J= 2.2 Hz, 1H), 2.48 (ddd, J=13.6 Hz, J= 6.2 Hz, J= 0.8 Hz,
1H), 2.48-2.39 (m, 1H), 2.12 (dsept, J = 13.4 Hz, J= 3.0 Hz, 1H), 2.03 (c.m, 1H), 1.94 (qd, J =
12.5 Hz, J=3.6 Hz, 1H), 1.83 (qt, /= 12.4 Hz, J= 3.1 Hz, 1H), 1.69 (qt, J= 13.2 Hz, J= 4.0
Hz, 1H).

BC NMR (100 MHz, CDCl3) § 204.35, 165.53, 133.12, 129.83, 129.62, 128.30, 76.94, 40.71,
33.15, 27.16, 23.74.

FTIR (thin film) 2947, 2869, 1716, 1451, 1316, 1269, 1112, 1071, 909, 730 cm”

HRMS (m/z) caled for C13H,03Na [M+Na]': 241.0835. Found 241.0833.

m.p.: 87.9-88.1 °C.

[a]p® : — 16.3° (¢ 0.295, CHCI3) [For the opposite enantiomer, Lit:"*® [o]p* =+ 19.9 (¢ = 0.87,
CHCly)].

Chiral HPLC (OD-3, nHept/iPrOH 90:10, 1 mL/min, 25 °C) t; 4.5 min (minor enantiomer), t;

6.19 min (major enantiomer).

o (R)-2-Benzoyloxycyclohexanone (ent-84a): Prepared
ij\“OBZ according to the general procedure A (Section 7.3.2.1) using
commercial cyclohexanone 84a (21 uL, 0.204 mmol) and 9-

Chemical Formula: C13H1403 . .. .
Molecular Weight: 218,25 amino-9-deoxyepicinchonine 12 (6.6 mg, 0.0204 mmol).

Purification by flash chromatography (20% Et,O in pentane)
afforded ent-4a as a white solid (64.9 mg, 0.30 mmol, 73%, 89:11 er).

"H and *C NMR spectra were identical to those of compound (S)-84a.
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[a]p® : + 7.4° (¢ 0.296, CHCls) [Lit;®rror! Bookmark notdefined. 7 25— 1 19 9 (¢ = 0.87, CHCl3)]
Chiral HPLC (OD-3, nHept/iPrOH 90:10, 1 mL/min, 25 °C) t; 4.5 min (major enantiomer), t;

6.19 min (minor enantiomer).

(S)-2-Benzoyloxytetrahydro-4H-pyran-4-one  4c  (84b):

(o]
E‘ﬁ/OBZ Prepared according to the general procedure A (Section 7.3.2.1)
o using commercial tetrahydro-4H-pyran-4-one 83b (36.9 puL,

Chemical Formula: C12H1204 0.408 mmol) and 9-amino-9-deoxyepiquinine 9 (13.2 mg,
Molecular Weight: 220,22
0.0408 mmol), except that (PhO),PO,H (10.2 mg, 0.0408

mmol) was used as the acid co-catalyst. Purification by flash chromatography (25% Et;,O in
pentane) afforded 84b as a white solid (59.3 mg, 0.27 mmol, 66%, 93:7 er, purified by prep.
TLC: 95:5 er).

"H NMR (400 MHz, CDCl;) & 8.07 (d, J = 8.4 Hz, J = 1.3 Hz, 2H, CHy,), 7.59 (t, J= 7.5 Hz,
J= 13 Hz, 1H, CHa,), 7.45 (t, J= 7.7 Hz, 2H, CHa,), 5.52 (ddd, J = 10.5 Hz, J=6.9 Hz,
J=0.6 Hz, 1H, CHOBz), 4.46 (ddd, J= 10.5 Hz, J=7.0 Hz, 1.5 Hz, 1H, OCH,CHOBz), 4.31
(ddt, J=11.4 Hz, J=7.2 Hz, J= 1.5 Hz, 1H, OCH,CHOBz), 3.72 (c.m, 2H, OCH,CH,), 2.85
(c.m, 1H, OCH,CHy), 2.60 (dt, J=14.2 Hz, J= 2.1 Hz, 1H, OCH,CH»).

BC NMR (100 MHz, CDCl3) § 200.47, 165.09, 133.53, 129.99, 129.05, 128.48, 74.07, 70.59,
68.55, 42.29.

FTIR (thin film) 2976, 2864, 1723, 1694, 1452, 1317, 1279, 1206, 1124, 1100, 1072, 973 cm';
HRMS (m/z) calcd for C,H;,04Na [M+Na]': 243.0628. Found 243.0625.

m.p.: 78.3-78.5 °C.

[a]p®: = 16.2° (¢ 0.260, CHCLs).

Chiral HPLC (OD-3, nHept/iPrOH 90:10, 1 mL/min, 25 °C) t; 6.20 min (minor enantiomer), t;

8.18 min (major enantiomer).

o (R)-2-Benzoyloxytetrahydro-4H-pyran-4-one (ent-84b):
fﬁ\\\OBZ Prepared according to the general procedure A (Section 7.3.2.1)
o using commercial tetrahydro-4H-pyran-4-one 83b (36.9 uL,

Chemical Formula: C12H1204 | 0.408 mmol) and 9-amino-9-deoxyepicinchonine 12 (12 mg,

Molecular Weight: 220,22
0.0408 mmol), except that (PhO),PO,H (10.2 mg, 0.0408

mmol) was used as the acid co-catalyst. Purification by flash chromatography (25% Et,O in

197



7. Experimental Section

pentane) afforded ent-84b as a white solid (56.6 mg, 0.26 mmol, 63%, 93:7 er, purified by prep.
TLC: 95:5 er).

"H and *C NMR spectra were identical to those of compound (S)-84b.
m.p.: 78.3-78.5 °C.
Chiral HPLC (OD-3, nHept/iPrOH 98:2, 1 mL/min, 25 °C) t; 11.07 min (major enantiomer), t;

16.65 min (minor enantiomer).

(S)-2-Benzoyloxy-4,4-dimethylcyclohexanone (84c¢):
OBz Prepared according to the general procedure A (Section 7.3.2.1)
using commercial 4,4-dimethylcyclohexanone 83¢ (51.5 mg,
Chemical Formula: GeH 505 0.408 mmol) and 9-amino-9-deoxyepiquinine 9 (13.2 mg,

Molecular Weight: 246,30 0.0408 mmol). Purification by flash chromatography (20%

Et,0 in pentane) afforded 84c as a colorless oil (78.3 mg, 0.32 mmol, 78%, 94.5:5.5 er).

"H NMR (400 MHz, CDCl3) & 8.07 (d, J = 7.9 Hz, J = 1.1 Hz, 2H, CHy,), 7.55 (t, J= 7.6 Hz,
J=1.2 Hz, 1H, CHa,), 7.42 (t, J= 7.8 Hz, 2H, CHa,), 5.55 (dd, J = 13.2 Hz, J= 6.5 Hz, 1H,
CHOBz), 2.63 (apparent td, J= 14.2 Hz, J= 6.3 Hz, 1H, C(O)CH,), 2.41 (ddd, J= 14.2 Hz,
J= 45 Hz, J= 2.5 Hz, 1H, C(O)CHy), 2.11 (ddd, J= 12.6 Hz, J= 6.5 Hz, 3.3 Hz, 1H,
CHOBzCH»), 1.89 (apparent t, J= 12.9 Hz, 1H, CHOBzCH,), 1.82-1.74 (m, 1H, C(Me),CH>),
1.69 (td, J=13.9 Hz, J= 4.5 Hz, 1H, C(Me),CH>), 1.31 (s, 3H, CH3), 1.10 (s, 3H, CH3).

BC NMR (100 MHz, CDCl3) § 204.93, 165.71, 133.18, 129.89, 129.71, 128.36, 74.18, 45.27,
39.58, 36.98, 32.08, 31.40, 24.69.

FTIR (thin film) 2959, 2932, 2865, 1737, 1717, 1451, 1367, 1315, 1296, ,1279, 1262, 1176,
1115, 1070, 1026, 996 cm’

HRMS (m/z) caled for C15sH;303Na [M+Na]': 269.1148. Found 269.1145.

[a]p® : —20.2° (¢ 0.317, CHCl5).

Chiral HPLC (AD-3, nHept/iPrOH 97:3, 1 mL/min, 25 °C) t, 7.13 min (minor enantiomer), t,

8.68 min (major enantiomer).
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o (S)-7-Benzoyloxy-1,4-dioxaspiro[4.5]decane-8-one (84d):
QOBZ Prepared according to the general procedure A (Section 7.3.2.1)
using commercial 1,4-dioxaspiro[4.5]decan-8-one 83d (63.7 mg,

0" "o
- 0.408 mmol) and 9-amino-9-deoxyepiquinine 9 (13.2 mg,

Chemical Formula: C45H4505 . .
Molecular Weight: 276,28 0.0408 mmol). Purification by flash chromatography (40% Et,O

in pentane) afforded 84d as a white solid (58.6 mg, 0.21 mmol,
52%, 95.5:4.5 er).

"H NMR (400 MHz, CDCl3) & 8.08 (d, J = 7.6 Hz, 2H, CHy,), 7.57 (t, J= 7.4 Hz, 1H, CHy,),
7.44 (t, J= 7.7 Hz, 2H, CHa,), 5.68 (dd, J = 13.0 Hz, J= 6.5 Hz, 1H, CHOBz), 4.16-3.99 (m,
4H, OCH,CHy0), 2.79 (td, J= 14.1 Hz, J= 6.6 Hz, 1H, C(O)CH,), 2.56-2.41 (m, 2H,
C(O)CH; and CHOBzCH,), 2.26 (apparent t, /= 12.8 Hz, 1H, CHOBzCH,), 2.14-1.97 (m, 2H).
BC NMR (100 MHz, CDCl3) & 203.32, 165.33, 133.24, 129.88, 129.49, 128.37, 107.31, 73.64,
64.97, 64.88, 40.28, 35.83, 34.56.

FTIR (thin film) 2965, 2891, 1740, 1720, 1603, 1452, 1315, 1295, 1272, 1247, 1178, 1146,
1109, 1071, 1042, 989, 930 cm’*

HRMS (m/z) caled for C5H;¢0OsNa [M+Na]+: 299.0890. Found 299.0890.

m.p.: 84.8-85.0 °C.

[a]p?: —31.6° (¢ 0.450, CHCL).

Chiral HPLC (OD-3, nHept/iPrOH 90:10, 0.5 mL/min, 25 °C) t. 12.19 min (minor

enantiomer), t; 13.48 min (major enantiomer).

o (S)-2-Benzoyloxy-4-isopropylidenecyclohexanone (84e):

OBz Prepared according to the general procedure A (Section 7.3.2.1)
using 4-isopropylidenecyclohexanone 83e (56.4 mg, 0.408
mmol) and 9-amino-9-deoxyepiquinine 9 (13.2 mg, 0.0408

Chemical Formula: C1gH 180 . . .
Molecular Weight: 2128,1;1 ’ mmol). Purification by flash chromatography (10% Et,O in

pentane) afforded 84e as a colorless oil (66.4 mg, 0.26 mmol,
63%, 86:14 er, purified by prep. TLC: 93:7 er).

'H NMR (400 MHz, CDCls) & 8.10 (dd, J = 8.3 Hz, J = 1.4 Hz, 2H, CHa,), 7.57 (tt, J = 7.4 Hz,
J=12 Hz, 1H, CHy,), 7.45 (t, J= 7.8 Hz, 2H, CHa,), 5.39 (dd, J = 12.7 Hz, J= 6.5 Hz, 1H,
CHOBz), 3.26 (ddd, J= 13.5 Hz, J= 6.5 Hz, J= 2.1 Hz, 1H, CHOBzCH,), 2.92 (c.m, 1H,
CH,), 2.56 (dt, J = 14.6 Hz, J=4.9 Hz, 1H, CH,), 2.51-2.37 (m, 2H, CHy), 2.26 (c.m, 1H,
C=CCH,CH,), 1.79 (s, 6H, CH).
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BC NMR (100 MHz, CDCl3) 8204.60, 165.60, 133.22, 129.91, 129.69, 128.39, 128.12,
123.89, 76.05, 39.59, 34.94, 28.46, 20.58, 20.52.

FTIR (thin film) 2988, 2919, 2857, 1737, 1719, 1451, 1364, 1315, 1269, 1110, 1071, 1027
cm’!

HRMS (m/z) calcd for C¢H sO3Na [M+Na]™: 281.1148. Found 281.1147.

[a]p® : —20.9° (¢ 0.316, CHCls).

Chiral HPLC (OD-3, nHept/iPrOH 99.5:0.5, 1 mL/min, 25 °C) t, 15.83 min (minor

enantiomer), tr 18.83 min (major enantiomer).

(S)-2-Benzoyloxy-N-Boc-4-Piperidone (841): Prepared

(0]

&OBZ according to the general procedure A (Section 7.3.2.1) using
N commercial N-Boc-4-Piperidone 83f (83.0 mg, 0.408 mmol)
Boc

Chemical Formula: Cy7Hy NOs and 9-amino-9-deoxyepiquinine 9 (13.2 mg, 0.0408 mmol).
Molecular Weight: 319,35 Purification by flash chromatography (gradient from 20% to
35% Et,O in pentane) afforded 84f as a pale yellow oil (58.3

mg, 0.18 mmol, 45%, 88:12 er, purified by prep. TLC: 92:8 er).

"H NMR (400 MHz, CDCl3) § 8.07 (dd, J = 8.0 Hz, J= 1.2 Hz, 2H, CHy,), 7.59 (tt, J= 7.4 Hz,
J=1.2 Hz, 1H, CHa,), 7.45 (t, J= 7.8 Hz, 2H, CHa,), 5.36 (dd, J = 10.4 Hz, J= 6.6 Hz, 1H,
CHOBz), 4.84-4.39 (br m, 1H, CH,), 4.39-4.15 (br s, 1H, CH), 3.37 (br s, 1H, CH,), 3.22
(ddd, J=13.5 Hz, J = 11.1 Hz, J=3.9 Hz, 1H, CH), 2.72-2.52 (m, 2H, NBocCH,CH), 1.49
(s, 9H, C(CHz)3).

BC NMR (100 MHz, CDCl3) 8 201.47, 165.12, 154.22, 133.52, 129.98, 129.10, 128.48, 81.24,
73.93, 48.14 (br), 43.61 (br), 40.52, 28.30.

FTIR (thin film) 2977, 2932, 2873, 1724, 1699, 1477, 1452, 1420, 1367, 1312, 1297, 1273,
1237, 1165, 1112, 1072, 1026, 969, 891, 863, 770 cm”’

HRMS (m/z) caled for C17H;0sNa [M+Na]': 342.1312. Found 342.1312

[o]p> : — 30.7° (¢ 0.254, CHCl5)

Chiral HPLC (AD-3, nHept/iPrOH 95:5, 1 mL/min, 25 °C) t, 7.47 min (minor enantiomer), t,

8.77 min (major enantiomer).
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(S)-2-Benzoyloxy-5,5-dimethylcyclohexanone (84¢g): Prepared
0]

OBz according to the general procedure A (Section 7.3.2.1) using
commercial 2,2-dimethylcyclohexanone 84g (28.3 puL, 0.184
mmol) and 9-amino-9-deoxyepiquinine 9 (5.95 mg, 0.0184

Chemical Formula: C15H1803

Molecular Weight: 246,30 mmol). Purification by flash chromatography (20% Et,O in

pentane) afforded 84g as a white solid (34.7 mg, 0.141 mmol,
77%, 96:4 er).

"H NMR (400 MHz, CDCl3) & 8.09 (d, J = 8.5 Hz, J = 1.3 Hz, 2H, CHy,), 7.56 (t, J= 7.6 Hz,
J=1.2 Hz, 1H, CHa,), 7.44 (t, J= 7.7 Hz, 2H, CHa,), 5.37 (dd, J = 12.2 Hz, J= 6.9 Hz, 1H,
CHOBz), 2.42 (d, J=13.0 Hz, 1H, C(O)CH»), 2.34-2.26 (m, 1H, C(Me),CH,CH,), 2.26 (dd,
J= 13.0 Hz, J= 2.9 Hz, 1H, C(O)CH,), 2.09 (qd, J = 13.2 Hz, J = 4.2 Hz, 1H,
C(Me),CH,CHb), 1.85 (td, J=13.8 Hz, J= 4.1 Hz, 1H, C(Me),CH,CH>), 1.71 (dq, J=13.8 Hz,
J=3.3 Hz, 1H, C(Me),CH,CH,), 1.12 (s, 3H, CH3), 0.97 (s, 3H, CH3).

BC NMR (100 MHz, CDCls) § 203.99, 165.68, 133.19, 129.91, 129.70, 128.37, 76.60, 53.36,
36.80, 36.66, 31.51, 28.58, 25.19.

FTIR (thin film) 2959, 1736, 1719, 1452, 1315, 1281, 1218, 1177, 1119, 1071, 909 cm
HRMS (m/z) calcd for C;sH 303Na [M+Na]+: 269.1148. Found 269.1148.

m.p.: 77.5-77.7 °C.

[a]p® : — 28.6° (¢ 0.336, CHCl5).

Chiral HPLC (AD-3, nHept/iPrOH 97:3, 1 mL/min, 25 °C) t, 6.83 min (minor enantiomer), t,

9.71 min (major enantiomer).

(1R,4R)-4-methyl-2-oxocyclohexyl benzoate (84h): Prepared

Q o8 according to the general procedure A (Section 7.3.2.1) using
ﬁ OBz

commercial (R)-3-methylcyclohexanone 83h (44.8 uL, 0.408
Chemical Formula: CygH1sOs mmol) and 9-amino-9-deoxyepiquinidine 11 (13.2 mg, 0.0408

Molecular Weight: 232,28 mmol). Purification by flash chromatography (gradient from
5% to 10% Et,0 in pentane) afforded 84h as a white solid (56.7

mg, 0.24 mmol, 60%, 12.3:1 rr, 18:1 dr).

"H NMR (400 MHz, CDCl3) § 8.09 (dd, J = 8.0 Hz, J = 1.3 Hz, 2H, CHy,), 7.57 (tt, J= 7.4 Hz,
J=1.1 Hz, 1H, CHx,), 7.44 (t, J= 7.8 Hz, 2H, CHa,), 5.40 (dd, J = 12.6 Hz, J= 6.6 Hz, 1H,
CHOBz), 2.53 (ddd, J= 13.0 Hz, J= 3.8 Hz, J= 2.7 Hz, 1H, C(O)CH,), 2.40 (dq, J = 12.6 Hz,
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J=3.3Hz, 1H, CHOBzCH>), 2.22 (td, J = 13.0 Hz, /= 0.9 Hz, 1H, C(O)CH,), 2.06-1.87 (m,
3H, CH;and CH), 1.58 (c.m, 1H, CHMeCH,CH>), 1.09 (d, J = 6.3 Hz, 3H, CH3).

BC NMR (100 MHz, CDCl3) § 203.76, 165.68, 133.18, 129.90, 129.71, 128.37, 76.64, 48.75,
35.07,32.27,31.76, 20.06.

FTIR (thin film) 2956, 2929, 2872, 1736, 1720, 1452, 1315, 1298, 1271, 1114, 1073, 1027
cm’

HRMS (m/z) calcd for C14H;603Na [M+Na]': 255.0992. Found 255.0992.

m.p.: 87.0-87.3 °C.

[a]p® : +23.0° (¢ 0.252, CHCL3).

(1R,2R)-2-methyl-6-oxocyclohexyl benzoate (152): Selected

(0]
BzO data for the minor regioisomer. '"H NMR (400 MHz, CDCl3) &
547 (dd, J = 5.3 Hz, J=0.9Hz, 1H, CHOBz). *C NMR

Chemical Formula: C14H 103 signals could not be detected. A diastereomer of this compound
Molecular Weight: 232,28

could not be detected.

(1S,4R)-4-methyl-2-oxocyclohexyl benzoate (84i): Prepared

O
0Bz according to the general procedure A (Section 7.3.2.1) using
commercial (R)-3-methylcyclohexanone 83h (44.8 uL, 0.408
Chemical Formula: Cq4H1¢03 mmol) and 9-amino-9-deoxyepiquinine 11 (13.2 mg, 0.0408

Molecular Weight: 232,28 . . .
creedar el mmol). Purification by flash chromatography (gradient from

0% to 10% Et,O in pentane) afforded 84i as a mixture with the
minor regioisomer (27%) (53.9 mg, 0.23 mmol, 57%, 2.2:1 rr, 18.5:1 dr).

"H NMR (400 MHz, CDCL3): & 8.13-8.06 (m, 2H, CHy,), 7.58 (tt, J= 7.5 Hz, J= 1.2 Hz, 1H,
CHay,), 7.45 (t, J="7.8 Hz, 2H, CHy,), 5.33 (dd, J= 9.5 Hz, J= 8.2 Hz, 1H, CHOBz), 2.63 (dd,
J=12.9 Hz, J= 5.2 Hz, 1H, C(O)CH>), 2.45-2.33 (m, 2H, CH,), 2.25-2.18 (m, 2H, CH; and
CH), 2.04-1.98 (m, 1H, CHMeCH,CH,), 1.78 (dqd, J= 14.0 Hz, J= 4.6 Hz, J= 2.1 Hz, 1H,
CHMeCH,CH>), 1.03 (d, /= 7.0 Hz, 3H, CH3).

BC NMR (100 MHz, CDCl3) § 204.84, 165.57, 133.22, 129.68, 129.88, 128.40, 76.83, 46.90,
32.34,29.24, 28.76, 19.15.

LRMS (m/z) EI: 232 [M'], 127, 110, 105, 77, 51, 41, 29.

HRMS (m/z) calcd for C;4H;603Na [M+Na]+: 255.0992. Found 255.0991.
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(¢}

Chemical Formula: C14H 1603
Molecular Weight: 232,28

o}

? OBz

Chemical Formula: C14H4503
Molecular Weight: 232,28

(1S,2R)-2-methyl-6-oxocyclohexyl benzoate (153): Selected
data for the minor regioisomer. 'H NMR (400 MHz, CDCl;) &
5.47 (d, J=11.7 Hz, 1H, CHOBz), 1.16 (d, J = 6.4 Hz, 3H, Me);
B3C NMR (100 MHz, CDCl3) & 203.89, 165.93, 133.15, 129.88,
128.39, 82.27, 40.42, 39.55 (CHMe), 32.73, 25.70, 19.05. A

diastereomer of this compound could not be detected.

(S)-2-Benzoyloxycycloheptanone (84j): Prepared according to
the general procedure B (Section 7.3.2.1) using commercial
cycloheptanone 83j (48.2 pL, 0.408 mmol) and 9-amino-9-
deoxyepiquinine 9 (13.2 mg, 0.0408 mmol). Purification by
flash chromatography (gradient from 2% to 10% Et,O in
pentane) afforded 84j as a white solid (35.1 mg, 0.15 mmol,

74%, 95:5 er, purified by prep. TLC: 98:2 er).

'"H NMR (400 MHz, CDCls) & 8.08 (d, J= 8.3 Hz, J= 1.3 Hz, 2H, CHa,), 7.57 (t, J= 7.5 Hz,
1.2 Hz, 1H, CHyy), 7.45 (t, J= 7.5 Hz, 2H, CHy,), 5.46 (dd, J = 9.7 Hz, J= 3.3 Hz, 1H,
CHOBz), 2.71 (c.m, 1H, C(O)CHy), 2.51 (ddd, J = 16.5 Hz, J=9.8 Hz, J=4.6 Hz, 1H,
C(O)CH,), 2.13 (c.m, 1H, CH,), 1.99-1.67 (m, 6H, CH,), 1.50-1.40 (m, 1H, CH,).

13C NMR (100 MHz, CDCls) 5 207.41, 165.82, 133.22, 129.85, 129.67, 128.40, 79.03, 40.75,

30.42, 28.42, 26.46, 23.04.

FTIR (thin film) 2933, 2860, 1714, 1602, 1452, 1316, 1303, 1272, 1114, 1071, 1027, 933 cm™";
HRMS (m/z) caled for C14H;603Na [M+Na]': 255.0992. Found 255.0992.

m.p.: 79.8-80.3 °C.

[a]p?: +46.7° (¢ 0.262, CHCL,).
Chiral HPLC (OD-3, nHept/iPrOH 90:10, 1 mL/min, 25 °C) t, 4.10 min (minor enantiomer), t;

4.87 min (major enantiomer).

OBz

Chemical Formula: C45H4g03
Molecular Weight: 246,30
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(S)-2-Benzoyloxycyclooctanone (84Kk): Prepared according to
the general procedure B (Section 7.3.2.1) using commercial
cyclooctanone 83k (51.5 mg, 0.408 mmol) and 9-amino-9-
deoxyepiquinine 9 (13.2 mg, 0.0408 mmol). Purification by
flash chromatography (gradient from 5% to 10% Et,O in
pentane) afforded 84k as a white solid containing 11% of the
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bis-benzoyloxylated product (40.6 mg, 0.16 mmol, 81%, 98:2 er).

"H NMR (400 MHz, CDCl3) & 8.08 (d, J = 8.3 Hz, J = 1.3 Hz, 2H, CHy,), 7.58 (t, J= 7.6 Hz,
J= 1.1 Hz, 1H, CHy,), 7.45 (t, J= 7.8 Hz, 2H, CHa,), 5.43 (dd, J = 8.7 Hz, J=3.6 Hz, 1H,
CHOBz), 2.75 (ddd, J= 14.1 Hz, J=9.6 Hz, J= 3.2 Hz, 1H, C(O)CH,), 2.44 (ddd, J = 14.1 Hz,
J=9.2Hz, J=3.5Hz, 1H, C(O)CHy), 2.34 (ddt, J = 14.2 Hz, J=9.6 Hz, J= 3.5Hz, 1H,
CHOBzCH»), 2.12-2.00 (m, 2H, CH), 2.00-1.82 (m, 2H, CH>), 1.77-1.62 (m, 2H, CH,), 1.62-
1.49 (m, 2H, CHy), 1.34-1.23 (m, 1H, CHb).

BC NMR (100 MHz, CDCl3) § 211.64, 165.96, 133.21, 129.80, 129.57, 128.37, 77.31, 40.44,
31.21, 27.43, 24.56, 24.42, 21.82.

FTIR (thin film) 2931, 2861, 1714, 1451, 1316, 1275, 1111, 1098, 1070, 1026, 955 cm
HRMS (m/z) calcd for C;sH303Na [M+Na]+: 269.1148. Found 269.1149.

m.p.: 85.5-85.8 °C.

[a]p® : + 54.0° (¢ 0.252, CHCL3).

Chiral HPLC (OD-3, nHept/iPrOH 95:5, 1 mL/min, 25 °C) t, 4.33 min (minor enantiomer), t,

5.20 min (major enantiomer).

2a-Benzoyloxy-5-a-cholestan-3-one (841): Prepared
according to the general procedure A (Section 7.3.2.1)

using commercial 5-a -cholestan-3-one 831 (78.9 mg,

0.204 mmol) and 9-amino-9-deoxyepiquinidine 11
(6.6 mg, 0.0204 mmol). Purification by flash

Chemical Formula: C34H5703
Molecular Weight: 506,76

chromatography (gradient from 5% to 10% Et,O in
pentane) afforded 84l as a white solid (91.4 mg, 0.180 mmol, 88%, 20:1 rr, >20:1 dr).

"H NMR (300 MHz, CDCls): & 8.11-8.06 (m, 2H, CHy,), 7.57 (tt, J= 7.4 Hz, 1.4 Hz, 1H,
CHa,), 7.43 (apparent t, J= 7.7 Hz, 2H, CHy,), 5.54 (dd, J=12.8 Hz, J= 6.7 Hz, 1H, CHOBz),
2.50 (t, J=14.0 Hz, 1H), 2.42 (dd, /= 12.5 Hz, J = 6.6 Hz, 1H), 2.26 (dd, /= 14.0 Hz, J= 3.4
Hz, 1H), 2.00 (dt, J= 12.5 Hz, J= 3.9 Hz, 1H), 1.93-0.93 (m, 28H), 0.90 (d, J= 6.5 Hz, 3H),
0.88 (d, J=1.4 Hz, 3H), 0.85 (d, /= 1.4 Hz, 3H), 0.68 (s, 3H).

BC NMR (75 MHz, CDCl3) & 204.00, 165.69, 131.11, 129.85, 129.72, 128.31, 74.91, 56.19,
56.10, 53.87, 47.88, 44.93, 43.66, 42.59, 39.75, 39.48, 37.30, 36.11, 35.75, 34.72, 31.61, 28.42,
28.21,27.99, 24.18, 23.79, 22.80, 22.54, 21.65, 18.65, 12.82, 12.06.

HRMS (m/z) calcd for C34Hs0O3Na [M+Na]+: 529.3652. Found 529.3654.

m.p.: 198-199 °C.
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40-Benzoyloxy-5-a-cholestan-3-one (84m):
Prepared according to the general procedure A
(Section 7.3.2.1) using commercial 5-a -cholestan-3-
one 831 (789 mg, 0.204 mmol) and 9-amino-9-

Chemical Formula: C34H5003 deoxyepiquinidine 11 (6.6 mg, 0.0204 mmol).
Molecular Weight: 506,76

Purification by flash chromatography (gradient from
5% to 10% Et,0 in pentane) afforded 841 as a white solid (26.1 mg, 0.051 mmol, 25%, >20:1 rr,
20:1 dr).

"H NMR (500 MHz, CDCLy): & 8.11-8.06 (m, 2H, CHy,), 7.57 (t, J= 7.4 Hz, 1H, CHy,), 7.43
(apparent t, J=7.7 Hz, 2H, CHy,), 5.33 (d, J = 12.4 Hz, 1H, CHOBz), 2.61 (dt, J= 14.5 Hz,
J=6.4Hz, 1H), 2.48 (dq, /= 14.4 Hz, J= 2.1 Hz, 1H), 2.10 (ddd, J=13.5 Hz, J= 6.7 Hz, J =
2.3 Hz, 1H), 2.01 (dt, J=12.7 Hz, J= 3.1 Hz, 1H), 1.90-0.94 (m, 28H), 0.91 (d, J= 6.5 Hz,
3H), 0.88 (dd, J=1.4 Hz, J= 1.4 Hz, 3H), 0.85 (d, /= 1.4 Hz, 3H), 0.69 (s, 3H).

BC NMR (125 MHz, CDCl3) & 204.4, 166.1, 129.85, 129.85, 129.80, 128.4, 77.8, 56.23, 56.20,
54.0, 51.7,42.5, 39.8, 39.5, 38.9, 37.5, 37.0, 36.1, 35.8, 35.0, 31.2, 28.2, 28.0, 24.3, 24.2, 23.8,
22.8,22.6,21.3,18.9, 13.0, 12.1.

HRMS (m/z) calcd for C34Hs0O3Na [M+Na]+: 529.365215. Found 529.36553.

7.3.3.2 a-Benzoyloxylated a-Substituted Aldehydes 118

(R)-1-(4-(tert-butyl)phenyl)-2-methyl-3-oxopropan-2-yl

Bu 0
\@\/E o8 benzoate (118a): Prepared according to the general procedure
1 Z
Me (Section 7.3.2.2) using commercial 3-(4-(tert-butyl)phenyl)-2-

Chemical Formula: Cy4H2403
Molecular Weight: 324,41

methylpropanal 117a (43.2 upL, 0.20 mmol), 9-amino-9-
deoxyepiquinine 9 (6.6 mg, 0.020 mmol) and (S)-TRIP ((5)-3)

(14.5 mg, 0.020 mmol) according to the general procedure C (Section 7.3.2.2). Purification by
flash chromatography (10% EtOAc in hexane) afforded 118a as a colorless oil (48.7 mg, 0.15
mmol, 75%, 70:30 er).

"H NMR (500 MHz, CDCl3) & 9.62 (s, 1H, CHO), 8.06 (d, J= 7.9 Hz, 2H, CHy,), 7.63 (t, J =
7.3 Hz, 1H, CHy,), 7.49 (apparent t, J = 7.8 Hz, 2H, CHy,), 7.33 (d, J= 8.0 Hz, 2H, CHy,),
7.17 (d, J= 8.0 Hz, 2H, CHa,), 3.28 (d, /= 14.2 Hz, 1H, ArCH»), 3.07 (d, /= 14.2 Hz, 1H,
ArCHy), 1.53 (s, 3H, CH3), 1.32 (s, 9H, C(CHz)3).
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BC NMR (125 MHz, CDCls) 6 199.2, 166.1, 150.0, 133.6, 131.3, 130.4, 129.9, 129.4, 128.6,
125.3, 85.0, 40.7, 34.5,31.4,31.2, 19.1.

HRMS (m/z) calcd for C,H40O3Na [M+Na]+: 347.16176. Found: 347.16207.

[a]p® : + 4.0° (¢ 0.455, CHCl, 67:33 er).

t (R)-1-(4-(tert-butyl)phenyl)-3-hydroxy-2-methylpropan-2-yl
Bu OH
\©\/{ benzoate (154a): Prepared according to the general procedure

OBz
Me (Section 7.3.2.2) using commercial 3-(4-(tert-butyl)phenyl)-2-

Chemical Formula: C,1Ho503

Molecular Weight: 326 43 methylpropanal 117a (43.2 pL, 0.20 mmol), 9-amino-9-

deoxyepiquinine 9 (6.6 mg, 0.020 mmol) and (S)-TRIP ((5)-3)
(14.5 mg, 0.020 mmol), and directly reduced according to the general procedure C (Section
7.3.2.2). Purification by flash chromatography (50% EtOAc in hexane) afforded 154a as a
colorless oil (50.9 mg, 0.16 mmol, 78%, 70:30 er).

"H NMR (500 MHz, CDCl3) & 7.98 (d, J = 7.9 Hz, 2H, CHy,), 7.58 (t, J = 7.4 Hz, 1H, CHy,),
7.45 (t,J="7.7 Hz, 2H, CHa,), 7.31 (d, J= 8.2 Hz, 2H, CHa,), 7.21 (d, J= 8.2 Hz, 2H, CHa,),
3.88 (d, J=12.8 Hz, 2H, CH,OH), 3.80 (d, /= 12.8 Hz, 2H, CH,OH), 3.23 (d, /= 13.5 Hz, 1H,
ArCH), 3.17 (d, /= 13.5 Hz, 1H, ArCH,), 1.50 (s, 3H, CH3), 1.31 (s, 9H, C(CH3)3).

BC NMR (125 MHz, CDCls) 3 167.2, 149.6, 133.1, 133.0, 130.9, 130.6, 129.8, 128.4, 125.1,
87.4,68.0,41.8,34.4,31.4,21.2.

HRMS (m/z) calcd for Cy;HysO3Na [M+Na]': 349.17741. Found: 349.17737.

Chiral HPLC (OD-3, n—Hept/iPrOH 99:1, 0.5 mL/min, 25 °C) t, 24.2 min (major enantiomer),

t; 26.3 min (minor enantiomer).

t (R)-3-(4-(tert-butyl)phenyl)-2-hydroxy-2-methylpropyl
Bu OBz
\©\/{ on benzoate (157a): This compound was obtained selectively by

Me following the general procedure C (Section 7.3.2.2) but stirring

Chemical Formula: Co1Ho503

Molecular Weight: 326 43 the reaction for 2 h at r.t.

"H NMR (500 MHz, CDCls) & 8.08 (d, J = 8.1 Hz, 2H, CHa,), 7.60 (t, J = 7.2 Hz, 1H, CHa,),
7.48 (t, J = 8.1 Hz, 2H, CHa,), 7.34 (d, J= 8.4 Hz, 2H, CHa,), 7.18 (d, J= 8.4 Hz, 2H, CHa,),
4.21 (s, 2H, CH,OH), 2.94 (d, J = 13.1 Hz, 1H, ArCH,), 2.90 (d, J= 13.1 Hz, 1H, ArCH,), 1.32
(s, 3H, CH3), 1.31 (s, 9H, C(CHs)s).
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3BC NMR (125 MHz, CDCl3) 8 166.4, 149.7, 133.21, 133.17, 130.1, 130.0, 129.6, 128.5, 125.4,
71.9,70.5,44.8,34.4,31.3, 24.5.
HRMS (m/z) calcd for CyHp6O3Na [M+Na]+: 349.17741. Found: 349.17733.

(R)-2-Benzoyloxy-2-phenylpropionaldehyde (118b): Prepared
CHO
o "0BZ according to the general procedure (Section 7.3.2.2) using
Me commercial 2-phenylpropionaldehyde 117b (54.7 uL, 0.408
Chemical Formula: C4gH1403
Molecular Weight: 254,28 mmol), 9-amino-9-deoxyepiquinine 9 (13.2 mg, 0.0408 mmol)

and (S)-TRIP ((5)-3) (29 mg, 0.0408 mmol). The crude product
was used directly in the next step.

"H NMR (400 MHz, CDCl3) & 9.56 (s, 1H, CHO), 8.18 (dd, J = 8.2 Hz, J= 1.4 Hz, 2H, CHy,),
7.65 (tt, J= 7.5 Hz, J= 1.2 Hz, 1H, CHj,), 7.59-7.49 (m, 4H, CHy,), 7.45 (t, J= 7.8 Hz, 2H,
CHa,), 7.38 (tt, J=7.5 Hz, J=2.0 Hz, 1H, CHa,), 1.99 (s, 3H, CH3).

BC NMR (100 MHz, CDCl;) & 194.45, 165.71, 136.43, 133.86, 130.00, 129.31, 129.05,
128.72, 128.66, 125.71, 86.38, 21.02.

FTIR (thin film) 3064, 2927, 2854, 1788, 1765, 1737, 1713, 1601, 1451, 1316, 1284, 1224,
1109, 1097, 1070, 1026, 997, 831 cm”

[a]p® : + 40.5° (¢ 0.262, CHCI3).

OB» (R)-2-hydroxy-2-phenylpropyl benzoate (157b): Prepared
/Q“ oH according to the general procedure C (Section 7.3.2.2) from the
P
Me crude aldehyde 118b in ethanol (2 mL) with NaBH,4 (31 mg, 0.82
Chemical Formula: C4gH03 . .. . .
Molecular Weight: 256,30 mmol, 2 equiv) and stirring the reaction for 1 h at r.t., which

formed the product with complete benzoyl transfer. Purification
by flash chromatography (15% Et,O in pentane) afforded 157b as a colorless oil (86.1 mg, 0.34
mmol, 83%, 85.5:14.5 er).

'"H NMR (400 MHz, CDCL3) § 7.98 (d, J = 8.1 Hz, 2H, CHy,), 7.60-7.50 (m, 3H, CHy,), 7.41
(c.m, 4H, CHa,), 7.30 (tt, J= 7.2 Hz, J= 1.2 Hz, 1H, CHy,), 4.53 (d, J= 11.3 Hz, 1H, CH,OH),
4.48 (d,J=11.4 Hz, 1H, CH,OH), 1.67 (s, 3H, CH3).

3C NMR (100 MHz, CDCly) & 166.64, 14434, 133.24, 129.78, 129.67, 128.46, 128.43,
127.44,125.10, 73.92, 72.31, 26.65.

FTIR (thin film) 3476, 2983, 1707, 1602, 1450, 1370, 1316, 1272, 1114, 1071, 1027, 909 cm"
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HRMS (m/z) caled for C1¢H;¢0O3Na [M+Na]+: 279.0992. Found: 279.0990.
[a]p?: =5.1° (¢ 0.119, CHCL).
Chiral HPLC (OD-3, n-Hept/iPrOH 97:3, 1 mL/min, 25 °C) t; 9.78 min (major enantiomer), t;

12.03 min (minor enantiomer).

Determination of the absolute configuration of aldehyde 118b

O~_H LiAIH4 (5 equiv) /{OH
PhIlOBZ dry THF, reflux, 15 h Ph ';\;)H
Me quant. €

118b 155

/(OH
LOH
Ph Me

Chemical Formula: CgH4,0,
Molecular Weight: 152,19

A sample of the aldehyde 118b was reduced with excess LiAlH4

to afford the diol 155 whose absolute configuration is known.!'®®!

'H and “C NMR spectra were identical to those reported in the

literature.!'%®!

[a]p®: — 5.3° (¢ 0.150, EtOH) [Lit. value for the (S)-enantiomer“66]: [a]p® : +5.7° (c=0.7,
EtOH); (R)-enantiomer'**!: [a]p” : — 5.8° (¢ 0.55, EtOH)].

CHO
/k"Me
OBz
Chemical Formula: C1gH 1403
Molecular Weight: 254,28

Ph

(S)-2-Benzoyloxy-2-phenylpropionaldehyde (ent-118b):
Prepared according to the general procedure (Section 7.3.2.2)
using commercial 2-phenylpropionaldehyde 117b (54.7 pL,
0.408 mmol), 9-amino-9-deoxyepicupreine 15 (12.4 mg, 0.0408

mmol)) and (R)-TRIP ((R)-3) (29 mg, 0.0408 mmol). The crude

was used directly in the next step. [a]p> : — 38.5° (¢ 0.571, CHCL); 'H and *C NMR spectra

were identical to those of compound (R)-118b.

/(OBZ
1ii\le
Ph OH

Chemical Formula: C4gH4603
Molecular Weight: 256,30

(S)-2-hydroxy-2-phenylpropyl benzoate (ent-157b): Prepared
according to the general procedure C (Section 7.3.2.2) from the
crude aldehyde ent-118b in ethanol (2 mL) with NaBH,4 (31 mg,

0.82 mmol, 2 equiv) and stirring the reaction for 1 h at r.t., which
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formed the product with complete benzoyl transfer. Purification by flash chromatography (15%
Et;0 in pentane) afforded ens-157b as a colorless oil (78.3 mg, 0.31 mmol, 76%, 88:12 er).

"H and *C NMR spectra were identical to those of compound (R)-157b.
[a]p® : + 5.4° (¢ 0.147, CHCL,).
Chiral HPLC (OD-3 n-Hept/iPrOH 97:3, 1 mL/min, 25 °C) t; 9.80 min (minor enantiomer), t,

11.93 min (major enantiomer).

CHO (R)-2-Benzoyloxy-3-((tert-butyldimethylsilyl)oxy)-2-methyl-
TBSO\/IQ'OBZ propionaldehyde (118d): Prepared according to the general
Me
_ | procedure (Section 7.3.2.2) using 3-((tert-
Chemical Formula: C47Ho04Si

Molecular Weight: 322,47 butyldimethylsilyl)oxy)-2-methylpropanal 117d (83.0 mg, 0.408

mmol), 9-amino-9-deoxyepiquinine 9 (13.2 mg, 0.0408 mmol)
and (S)-TRIP ((5)-3) (29 mg, 0.0408 mmol). The crude was used directly in the next step.
Elimination of the TBS-protected alcohol to afford methacrylaldehyde 127 was observed as a
byproduct (28% yield by 'H NMR).

"H NMR (400 MHz, CDCl3) § 9.71 (s, 1H, CHO), 8.12-8.05 (m, 2H, CHy,), 7.60 (tt, J= 7.4
Hz,J=1.1 Hz, 1H, CHa,), 7.47 (t, J=7.7 Hz, 2H, CHa,), 4.03 (d, /= 10.7 Hz, 1H, TBSOCH,),
3.95 (t, J=10.7 Hz, 1H, TBSOCH,), 1.50 (s, 3H, CHj3), 0.87 (s, 9H, C(CHs)3), 0.07 (s, 3H,
Si(CH3),), 0.05 (s, 3H, Si(CHz),).

BC NMR (100 MHz, CDCl3) § 199.39, 166.09, 133.58, 129.88, 129.40, 128.52, 85.18, 66.36,
25.71, 18.19, 16.65, — 5.52, -5.57.

HRMS (m/z) caled for C17H2604SiNa [M+Na]': 345.1493. Found: 345.1496.

OBz (S)-3-((tert-butyldimethylsilyl)oxy)-2-hydroxy-2-methyl-

TBSO A"OH propyl benzoate (157d): Prepared according to the general

_ Me | procedure C (Section 7.3.2.2) from the crude aldehyde 118d in
Chemical Formula: C47H2g04Si

Molecular Weight: 324,49 ethanol (2 mL) with NaBH4 (31 mg, 0.82 mmol, 2 equiv) and

stirring the reaction for 1 h at r.t., which formed the product with complete benzoyl transfer..
Purification by flash chromatography or preparative TLC (40% Et,0O in pentane) afforded 157d
as a colorless oil (34.8 mg, 0.11 mmol, 26%, 90:10 er). We found this compound to be unstable

on silica gel, as reflected in the lowered yield.
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"H NMR (400 MHz, CDCl;) § 8.04 (dd, J = 8.3 Hz, J= 1.2 Hz,2H, CHy,), 7.57 (tt, J = 7.4 Hz,
J =12 Hz, 1H, CHa,), 7.45 (t, J= 7.6 Hz, 2H, CHa,), 4.25 (d, J = 1.6 Hz, 2H, TBSOCH)),
3.65 (d, J=9.8 Hz, 1H, CH,0OH), 3.51 (d, J= 9.8 Hz, 1H, CH,OH), 2.70 (s, 1H, OH), 1.26 (s,
3H, CH3), 0.90 (s, 9H, C(CHj3)3), 0.07 (s, 3H, Si(CH3),), 0.06 (s, 3H, Si(CHz),).

BC NMR (100 MHz, CDCl3) § 166.37, 133.05, 129.99, 129.56, 128.39, 71.69, 68.09, 67.32,
25.79,21.12, 18.22, - 5.51.

FTIR (thin film) 3488, 2955, 2930, 2886, 2858, 1722, 1471, 1464, 1452, 1269, 1095, 1027,
836, 776 cm’

HRMS (m/z) caled for C17H304SiNa [M+Na]': 347.1649. Found: 347.1651.

[a]p® : +2.72° (¢ 0.294, CHCL,).

Chiral HPLC (OD-3, nHept/iPrOH 99:1, 1 mL/min, 25 °C) t. 9.52 min (major enantiomer), t;

11.10 min (minor enantiomer).

CHO (R)-2-Benzoyloxy-4-((tert-butyldimethylsilyl)oxy)-2-methyl-
TBDPSO '";\'AZBZ butanal (118e): Prepared according to the general procedure

Chemical Formula: CogH3,0,4Si | (Section  7.3.2.2) wusing 4-((tert-butyldimethylsilyl)oxy)-2-
Molecular Weight: 460,64 .
olecular Weight methylpropionaldehyde 117e (139.0 mg, 0.408 mmol), the 9-

amino-9-deoxyepiquinine 9 and (S)-TRIP (S)-3. The crude was used directly in the next step.

"H NMR (400 MHz, CDCl3) § 9.76 (s, 1H, CHO), 8.01 (dd, J = 8.4 Hz, J= 1.2 Hz, 2H, CHy,),
7.67 (tt, J=7.5 Hz, J = 1.2 Hz, 1H, CHy,), 7.65-7.58 (m, 4H, CHy,), 7.46 (t, J = 7.5 Hz, 2H,
CHay,), 7.44-7.33 (m, 4H, CHy,), 7.29-7.23 (m, 2H, CHa,), 3.95 (ddd,J= 10.5 Hz, J= 8.6 Hz,
J=4.9 Hz, 1H, TBDPSOCH,), 3.77 (q, /= 5.2 Hz, 1H, TBDPSOCH,), 2.28-2.18 (m, 1H,
TBDPSOCH,CH»), 2.14 (dt, J= 14.5 Hz, J= 4.8 Hz, 1H, TBDPSOCH,CH,), 1.64 (s, 3H,
CHz), 1.01 (s, 9H, C(CH3)3).

BC NMR (100 MHz, CDCl;) & 198.88, 165.73, 135.56, 135.42, 133.52, 133.05, 132.96,
129.84, 129.71, 129.48, 128.52, 127.77, 127.72, 125.60, 84.59, 58.76, 40.31, 26.70, 20.36,
18.99.

HRMS (m/z) caled for CgH3,04SiNa [M+Na]+: 483.1962. Found: 483.1964.
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OBz (R)-4-((tert-butyldiphenylsilyl)oxy)-2-hydroxy-2-methylbutyl
/\/Q"OH benzoate (157e): Prepared according to the general procedure C
TBDPSO
Me (Section 7.3.2.2) from the crude aldehyde 118e in ethanol (2 mL)
Chemical Formula: CogH3404Si ) ) o
Molecular Weight: 462,65 with NaBHs (31 mg, 0.82 mmol, 2 equiv) and stirring the

reaction for 1h at r.t., which formed the product with complete benzoyl transfer. Purification by
flash chromatography (30% Et,O in pentane) afforded 157e as a colorless oil (169 mg, 0.37
mmol, 90%, 88:12 er).

"H NMR (400 MHz, CDCl3) & 8.04 (dd, J = 8.2 Hz, J = 1.2 Hz, 2H, CHy,), 7.69 (c.m, 4H,

CHay,), 7.56 (tt, J=7.5 Hz, J= 1.2 Hz, 1H, CHa,), 7.36-7.49 (m, 8H, CHa,), 4.33 (d, J=11.1

Hz, 1H, CH,OH), 4.27 (d, /= 11.1 Hz, 1H, CH,OH), 4.05 (br. s, 1H, OH), 3.95 (br. t, J=5.6

Hz, 2H, TBDPSOCH,), 1.95 (c.m, 1H, TBDPSOCH,CH,), 1.84 (c.m, 1H, TBDPSOCH,CH),

1.37 (s, 3H, CH3), 1.07 (s, 9H, C(CHz)3).

BC NMR (100 MHz, CDCl3) & 166.40, 135.58, 135.57, 133.08, 132.66, 132.59, 130.09,

130.00, 129.65, 128.42, 127.90, 127.88, 127.74, 72.06, 70.97, 61.42, 39.08, 26.81, 25.00, 19.02.
FTIR (thin film) 3487, 2932, 2890, 2859, 1721, 1603, 1472, 1452, 1428, 1275, 1112, 1072,

908 cm’!

HRMS (m/z) calcd for C,3H3404SiNa [M+Na]+: 485.2119. Found: 485.2121.

[a]p?: = 7.3° (¢ 0.164, CHCl).

Chiral HPLC (IC-3, n-Hept/EtOH 98:2, 1 mL/min, 25 °C, 4.3 MPa) t, 5.35 min (major

enantiomer), t; 6.20 min (minor enantiomer).

7.3.3.3 Benzoyloxylation of Enals

0= OBz 1-formylcyclohex-2-en-1-yl  benzoate (128b):  Prepared

Ej according to the general procedure (Section 7.3.2.3) from the

commercial enal 53b. Purification by flash chromatography

(10% Et,0 in pentane) afforded 128b as a colorless oil (29.9 mg,
0.13 mmol, 65%).

Chemical Formula: C44H4403
Molecular Weight: 230,26

"H NMR (500 MHz, CDCl3) § 9.65 (s, 1H, CHO), 8.12-8.06 (m, 2H, CHy,), 7.60 (tt, J= 7.5
Hz, J= 1.3 Hz, 1H, CHy,), 7.45 (apparent t, J= 7.7 Hz, 2H, CHy,), 6.26 (dt, /= 10.2 Hz, J=
4.0 Hz, 1H, CH=CH), 6.04 (br d, /= 10.2 Hz, 1H, CH=CH), 2.26-2.09 (m, 3H, CH), 2.03-
1.95 (m, 1H, CHy), 1.95-1.82 (m, 2H, CH)).
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BC NMR (125 MHz, CDCl;) & 197.2, 165.9, 136.7, 133.5, 129.9, 129.4, 128.5, 121.9, 81.8,
28.4,24.8,17.8.

HRMS (m/z) calcd for C;4H403Na [M+Na]+: 253.08352. Found: 253.08349.

Chiral HPLC (AD-3, n-Hept/PrOH 99:1, 1 mL/min, 25 °C) t, 7.20 min (major enantiomer), t,
7.70 min (minor enantiomer).

Physical data for a similar compound have previously reported.['**!

oo 3-formylcyclohex-2-en-1-yl  benzoate (129b):  Prepared

according to the general procedure (Section 7.3.2.3) from the
- commercial enal 53b as a minor reaction component.
Chemical Formula: C14H1403 | Purification by flash chromatography (10% Et,0O in pentane)

Molecular Weight: 230,26 .
afforded 129b as a colorless oil.

'"H NMR (500 MHz, CDCLs) § 9.53 (s, 1H, CHO), 8.06 (apparent d, J= 6.7 Hz, 2H, CH,,),
7.59 (tt, J=7.6 Hz, J= 1.3 Hz, 1H, CHy;), 7.46 (apparent t, /= 7.8 Hz, 2H, CHy;), 6.79 (c. m,
1H, C=CH), 5.77 (c. m, 1H, CHOBz), 2.37-2.21 (m, 2H, CH,), 2.16-2.08 (m, 1H, CH>), 1.98-
1.85 (m, 2H, CH»), 1.82-1.72 (m, 1H, CHb).

BC NMR (125 MHz, CDCl;) & 194.0, 166.2, 145.5, 144.1, 133.3, 129.9, 129.7, 128.5, 68.5,
28.2,21.2, 18.6.

HRMS (m/z) caled for C14H1403Na [M+Na]': 253.08352. Found: 253.08383.

Chiral HPLC (AD-3, n—Hept/iPrOH 99:1, 1 mL/min, 25 °C) t. 8.14 min, t; 8.68 min.

o on (1-hydroxycyclohex-2-en-1-yl)methyl benzoate (156):
Z
Ej Prepared according to the general procedure (Section 7.3.2.3)

from the commercial enal 53b (0.20 mmol). The crude product

Chemical Formula: C44H4603

1 . .. _
Molecular Weight: 232 28 was analyzed by H NMR to obtain the o/y selectivity (a/y =

89:11) and directly reduced with NaBH,4 (15 mg, 0.40 mmol, 2

equiv) in ethanol (2mL) at room temperature for 2h to afford the rearranged,
thermodynamically favoured product 156. Purification by flash chromatography (30% Et,O in
pentane) afforded 156 as a colourless oil (30.2 mg, 0.13 mmol, 65%, 76:24 er).

'"H NMR (500 MHz, CDCl5) 6 8.10-8.05 (m, 2H, CHy,), 7.58 (c.m, 1H, CHy,), 7.46 (apparent t,
J="17.9 Hz, 2H, CHy,), 5.98 (dt, /= 10.2 Hz, J= 3.6 Hz, 1H, CH=CH), 5.73 (apparent d, J =
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10.2 Hz, 1H, CH=CH), 4.34 (d, /= 11.2 Hz, 1H, CH,OH), 4.26 (d, /= 11.2 Hz, 1H, CH,OH),
2.18-2.08 (m, 1H, CHy), 2.14 (br. s, 1H, OH), 2.08-1.98 (m, 1H, CH>), 1.89-1.68 (m, 4H, CH2>).
BC NMR (125 MHz, CDCls) § 166.6, 133.2, 132.5, 130.0, 129.7, 128.5, 128.4, 71.1, 69.3,
32.9,25.3, 18.6.

HRMS (m/z) calcd for C14H;603Na [M+Na]': 255.09917. Found: 255.09914

Chiral HPLC (AD-3, n—Hept/iPrOH 97:3, 1 mL/min, 25 °C) t, 17.11 min (major enantiomer),

t; 18.15 min (minor enantiomer).

(E)-2-methyl-1-oxopent-3-en-2-yl benzoate (128c): Prepared
Me OBz

" WO according to the general procedure (Section 7.3.2.3) from the
e

Chemical Formula: Cy3H1405 commercial enal 53c. Purification by flash chromatography (1-

Molecular Weight- 218,25 | 504 Et,0 in pentane) afforded 128¢ as a colorless oil (32.3 mg,

0.15 mmol, 74%, 76.5:23.5 er).

"H NMR (500 MHz, CDCl;) § 9.44 (s, 1H, CHO), 8.10 (apparent d, J= 8.0 Hz, 2H, CHy,),
7.62 (apparent t, J= 7.4 Hz, 1H, CHy,), 7.49 (apparent t, J= 7.9 Hz, 2H, CHy,), 5.99 (dq, J =
15.8 Hz, J= 6.6 Hz, 1H, MeCH=CH), 5.62 (dq, J= 15.8 Hz, /= 1.6 Hz, 1H, MeCH=CH),
1.80 (dd, J= 6.6 Hz, J= 1.6 Hz, 3H, MeCH=CH), 2.03-1.95 (m, 1H, CH>), 1.67 (s, 3H, CH3).
BC NMR (125 MHz, CDCl;) & 194.2, 164.6, 132.6, 128.86, 128.79, 128.73, 127.5, 125.8, 83.8,
18.9,17.1.

FTIR (thin film) 2927, 2854, 1717, 1692, 1451, 1266, 1110, 10701, 1044, 1026, 804, 712 cm’
HRMS (m/z) calced for Ci3H;503Na [M+H]": 219.10212. Found: 219.10210.

[a]p®: +4.6° (¢ 0.10, CHCL5).

Chiral HPLC (AD-3, n-Hept/iPrOH 99:1, 0.5 mL/min, 25 °C) t; 6.56 min (major enantiomer),

t; 7.66 min (minor enantiomer).

OBz Me (E)-4-methyl-5-oxopent-3-en-2-yl benzoate (129c¢): Prepared

Me” N7 0 according to the general procedure (Section 7.3.2.3) from the

Chemical Formula: C13H1403 | commercial enal 53e¢. Purification by flash chromatography (1-
Molecular Weight: 218,25

5% Et,O in pentane) afforded 129¢ as a colorless oil (2.6 mg,
0.012 mmol, 6%, 58.5:41.5 er).

"H NMR (500 MHz, CDCl3) § 9.47 (s, 1H, CHO), 8.10-8.03 (m, 2H, CHy,), 7.59 (tt, J= 7.6
Hz, J= 2.3 Hz, 1H, CHy,), 7.51-7.43 (m, 2H, CHa,), 6.48 (dq, J= 8.0 Hz, J= 6.6 Hz, 1H,
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MeC=CH), 6.00 (dq, /= 8.0 Hz, J= 1.3 Hz, 1H, CHOBz), 1.90 (d, /= 1.3 Hz, 3H, MeC=CH),
1.55 (d, J= 6.6 Hz, 3H, CH3CHOBz).

BC NMR (125 MHz, CDCl;) & 193.6, 164.7, 149.6, 138.3, 132.2, 128.8, 128.6, 127.4, 67.0,
18.5, 8.6.

[a]p® : + 4.6° (¢ 0.10, CHCL;).

Chiral HPLC (AD-3, n-Hept/PrOH 95:5, 1 mL/min, 25 °C) t, 5.8 min (minor enantiomer), t,

14.2 min (major enantiomer).

7.3.4 Asymmetric Synthesis of Cineole Derivatives 108 and 114

0 (0] HO -
i. General procedure A OBz MeMgCl, THF 0Bz
—_—
ii. prep. TLC -78 °C -r.t.
ii. aq. workup 51%, 4:1 dr
83e 84e 109
946 er 94:6 er

Compound 84e (0.31 mmol, 94:6 er) was prepared according to the general procedure A on 0.5
mmol scale and purified directly using preparative TLC, followed by an aqueous workup as
described in the general procedure A. Preparative TLC-grade silica (Macherey-Nagel, SIL G-
25 UV,s4) was found to preserve the enantiomeric excess of this compound, whereas other
types of silica and alumina diminish the enantioselectivity after flash column chromatography
to er = 86:14. The semi-crude reaction mixture obtained after a rapid plug of silica or alumina
eluting with diethyl ether was found to be unracemized (er = 93:7), but gave low yields (around

30%) of the desired product in the subsequent Grignard reaction.

(1S,2R)-2-hydroxy-2-methyl-5-(propan-2-ylidene)cyclohexyl
OBz benzoate (109): Ketone 84e (80 mg, 0.31 mmol, 94:6 er) was
dissolved in anhydrous THF, cooled to — 78 °C, and MeMgCl
(465 pL, 3 M in THF, 4.5 equiv) was added dropwise in three

HO ¢

Chemical Formula: C47H2,03

155 uL portions over 1.5 hours. The mixture was stirred for
Molecular Weight: 274,35

additional 3 hours at — 78 °C, genched with sat. aq. NH4CI at —

78 °C, diluted with water and diethyl ether, extracted with diethyl ether three times, washed
with brine, dried over MgSO,, filtered and evaporated under reduced pressure. Crude 'HNMR
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showed the formation of cis and trans-configured monobenzoylated diols with dr = 4:1
(cis:trans), which could be readily separated by chromatography. Flash column
chromatography (10% Et,O in pentane) afforded 109 as a colourless oil (43.3 mg, 0.158 mmol,

51%, 94:6 er) along with recovered starting material.

"H NMR (400 MHz, CDCL3): & 8.07-8.04 (m, 2H, CHy,), 7.58 (tt, J= 7.4 Hz, J= 1.3 Hz, 1H,
CHa,), 7.49-7.43 (m, 2H, CHa,), 4.86 (dd, J = 10.5 Hz, J=4.3 Hz, 1H, CHOBz), 2.75 (dd, J =
13.0 Hz, J=4.7 Hz, 1H, CHOBzCH;), 2.46-2.34 (m, 2H, CHOBzCH, and C=CCH,CH»),
2.28-2.16 (m, 1H, C=CCH,CH>), 1.89 (dt, J=13.8 Hz, J=4.4 Hz, 1H, C=CCH,CH>), 1.70 (s,
3H, C=C(CH3),), 1.68 (s, 3H, C=C(CH3),), 1.47 (ddd, J=13.5 Hz, J=12.1 Hz, J=4.6 Hz, 1H,
C=CCH,CH,), 1.27 (s, 3H, CH3).

BC NMR (100 MHz, CDCl;) & 165.83, 133.09, 130.28, 129.89, 129.55, 128.46, 126.85,
124.56, 78.43,70.89, 37.65, 31.01, 26.73, 24.95, 20.26, 20.21.

HRMS (m/z) caled for C17H2,03Na [M+Na]': 297.1461. Found 297.1460.

Chiral HPLC (AD-3, nHept/iPrOH 95:5, 1 mL/min, 25 °C) t; 5.13 min (minor enantiomer), t;

6.55 min (major enantiomer).

Stereochemical assignment of 109

NOE HO NOE | Ho . HO -
__OB A__OB i __OB __OH
z 3 : 2 NaOH, H,0
“H H ! THF, MeOH
" 109

109 epi-109

112

The relative stereochemistry of 109 and its diastereomer epi-109 was determined by NOE

correlation.

HO - In addition, 109 was derivatized to the literature-known!">*! diol

on 112 by basic hydrolysis. Alcohol 109 (21.9 mg, 0.08 mmol) was
dissolved in MeOH (0.4 mL), THF (0.65 mL) and NaOH (2N,
97.5 puL) was added. The mixture was stirred for 30 min,

Chemical Formula: C4gH4g05
Molecular Weight: 170,25 extracted with EtOAc three times, washed with brine, dried over

MgSQOy, filtered and evaporated under vacuum, affording spectrscopically pure 112 as a

colourless oil in quantitative yield.
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"H NMR (300 MHz, CDCls): & 3.36 (dd, J = 8.7 Hz, J=4.1 Hz, 1H, CHOH), 2.49 (dd, J =
13.6 Hz, J = 4.1 Hz, 1H, CHOHCHb,), 2.29 (dd, J = 13.2 Hz, J= 8.6 Hz, 1H, CHOHCH,), 2.19
(dd, J = 10.1 Hz, J = 4.6 Hz, 2H, C=CCH,CH,), 1.78-1.72 (m, 1H, C=CCH,CH,), 1.69 (s, 3H,
C=C(CHj),), 1.68 (s, 3H, C=C(CHs),), 1.48-1.35 (m, 1H, C=CCH,CHy,), 1.26 (s, 3H, CH3).
13C NMR (75 MHz, CDCly) § 127.02, 124.67, 75.34, 71.28, 37.12, 34.23, 25.61, 25.50, 20.24,
20.16.

The *C NMR values are in full agreement with the literature; literature values for the 'H

spectrum were found to be partly erroneous."*

HO, ¢
0Bz - OBz o 0} OBz
i. MCPBA ii. BF3-OEt, %OBZ .
H
dr >20:1 15:16 = 2:1 HO H oH
109 110 111 113
(44%, 2 steps) (20%, 2 steps)
HO - (5S,6R)-6-hydroxy-2,2,6-trimethyl-1-oxaspiro[2.5]octan-5-
\~0Bz yl benzoate (110): Alcohol 109 (109 mg, 0.40 mmol) was
5 dissolved in dichloromethane (8 mL), cooled to 0 °C and m-

CPBA (77% purity, 134.5 mg, 0.6 mmol, 1.5 equiv) was

Chemical Formula: C17H» 04 . . . .
Molecular Weight: 290,35 added. The mixture was stirred at this temperature for 30 min

and filtered through a plug of alumina washing with diethyl
ether to remove p-chlorobenzoic acid. '"H NMR analysis of the crude mixture showed 110 a
single diastereomer (tentative assignment shown). For purposes of characterization 110 was

purified by column chromatography (35% Et,0O in pentane).

"H NMR (300 MHz, CDCl): & 8.08-8.02 (m, 2H, CHy,), 7.59 (tt, J= 7.6 Hz, J= 1.2 Hz, 1H,
CHar), 7.50-7.44 (m, 2H, CHa,), 5.23 (dd, J=10.8 Hz, J=4.7 Hz, 1H, CHOBz), 2.26 (dd, J =
13.2 Hz, J=10.7 Hz, 1H, CHOBzCH,), 2.08 (td, J= 13.0 Hz, J=4.3 Hz, 1H, CHOBzCH,),
1.92 (dt, J=14.0 Hz, J=4.3 Hz, 1H, CH,), 1.87-1.79 (m, 2H, CH,), 1.50-1.43 (m, 1H, CH,),
1.35 (s, 3H, CH3), 1.32 (s, 3H, CH3), 1.30 (s, 3H, CH3).

BC NMR (75 MHz, CDCls) 8 C=0 not detected, 133.18, 130.08, 129.57, 128.49, 77.21, 70.47,
64.95, 62.21, 34.28, 31.34, 26.68, 25.24, 20.72, 20.61.

HRMS (m/z) calcd for C7H5,04Na [M+Na]'™: 313.1410. Found 313.1411.
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2p-benzoyloxy, 4-hydroxy-1,8-cineole (111) and 2pB-benzoyloxy, 4-hydroxy-1,4-cineole
(113): The rearrangement of 110 to 111 and 113 was performed with the crude starting material.
110 (~0.40 mmol) was dissolved in dry dichloromethane (7 mL), cooled to 0 °C and BF;-OEt,
(5.1 uL, 0.04 mmol, 0.1 equiv) was added under an atmosphere of argon. The mixture was
stirred overnight, letting the water bath reach ambient temperature, and dichloromethane was
evaporated. '"HNMR analysis of the crude mixture showed the formation of 111 and 113 in a
2.3:1 ratio. Flash column chromatography (gradient from 10% to 25% Et,O in pentane)
afforded 113 (22.8 mg, 0.079 mmol, 20% over 2 steps) followed by 111 (51.2 mg, 0.176 mmol,

44% over 2 steps), both as colourless oils.

o "H NMR (300 MHz, CDCls): & 8.13-8.08 (m, 2H, CHy,), 7.57
OB
% ‘ (tt, J= 7.4 Hz, J= 1.3 Hz, 1H, CHy,), 7.48-7.42 (m, 2H, CH.,,),

H
HO 5.07 (dd, J = 10.1 Hz, J=2.9 Hz, 1H, CHOBz), 2.26 (dd, J=

Chemical Formula: Cq7H2,04
Molecular Weight: 20035 | 13.8 Hz, J= 10.1 Hz, 1H, CHOBzCH,,), 2.13-1.94 (m, 3H,

CH,), 1.83-1.75 (m, 1H, CH,), 1.67-1.58 (m, 1H, CH,), 1.39 (s,

3H, CH3), 1.34 (s, 3H, CH3), 1.14 (s, 3H, CH3).

13C NMR (100 MHz, CDCL3) & 166.20, 133.12, 130.26, 129.73, 128.46, 74.35, 70.95, 69.95,

39.39, 30.98, 29.56, 24.80, 23.82, 22.41.

HRMS (m/z) calcd for C17H,,04Na [M+Na]': 313.1410. Found 313.1408.

S '"H NMR (400 MHz, CDCL5): § 8.08-8.03 (m, 2H, CHay), 7.56 (tt,
é[ﬁo'az J=17.4Hz,J=13 Hz, 1H, CHyy), 7.50-7.38 (m, 2H, CHy,), 5.15
o (dd, J = 7.3 Hz, J = 2.6 Hz, 1H, CHOBz), 2.21 (dd, J = 13.4 Hz,
Chemical Formula: Cq7H»0, | J= 7.3 Hz, 1H, CHOBzCH,), 2.16 (br s, 1H, OH), 2.03 (ddd,
Molecular Weoht: 29955 | y— 13.4, Hz, J= 3.1, J= 2.9 Hz, 1H, CHOBzCH,y), 1.97-1.86
(m, 1H, CH,), 1.78-1.66 (m, 2H, CH,), 1.60-1.52 (m, 1H, CHy), 1.48 (s, 3H, CHz), 1.32 (s, 3H,
CH3), 1.28 (s, 3H, CH).
3C NMR (100 MHz, CDCl3) & 165.80, 132.68, 129.87, 129.29, 128.01, 90.50, 85.14, 78.61,

70.69, 41.03, 33.52, 30.75, 24.89, 16.13.
HRMS (m/z) calcd for C;7H»,0O4Na [M+Na]+: 313.1410. Found 313.1406.
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0] o)
%osz NaOMe, MeOH %OH
od T H 60 °C. 95% id T H

111 (+)-108

o (+)-2p,4-dihydroxy-1,8-cineole ((+)-108): Bicyclic ether 111
%DH (47.1 mg, 0.162 mmol) was dissolved in MeOH (3 mL) and
HO H NaOMe (17.6 mg, 0.32 mmol, 2 equiv) was added. The mixture

Chemical Formula: C4gHg03

Molecular Weight 186.25 was stirred at 60 °C for 8 h and methanol was removed by

evaporation under reduced pressure. Purification by flash
chromatography (20% EtOAc in hexane) afforded (+)-108 as a white solid (28.7 mg, 0.154
mmol, 95%).

"HNMR (400 MHz, CDCL): 8 3.66 (dd, J= 9.7 Hz, J= 2.6 Hz, 1H, CHOH), 2.05 (dd,
J=13.8 Hz, J=9.8 Hz, 1H, CHOHCH,y), 1.99-1.92 (m, 3H), 1.88 (br s, 2H, OH), 1.66 (c m,
1H, CH»), 1.50-1.42 (m, 1H, CHb»), 1.28 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.08 (s, 3H, CH3).

BC NMR (100 MHz, CDCl3) 8 76.96, 72.37, 72.09, 70.00, 42.44, 30.31, 29.66, 24.93, 24.17,
22.31.

HRMS (m/z) calcd for C;oH;303Na [M+Na]+: 209.1148. Found 209.1146.

[a]p?: +5.67° (¢ 0.141, CHCL,).

The physical data are identical in all respects to those previously reported.!'>*

(0]
OBz 0 OH
NaOMe, MeOH
H H
OH 60 °C, 54% OH

13 (+)-114
o (+)-2p,4-dihydroxy-1,4-cineole ((+)-114): Bicyclic ether 113
ﬁOH (22.8 mg, 0.0785 mmol) was dissolved in MeOH (2 mL) and
oH : NaOMe (8.5 mg, 0.157 mmol, 2 equiv) was added. The mixture
Chemical Formula: C1qH1g05 | Was stirred at 60 °C for 8 h and methanol was removed by
Molecular Weight: 186,25

evaporation under reduced pressure. Purification by flash
chromatography (20% EtOAc in hexane) afforded 18 as a white solid (7.9 mg, 0.042 mmol,
54%).

"H NMR (400 MHz, CDCls): & 3.79 (dd, J= 1.9 Hz, J= 6.9 Hz, 1H), 2.05 (dd, J=13.0 Hz,
J=6.9 Hz, |H, CHOHCH,y), 1.88-1.73 (m, 2H), 1.80 (br s, 2H, OH), 1.61 (td, J=12.2 Hz, J =
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3.9 Hz, 1H, CHOHCH,,), 1.56-1.47 (m, 1H, CHy), 1.47-1.39 (m, 1H, CH,), 1.4 (s, 3H, CH3),
1.30 (s, 3H, CH3), 1.25 (s, 3H, CH3).

BC NMR (100 MHz, CDCl3)  90.61, 86.42, 76.89, 71.09, 43.81, 33.01, 31.46, 25.36, 25.21,
16.22.

HRMS (m/z) calcd for CoH 003 [M+H]": 187.1334. Found 187.1335.

[a]p® : + 4.48° (¢ 0.134, CHCL3).

The physical data are identical in all respects to those previously reported.!'>®

7.3.5 Synthesis and Characterization of 115

NH, « TCA
BzOOBz
_ N X

| (1.5 equiv)

MeO

9
o 9-Amino-9-deoxyepiquinine (9) (100 mg, 0.31 mmol) and
4/% HNJ\ph trichloroacetic acid (50.6 mg, 0.31 mmol, 1 equiv) were
/NN 7 dissolved in THF (0.5 mL) and anhydrous benzoyl peroxide

O - SN

(75.0 mg, 0.31 mmol, 1 equv) was added. After stirring the
MeO reaction mixture for 24 h at 30 °C, the crude was washed

Chemical Formula: Co7HogN303
Molecular Weight: 443,54 with sat. ag. NaHCOs;, extracted with dichloromethane,

dried over MgSOQ,, filtered and evaporated under reduced
pressure to afford 115 as an off-white foam (127 mg, 0.29 mmol, 92%).
"H NMR™ (400 MHz, CDCls, T = 296K) & 8.74 (d, J = 4.6 Hz, 1H), 8.03 (d, J = 9.3 Hz, 1H),
7.90 (d, J=17.5 Hz, 2H), 7.79 (br s, 1H), 7.57 (d, J = 4.3 Hz, 1H), 7.39-7.35 (m, 4H), 6.11-5.46
(brs, 1H)™, 5.66 (ddd, J=17.2 Hz, J = 10.0 Hz, J = 6.9 Hz, 1H), 5.14-5.09 (m, 2H), 4.22-3.74
(m, 2H), 3.97 (br s, 3H), 3.67 (dd, J= 13.2 Hz, J= 10.6 Hz, 1H), 3.48-3.33 (m, 2H), 2.87 (¢ m,
1H), 2.26 (¢ m, 1H), 2.20-2.09 (m, 1H), 1.92 (brs, 1H), 1.88-1.71 (m, 1H), 1.69-1.42 (m, 1H).
BC NMR (150 MHz, CDCL)!¥! § 166.35, 157.90 (br), 147.36, 144.57 (br), Cq not detected,'
136.00, 133.35, 131.92, 131.25, 128.22, Cq not detected,') 127.09, 121.46, 119.35 (br), 117.17,
101.37 (br), 71.55 (br), 70.85, 57.17, 55.47, 52.87 (br), 39.38, 26.46 (2C),! 25.39;.
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SN NMR (60 MHz, CDCl5 T = 253 K, dnw= 0 ppm, 2 amide rotamers) & 306, 308 (quinoline
N), 118, 117 (N-oxide), 119, 121 (amide N). "N-NMR (60 MHz, CDCl5. T = 296 K, &xm:= 0
ppm) 6 294 (quinoline N), 103 (N-oxide), amide N not detected under these conditions.

FTIR (thin film) 3045, 2959, 1651, 1621, 1603, 1590, 1578, 1507, 1474, 1432, 1328, 1264,
1227, 1176, 1158, 1101, 1081, 1028, 928, 857, 829 cm™’

LRMS (EI): m/z = 443 [M"], 426, 386, 344, 305, 239, 213, 187, 160, 136, 105, 77, 42.

HRMS (m/z) calced for Co7H20N3;03Na [M+Na]': 466.2101. Found 466.2105.

[a] At T = 253K, two conformations (presumably amide rotamers) of 115 with a ca. 2.5:1 ratio

are observed by NMR (600 MHz, CDCl3,).

[b] Detected as two sharp doublets at T = 253K: 'H NMR (600 MHz, CDCls, T = 253K, 2
amide rotamers) 6 5.92 (d, /= 11.5 Hz, 0.66 H), 5.31 (d, /= 11.5 Hz, 0.34 H).

[c] *C NMR (150 MHz, T = 253K, CDCls, 2 equivalent rotamer peaks shown as two values
joined by a plus sign) 6 166.16 + 165.88, 157.99 + 156.81, 147.50 + 146.82, 144.96 +
143.93, 143.85 + 139.71, 135.80 + 135.47, 132.78 + 132.71, 131.73 + 131.70, 131.33,
128.25 + 128.16, 127.86 + 125.88, 126.92 + 126.71, 121.58, 119.18, 117.29, 101.63 +
100.24, 71.33 + 66.97, 70.59 + 70.26, 62.75 + 52.43, 56.96 + 56.89, 55.40 + 55.33, 39.30 +
39.09, 26.92 +26.23, 26.04, 26.09 + 24.81.

7.3.6 a- Chlorination and a-Fluorination of a-Branched Enal 53¢

7.3.6.1 General Procedures

Chlorination of a-Branched Enal 53b

A 2 mL vial, equipped with a magnetic stirring bar, was charged with 9-amino(9-
deoxy)epiquinine 9 (6.6 mg, 0.0204 mmol, 10 mol%), trichloroacetic acid (9.9 mg, 0.060 mmol,
30 mol%), aldehyde 53 (23uL, 0.204 mmol) and THF (0.2 mL) before adding N-
chlorosuccinimide (40.9 mg, 0.306 mmol, 1.5 equiv). The reaction mixture was stirred at room
temperature for 18 h, diluted with dichloromethane, then treated with a saturated aqueous
solution of NaHCOs;, extracted three times with dichloromethane, washed with brine, dried

over Na;SQy, filtered, concentrated and purified by either flash column chromatography eluting
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with a specified mixture of pentane and Et,O. A method for chiral-phase GC separation of rac-

135 or rac-136 could not be achieved.

Fluorination of a-Branched Enal 53b

A 2 mL vial, equipped with a magnetic stirring bar, was charged with 9-amino(9-
deoxy)epiquinine 9 (6.6 mg, 0.0204 mmol, 10 mol%), trichloroacetic acid (9.9 mg, 0.060 mmol,
30 mol%), aldehyde 53 (23uL, 0.204 mmol) and THF (0.2 mL) before adding N-
fluorobenzenesulfonamide (98.5 mg, 0.306 mmol, 1.5 equiv). The reaction mixture was stirred
at room temperature for 18 h, diluted with dichloromethane, then treated with a saturated
aqueous solution of NaHCO3, extracted three times with dichloromethane, washed with brine,
dried over Na,SOy, filtered, concentrated and purified by either flash column chromatography
eluting with a specified mixture of pentane and Et,O. The enantioselectivity of the resulting

aldehyde 137 was determined by chiral-phase GC analysis.

7.3.6.1 Product Characterization

o 1-chlorocyclohex-2-enecarbaldehyde (135): Prepared
o=
Ej according to the general procedure (Section 7.3.2.4) from the

commercial enal 53¢ and analyzed by NMR as part of the crude

Chemical Formula: C;HgCIO

) mixture. Purification by flash chromatography (10-30% Et,O in
Molecular Weight: 144,60

pentane) resulted in decomposition of this product.

Selected "H NMR (500 MHz, CDCls) § 9.43 (s, 1H, CHO), 6.07 (dt, J= 9.9 Hz, J= 4.0 Hz,
1H, CH=CH), 5.70 (br d, J = 10.2 Hz, 1H, CH=CH).

This compound was found to be unstable on silica gel and could not be isolated.

oo 3-chlorocyclohex-1-enecarbaldehyde (136): Prepared

according to the general procedure (Section 7.3.2.4) from the

cl commercial enal 53¢. Purification by flash chromatography (10-

Chemical Formula: C7HCIO | 309% Et,0 in pentane) afforded 154e as a stable colorless oil.
Molecular Weight: 144,60

'H NMR (500 MHz, CDCl3) § 9.51 (s, 1H, CHO), 6.72 (c. m,
1H, CH=CH), 4.80 (c. m, |H CH=CH), 2.36 (dt, J= 18.4 Hz, J= 5.3 Hz, 1H, CH,), 2.22-2.01
(m, 3H, CH,), 1.96-1.85 (m, 1H, CHy), 1.78-1.68 (m, 1H, CH>).
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BC NMR (125 MHz, CDCls) 6 193.8, 146.6, 142.3, 53.5, 32.2, 21.0, 17.9.
HRMS (m/z) calcd for C;HoOCI1 [M]: 144.034195. Found: 144.034050.

OEﬂ
Chemical Formula: C;HgFO
Molecular Weight: 128,14

1-fluorocyclohex-2-enecarbaldehyde (137): Prepared according
to the general procedure (Section 7.3.2.5) from the commercial
enal 53¢ and analyzed by NMR as part of the crude mixture.
Purification by flash chromatography (10-30% Et,O in pentane)

resulted in decomposition of this product.

'H NMR (500 MHz, CDCL) & 9.70 (d, Ji.r = 4.6 Hz, 1H, CHO), 6.30 (c. m, 1H, CH=CH),
5.64 (c. m, 1H, CH=CH), 2.24-2.15 (m, 1H, CH,), 2.14-2.02 (m, 1H, CH,), 2.00-1.89 (m, 2H,
CH,), 1.83-1.76 (m, 2H, CH,).

LRMS (EI): m/z = 128 [M], 109 [M-F], 99 [M-CHO], 79, 71, 59, 53, 51, 41, 39, 29, 27.

This compound was found to be unstable on silica gel and could not be isolated.

CHO

F
Chemical Formula: C;HgFO
Molecular Weight: 128,14

3-fluorocyclohex-1-enecarbaldehyde (137a): Prepared
according to the general procedure (Section 7.3.2.4) from the

commercial enal 53c¢.

Selected "H NMR (500 MHz, CDCl3) § 9.57 (s, IH, CHO), 6.71
(c. m, 1H, C=CH), 5.65 (c. m, 1H, CHF).

HRMS (m/z) calcd for C;HoOF [M]: 128.06374. Found: 128.06362.
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7.4 Catalytic Asymmetric a-Amination of a-Branched Enal 53¢

7.4.1 Synthesis and Characterization

NH, H. O
OHC NBoc-NHBoc
N | X 13 + 1.5 TFA (20 mol%) 3
~N
BocN=NBoc
13 MeO CHCl3, 48h
53c 20

According to the procedure of Bencivenni et al.,!*"

a 2 mL vial was charged with 9-amino(9-
deoxy)epidihydroquinine 13 (26 mg, 0.08 mmol, 20 mol%), chloroform (0.4 mL) and TFA
(9 uL, 0.12 mmol, 30 mol%). To this solution, aldehyde 53¢ (45.6 uL., 0.4 mmol, 1 equiv) and
di-tert-butyl-azodicarboxylate (BocN=NBoc, 110 mg, 0.48 mmol, 1.2 equv) were added. The
reaction was stirred at room temperature for 16.5 h and was found to proceed to 92%
conversion. 'H NMR analysis of the crude reaction mixture indicated >99:1 a/y selectivity
favouring the product 20. Removal of solvent under reduced pressure and purification by flash

chromatography (40% Et,O in pentane) afforded 20 in spectroscopically pure form (yield n.d.,
er=99:1).

Racemic rac-20 was obtained by using the above procedure, but substituting the chiral catalyst

salt [13-1.5TFA] with with meso-8 (10 mol%) and trichloroacetic acid (10 mol%).

OHC. NBoc-NHBos (S)-di-tert-butyl 1-(1-formylcyclohex-2-en-1-yl)hydrazine-
. 1,2-dicarboxylate (20): "H NMR (500 MHz, CDCls, values
separated by a plus sign indicate a pair of rotamers) & 9.54 +
Ch‘:;‘;‘;juf;:f;vi'ghf137?5;”1205 9.42 (brs, 1H, CHO), 6.38 + 6.23 (br s, 1H, NH), 6.18 + 6.11

(br s, 1H, CqCH=CH), 5.50 + 5.45 (br s, 1H, CqCH=CH),
2.41-1.91 (m, 3H, CH,), 1.91-1.62 (m, 3H, CHb), 1.46 (s, 9H, C(CHj3)3), 1.43 (s, 9H, C(CH3)3).
3C NMR (125 MHz, CDCl;, correlated by DEPT-135, values separated by a plus sign indicate a
pair of rotamers) & 196.1 (br, CH), 155.6 (br, Cq), 154.7 (br, Cq), 135.1 + 135.0 (CH), 122.4 +
120.8 (CH), 83.7 + 82.5 (Cq), 82.0 + 81.4 (Cq), 68.9 (br, Cq), 28.2 (CH3), 28.1 (CHs3), 26.5 +
26.1 (CH»), 24.6 + 24.4 (CH), 18.5 + 18.3 (CH,).

Chiral HPLC (OD-3, n-Hept/PrOH 97:3, 1 mL/min, 25 °C): t, 4.53 min (major enantiomer), t,

5.40 min (minor enantiomer). The absolute configuration was assigned by X-ray crystallography.
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7.4.2 Crystallographic Data

(S)-di-tert-butyl 1-(1-formylcyclohex-2-en-1-yl)hydrazine-1,2-dicarboxylate (20):

Crystal data and structure refinement

Identification code
Empirical formula
Color

Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient
F(000)

C11 OHC \\NBoc—NHBoc

7382

C17Hag N> Os
colourless

34041 g- mol-!
150 K

1.54184 A
ORTHORHOMBIC
P2:2:24, (no. 19)

a=10.2061(6) A o = 90°.
b=10.5578(6) A B = 90°.

¢ =17.5556(10) A v = 90°.
1891.69(19) A3

4

1.195 Mg - m™3

0.722 mm-1

736 ¢
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Crystal size 0.40 x 0.27 x 0.16 mm?

0 range for data collection 4.89 to 67.17°.

Index ranges -11<£h<12,-12<k<12,-20<1<20
Reflections collected 82677

Independent reflections 3364 [Rjpt = 0.0415]

Reflections with [>26(1) 3331

Completeness to 0 = 67.17° 99.2 %

Absorption correction Gaussian

Max. and min. transmission 0.91 and 0.70

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3364/0/223

Goodness-of-fit on F2 1.068

Final R indices [[>26(1)] R1=0.0274 wRZ =0.0712
R indices (all data) R1=0.0275 wR2 =0.0714
Absolute structure parameter 0.02(14)

Largest diff. peak and hole 0.208 and -0.218 & - A-3

Atomic coordinates and equivalent isotropic displacement parameters (Az).
Uggq is defined as one third of the trace of the orthogonalized Uj; tensor.

X y z Ueq
O(l) 0.1543(1) 0.0858(1) 0.3570(1) 0.039(1)
0(2) 0.2532(1) 0.1707(1) 0.5201(1) 0.027(1)
0@3) 0.4430(1) 0.1418(1) 0.5868(1) 0.029(1)
04) 0.5563(1) -0.0994(1) 0.4812(1) 0.033(1)
O(5) 0.7530(1) 0.0024(1) 0.4935(1) 0.028(1)
N(1) 0.4444(1) 0.1326(1) 0.4602(1) 0.024(1)
N(2) 0.5786(1) 0.1139(1) 0.4654(1) 0.023(1)
C(1) 0.3817(1) 0.1356(1) 0.3840(1) 0.023(1)
C2) 0.4654(1) 0.0597(1) 0.3294(1) 0.026(1)
C@3) 0.4973(1) 0.0996(1) 0.2602(1) 0.031(1)
C4) 0.4563(1) 0.2238(1) 0.2275(1) 0.033(1)
C(5) 0.3387(1) 0.2770(1) 0.2698(1) 0.030(1)
C(6) 0.3607(1) 0.2715(1) 0.3559(1) 0.027(1)
C() 0.2535(1) 0.0606(1) 0.3905(1) 0.029(1)
C(8) 0.3713(1) 0.1507(1) 0.5242(1) 0.024(1)
C©) 0.3816(1) 0.1434(1) 0.6632(1) 0.033(1)
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C(10) 0.3304(2) 0.2758(2) 0.6792(1) 0.050(1)

C(11) 0.2765(2) 0.0423(2) 0.6685(1) 0.052(1)

C(12) 0.4967(2) 0.1130(2) 0.7143(1) 0.051(1)

C(13) 0.6237(1) -0.0053(1) 0.4810(1) 0.024(1)

C(14) 0.8322(1) -0.1137(1) 0.5031(1) 0.029(1)

C(15) 0.9699(1) -0.0619(1) 0.5124(1) 0.040(1)

C(16) 0.7891(2) -0.1828(2) 0.5743(1) 0.043(1)

C(17) 0.8227(2) -0.1956(2) 0.4325(1) 0.051(1)

Table 3. Bond lengths [A] and angles [°].

O(1)-C(7) 1.2011(16) 0(2)-C(8) 1.2256(15)
0(3)-C(8) 1.3234(14) 0(3)-C(9) 1.4809(14)
0(4)-C(13) 1.2084(15) 0(5)-C(13) 1.3396(14)
0(5)-C(14) 1.4781(14) N(1)-N(2) 1.3866(14)
N(1)-C(1) 1.4833(14) N(1)-C(8) 1.3640(15)
N(2)-C(13) 1.3672(15) C(16)-C(14) 1.513(2)
C(1)-C(2) 1.5141(16) C(1)-C(6) 1.5311(16)
C(1)-C(7) 1.5335(17) C(2)-C(3) 1.3256(19)
C(3)-C(4) 1.4917(19) C4)-C(5) 1.5191(19)
C(5)-C(6) 1.5305(17) C(9)-C(10) 1.519(2)
C(9)-C(11) 1.516(2) C(9)-C(12) 1.5124(19)
C(14)-C(15) 1.5164(18) C(14)-C(17) 1.515(2)
C(8)-0(3)-C(9) 121.15(9) C(13)-0(5)-C(14) 120.51(9)
N(2)-N(1)-C(1) 119.29(9) C(8)-N(1)-N(2) 120.42(9)
C(8)-N(1)-C(1) 120.27(9) C(13)-N(2)-N(1) 118.48(10)
N(1)-C(1)-C(2) 108.37(9) N(1)-C(1)-C(6) 111.73(9)
N(1)-C(1)-C(7) 106.85(9) C(2)-C(1)-C(6) 111.83(10)
C(2)-C(1)-C(7) 104.77(10) C(6)-C(1)-C(7) 112.89(10)
C(3)-C(2)-C(1) 123.34(11) C(2)-C(3)-C4) 124.31(12)
C(3)-C(4)-C(5) 110.98(11) C(4)-C(5)-C(6) 110.65(10)
C(5)-C(6)-C(1) 111.93(10) 0(2)-C(8)-0(3) 127.22(11)
0(2)-C(8)-N(1) 120.95(11) 0(3)-C(8)-N(1) 111.82(9)
0(3)-C(9)-C(10) 108.83(11) 0(3)-C(9)-C(11) 110.27(11)
0(3)-C(9)-C(12) 101.92(10) C(11)-C(9)-C(10) 113.18(13)
C(12)-C(9)-C(10) 110.67(13) C(12)-C(9)-C(11) 111.37(13)
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0(4)-C(13)-0(5) 127.56(11) 0O(4)-C(13)-N(2) 124.43(10)
O(5)-C(13)-N(2) 107.99(10) O(5)-C(14)-C(16) 109.61(10)
O(5)-C(14)-C(15) 102.73(10) O(5)-C(14)-C(17) 110.19(10)
C(16)-C(14)-C(15) 110.75(12) C(16)-C(14)-C(17) 112.45(13)
C(17)-C(14)-C(15) 110.69(12) O(1)-C(7)-C(1) 124.62(11)
Anisotropic displacement parameters (Az).
The anisotropic displacement factor exponent takes the form:
2m[h?a*?U,, +... +2hka*b* U, .

Uti U22 U33 U23 Ui3 U2
O(1) 0.027(1) 0.056(1) 0.035(1) 0.001(1) -0.005(1) -0.009(1)
0(2) 0.021(1) 0.032(1) 0.028(1) -0.001(1) 0.000(1) 0.004(1)
O(3) 0.021(1) 0.044(1) 0.023(1) 0.002(1) 0.000(1) 0.001(1)
0O(4) 0.027(1) 0.027(1) 0.044(1) 0.006(1) -0.006(1) -0.004(1)
O(5) 0.019(1) 0.025(1) 0.041(1) 0.001(1) -0.004(1) 0.002(1)
N(1) 0.018(1) 0.030(1) 0.023(1) 0.000(1) -0.002(1) 0.003(1)
N(2) 0.016(1) 0.024(1) 0.029(1) 0.002(1) 0.001(1) -0.001(1)
C(1) 0.023(1) 0.023(1) 0.024(1) -0.001(1) -0.002(1) 0.002(1)
C(2) 0.025(1) 0.025(1) 0.028(1) -0.003(1) -0.002(1) 0.004(1)
C(3) 0.027(1) 0.036(1) 0.028(1) -0.004(1) -0.001(1) 0.004(1)
C(4) 0.032(1) 0.039(1) 0.029(1) 0.004(1) 0.002(1) 0.001(1)
C(5) 0.031(1) 0.028(1) 0.029(1) 0.003(1) -0.001(1) 0.002(1)
C(6) 0.029(1) 0.024(1) 0.028(1) -0.001(1) -0.001(1) 0.002(1)
C(7) 0.029(1) 0.030(1) 0.027(1) -0.002(1) 0.002(1) -0.003(1)
C(8) 0.023(1) 0.022(1) 0.026(1) 0.000(1) -0.001(1) 0.000(1)
C(9) 0.024(1) 0.052(1) 0.021(1) 0.004(1) 0.002(1) -0.006(1)
C(10)0.051(1) 0.067(1) 0.032(1) -0.013(1) 0.000(1) 0.008(1)
C(11)0.048(1) 0.071(1) 0.039(1) 0.015(1) -0.001(1) -0.024(1)
C(12)0.035(1) 0.088(1) 0.030(1) 0.015(1) -0.004(1) -0.004(1)
C(13)0.021(1) 0.027(1) 0.025(1) 0.003(1) -0.001(1) 0.000(1)
C(14)0.026(1) 0.027(1) 0.035(1) -0.003(1) -0.007(1) 0.007(1)
C(15)0.023(1) 0.041(1) 0.057(1) -0.004(1) -0.005(1) 0.006(1)
C(16)0.039(1) 0.042(1) 0.048(1) 0.013(1) -0.012(1) 0.001(1)
C(17)0.046(1) 0.055(1) 0.051(1) -0.022(1) -0.014(1) 0.018(1)
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