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Abstract

Chapter 1 serves as an introduction to the fundamental principles of organocatalysis and
enantioselective synthesis. Seminal contributions to the evolution of modern superbase

catalysis are discussed.

Modern Superbase Catalysis
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Chapter 2 describes the development of a novel enantioselective direct aldol reaction
catalysed by a bifunctional iminophosphorane. The ability of a BIMP catalyst to activate
high-pK, aryl methyl ketone pro-nucleophiles is emphasised against the backdrop of
traditional Cinchona and thiourea organocatalysis. The broad downstream utility of the 3-
hydroxy ketone products is demonstrated, along with an efficient scale-up protocol
showcasing catalyst recyclability. Finally, mechanistic considerations are discussed based on

NMR studies and reaction observations.
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Chapter 3 outlines the development of an efficient aza-Michael addition/condensation
strategy for the preparation of enantioenriched 2-pyrazolines. A simple one-pot protocol
affords useful heterocycles from readily accessible enones. Highly reactive hydrazines are
made amenable to enantioselective catalysis by zz situ conversion to the corresponding
hydrazone, which subsequently engages in an enantio-determining aza-Michael addition.
The Cinchona alkaloid-derived catalyst is recyclable, and the large-scale utility of the method

was demonstrated with the preparation of over 80 grams of a product in a single reaction.

Enantioselective aza-Michael/condensation
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Chapter 1

Introduction

1.1  Chirality in Everyday Life

The last century of scientific endeavour has seen wide-reaching impacts on the everyday
lives of people across the globe. Significant advancements in pharmaceutical science coupled
with the development of cheap agrochemicals has enabled huge improvements to quality of
life as well as rapid economic expansions. At the heart of this growth has been the invention
of synthetic methods for the increasingly efficient preparation of complex molecules. More
specifically, an explosion of research into the synthesis of enantiopure materials has been
tuelled by the growing relevance of optically active chemicals. The stereo-dependant potency
and physiological effects of chiral molecules have been known for decades and continue to

dictate the necessity for new stereoselective methods.
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Figure 1. Structures of pregabalin and penicillamine enantiomers and their contrasting biological roles.

The relationship between stereochemical configuration and biological activity is exemplified
by pregabalin (1) and penicillamine (2). While the (§) enantiomer of pregabalin is a
blockbuster anticonvulsant for the treatment of epilepsy and related disorders, its mirror
image (R) enantiomer is inactive in humans (Figure 1).' Penicillamine further illustrates this
phenomenon; the use of (§)-penicillamine as a safe treatment for heavy-metal poisoning is
juxtaposed by the mutagenic toxicity of its (R) counterpart, which acts as an inhibitor of the
essential vitamin B> Since the thalidomide disaster in the 1960’s, scientists and drug
regulators alike have been acutely aware of the role played by stereochemical configuration

in drug design and the resulting safety profile of a therapeutic.’



1.2 Strategies for Stereoselective Synthesis

The umbrella of stereoselective synthesis features four prominent strategies for the
installation of enantioenriched stereocentres, including: (1) chiral resolution or separation,
(2) synthesis from the chiral pool, (3) auxiliary-directed diastereoselective synthesis, and (4)

enantioselective synthesis.*

1.21 Chiral resolution or separation
Chiral resolution by crystallisation was historically prominent prior to the development of

sophisticated methods for the selective synthesis of single enantiomers.’

Similarly,
chromatographic separation of enantiomers obviates the need for an effective synthetic
method but requires expensive chiral media and typically vast quantities of solvent compared
to the mass of isolated material. Although these options are inherently wasteful due to the
maximum 50% recovery of the desired compound from a racemic mixture, they remain

popular in certain industrial settings, such as early-stage drug research programs where high

cost is traded for faster development progress.

1.2.2 Synthesis from the chiral pool

Early preparations of enantioenriched compounds featured the use of naturally occurring
chiral molecules as convenient sources of enantiopure scaffolds for further manipulation.’
Small modifications to natural products — for example terpenes and amino acids — can
rapidly give rise to desirable enantiopure intermediates. Hence, the so-called ‘chiral pool” has
long been a valuable resource for synthetic chemists. On the downside, the collection of

natural compounds that are cheap and abundantly available beholds relatively limited



structural diversity, which can restrict the efficiency of the ‘chiral pool” as a starting point
towatds a target compound.” This limitation has led chemists to explore alternative avenues

that allow selective introduction of chiral centres.

1.2.3 Diastereoselective synthesis

Amongst the most popular of the aforementioned strategies is diastereoselective synthesis.
Covalently linking a chiral auxiliary to a substrate is typically highly effective as a method for
the introduction of chirality, while allowing the reliable prediction of stereochemical
outcomes.” However, the use of stoichiometric auxiliaries is seen as intrinsically wasteful in
terms of extended synthetic effort and reduced overall atom-economy. Yet chiral auxiliaries
remain essential to the industrial preparation of many drug molecules because of the
robustness of this strategy. In many cases there is simply a lack of available enantioselective

alternatives, which further encourages the use of this wasteful strategy.

1.2.4 Enantioselective synthesis

Considering the limitations described above, catalytic enantioselective synthesis is usually
the theoretically preferable method for stereoselective synthesis. Such a strategy obviates the
inefficiencies inherent to chiral auxiliaries, resolutions and separations, and allows chirality
to be imparted by sub-stoichiometric amounts of a chiral catalyst. For these reasons,
enantioselective synthesis has become the most desirable method for the favoured
formation of a stereocentre in any given synthetic route. Enantioselective reactions can be
so pivotal that synthetic routes are often guided around a single key enantioselective reaction

in a long sequence of structural transformations.”"’ The initial time investment required to



optimise an enantioselective strategy for a specific substrate is rewarded for by the potential

cost-savings on large scale. The remainder of this Chapter will focus on enantioselective

catalysis.
1.3 Catalytic Enantioselective Synthesis
1.3.1 Organometallic and biocatalytic approaches

Enantioselective catalysis encompasses the broad use of substoichiometric quantities of
chemical or biological tools for the preparation of compounds enriched with a single
enantiomer. Organometallic catalysts arguably account for the most prominent form of
enantioselective chemistry in the large-scale manufacturing of fine chemicals.''™ Typically,
organometallic catalysts feature a transition metal ligated by a chiral organic structure.
Advantages often include extremely high catalytic activity and robustness culminating in
exceptionally low catalyst loadings. In the most optimised industrial processes for the
preparation of feedstock reagents and pharmaceutical intermediates it is not uncommon for
low ppm catalyst loadings to be sufficient for effective production. On the other hand, the
high cost and rarity of precious transition metals (ie. Pt, Pd, Rh, Ir) and bespoke chiral ligands
characterise the main drawbacks of these catalytic systems. Furthermore, the challenges of
scavenging trace quantities of toxic metal residues (including Ni, Ru, Ti) and, sometimes,
the need for rigorously inert conditions result in stringent requirements for the use of

homogeneous and heterogeneous organometallic catalysts.

An emerging alternative technology is biocatalysis. The use of natural or synthetic enzymes

as catalysts can offer a more environmentally friendly option for catalytic synthesis and



avoids the cost and toxicity concerns associated with transition metals.'* The inherently high
substrate specificity of enzymes oftentimes affords extremely high levels of regio-, chemo-
and enantioselectivity. Directed evolution of the genes encoding for the active site of a
protein can lead to the production of new catalysts with novel substrate scopes. Hence the
power of directed evolution is likely to lead to a rapid expansion of biocatalysis in the future.
This fact was recognised in 2018 when the Nobel Prize for Chemistry was partly awarded

to Francis Arnold for her work on directed evolution strategies."

The limitations of organometallic catalysis and the relative infancy of enzymatic
methodologies have driven a flood of research into metal-free small-molecule
enantioselective catalysis, otherwise known as organocatalysis, during the last two decades.

The remainder of this Chapter will focus on organocatalysis.

1.3.2 Enantioselective organocatalysis

The ability to mimic the active site of an enzyme by using a small organic molecule to affect
the synthesis of chemicals with high selectivity and efficiency is the ultimate desire of
organocatalysis. The use of simple compounds that can be rapidly synthesised in the
laboratory overcomes some of the compatibility issues of enzymatic catalysis and the costs

and safety concerns associated with organometallics.

The popularisation of enantioselective organocatalysis is largely credited to David MacMillan
and co-workers following seminal reports of iminium enantioselective catalysis in 2000.'"

MacMillan’s influence in the field was recently acknowledged with receipt of the 2021 Nobel



Prize for Chemistry, alongside Benjamin List. The explosion of research into organocatalysis
triggered by the early reports of MacMillan has continued to flourish in the decades since,
and hundreds of significant organocatalytic systems have been developed as a result.
Organocatalysts are designed with ease-of-use in mind, and reaction conditions are typically
quite mild and more tolerant of moisture and air than organometallic catalysts, which often
requires glove-box conditions to protect the sensitive metal-centred structures. It is these
favourable characteristics that have led to a diverse range of catalysts, include enamine,
phase-transfer, iminium, and Bronsted-base and Bronsted-acid catalysis. Figure 2 illustrates

a selection of common organocatalyst motifs (3-8).
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Figure 2. Common motifs seen in organocatalysis, including H-bond donors, Brensted-acids and Bronsted-bases.

Reports of organocatalysis were rare prior to the new millennium. Perhaps the most well-

known examples nowadays come from the work of Hajos and Parrish, and Eder, Sauer and



Weichert on proline catalysed enantioselective intramolecular aldol reactions in the early
1970s."*"” These examples are discussed in more detail in Chapter 2.2.2. Following on from
those inspiring reports of enantioselective aldol chemistry, Inoue demonstrated in 1981 an
elegant solution for the enantioselective metal-free hydrocyanation of aldehydes (Scheme
1).° This represents one of the earliest examples of non-covalent organocatalysis whereby
stereochemical information is transferred through transition state organisation controlled by
hydrogen-bonding interactions. Using the diketopiperazine organocatalyst 9 — which is easily
prepared from I-phenylalanine and I-histidine — cyanohydrin 11 was derived from
benzaldehyde (10) and hydrogen cyanide in 97% yield and 97% ee. The proposed
stereochemical model suggests that hydrogen-bonding places the more sterically demanding
group of the aldehyde pointing up and away from the concave face of the diketopiperazine.
Attack of cyanide on the aldehyde then occurs preferentially on the least hindered s/ face;

the re face is blocked by the benzyl substituent of catalyst 9.”'

Inoue et. al. (1981)

Ph”" H
2mol% 9 H,PH © NH
10 > Ph” CON HN A 5
+ PhMe, -20 °C H
11; 97% yield Sph
HCN 97% ee
1 of 20 examples 9

si-face attack

Scheme 1. Inoue’s elegant enantioselective hydrocyanation of aryl aldehydes.

MacMillan’s seminal report of organocatalytic iminium chemistry in 2000 proved to be a
pivotal moment in the timeline of contemporary organocatalytic research. The publication

specifically outlined an efficient enantioselective Diels-Alder cycloaddition between enals



and dienes catalysed by the imidazolidinone salt 12 (Scheme 2)."” Under extremely mild
conditions (room temperature in aqueous methanol) the reaction between enal 13 and
cyclohexadiene (14) afforded an 82% yield of adduct 15 with an impressive 94% ee and high
endo:exo selectivity of 14:1. Mechanistically, following condensation of the rigid
imidazolidinone catalyst with enal 13 MacMillan suggests a stereochemical model featuring
a preference to place the vinyl iminium in the s-trans-(E) configuration to avoid
unfavourable allylic 1,3 interactions with the gem-dimethyl group, and steric clash with the
adjacent benzyl group. Hence the ‘upper’ face of the transition state is sterically blocked by
the benzyl group, and cycloaddition occurs favourably on the lower, e face of the activated

alkene.
MacMillan et. al. (2000)

0
A |
y N—
o HNT,,, HCI

15; 82% yield
94% ee 12
14:1 endo:exo

Scheme 2. MacMillan’s seminal demonstration of enantioselective iminium catalysis.

1.4 Bifunctional Organocatalysis

Many of the earliest examples of organocatalysis typically featured only one explicit mode
of activation (enamine or iminium activation for example). These are known as

monofunctional catalysts, and they often fail to activate high-pK, nucleophiles and/or low-



electrophilicity acceptors.”* Furthermore, a common criticism of organocatalysis is the
problem of slow reaction rates regularly seen in literature reports across the field of

% This has led to the advent of bifunctional

monofunctional metal-free catalysis.
organocatalysis, wherein two explicit activating groups are combined into a single catalyst to
increase catalytic power.”**® Towards this end, a range of new bifunctional designs have
enabled enhanced catalytic behaviour. Among the most successful are the Bronsted base/H-
bond donor catalysts, chiral phosphoric acids, and phase-transfer ammonium salts. The

remainder of this Chapter will focus in more detail on the applications and development of

bifunctional Bronsted base organocatalysts.

1.41 Founding examples of Bronsted base organocatalysis

The union of a Brensted base with one or more H-bond donors can a be powerful strategy
for the creation of effective organocatalysts, whereby the former activates a pro-nucleophile
through acid/base equilibria and the latter activates and organises the electrophilic acceptor
through non-covalent interactions. A seminal example from Takemoto and co-workers in
2003 elegantly illustrates this concept.”” To fill a synthetic gap, Takemoto recognised the
need for a powerful catalyst able to promote the Michael addition of malonates to nitro-
olefins through simultaneous activation of both reaction components (Scheme 3). Hence,
bifunctional catalyst 6 was developed to bear both a highly activated thiourea and a tertiary
amine assembled around a chiral #uns-diamine backbone. Principal studies found that both
activating groups are required in a single molecule for efficient catalysis to be achieved. The

conjugate addition of malonate 16 to nitro-olefin 17 proceeded efficiently to allow isolation

10



of adduct 18 in high yield and excellent enantioselectivity (86% yield, 93% ee) after 24 hours
and under mild conditions. The authors hypothesise a transition state that features
organisation and activation of the electrophilic nitro-olefin through H-bond interactions
between the thiourea protons and the oxygen atoms of the nitro group. The dimethylamino
moiety simultaneously deprotonates the malonate, followed by attack of the resulting enolate
on the sterically preferred face of the activated electrophile, as directed by the chiral
backbone of 6. Hence, the desired conjugate addition products are afforded with high levels

of enantioselectivity.

Taketmoto et. al. (2003)

EtOJ\/U\OEt o Q CFs

16 10 mol% 6 E‘OJ\'A)‘:OB /@\ j\
- Ph NO, CF3 N7 ON

* PhMe, 1t, 24 h H H N
18; 86% yield

/\/NOZ 93% ee
Ph 1 of 8 examples 6

[Takemoto model] [So6s-Pépai model]

Scheme 3. Enantioselective Michael addition of malonates to nitro-olefins as reported by Takemoto.
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Later, an alternative stereochemical model supported by computational calculations was
proposed by the groups of Papai and Sods. Their findings suggest binding of nitrostyrene
17 to the ammonium salt, and simultaneous H-bonding between the thiourea and enol
moieties.”’ Overall, this model is calculated to be 2.7 kcal/mol more energetically preferred
to the Takemoto model. However, both models predict the correct enantiomeric outcome
of the reaction, and it is possible that the actual transition state is more complex than has
been calculated thus far. Furthermore, Takemoto confirmed a strong qualitative relationship
between the pK, of pro-nucleophilic donors and their reaction rate with electrophiles in
conjugate additions reactions. Pro-nucleophiles of higher acidity exist as the deprotonated
form in higher levels under acid/base equilibria with the tertiary amine, and therefore react

at higher rates under otherwise identical reaction conditions.

Following the influential discovery of catalyst 6 by Takemoto, an abundance of creative
catalyst designs have been revealed by dozens of research groups worldwide. In the early-
2000s, a particular group of catalysts came to the forefront of the field when the Cinchona
alkaloids were recognised as useful chiral scaffolds. The alkaloids quinine and quinidine,
along with their pseudoenantiomeric pairs cinchonidine and cinchonine, are naturally
abundant, commercially available, and inexpensive. The quinuclidine motif offers a relatively
strong tertiary amine Bronsted base, while the remaining molecular architecture provides
several points of variation for derivatisation. Modification of the quinoline, methoxy, alkene,
quinuclidine and alcohol groups of the parent alkaloids have all been reported to give rise to
catalysts with unique structure-activity relationships. Partly for these reasons, catalysts

derived from Cinchona alkaloids have become extremely prominent in synthetic chemistry

12



and remain one of the most important tools in the platform of Brensted base

organocatalysis.” ™

Deng was one of the earliest adopters of the Cinchona alkaloid scaffold for bifunctional
organocatalysis. In 2004, his group revealed the use of O-Desmethyl-quinidine (19) as an
affordable catalyst for the addition of malonates to nitro-olefins.” Shortly thereafter the
groups of Chen, Connon, Dixon and Sods independently researched the Cinchona alkaloids
as skeletons for thiourea/Bronsted base catalyst design. Consequently, a flurry of reports
came in 2005. Soo6s found quinine-derived catalyst 20 to be effective in the addition of
nitroalkanes to chalcones in high yield and enantioselectivity (up to 98% ee).”® Chen then
reported the 1,4-addition of aromatic thiols to unsaturated imides and enones catalysed by
21, albeit with low levels of enantioselectivity.”” Slightly later Connon and Dixon
simultaneously noted that 20 and 21, respectively, could affect the conjugate addition of
malonates to nitro-olefins.”” Figure 3 show representative structures of the original

thiourea Cinchona catalysts.

CFy CFs R = OMe; 20
19 R=H;21

Deng Chen, Connon, Dixon, So6s

Figure 3. Typical structures of bifunctional Cinchona alkaloid derived organocatalysts.
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Inspired by the work of Chen, Connon, Dixon and Soos, further variations to the Cinchona
alkaloid backbone from Hiemstra and Rawal gave rise to new reactivities. Hiemstra’s work
llustrated modifications to the quinoline heterocycle such that the native methoxy
substituent is replaced with a thiourea H-bond donor group to afford catalyst 22 (Scheme
4).* This relocation of the H-bond donor massively improved enantioselectivity in the
Henry reaction of nitromethane with aromatic aldehydes. For example, 1,2-nitroalcohol 23
derived from benzaldehyde (10) and nitromethane was obtained with only 6% ee using
catalyst 24 but with 92% ee using thiourea 22. Hiemstra’s report represented a large step for
the field of organocatalysis and explicitly highlights the role of intelligent catalyst design in

organic synthesis.

Hiemstra et. al. (2006)

o O

H t o
o 19" DS
22 or 24 (10 mol%) " NO, N~ o
10 ‘
o N,H~._04\R

+ THF, 48 h, -20 °C R
23; 90% yield SJ\ NG
MeNO, 92% ee
1 of 8 examples

CF3 CF3

[proposed mode of action]

723

24; 6% ee 22; 92% ee

Scheme 4. Enantioselective nitro-Henry reaction as reported by Hiemstra.
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By this point, the thiourea had become a privileged motif in H-bond donor organocatalysis.
In 2008, Rawal and co-workers illustrated an innovative example of catalyst design by using
a squaramide to create a new catalophore and thereby breaking through the dominance of
the thiourea motif in the field of organocatalysis. The group found cinchonine-derived
squaramide 25 to be a competent organocatalyst for the conjugate addition of 24-
pentanedione (26) to nitrostyrene 17 (Scheme 5).* Impressively, the reaction was found to
proceed at room temperature with only 0.5 mol% of catalyst to afford nitroalkanes such as
27 with extremely high levels of enantiocontrol (>99% ee) and high yields (94%) in only 8
hours. In this context, squaramides act similarly to thioureas and ureas by providing two
adjacent Hydrogen-bonds to act as dual activators of the incoming electrophile. The
presence of two H-bonds additionally serves to reduce the degree of free rotation of the
substrate. Specifically, the authors suggest that the greater distance between the two
squaramide N-H bonds (~2.8A vs ~2.1A for thiourea) may provide more selective catalyst-
substrate binding with 1,3-diketones. Squaramides have since become popular motifs in

bifunctional organocatalysis.‘“‘45

Rawal et. al. (2008)

I @i NIV \\\bj
0.5 mol% 25 j\;f N
26 > i:ﬁ\loz CFs N~ HN
+ CH,Cly, 8 h, 1t i
A

27; 94% yield CF.
phx-NO2 >99% ee 8 l N7
1 of 21 examples
17 25

Scheme 5. Highly enantioselective conjugated addition to nitrostyrene as reported by Rawal.
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1.4.2 Limitations of early organocatalysis designs

Testament to the general utility and convenience of tertiary-amine bifunctional catalysts is
the plethora of enantioselective catalytic methods that have been designed to exploit the
potential of these chiral Brensted bases. Applications to Michael and Mannich reactions
have featured prominently, along with Strecker reactions, and «-functionalisations of
ketones. Creative solutions to challenging Diels-Alder and aze-Henry transformations have

also been widely disseminated.*>

Although tertiary-amine bifunctional organocatalysts have been responsible for significant
innovations in the field of synthetic organic chemistry, several limitations are apparent.
Primarily, tertiary amine catalysts only offer high-performance for the aforementioned
reactions in a narrow pK, range (Figure 4).* Typically, these molecular tools fail to activate
high pK, pro-nucleophiles above approximately pK, 15 (in DMSO) and are severely limited
to only the most activated electrophiles approaching pro-nucleophiles of pK, 17 and higher.
The use of low pK, substrates is well established; for example, thiophenol (pK, 10.3 in
DMSO) is well studied and performs efficiently as a pro-nucleophile under tertiary-amine
Bronsted base catalysis.”*” Divergence in performance is seen with increasingly higher pK,
pro-nucleophiles including #-propane thiol (pK, 17.0 in DMSO) and nitromethane (pK, 17.2
in DMSO), which often require unsatisfactory reaction times (5-10 days) to perform

conjugate additions to unactivated substrates.””’
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Figure 4. pKa scale of common and challenging pro-nucleophiles.

As a result of these restrictions, most reports of tertiary-amine bifunctional organocatalysis
feature varying combinations of the same relatively acidic pro-nucleophiles with (typically)
highly reactive electrophilic acceptors. Hence the subset of pronucleophiles and electrophilic
partners amenable to enantioselective coupling with tertiary amine organocatalysts is
relatively limited. These wide-spread issues are exemplified by the conjugate addition of
nitromethane (pK, 17.2 in DMSO) to chalcones (e.g., 28) to afford nitro-Michael adducts
(29), as reported by Sods and co-workers (Scheme 6). This transformation required a 122-
hour reaction time and 10 mol% of catalyst 30 to achieve high conversion at room

temperature.”

Soos et. al. (2005)

MeNO, N o

10 mol% 30 :
* (0] PhMe, rt al N~ S)\NH
. 122 hours
Ph 29; 94% yield
95% ee 30
Cl 1 of 4 examples

28 CFy CF3

Scheme 6. Long reaction times highlighted by Soés’s Michael addition of high pK, nitromethane.
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1.5 Superbasic Bifunctional Organocatalysts

Addressing the concerns of low reactions rates, high catalyst loadings and limited substrate
compatibility is necessary to support Bronsted base organocatalysis as a wide-spread
synthetic tool. Reports of high-pK, substrates amenable to tertiary-amine organocatalysis are
rare and extremely challenging such that cooperative-catalysis systems are often required.”
One approach allowing access to higher pK, pro-nucleophiles and/or lower electrophilicity
coupling partners is the use of activating groups, for example aryl esters, N-heterocycle
amides, and N-DPP ketimines.” Like the use of chiral auxiliaties, this approach suffers
from the reduced atom economy and increased step-count dictated by the need to add and

remove these activating partners.

Rather than relying on activating groups, improved catalyst design is a more elegant, though
challenging, approach towards improving reactivity and unlocking major advancements in
organocatalysis. One hallmark of next-generation Brensted base bifunctional
organocatalysts is the introduction of superbasic moieties. Substitutes for tertiary-amines as
the Bronsted base component can greatly extend the potential pK, range of pro-nucleophiles
amenable to organocatalysis, thereby allowing the activation of previously inaccessible

substrates.® %
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1.5.1 Definition of a superbase
Several authors have attempted to ascribe a specific definition to the term ‘superbase’.
Ishikawa and co-workers assign the term to any compound bearing a pKgn+ greater than that
of Proton-sponge” (18.6 in MeCN, 7.5 in DMSO).**** pKpn+ is defined as the negative
logarithm of the equilibrium constant represented by eq. 1, such that a higher pKgu+ value
denotes higher basicity:

BH" = B+H" (eq. 1)
Meanwhile, Caubere defines a superbase as a basic compound resulting from the
combination of multiple basic compounds/moieties to afford new inherent properties.”
Ishikawa’s interpretation is generally considered more useful in practical chemistry for its
ease of quantitatively comparing bases. Following this, the general rule of thumb can be
followed that a superbase is any compound with a basicity greater than that of Proton-
sponge” or triethylamine (both pKgi+ approx. 18. in MeCN). Figure 5 illustrates some of
the most popular achiral superbase types ranked on a relative scale of basicity. The higher
acidity (lower pKgu+ values) for bases when measured in DMSO vs MeCN is due to the
greater ability of DMSO to efficiently stabilise anions of Brensted acids upon their

deprotonation.”®
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Figure 5. Basicity scale featuring some of the most common organosuperbases, according to Ishikawa’s definition.

1.5.2 Guanidines

Many of the 1"-generation superbase organocatalysts developed in the 90’s and early 2000’s
featured a superbasic guanidine core.””” Relative to tertiary amines, these catalysts have
enhanced basicity resulting from additional nitrogen atoms with lone pairs available for
stabilisation of the resulting positive charge upon protonation. Basicity can be tuned
somewhat by steric and electronic alteration of the flanking groups. Corey’s seminal 1999
report on the enantioselective addition of hydrogen cyanide to achiral aldimines such as 31
employed a bifunctional Ci-symmetric guanidine catalyst 5 to efficiently afford valuable
Strecker products.”’ For example, 32 was obtained in 96% yield and 86% ee after 20 hours
at -40 °C (Scheme 7). Tan later suggested a stereochemical model dependant on a
combination of interactions; Hydrogen-bonding between the protonated form of 5 and the

aldimine, as well as pi-pi stacking between the benzhydryl group of 31 and catalyst 5 both

20



position the aldimine for biased attack by the incoming cyanide.” The fr#-butyl analogue of
Corey’s catalyst (33) was reported by Tan to affect the addition of secondary phosphine

oxides to nitrostyrenes with high yield and enantioselectivities.”

Corey et. al. (1999)

N
Ph Ph---(llj\/l\\}—Ph Ph

IN)\Ph HN” ~Ph
Ph) 10 mol% 5 C:
31 >
* PhMe, -40 °C, 20 h 32; 96% yield
HCN 86% ee

1 of 10 examples

[Tan’s proposed
transition state]

Scheme 7. Enantioselective Strecker reaction catalysed by a chiral C,-symmetric guanidine as reported by Corey.
Stereochemical model shown was later proposed by Tan.

Figure 6 illustrates catalysts designs arising from the valuable contributions of Tan (33),
Ishikawa (34-35) and Teradas (36) since Corey’s influential report. The synthetic utility of
these catalysts has been partly offset by their often-challenging syntheses and limited
modularity. As a result, guanidine-based designs have largely been ignored by chemists
seeking cost-effective catalysts for scalable commercial synthesis. Moreover, guanidines rank
relatively low on the basicity scale compared to other superbasic iterations disclosed more
recently. Hence, chemists seeking higher-order superbasicity have sought to develop new

systems incorporating motifs such as cyclopropeneimines and phosphazenes.®’*"°
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Figure 6. Chiral guanidine superbase catalysts reported by Terada, Corey, Tan and Ishikawa.

1.5.3 Cyclopropeneimines

The attractiveness of cyclopropeneimines as catalysts for enantioselective synthesis was
recognised by Lambert and co-workers in their influential 2012 publication.
Cyclopropenium/H-bond donor catalyst 37 was designed for the alkylation of glycine imine
esters with Michael acceptors (Scheme 8). Alkylation of 38 efficiently proceeds with
generally high yields and enantioselectivity for a range of Michael acceptors to afford
alkylated derivatives, including from acrylate esters (39-40), a vinyl ketone (41), acrylonitrile
(42) and phenyl vinyl sulfone (43).” Interestingly, the authors also highlighted the greatly
enhanced efficacy of the cyclopropenium scaffold compared to the analogous guanidine-
based catalyst disclosed by Ishikawa much earlier in 2001. With 20 mol% of Ishikawa’s
guanidine catalyst 34 the same transformation required a 7-day reaction time to achieve full
conversion to 39. Meanwhile, when performed under neat conditions, 10 mol% of
Lambert’s cyclopropeneimine 37 achieved full conversion and quantitative yield of 39 in

only 5 minutes, thus demonstrating a true innovation in the field of superbase catalysis.
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Although cyclopropeneimines were previously known, Lambert was the first to
experimentally verify the basicity of this family; catalyst 37 boasts basicity comparable to P;-
phosphazenes at approximately pKsu+ 27 (in MeCN).™” However, the instability of
cyclopropeneimine 37 highlights another recurring theme in superbase catalysis. Like many
nitrogen-rich organosuperbases, this catalyst cannot be stored for extended periods of time

and has an experimental half-life of 15 days in its neat state and only 7 hours in solution.

Lambert et. al. (2012)
for 39, EWG = CO,Me:

0 Ph L/
0 L/ OH
Ph._N
N \)J\orsu PhYN\)l\OrBu N OH )NI\

Ph 10 mol% 37 or 34

38 _— Ph : é‘ TNTON
EtOAc, rt \ )_/

+ EWG Cy2N NCy, PR Ph
39-43
EWG
X 37 (Lambert) 34 (Ishikawa)
5 mins 7 days
99% yield, 98% ee 85% yield, 97% ee
40-43from:  Z>Co,Bn Z>CoMe A CN Z>S0,Ph
40; 97% yield 41; 97% yield 42; 97% yield 43; 89% yield
98% ee 95% ee 77% ee 41% ee

Ph HO
H
NL/O .

N
| |
CyN NCy, | D CyN NCy,
37 a4
t;o > 15 days - neat t;» > 5 year - neat
t;2 =7 hours - in solution t;2 =36 hours - in solution

Scheme 8. Superbasic chiral cyclopropeneimine catalysts developed by Lambert, their applications and stability.
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Lambert addressed the issue of catalyst stability in a later publication through iterative
optimisation of the chiral 1,3-amino alcohol component to atford catalyst 44, which boasts
improved solution and solid-state stability of 36 hours and greater than 5 years,
respectively.”® Importantly, the 2™-generation cyclopropeneimine maintains the levels of
catalytic efficiency and enantioselectivity achieved with the original, less stable 37 in similar
transformations. Lambert has also disclosed next generation cyclopropeneimines with far
superior basicity up to pKeu+ 42 (in MeCN), however these impressive structures have yet
to be applied to enantioselective catalysis.”’ Jorgensen and co-workers have also
demonstrated the ability of 37 to catalyse enantioselective [3+2] cycloadditions of

cycloheptatrienes to azomethine ylides.*

1.5.4 Phosphazenes

A further class of useful organosuperbase catalysts with superior basicity are phosphazenes.*'
Featuring a central phosphorus atom flanked by three amines and one imine, these
compounds are remarkably strong non-nucleophilic bases and represent some of the
strongest known non-ionic bases.*” The basicity scale shown in Figure 5 illustrates a series
of increasingly basic commercially available phosphazenes primarily developed by
Schwesigner in the 1980s.*” The addition of further phosphazene units around the central
iminophosphorane results in astounding increases in basicity. The most hindered of these
bases also display surprisingly high resistance to hydrolysis and the action of alkylating
reagents. The fully substituted /Bu-Ps-phosphazene (with four phosphazene units) achieves

a staggering pKpu+ of 42.1 in MeCN, compared with Pi-phosphazene with a pKgp+ of 27.0
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in MeCN. The extremely high basicity of these structures makes them attractive tools for
enantioselective catalysis targeting high-pK, substrates. However, chiral non-racemic

examples of phosphazenes are rare and mostly restricted to the P; type.

Terada and Ooi pioneered niche applications of nitrogen-rich phosphazenes as catalysts.
Ooi first disclosed a chiral phosphazene superbase catalyst in 2007 in the form novel
spirocyclic salt 45 (Scheme 9).* To aid with catalyst handling, 45 was prepared as its HCI
salt from an I-valine derived diamine scaffold, and liberated as the active superbasic
phosphazene 7 situ using KO'Bu. Application of this catalyst to the Henry reaction of
nitroethane and various benzaldehydes (e.g., 10) produced benzyl alcohols with high enantio-
and diastereoselectivity, for example 46 (97% ee, 19:1 dr). Tight ion-pair hydrogen-bonding
between the nucleophile and phosphonium catalyst is suggested by the authors to be
responsible for the high stereoselective outcome; Paton later provided computational

evidence for H-bonding in this type of catalytic system.*’

Terada subsequently used Ooi’s work as a stepping-stone to design the much enhanced
superbase 49 for efficient enantioselective amination of ketones with azidocarboxylates
(Scheme 9).* Featuring two guanidine units anchored onto the P-centre, the active form of
this catalyst is also produced 7# sit« by deprotonation of its HBr salt with NaHMDS. Hence,
the 49-catalysed alpha-keto amination of tetralones (e.g., 47) with azenes such as 48 affords
aminated products 50 (95% ee). The enhanced basicity resulting from the addition of
electron-rich guanidine groups is noticeable in a comparison of Terada’s phosphazene 49

and Ooi’s 45 in this reaction; >99% yield vs. only 18% yield, respectively.
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0Ooi (2007)

J 5 mol% 45 oH
Ph”™ "H KOBu (5 mol%) Ph/Y NO, J
10 _—

Iz ZT

cl
H
N
THF, -78°C PN
* ), NG
46; 90% yield CF3 H CF.
EtNO, 97% ee, 19:1 dr O 8
1 of 16 examples
CF; CF3

45 (Ooi)
Terada et. al. (2013)
O
10 mol% 49 or 45 O VAN
(:@/ NaHMDS (20 mol%) s N (\N Br N/>
2\ ~Boc ,g J\
47 — N NTSN, NZON
+ PhMe, -40 °C Boc Ph‘"H;’\!" \'N\)\Ph
HH :
50 Ph Ph
Boc.,k -N.
N" Boc i : 49 (Terada)
with 49; >99% vyield, 95% ee
48 1 of 17 examples

(with 45; 18% yield, 57% ee)

Scheme 9. Applications of novel chiral P-spirocyclic phosphazene superbases reported by Ooi and Terada.

Most recently, Terada revealed a pioneering structural design incorporating two common
superbasic functionalities. This new construction unites a guanidine with a P,-phosphazene
residue through a chiral linker to deliver superbase 53 (Scheme 10).*° The authors
hypothesised that, in its active state, this catalyst would form a 7-membered intramolecular
ring via H-bonding between the two basic residues. The resulting rigid conformation places
the nucleophile in a tight chiral space, assuming H-bonding interactions to the guanidinium
group. Application of 53 to the Mannich-type addition of thioacetates such as 51 to activated
aldimines (52) demonstrated effectiveness to deliver Mannich products (54) with high
enantioselectivity and moderate to high diastereoselectivity (95% yield, 88:12 dr, 95%/-3%

ee for 54). Furthermore, the authors were able to confirm their intramolecular H-bonding
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(<5% ee).

Terada et. al. (2020)

0
- OJ\/SPh

51

53 (10 mol%)
KHMDS (20 mol%)

THF, -96 °C, 30 mins

[proposed intramolecular H-bonding]

1.5.5

Iminophosphoranes

theory by preparing N-methylated catalyst 55, which, while demonstrating similar levels of

diastereoselectivity, afforded Mannich products with very low levels of enantioselectivity

/
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R H H 2BF,
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CH,
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61:39 dr
<1/5% ee

Scheme 10. Mannich reaction of thioethers with activated aldimines using 53, and conformational analysis.

The portfolio of chiral superbase catalysts mentioned thus far has given rise to an abundance

of new synthetic methodologies. Many developments have allowed chemists to overcome

the imposition of low-basicity, which is characterised by the tertiary-amine organocatalysts
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discussed eatrlier. Yet, the most effective chiral superbases - guanidines, phosphazenes and
cyclopropeneimines - still suffer from high synthetic cost and difficulties with respect to
their handling, as well as poor modularity. Widespread access to such catalysts in commercial

and academic settings has been muted as a result.

Considering that further innovations are necessary in the field of chiral superbase catalysis,
Dixon and co-workers recognised the need for a fundamentally different concept.”* Hence,
bifunctional iminophosphoranes (BIMPs) were envisaged and realised as a possible solution
to both insufficient activation of pro-nucleophiles and the widespread problem of
unsatisfactory enantiocontrol arising from challenging catalyst synthesis and optimisation.
BIMPs have come to the forefront of superbase innovation since their inception in the early

2010’s.

1.5.5.1 Design and synthesis of BIMPs

The design of the BIMP platform mirrors that of other bifunctional organocatalyst scaffolds
with respect to the combination of a superbasic moiety and a H-bond donor group linked
through a chiral backbone. However, the favourable properties of iminophosphoranes allow
for a higher degree of modularity in their construction compared to previous superbase
iterations. Such benefits lend simplicity to the task of structure-activity optimisation, and

catalyst library generation with BIMPs.

The foundation of BIMP synthesis lies in preparation of a chiral amino azide; typically, these

enantiopure building blocks are easily derived from cheap amino acids. Variation of the H-
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bond donor is conveniently achieved by reaction of the amino azide with a desired carboxylic
acid or iso(thio)cyanate to provide an amide or thio(urea). Crucially, the superbasic
iminophosphorane is readily generated in a final-stage Staudinger reaction performed 77 situ
and with no need to isolate the active catalyst. Judicious choice of the trivalent phosphine
expedites catalyst optimisation and allows for late stage fine-tuning of the BIMP basicity.
Furthermore, the requisite phosphines are usually commercially available, easy to handle and

inexpensive.

Iminophosphoranes are often viewed as hydrolytically and/or thermally unstable, and
indeed, synthetically, iminophosphoranes find most relevance as intermediates towards
primary amines in the Staudinger reduction of azides to amines.*”® In this transformation,
an azide is typically reacted with trimethylphosphine, and the resulting iminophosphorane
hydrolysed with excess water. However, research from Dixon and co-workers has shown
BIMPs to be highly air- and moisture-stable when isolated and stored in their active forms
for many years under ambient conditions.*”” This provides a suitable alternative to 7 situ
catalyst formation when larger amounts of catalyst are desired, for example during well-plate
screening studies. Hence, iminophosphoranes are comparatively easy to prepare and handle
relative to many guanidines, amidines and phosphazenes, and this simplicity is key to the

inherent modularity and tunability of BIMPs.
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1.5.5.2 Applications of 1*-generation BIMPs

The seminal report of the BIMP platform demonstrated efficacy in the enantioselective 1,2-
addition of nitromethane to low-electrophilicity ketimines such as 56 (Scheme 11). This
unsolved synthetic challenge was not catalysed at all by Cinchona alkaloid bifunctional catalyst
21 after 32 hours due to its low basicity, whereas thiourea BIMP 57 provided the addition
product 58 in about 3 hours with 95% yield and 96:4 er.”” The modularity of the BIMP
design allowed for efficient optimisation of the reaction through rapid synthesis of a catalyst
library by variation of the phosphine, chiral backbone, and H-bond donor. Key to the
exceptional efficacy of 57 in this transformation is its high basicity; 57 has a pKgu+ of
approximately 22.5 in MeCN. The reaction was scaled-up at 1 mol% catalyst loading to

afford over 8 grams of product.

Dixon et. al. (2013)

.P=Ph Q
b
1 1% 57
Et” Me 0 mol% 5 Et.‘-}\/ NO,
56 > Me
neat, -15 or 0 °C
+ 20-96 h 58; 95% yield
96:4 er
MeNO, (20 eq) 1 of 17 examples
scale-up at 1 mol% 57
no reaction with cinchona thiourea 21
CF3 _ N
S
QL NN
CF.
N A o
H H N ANT 7S
S
SPPhg
57 21

Scheme 11. Enantioselective nitro-Mannich reaction catalysed by BIMP 58 under mild conditions.
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Johnson and co-workers have also been major contributors to the field of bifunctional
iminophosphorane catalysis. As in the nitro-Mannich example described above, Johnson
found that standard Cinchona derived organocatalysts where insufficient to catalyse a
multicomponent cascade Pudovik addition-phospha-Brooke rearrangement reaction
(Scheme 12).' BIMP 57 was found to be a supetior alternative, capable of deprotonating
dialkylphosphites such as 59 under cryogenic conditions to promote a 1,2-addition into
benzylidene pyruvates (60), and control enantioselectivity in the subsequent phospha-
Brooke rearrangement with benzaldehydes (61). The reaction affords synthetically useful and
functional-group-rich products with good yield and enantio- and diastereoselectivity; the
highly functionalised product 62 was obtained in 55% yield, with 96:4 er and 10:1 dr.
Johnson has also reported on the conjugate additions of nitroalkanes and alkyl thiols to
enone diesters catalysed by 1%-generation BIMP catalysts and demonstrated elegant

downstream derivatisation of the resulting conjugate adducts.””

Johnson et. al. (2016)
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Scheme 12. Johnson’s BIMP catalyzed enantioselective rearrangement cascade reaction.
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Interestingly, the hindered benzhydryl-substituted catalyst 65 was employed in the total
synthesis of (-)-himalensine A, a chiral alkaloid natural product.”* BIMP 65 played an
essential role in the key step, namely involving a novel cascade enantioselective prototropic
shift/intramolecular Diels-Alder cycloaddition of the achiral cycloheptanone 63 (Scheme
13). Initially, low-basicity Cinchona alkaloid derived tertiary-amine catalysts were investigated
as chiral bases for this reaction and were found to be largely unreactive. For example, amide
64 required an unacceptable reaction time of 7 days to afford satisfactory yields, albeit with
good levels of enantioselectivity (86.5:16.5 er). The authors turned to BIMP superbases to
address the issue of slow reactivity and were able to quickly optimise the method to obtain
the tricycle 66 in 86% yield, 95:5 er and 92:8 dr after a reaction time of only 24 hours using
only 5 mol% catalyst loading. Surprisingly, 65 could be formed iz sit« by addition of
triphenylphosphine to a mixture of substrate and the azide precursor of the intended

iminophosphorane catalyst.

Further research by Dixon and others has yielded 1%-generation BIMP-catalysed methods
including phospha-Mannich additions to N-DPP-ketimines, the Michael addition of high-
pK. malonate esters to nitroalkenes, and several ring-opening polymerisation reactions of

lactone and lactides.”>™'"
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Dixon et. al. (2017)

O
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CFs o N CFs s
CF3
64; 99% yield 65; 86% yield
86.5:16.5 er 95:5 er; 92:8 dr
7 days, 60 °C, 20 mol% 1 day, 60 °C, 5 mol%

Scheme 13. Dixon’s application of BIMP catalysis in the IMDAF reaction towards a key intermediate in the total
synthesis of (-)-himalensine A.

1.5.5.3 Applications of 2™-generation BIMPs

Elaboration of the 1¥-generation design — which feature a single stereocentre — has afforded
improved reactivity and stereoselectivity in particularly challenging transformations through
the generation of a 2"-generation family of BIMP catalysts bearing two or more
stereocentres. These structures are partly inspired by the catalyst designs of Jacobsen (for

example, 3, Figure 2).

A representative example is BIMP 69, illustrated in Scheme 14, which was developed in
response to a challenging enantioselective sulfa-Michael addition (SMA) of alkyl thiols to
alpha-substituted acrylate esters."”! The combination of the low acidity of alkyl thiols (pK. 17

in DMSO) with the low electrophilicity of alpha-substituted acrylate esters characterise the
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particularly challenging aspects of this chemistry. Hence, this transformation was not
possible using existing organocatalysts at the time. As seen in many other demanding
reactions, Cinchona derived organocatalyst 21 was not capable of affording any product in
the addition of propane thiol (67) to methyl methacrylate (68), even after 12 days at room
temperature. 1%-generation BIMP 71, however, afforded the SMA product 70 in quantitative
yield and 72% ee after only 3 hours. Exhaustive attempts to optimise this result with other
1¥-generation catalysts failed to improve selectivity, and as a result the 2"'-generation BIMPs

were envisaged.

Dixon et. al. (2015)
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Scheme 14. Enantioselective sulfa-Michael addition catalysed by a 2nd-generation BIMP catalyts.
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The addition of a distal, secondary stereocentre derived from zer#-leucine — affording BIMP
69 - improved performance of the model reaction, allowing 70 to be isolated in 97% yield
and with 97:3 er. The developed method exhibited an extremely broad scope with
consistently high enantioselectivity, and a scale-up experiment that required only 48 mg of

69 (0.05 mol%) to catalyse the reaction on a 20 g scale.

Since the original dissemination of 2™-generation of BIMPs, further applications have
demonstrated the benefit of added tunability that come with an additional stereocentre.
Among the achievements are the enantioselective nucleophilic desymmetrisation of
phosphonate esters, enantioselective prototropic shifts applied to cyclohexanones, and the

sulfa-Michael addition alkyl thiols to alkenyl benzimidazoles.'**™""*

1.5.5.4 Applications of 3-generation BIMPs

The most recent developments in BIMP catalyst design feature the introduction of the
squaramide as an alternative H-bond donor group to amides and (thio)ureas. This strategy
was first employed in the intramolecular aza-Michael addition of ureas to afford
hydroquinazoline products (for example, 74) with high enantioselectivity from the easily
prepared B-aryl acrylates such as 72 (Scheme 15).! Replacing the thiourea component of

catalyst 75 with a squaramide to provide 3"-generation BIMP 73 resulted in an upside change

I'T contributed to this work, but further details of the project will not be discussed in the context of this

thesis.
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in both yield (>99% vs. 71%) and enantioselectivity (94.5:5.5 er vs 80.5:19.5 er) for the
isolation of 74."” DFT calculations found the squaramide to be responsible for reducing
destabilising Pauli repulsions between the reactants, and thereby increasing reactivity and
yields. Specifically, this reduction is purported to arise from polarisation of the occupied pi-
orbital of the Michael acceptor away from the electrophilic $-carbon that forms a new bond.
Such polarisation reduces unfavourable orbital overlap with the incoming nucleophile.
Computational studies also suggested that squaramide H-bonding, relative to a urea or
thiourea, is most capable of creating an optimal chiral pocket for highly selective
enantiofacial discrimination. The presence of a third stereocentre adjacent to the distal amide

group had a minor positive effect on enantioselectivity.

Dixon et. al. (2021)
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Scheme 15. Enantioselective intramolecular aza-Michael reaction catalysed by 3™-generation BIMP 73.
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Lastly, and most recently, a highly hindered squaramide-derived BIMP (77) was developed
as a catalyst for the extremely challenging sulfa-Michael addition of alkyl thiols to B-
substituted, N,N-disubstituted acrylamides (Scheme 16).'” These acceptors have previously
been resistant to metal-free catalytic enantioselective Michael additions due to their low
electrophilicity. Once again, the squaramide H-bond donor group was found to be essential
for high reactivity and selectivity; model product 78 from the reaction between dibenzyl
amide 76 and propane thiol (67) was isolated in 88% yield and 95% ee. Following DFT
studies on the model system, calculations revealed that a crucial H-bond between the
squaramide and amide groups act to rigidify the catalyst-binding site during the C-S bond

formation event, thus ensuring high selectivity.

Dixon et. al. (2021)

/\/SH (o) (0]
67 o s By j:f Bu
10 mol% 77 >
Ph/\NJ\)\Me o§(\ N N/S
+ - L N H H oy
0 EtOAc, rt, 24 h Ph R H ‘\PR3
Ph/\NJ\/\Me 78; 99% yield 77
97:3 er
Ph 1 of 31 examples Bu
R=
76 E‘@
enantioselective sulfa-Michael Bu

(0]
/\\ “O\
H~‘ N ;PRa
key H-bond locks | H =
conformation of ‘chiral pocket’ N, : H.
R’N H., i “,Sf
) ,
0 MR [proposed transition state]
R-N
R

Scheme 16. Application of novel squaramide BIMP 77 to challenging SMA reactions of acrylamides.
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The BIMP catalysis platform has been widely demonstrated as a sophisticated technology
for highly enantioselective organocatalysis. Further to several reports of Michael additions,
the range of BIMP-catalysed reactions broadly covers some of the most fundamental
reactions in organic synthesis. Challenging Mannich, prototropic shift, and Diels-Alder
reactions, using some of the least activated pro-nucleophiles and electrophiles currently
accessible to organocatalysis, have been studied. Furthermore, BIMPs have proven utility in

large-scale synthesis and shown to be amenable to immobilisation and flow-chemistry.

1.6 DPhil Aims

By 2017, the BIMP catalyst platform was well recognised as a leading technology in the field
of Bronsted-base organocatalysis. Considering the existing developments, we envisaged the
use of BIMP catalysts to prepare yet more challenging products and investigate
underexplored pro-nucleophiles and/or electrophiles. In this context, the DPhil project
aimed to explore new methodologies with the hope that challenges along the way may
present opportunities for new catalyst design or reactivity. Specifically, this thesis outlines

two of the most complete projects.

Initially, we identified the potential for BIMPs to act as catalysts in challenging direct aldol
additions. It was hypothesised that superbasic iminophosphoranes could sufficiently
deprotonate high-pK, aryl methyl ketones to act as pro-nucleophiles in the direct aldol

addition reaction. These investigations are reported in Chapter 2.
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Next, we recognised the importance and prevalence of pyrazolines in pharmaceuticals and
agrochemicals. A lacking toolkit of synthetic strategies to access these motifs in a single
enantiomeric form prompted us to explore the use of BIMPs in their preparation. Ultimately,
however, it was found that BIMPs were not optimal for this purpose by way of their ability
to catalyse the retro-Michael addition of a key intermediate. Subsequent investigations into
alternative organocatalysts proved more successful; the findings of this study are presented

in Chapter 3.
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Chapter 2

Catalytic Direct Aldol Additions
of Aryl Ketones

2.1 Chapter Overview

This chapter outlines the fundamental principles of the aldol reaction and its implications in
both modern and historical enantioselective synthesis. Building on these concepts, the
development of a bifunctional organocatalyst and its application in the catalytic
enantioselective direct aldol reaction of aryl ketones is described. Specifically, chiral -
hydroxy ketones were prepared with high enantioselectivity (up to >99:1 er) from
(hetero)aryl methyl ketones and (hetero)aryl a-fluorinated ketones. The strong Bronsted

basicity required for efficient activation of (hetero)aryl methyl ketones is provided by a
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bifunctional iminophosphorane (BIMP) superbase. The developed method is convenient
and offers high tolerance of functional groups and pharmaceutically relevant heterocycles.
Several mechanistic considerations are discussed, and the efficiency of the new method is

compared to existing catalytic systems.

2.2 Introduction

The aldol reaction is amongst the most powerful and well-known tools in synthetic organic
chemistry. This class of reaction has thus found widespread use in the fine chemical industry
for the development of molecular complexity."” The keto-alcohol products serve as rich
synthetic handles for downstream functionalisation."”™” Furthermore, the potential for
perfect atom-economy in direct addition reactions has strengthened the aldol platform as a
central area of study while the role of sustainability becomes ever more pertinent to
chemists."""""" Although offering fundamental reactivity for the synthesis of carbon-carbon
bonds, aldol reactions often suffer from several drawbacks. Disadvantages include undesired
side-reactions such as dehydration, cross-condensation, and over-addition resulting from

low chemoselectivity.

2.21 Preformation of enolate equivalents

Oftentimes pre-activation of the nucleophilic ketone component in any given aldol reaction
is required to minimise serious side-reactions and ensure high yields of the desired product.
The two most common strategies involve either: (1) metal enolates, derived from strong

sodium, potassium or lithium bases, which are highly reactive even in the absence of

41



activating agents or catalysts, or (2) less reactive silicon enolates typically requiring additional
catalysts to promote reactivity with an electrophilic carbonyl."*'"* Under kinetic control,
these metal/metalloid species allow for cleaner reaction profiles and greater reaction control

to afford aldol products in a chemo- and regioselective manner.

Applications of preformed enolate equivalents to catalytic stereoselective aldol chemistry is
generally limited to the less reactive silicon enolate species. Such reactions are known as
Mukaiyama aldol additions, and the explicit need for an activating agent in combination with
silyl enol ether derivatives presents an opportunity for the introduction of chiral non-racemic
additives that function sub-stoichiometrically as activators. Hundreds of examples have been
reported, covering the use of chiral complexes of boron, lithium, palladium, silver, copper
and zinc, amongst others."'*'** Meanwhile, the metal enolates, for example lithium, are often

too reactive for satisfactory reaction control to be achieved in a stereoselective context.

The Mukaiyama aldol reaction remains as one of the most fundamental applications of
metal-free Lewis acid chemistry.'” Classically, a Lewis acid activates a carbonyl acceptor by
increasing its electrophilicity towards addition of the silicon enolate. For example, List and
co-workers have demonstrated the use of chiral Bronsted acid catalysts for the
enantioselective Mukaiyama aldol reaction of simple enolsilanes and aldehydes, such as the
reaction of TBS enol ether 82 with pivaldehyde (83) (Scheme 17)."* The hindered
imidodiphosphoramidate catalyst 84 was found to be essential for extremely efficient
reactivity; product 85 was obtained in 86% yield and 95:5 er. The authors suggest that the

confined nature of the catalyst creates a buried binding pocket too small for the reaction
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products to dock into, therefore preventing further reaction of the products (specifically
over-additions). While List’s example of rational catalyst design resulted in an elegant
method, similar examples of high-efficiency catalysis are rare in the primary literature, and

the preparations of effective catalysts such as 84 are typically synthetically cumbersome.

List et. al. (2018)

TBS.

,TBS 84 (O 5 mol%) O O
% )
CHCI3, -60 °C
upto 10 h
82

85; 86% yield
95:5 er
1 of 10 examples

84

Scheme 17. List’s chiral Bronsted-acid catalysed aldol addition of silyl enol ethers to aldehydes.

2.2.2 Direct aldol additions

The use of pre-activated species in enantioselective chemistry remains largely unappealing
due to the poor atom economy associated with the preparation and isolation of activated
enolate equivalents such as enol silanes. A more attractive approach is the direct aldol
addition reaction; the need for pre-activation of the nucleophile is obviated by the use of a
catalyst capable of 7 situ activation of a pro-nucleophile. Chemistry of this type allows access

to fundamental synthetic intermediates with theoretically perfect atom-economy.
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In the early 1970s, Hajos and Parrish, and Eder, Sauer and Weichert independently reported
the first known enantioselective direct aldol addition reaction.'®"” Their seminal reports use
L-proline (87) to catalyse the highly enantioselective enol-endo aldolization of ketone 86 to
afford the attractive bicycle 88 in 93% ee (Scheme 18). The reaction likely proceeds through
an organised chair-like transition state. Attack of the intermediate enamine on one of the
cyclic ketones is controlled by intramolecular H-bonding interactions that allow

discrimination between the enantiotopic and prochiral electrophilic ketones.

Hajos & Parrish, and Eder, Sauer, Wiechert (1971)
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Scheme 18. First examples of the intramolecular (top) and intermolecular (bottom) enantioselective direct aldol additions.
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Several decades later, Barbas, Lerner and List realised the intermolecular counterpart to the
Hajos—Parrish—Eder—Sauer—Wiechert reaction by performing an aldol reaction between
acetone and 4-nitrobenzeladehyde (89) (Scheme 18).'” Again, relying on [-proline as a
cheap and widely available organocatalyst, their method likely involves an enamine
mechanism wherein the condensation product of acetone and proline attacks the non-
enolisable aldehyde 89 to afford the desired B-hydroxy ketone 90. Hydrogen-bonding is key
to the high enantiocontrol of the reaction. Specifically, a H-bond between the proline
carboxylic acid and the incoming electrophilic aldehyde arranges the reaction partners
according to the Zimmerman-Traxler model through an organised chair-like transition-state
organisation. Hence, the most sterically demanding substituent of the aldehyde is located

favourably at the pseudo-equatorial position, to afford the (K)-enantiomer of product 90

with 76% ee and 69% yield.

These formative discoveries have inspired numerous enantioselective variations of the direct

aldol addition, collectively allowing the construction of optically active natural products,

107,114,126

macromolecules, and modern small-molecule drugs. " Significant developments in

this field have since come from the groups of MacMillan,"”'~"> Shibasaki,"”*"** Maruoka,"”"™

' and many others,'*'""'*

and have fuelled the growing utility of this familiar reaction. The
wide breadth of publications on this matter highlights the enormous substrate scope of
enantioselective direct aldol additions. With respect to electrophilic acceptors, a variety of
compounds are able to react efficiently with ketone donors under mild conditions, including

but not limited to ketones, aldehydes, keto-esters,'**"*" keto-phosphonate,''*?
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glyoxal derivatives,' > isatins,'” """ and keto-acids (Figure 7). However, the scope of
this platform is still somewhat limited with respect to the range of compatible nucleophilic

donor synthons.
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Figure 7. Overview of typical donor and acceptors synthons in enantioselective direct aldol addition reactions.

Primary or secondary amine catalysis is commonly employed in the direct aldol reaction of
ketones.'" The efficiency of these strategies is highly dependent on the ability of the ketone
donor and amine catalyst to form a transient reactive enamine. Aliphatic ketones are

generally amenable to this strategy due to their facile activation »iz enamines and have been
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extensively utilised in enantioselective aldol reactions.'”™* Meanwhile, the use of
(hetero)aryl ketones as pro-nucleophilic synthons is mostly an outstanding challenge due to
their low electrophilicity and reluctance for enamine formation. Hence, aryl ketones are
generally precluded from being synthetically useful in the context of enantioselective

enamine catalysis towards 1,2-additions.

An alternative to enamine activation for (hetero)aryl ketones is enolate formation. However,
the high pK, of these substrates (pK, ~25 in DMSO) generally limits catalytic access to aryl
enolate intermediates.” Stoichiometric amounts of strong organometallic bases, such as
LDA, can overcome this challenge but with the drawback of simultaneously limiting
substrate tolerance and the potential for catalytic enantioselective methods. To date,
examples of enantioselective ketone-ketone aldol reactions are relatively rare for high pK,

donors such as feedstock aryl methyl ketones (e.g., acetophenone).

2.2.3 a-Fluorinated ketones as aldol substrates

Of the many reported aldol acceptors, some of the most competent are a-fluorinated
ketones.'"™'” Being intrinsically activated by the electron-withdrawing fluorine atom(s), o-
fluorinated ketones act as convenient sources for the incorporation of C-F bonds, which are
privileged in medicinal chemistry."""""* In the primary literature, over 20 reports describe the
enantioselective direct aldol addition of aliphatic ketones to trifluoromethyl ketones. Many
reports demonstrate the use of chiral primary or secondary amine catalysis, principally

173—

favouring proline-derived catalysts.”"" For example, two reports from the groups of

Nakamura and Kokotos in 2011 demonstrate the efficacy of enamine catalysis when applied
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to the aldol reaction of simple aliphatic ketones such as acetone (Scheme 19). Nakamura
described the 8-quinolinesulfonamide proline derivative 92 as a competent catalyst for the
direct addition of acetone to (trifluoromethyl)acetophenone (91)."* The authors proposed a
transition state involving a chair-like conformation centred around H-bonding to the
sulfonamide proton. Steric repulsion from the quinoline places the bulky trifluoromethyl
group in the pseudo-equatorial position resulting in high enantiofacial discrimination during
subsequent attack by the nucleophilic enamine. Meanwhile, Kokotos reported prolinamide
93 bearing a thiourea as the H-bond donor for efficient catalysis of the identical reaction.'”

In both reports, B-hydroxy ketone 94 was obtained with high yield and good to high

enantioselectivity.
92 (10 mol%) + TFA (8 mol%)
or
o o)
PO P§ 93 (10 mol%) Q CF3 OH
CFy” “Ph - Ph

91 94

\\,, NN Cy)‘\ /K/Ph
CFa £ X-H =0 NH H HN__S
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Ph ¢ 8% HN . ..CO,Bu
_N O 93
X CO,Bu
Nakamura et. al. (2011) Kokotos et. al. (2011)
94; 92% yield 94; 99% yield
89% ee 80% o6
1 of 9 examples 1 of 9 examples

Scheme 19. Examples of alkyl ketones engaging in aldol chemistry via enamine catalysis as
reported by Nakamura and Kokotos in separate 2011 publications.

Comprehensive research surrounding a/iphatic ketone additions has enabled facile access to

a broad scope of aliphatic 3-hydroxy ketone products derived from a-fluorinated ketones.
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On the other hand, only two examples utilising ry/ ketones as the donor component have
been reported to the best of our knowledge (Scheme 20)."'” Owing to the difficulty of
forming aryl enamines, both examples instead use Takemoto’s bifunctional tertiary amine

catalyst (6) as a weak Bronsted base to promote enolate formation.”

Ikemoto et. al. (2016)
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Scheme 20. Literature precedent for the direct aldol reaction of ketones to trifluoromethyl ketones.

Both reports, from the groups of Ikemoto and Da, are constrained by the low basicity of
catalyst 6. Reaction times of up to 6 days for unactivated substrates, and typically 3 days for
activated substrates, are required to achieve acceptable yields. Da’s report is further limited
to exclusively orzho-hydroxyacetophenones. The presence of the hydroxy group is thought
to lend an additional H-bond to the adjacent ketone to increase acidity of the alpha-proton
and aid in enolisation. Although they demonstrate synthetic utility, both reports embody a

limitation in the synthetic toolbox for constructing simple B-hydroxy ketones in an
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enantioselective manner. Specifically, these limitations arise from the low Brensted basicity
of Takemoto’s tertiary-amine catalyst, which results in limited activation of the high-pK, pro-

nucleophilic aryl ketone as an ammonium enolate.

More revealing to the challenging nature of this chemistry is the absence of metal-catalysed
enantioselective methods, or any diastereoselective methods, in the primary literature for the
stereoselective direct aldol reaction of aryl methyl ketones and trifluoromethyl aryl ketones.
Consequently, given the clear challenges and lack of precedent, the identification of new
catalyst systems capable of efficiently activating aryl ketones towards aldol chemistry would
significantly advance the field. The opportunity for new catalyst design, and the
attractiveness of enantioenriched 3-hydroxy ketones as building blocks made this challenge
particularly appealing to us. Towards this end, we directly targeted the design of high-basicity
catalysts, which could rapidly form aryl enolate intermediates to be stereoselectively trapped
by oa-fluorinated ketones. We specifically envisaged the use of a bifunctional
iminophosphorane (BIMP) superbase of the type developed by Dixon and co-workers, such

as those described in Chapter 1.5.5.

2.3 Proof of Concept and Optimisation

As a representative model system, we began assessing organocatalysts for efficacy in the
reaction of acetophenone (95) with 2,2,2-trifluoroacetophenone (91). It is worth noting that
prior to development of the herein reported method, the best previously reported process

to enantioselectively access aldol adduct 96 required a reaction time of 144 hours (6 days),
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as reported by Ikemoto with Takemoto’s catalyst (6).'”

As expected from its low basicity,
the Cinchona alkaloid 20 was not competent in the studied aldol reaction, affording only traces
of aldol adduct 96 after 24 hours, as determined by "H NMR (Table 1; entry 1). Pleasingly,
treating equimolar amounts of 95 and 91 with 10 mol% of 1*-generation BIMP 97 at room

temperature in diethyl ether afforded product with 64% conversion and 62:38 er after 24

hours (Table 1; entry 2).

Having established proof of concept, we turned our attention to modification of the catalyst
structure. As described in Chapter 1.5.5, the synthesis of BIMPs is highly modular in nature,
allowing for rapid optimisation. The 2™-generation BIMP 98 bearing a cis-fer-butyl chiral
backbone did not afford an improvement of enantioselectivity (Table 1; entries 3). Further
screening of 2™-generation BIMPs was not fruitful (see Chapter 4. for more details).
Returning to the simpler 1%-generation BIMP scaffold, catalyst 99 bearing a sterically
demanding benzhydryl-substituted backbone and a secondary amide gave a pleasing uplift
in enantioselectivity and yield to 75:25 er and >95%, respectively (Table 1; entry 4).
Generation and testing of less-basic analogues of 99 by variation of the iminophosphorane
substituents highlighted the need for high-basicity in this challenging aldol reaction. For
example, use of the less electron-rich, and therefore less basic, #is(phenyl)
iminophosphorane 65 lowered conversion to only 63% yield after 24 hours (Table 1; entry
5). Likewise, use of the more electron deficient iminophosphorane derived from #is(4-
chlorophenyl)phosphine eliminated almost all reactivity - only 8% conversion to 100 was
observed (Table 1; entry 6). Further fine-tuning of the catalyst found the strongly basic and

sterically demanding 1-naphthyl amide catalyst 102 to be optimal, which, in combination
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with a solvent change to CPME and cooling to -15 °C, afforded 96 in 97:3 er and 96%

isolated yield (Table 1; entry 10).
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solvent [0.1M], T, 24 h 3
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entry  catalyst  solvent T conversion (%)[a erlb]
1 20 Et,O rt trace N.D.
2 97 Et,0 rt 64 62:38
3 98 Et,O rt 52 61:39
4 99 Et,O rt >95 75:25
5 65 Et,0 rt 63 74.5:25.5
6 100 Et,0 rt 8 N.D
7 99 CPME rt >95 82:18
8 99 CPME -15°C >95 90:10
9 101 CPME -15°C >95 94:6
10l 102 CPME -15°C 96!l 97:3
OMe

CF

H,N O 8 \l/ \l/ S
HNN*S L~ j\

ORI

N

(o] H H Ny,
H H SpeMP P(PMP)3
20 ( )3
CF3 CF3 97 98
Ph.__Ph
N
] o Ph Ph__Ph
CF3 N/\I H o Y
H  NsLR N/\ ‘ :
w H N O )
CFs s R SP(PMP); H Neppwp),
99: R = PMP 101 102

65.R = Ph
100: R = 4-CICgH,

Table 1. Optimization of the direct aldol addition of acetophenone (95) to 2,2,2-trifluoroacetophenone (91). [a] determined by 'H NMR
analysis of crude reaction mixture. [b] determined by HPLC analysis on chiral stationary phase. [c] 18 hour reaction time. [d] isolated

yield. N.D. = not determined. CPME = cyclopentyl methyl ether. PMP = para-methoxy phenyl.
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2.4 Evaluation of Reaction Scope

With an efficient protocol in hand, the efficacy and limitations of our new catalytic system

were probed across a wide range of donor and acceptor (hetero)aryl ketones.

241 Scope of the reaction with respect to aryl ketones

Simple halogen substituents at the para- or meta-positions of either the donor or acceptor
ketone were well tolerated; 4-fluoro (103), 4-bromo (104) and 3-iodo (105) derivatives were
obtained with consistently high enantioselectivity of 95:5 er or higher (Scheme 21).
Synthetic handles were also incorporated at the para-position with minimal fluctuation of
selectivity and yield: 4-nitro (106), 4-vinyl (107), 4-cyano (108), and 4-thiomethyl (109)
functionalised products were isolated with generally high yield and enantioselectivity. Aldol
derivative 110 was obtained in 96:4 er and 60% yield from the reaction of 4-
phenylacetophenone. Aryl methyl ketones bearing 3-methyl and 3-methoxy substituents

were also well tolerated and afforded products 111 and 112 with 95:5 er.

Unfortunately, variation at the or#ho-position was not tolerated on the a-fluorinated ketone,
and only ortho-fluoro was accommodated on the methyl ketone to afford 2-fluoro aldol
adduct 113 in 88% yield and 96:4 er. It is most likely that tight catalyst-substrate binding is
interrupted by the steric bulk associated with or#ho-substitution, thereby preventing

activation and organisation of one or both ketone substrates.

Introduction of multiple substituents was well tolerated by BIMP 102, allowing the
preparation of products decorated with 3-methyl-4-benzoate and 3-trifluoromethyl-4-

methyl substitution patterns (114 and 115). Finally, variations to the benzene core provided
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Ph__Ph

v
o o 102 (210 mol%) o OH ‘ 2y
Ao A - - '
CF; . )
CPME, -15 °C CF H  Ns
2-16 hours * P(PMP)s
102
o OH 0 OH O OH )./}
CFs cFy || CF3 =
F Br < (
(S)-104, 96:4 er N v
96; 96% yield 103; 90% yield 92% vyield (16 hours) SCXRD
97:3 er 95:5 er 80% (2 hours)
ey TN ‘e, . e,
oy | CFs CFs CFs
|
105; 75% yield 106; 93% yield 107; 78% yield 108; 83% yield
95:5 er 90:10 er 97:3 er 90:10 er
O OH O OH O OH O OH
‘o, K2 e 0 ey
~ CF3 © CF3 CF3 CF3
S Ph
109; 81% yield 110; 60% yield 111; 85% yield 112; 65% yield
96:4 er 96:4 er 95:5 er 95:5 er
F O OH O OH O OH
o, o, W..,'(ﬁ
i CF CF
CFs O ® Br ’ |y\
o) CF;
113; 88% yield 114; 83% yield 115; 74% yield
96:4 er 95:5 er 92:8 er
O OH o OoH o OH
© /@)w ©ij\ ©)K4 o,
OQ CF CFs @[
3 Br Z (l) CF3 O/
116; 88% yield 117; 80% vyield 118; 64% vyield
93.5:6.5 er 96:4 er 97:3 er

Scheme 21. Scope of the BIMP catalyzed direct aldol addition with aryl ketones. Stereochemical configuration
was assigned by analogy with (S)-104 (determined by single crystal X-ray diffraction studies).
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2-naphthyl and methylenedioxyaryl derivatives 116-118. Absolute configuration was
determined on the crystalline 4-bromo derivative 104; single crystal X-ray diffraction studies
confirmed (S) stereochemical configuration at the benzylic tertiary alcohol. All other
products were assigned by analogy. Interestingly, subjecting 1,4-acetylbenzene (119) to the
standard reaction conditions, but with 3 equivalents of 91 instead of 1 equivalent, the para-
bis-aldol product 120 was furnished (Scheme 22). The diastereoselectivity was high (20:1 dr
determined by 'H NMR of the crude reaction mixture) and the major diastereomer was

isolated in 80% yield with 95:5 er.

o) 102 (10 mol%) ..
+ J - ph, CFs Cr, Ph
CFy™ ~Ph CPME, -15 °C, 16 h
o OH O
19 91 .
(1eq) (3 eq) 120,22(:)1%d¥|e|d
95:5 er

Scheme 22. Double aldol addition between 1,4-diacetylbenzene (119) and trifluoromethyl ketone 91.

2.4.2 Scope of the reaction with respect to heteroaryl and alkenyl ketones

Following the successful evaluation of reaction scope with respect to substituted aryl groups,
we proceeded to investigate the use of heteroaryl ketones as an avenue to generate
enantioenriched aldol product bearing heterocycles commonly found in pharmaceutical drug
candidates. We were pleased to find that the new BIMP-catalysed transformation was
amenable to a wide variety of heterocyclic methyl ketones and trifluoromethyl ketones

(Scheme 23). Attractive products bearing nitrogen heterocycles such as quinoline (121),
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pyrazine (122), pyridine (123), 2-thiazole (124), 4-thiazole (125) and pyrazole (126) were
furnished under standard conditions with generally high enantioselectivity (92:8 to >99:1 er)
and good to excellent yield (72-98%). Notably, 2-thiophene adduct 127 was isolated as a
single enantiomer (>99:1 er). When the reaction was performed with an a,B-unsaturated
methyl ketone we were pleased to find that catalytic efficiency was maintained; alkenyl 3-

hydroxy ketone 128 was obtained with 98:2 er and 91% yield.

Ph__Ph
%
o o 102 (2-10 mol%) o oH ‘ QY
A A = - M
CFs . ‘®
CPME, -15 °C CF H  Ns
2-16 hours ® P(PMP)s
102
O OH O OH O OH
M."l [NW"" /(W"',
CF. | : CF I
N/ 3 N/ 3 \o | N/ CF3 ©
121; 89% yield 122; 88% yield 123; 93% yield
93:7 er 92:8 er 96:4 er
O OH O OH F~" o on
Muq (j </N J)j\(ﬁ.u, (Ij\ M..q @
S 3 3 . CF
¥z ) NS ? /N . 3 A
124; 98% yield 125; 89% yield 126; 94% yield
93:7 er 96:4 er 98:2 er
(0] OH o) OH
oS .
CF3 E// A ot b
Br 3 P
127; 72% yield 128; 91% yield
>99:1 er 98:2 er

Scheme 23. Scope of the BIMP catalyzed direct aldol addition with respect to heteroaryl ketone donors and
acceptors. Stereochemical configuration was assigned by analogy with (S)-104 (determined by single crystal X-
ray diffraction studies).
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2.4.3 Variation of the fluorinated group

Having demonstrated a wide scope with respect to heterocycles and functional group
tolerance, attention turned to variation of the fluorinated group positioned at the acceptor
ketone. Extension of the trifluoromethyl group to higher-order fluorinated alkyl chains
proved successful. Perfluoro-ezhy/ and perfluoro-bepty/ ketones efficiently performed in the
aldol addition with acetophenone and 4-(bromo)acetophenone to respectively afford 129
and 130 with high yield and enantioselectivity (Scheme 24). Furthermore, reaction of a

chlorodifluoromethyl ketone smoothly furnished 131 with 85% yield and 96.5:3.5 er.

Ph__Ph
o 'Y
o 0 102 (2-10 mol%) O OH ‘ H
+ - . N/\
RF CPME 15 eC R "I‘ |1| Ns
2-16 hours i P(PMP)s
102
O OH O OH O OH
~.:,© A ) 'u,(\l ‘o,
: F? ;< 6 [ j cl ! F
FCOFsNA N Br FCFy g F
129; 86% yield 130; 83% yield 131; 85% yield
97.5:2.5 er 96:4 er 96.5:3.5 er

Scheme 24. Scope of the BIMP catalyzed direct aldol addition with respect to non-CF3 alpha-fluorinated ketone
acceptors. Stereochemical configuration was assigned by analogy with (S)-104 (determined by single crystal X-ray
diffraction studies).

2.4.4 Limitations of the reaction scope
Generally, the reaction profile was clean, with only unreacted starting materials, catalyst and

products observed in the crude reaction mixture (along with catalyst decomposition
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products, which will be discussed later in this chapter). However, the method has several
limitations (Figure 8). For example, (trichloromethyl)acetophenone 132 failed to afford any
product, possibly due to insufficient electrophilicity or higher steric hinderance compared
to its trifluoromethyl analogue. Similarly, 2,4,6-trimethylacetophenone (133) also failed to
participate in the aldol addition, very likely due to steric hinderance from the orho positions
blocking catalyst association. The failure of electron-deficient 4z5(3,5-trifluoromethyl) ketone
134 to afford any product probably relates to its ability to deactivate catalyst 102 — the origins
of this observation are discussed further in Chapter 2.7.5. Furthermore, highly electron-rich
aryl methyl ketones do not engage in this method, for example 3,5-
(dimethoxy)acetophenone (135). It is most likely that the pK. of this substrate is beyond the

activating power of catalyst 102.

o

Q CF.
C|30JL Ph
CF3
132 133 134
[no product observed] o
MeO 0]
N
OMe 135 136
0} 0 0 (0}
complex mixtures o O. Ph
[comp ] ~ \n)l\n/ Ph CFs)j\/\Ph CFg)I\n/O\ Ph)j\n/
0O O o} 0
137 138 139 140

Figure 8. Ketone donors and acceptors that failed in the BIMP catalysed aldol reaction.
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Disappointingly, enolisable aryl ketones other than methyl ketones, such as propiophenone
(136), failed to afford the expected aldol adduct. We believe that rapid reversibility of the
reaction with substrates of this type (viz a retro-aldol reaction) most likely arises from the
steric strain in the desired product, which would place hindered tertiary and quaternary
centres adjacent to each other. Higashiyama reported observing this retro-aldol process in
the diethylzinc catalysed preparation of the identical reaction product of 136 and 91."* Lastly,
a range of highly activated ketone acceptors failed to cleanly afford the corresponding aldol

addition products. Complex mixtures of products were observed with ketones 137-140.

2.5 Preparative Scale Synthesis and Catalyst Recycling

With a desire to substantiate the scalability of the new method, and elaborate possible
downstream applications, the reaction of (4-bromo)acetophenone (141) with 91 was
performed on an 8-gram scale. To limit financial and environmental costs, catalyst loading
was reduced to 2 mol%, the solvent was switched to TBME (a cheaper alternative to CPME),
and the reaction concentration increased ten-fold to reduce the solvent volume (1.0 M
reaction concentration, instead of the standard 0.1 M). Upon lowering the catalyst loading,
a longer reaction time of 36 hours was required to achieve full conversion and provide crude
product with 94.5:5.5 er (Scheme 25). Following a single recrystallisation, and without the
need for chromatographic purification, 13 grams of enantiopure (>99.5:0.5 er) aldol adduct

104 was obtained in 87% yield.
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Recovery of the catalyst was facile. Upon reaction completion, the mixture was poured into
water to precipitate BIMP 102. Filtration and drying of the solids allowed 96% recovery of
catalyst. Hydrolysis of the potentially water-sensitive iminophosphorane was not observed.
The recovered catalyst was sufficiently pure to be resubjected, under the standard reaction
conditions, to the model reaction of 95 with 91. No erosion of activity was observed and
enantioselectivity was maintained to afford 96 in 96% yield and 97:3 er (identical to using
fresh catalyst).
O OH
Q Q 2 mol% cat. 102 '
+ CF3 > CF3 ©
TBME [1.0M] Br
Br -15°C, 36 h
141 91 (S)-104; 87% yield, 13 grams

>99.5:0.5 er after single recrystallization
(94.5:4.5 er crude)

96% catalyst

recovery
standard
iti O OH
o 0 catalyst conditions
¥ > "
recyclin - M'Ph
Ph)]\ Ph)j\CFs yeling Ph X
96; 96% yield
91 :
B 97:3 er

Scheme 25. Preparative scale synthesis of 104, with demonstration of catalyst recovery and recycling.

2.6 Synthetic Utility of Aldol Adducts

B-Hydroxy ketones are commonly encountered in natural products, drug candidates, and as

synthetic intermediates. Hence, we wished to explore the potential for functionalisation of
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the trifluoromethyl alcohol products generated using the BIMP-catalysed aldol platform.

Enantiopure 4-bromo derivative 104 — obtained from the scale-up reaction described above

— was selected as a model scaffold for late-stage derivatisation (Scheme 26).

OH OH

Ph “Ph
CFs

143; 93% yield

DIAD, PPhg
benzene, rt, 30 mins

144, 88% yield

0_Ph
- o _L_Jcry

>99.5:0.5 er, 10:1dr >99.5:0.5 er
J
OH H,, Pd/C, HCI
H,, Pd/C 0 2. T a/L,
EtOH, -10°C, 4 h EtOH, rt, 4 h
oh @
Br
NH,OH-HCI
pyridine, 50 °C, 4 h (S)-104; >99.5:0.5 er
\ OH
Ph/\/k"Ph
HO.,  oH CF,
Lon 142; 95% yield
3 >99.5:0.5 er
Br
145; 87% yield
>99.5:0.5 er
H,, PdIC DIAD, P(PMP); POClI3, HCI
EtOH, rt, 18 h THF, -15°C, 24 h CH,Cly, 1t, 1h
Y
B
NH, OH N-0 r\©\ 0 OH
!
Ph “Ph B ,@M'Ph NS AP
CF; r CF; l—ll CF3

146; 95% yield
>99.5:0.5 er
7:2dr

147; 44% yield
>99.5:0.5 er

Scheme 26. Late-stage derivatisation of aldol product (S)-104.
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Firstly, under acidic conditions with palladium on carbon, the hydrogenation of 104 at
atmospheric pressure afforded y-benzylic tertiary alcohol 142 in 95% yield. Presumably, this
is formed wia hydrogenation of the intermediary styrene arising from acid-catalysed
elimination of the resulting benzylic alcohol. Meanwhile with the omission of acid, 104 was
converted to the corresponding diol using a similar hydrogenation protocol, producing 143
with 10:1 dr. Attempts to assign the relative configuration of 143 were not fruitful; NOESY
NMR experiments did not provide data which gave confidence to either stereochemical
configuration at the benzylic position. Furthermore, attempts to analyse the Moshet’s esters
of 143 failed due to significant overlap of all relevant resonances in several NMR solvents.
Possibly, the structure of 143 could be assigned by NMR analysis after conversion to its

cyclic acetal.

Subjecting 143 to standard Mitsunobu reaction conditions efficiently promoted
intramolecular cyclisation of the diol to oxetane 144. Absolute configuration was not
determined since the mechanism of cyclisation is unknown with confidence and reliable

NOESY NMR analysis is precluded by the presence of an adjacent quaternary fluorine atom.

It was recognised that oxime 145 could be a particularly versatile intermediate for
functionalisation of the B-hydroxy ketone motif; thus, 104 was condensed with
hydroxylamine to cleanly afford 145. Hydrogenation of this oxime furnished the valuable
1,3-amino alcohol 146 in 7:2 dr and 95% yield. It was identified that intramolecular
cyclisation of this amino alcohol would be an attractive method for expedient preparation

of enantioenriched isoxazoline 147. Hence, treatment of 145 with DIAD and #is(para-
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methoxybenzene)phosphine afforded 147 in 44% vyield; such heterocycles are prominent
motifs in agrochemicals."*"'** Finally, in the presence of POCIl; and HCl oxime 145
underwent a Beckmann rearrangement to furnish secondary amide 148. Importantly, in all

derivatisation reactions, no degradation of enantiopurity was observed.

2.7 Mechanistic Considerations

2.71 Comparison of reaction rates

With the aim of visualising and quantifying the exceptionally enhanced reactivity of the new
BIMP catalysed aldol reaction, the 102-catalysed reaction of acetophenone and
trifluoromethyl ketone 91 was monitored by "H NMR. To compare the new catalyst system
to the existing state-of-the-art reported method, tertiary-amine catalyst 6 was also
investigated using the conditions reported by Ikemoto and co-workers. Finally, the Cinchona
alkaloid 20 was chosen as a reference point for comparison against a low basicity

organocatalyst (studied under the optimal conditions for BIMP 102 for comparison).

Initially, direct analysis of the reaction mixture in real-time was attempted by performing the
standard reaction of 95 and 91 in an NMR tube in 4&-THF. However, poor reactivity was
observed, possibly due to the solvent change or lack of stirring. An alternative protocol was
devised to allow the reaction to be performed in a flask using CPME as solvent. Hence, the
under the standard reaction set-up, aliquots were taken periodically and quenched
immediately with glacial acetic acid then evaporated quickly under a stream of nitrogen gas.
The resulting residues were redissolved for immediate analysis by 'H NMR, and the

conversion was tracked over time.
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Figure 9. Rates determined from the relative intial slope of conversion vs. time for each catalyst. Relative rates

for Cinchona 20 and BIMP 102 were measured under standard conditions for the herein reported method; relative

rate for thiourea 6 was measured using the best known conditions (reported by Iketmoto).
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Figure 9 illustrates a >1400-fold initial-rate enhancement with BIMP 102, relative to the
prior state-of-the-art catalytic system, namely Takemoto’s catalyst 6 (analysed under the
conditions reported by Ikemoto). As expected, Cinchona alkaloid 20 struggled to afford trace
amounts of product over the analysis period. Most notably, synthetically useful yields of 96
were observed in minutes under BIMP catalysed conditions; approximately 75% conversion
after 45 minutes, and 83% isolated yield after 2 hours. Takemoto’s thiourea catalyst 6

afforded <1% conversion in the same timeframe, as determined by '"H NMR.

2.7.2 Determination of BIMP pKgu+

To quantify the origins of the observed enhanced reactivity, we endeavoured to approximate
the pKgu+ of BIMP 102. For this purpose, NMR spectroscopy can be conveniently used as
an appropriate analytical method due to the fact that the protonated and free-base forms of
a superbase have substantially different NMR chemical shifts for selected resonances.'
The pKgu+ determination can be performed rapidly by comparing the chemical shifts of

chosen resonances of the protonated superbase with and without an equimolar amount of

an additional base of known pKgps+.

The AcOH salt of BIMP catalyst 102 was prepared by addition of excess AcOH to 102 in
CPME, followed by evaporation and trituration (Scheme 27). The 'H, *'P and "C NMR
spectra of the salt (102-AcOH) and freebase forms of 102 were obtained in #-MeCN and
compared. Clear differences in the chemicals shift of the P atom, and the CH,NP(PMP);

atoms were noted upon protonation, however no well-defined separation of any resonance
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was observed by 'H NMR. Hence, only *'P and "C data were used in the necessary

calculations for pKsp+ determination.

Ph

0 "'\~Ph
P ) PEMP), ‘ _
‘ O " "\~Fh CPME,rt, 4 h O N/\ AcO
N 1
0 A
Ho N ii) ACOH, rt, 1 h H P(PMP);
3
149 102-AcOH;
97% yield

Scheme 27. Preparation of BIMP salt 102-AcOH

Upon protonation, the *'P resonance of the iminophosphorane shifts downfield from +9.2
ppm to +36.8 ppm, as expected considering the new positive charge located on the adjacent
nitrogen atom. Meanwhile, the C shift of the methylene carbon atom adjacent to the
iminophosphorane shifts downfield by 2.1 ppm. The NMR experiments were performed
again using salt 102-AcOH in the presence of 1 equivalent of TMG, which has a known

pKsi: of 23.3 in MeCN."*

Based on an average of triplicate runs for both °C and *'P NMR experiments, the pKsp+ of
BIMP 102 was estimated to be 25.5 in MeCN (see Chapter 4.2.8.4 for calculations). This is
superior to the common organosuperbase DBU (pKsu- of 24.3) and approaching the basicity
of the commercially available achiral phosphazene superbases, such as Pi-/Bu phosphazene
102 (pKsn: of 26.9)."" The result confirms that 102 is highly basic, but it’s ability to
deprotonate acetophenone is likely due to one or more further activating effects beyond the

role of the superbasic iminophosphorane (for example, H-bonding interactions).
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2.7.3 Verification of hydrogen-bonding

To support the theory that iminophosphorane catalyst 102 is indeed operating through
bifunctional activation, N-methylation of the BIMP was hypothesised as a test for the role
of H-bonding by the amide moiety. Hence, BIMP precursor 149 was reacted with NaH
followed by Mel to afford the N-methylated azide 150 (Scheme 28). The Staudinger reaction
between 150 and #7s(4-methoxyphenyl)phosphine was performed subsequently performed
in sitn, and confirmed to quantitatively form the corresponding iminophosphorane 151 by
’'P NMR. The crude solution of N-methyl 151 was used under standard conditions in the

model reaction of acetophenone (95) and trifluoroacetophenone 91.

Ph Ph P(PMP), Ph
O  '\~Ph NaH O \~Ph O \~Ph
‘ then Mel O ; CPME, tt, 4 h ‘ :
A S Al G
H N DMF, rt, 1 h CHs [in situ preparation] CHs .
3 N *P(PMP),
149 150; 85% yield 151
o)
Ph
Ph)l\ 9 O " \~Ph ® —H(102) ® =CH,(151)
N { O OH
—_ /\ —_— " 96% yield 5% conv.
O Na Ph)j\/*CFPh 97:3 er 54:6 er
SP(PMP), 3

"
0
)j\ 91 102 or 151 96

CFy” ~Ph

[standard conditions]

bifunctional character
essential for catalysis

Scheme 28. N-methylation of catalyst 102 removes essential bifunctional character.

After 18 hours, only 5% conversion to aldol adduct 96 was observed (determined by 'H

NMR) and this product was found to be only slightly enantioenriched (54:46 er). Hence, it
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is most likely that the significant rate enhancement and stereoselectivity of the aldol reaction
with BIMP is due to a synergy of competent H-bonding and high basicity provided by the
amide and iminophosphorane groups of 102; thus, lending support to the general theory that
iminophosphorane superbase catalysts such as those described here do operate by dual

activation/organisation of substrates.

2.74 Product-catalyst inhibition

The rapid decrease of reaction rate over the course of the reaction suggests that product
inhibition may be hindering the reaction. To investigate if a product-catalyst complex exists,
two methods were used to obtain evidence for the hypothesised binding. Firstly, the method
of continuous variation was used to construct a Job’s plot, followed by product-doping

studies to observe changes in reaction rate.'**""!

Job’s method of continuous variation — used to construct of Job plot — relies on the
assumption that, in solution, two or more chemical entities may bind to each other to form
one dominant transient complex. By continuous variation of the mole fraction of each
component, while maintaining constant overall concentration, the complexation event can
be indirectly observed by monitoring any physical property that varies proportionally with
the binding event. A job plot is produced by plotting the mole fraction of one component
against the product of the mole fraction of the other component with the observed change
in the chosen physical property. In this case, NMR was selected as an appropriate tool for
observation of physical changes. If the binding complex is comprised of one molecule of

each component, a Job plot featuring a maxima inflection point at 0.5 on the x-axis is
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expected — indicating that maximum binding occurs when each component is present in
equal concentration. Likewise, a maxima at 0.75 mole fraction would be expected for a
complex involving one and three molecules each of the two components present, for

example.

It is important to note that plots obtained from Job’s method of continuous variation should
be analysed with caution. Many examples of incorrect or misleading Job plots have been
found in the primary literature."”>"” Usually, these are due to the use of inappropriate analysis
methods for particular chemical systems, or because of abnormal binding coefficients.
However, these mistakes typically occur when dealing with supramolecular structures,
enzyme-enzyme interactions, and systems containing heavy metals, rather than systems

dealing with organic small molecules.

The Job plot shown in Figure 10 was obtained by continuous variation of the
catalyst:product ratio (102:96) with monitoring of the methoxy chemical shift of 102 in the
'H NMR spectra of the obtained mixture (see Chapter 4.2.8.3 for details). The plot shows a
maximum at 0.474, suggesting an approximate 1:1 ratio for catalyst:product binding under

Job’s standard method of continuous variation.
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Figure 10. Job plot relationship between BIMP 102 and model product 96 suggesting 1:1 binding coefficient.

Next, product-doping studies were performed to obtain direct evidence for a product-
inhibition mechanism. To investigate this effect, the synthesis of aldol adduct 124 was
performed under standard conditions in the presence of varying amounts of aldol-adduct 96
(Figure 11). The main criteria for the choice of 124 and 96 was minimal overlap of

resonances in the "H NMR spectrum of a mixture of both compounds.
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Figure 11. Product-doping experiments in the reaction of 152 with 91
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In the presence of 1.0 eq of 96, the initial reaction rate for the formation of 124 was 2.1
times slower compared to the reaction without any product additive. With only 0.5 eq of
additive the results were very similar, with a rate reduction factor of 1.9. After 10 minutes,
conversion reached almost 60% in the absence of additive, whereas conversion reached only
approximately 30% in the presence of either 0.5 or 1.0 eq of additive. This suggests that 10
mol% of catalyst 102 is effectively inhibited in the presence of at least 0.5 eq additive. Based
on these findings and taking the results of the Job plot into account it is likely that catalyst
102 is poisoned to some extent by competitive binding of the 3-hydroxy ketone products.
However, at 10 mol% catalyst loading, and using the standard reaction conditions, this
process has minimal effect on the outcome of reaction over a duration of 18 hours, and

good yields can be obtained in much lower timespans.

2.7.5 Catalyst decomposition

Another interesting observation made is linked to catalyst decomposition. It was noted from
the NMR spectra of crude reactions that a common impurity was present in almost all the
direct aldol additions performed with catalyst 102. Upon isolation of this impurity, it
appeared to be the primary amine 154 (Scheme 29). In theory, this impurity could readily
arise via aza-Wittig reaction of the iminophosphorane catalyst with a trifluoromethyl ketone
to afford the corresponding trifluoromethyl imine and #7s(para-methoxyphenyl)phosphine
oxide (153). Hydrolysis of the imine by trace water present in the reaction mixture would
thereafter afford the primary amine 154. Alternatively, direct hydrolysis of the

iminophosphorane by water could also be possible. This finding was easily confirmed by
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independent synthesis of 154; hydrogenation of azide 149 over palladium on carbon afforded
amine 154 in 90% yield. The observed decomposition product and the synthesised amine

indeed had matching "H NMR spectra.

0
‘ 0 ""\Pn A j)\ g 153 o "
H CF3 R N H
SN 2
HoN, < _P(PMP); N
“P(PMP), CFy O
102 CFs
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trace H,O —\

()

o

[

Ph o H,, Pd/C 0 Ph\_/Ph
QY MeOH, 1t, 1 h ‘ N
s - O
O H/\ 90% H N,
N3
154
149 catalyst decomposition
product

Scheme 29. Trifluoromethyl ketones catalyse the decomposition of iminophosphoranes via an aza-Wittig reaction.

With this knowledge we were able to rationalise the failure of some substrates to afford any
product in the studied aldol reaction. Trifluoromethyl ketones bearing highly electron-
withdrawing substituents generally failed. This can be explained by the acceleration of the
aza-Wittig reaction with electron-poor substrates compared to electron-rich trifluoromethyl
ketones, and hence the rapid depletion of all active catalyst. In these examples,
decomposition of the catalyst is significantly faster than aldol addition. For example, with

bis(3,5-trifluoromethyl) trifluoromethyl ketone 134, full decomposition of 10 mol% catalyst
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is achieved in less than 10 minutes under the standard reaction conditions. Even with 100
mol% 102, only traces of the reaction between 95 and 134 is observed; otherwise only clean
catalyst decomposition to amine 154 is found. These findings represent the largest drawback
of this new methodology. However, this side-reaction can be significantly limited in some
examples by slow addition of the trifluoromethyl ketone to the reaction mixture, thereby
ensuring a lower concentration of the electrophile relative to catalyst 102 and the methyl
ketone substrate. In particular, the slow-addition technique was found to be essential in the
preparative scale synthesis of 4-bromo aldol adduct 104 (described in Chapter 2.5), due to

the lower catalyst loading of 2 mol%.

Primary amine catalysis is typically employed for aldol addition reactions of alkyl ketone pro-
nucleophiles. Hence, for the avoidance of doubt, the role of amine 143 in the model reaction
between acetophenone and 91 was examined (Scheme 30). As expected, 154 is not

catalytically competent in this reaction and did not afford any trace of aldol adduct 96.

o} Ph\/Ph
‘ [standard conditions] O OH

0
Mo — O ) 7 = e~ Aren

3 H NH, CF3
95 91 154 96

primary amine side-product is
not catalytically active

Scheme 30. Testing primary amine 96 for catalytic competency in the aldol addition of 95 to 91.
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2.7.6 Retro-aldol activity

Given the high basicity of catalyst 102, and the relatively low pK, of the tertiary-alcohol
products compared to the ketone substrates, we expected to observe some level of retro-
aldol activity. However, subjecting the enantioenriched model product 96 to BIMP 102
under the standard reaction conditions for 7 days showed no erosion of enantiopurity, or
any acetophenone release (Scheme 31). This experiment suggests that BIMP 102 does not
catalyse this reverse/degradation process. The pK, of product 96 is expected to be in the
range of BIMP basicity (approximately pK, 24-26 in MeCN). Hence, it is unlikely that the
resistance of the aldol products towards degradation under BIMP catalysis can be explained
solely on the basis of relative pK.’s, suggesting that steric hindrance may play a role. Catalyst
102 may not be able to efficiently access the alcohol proton due to high steric crowding
around this tertiary carbon centre. Furthermore, intramolecular H-bonding may lend some

additional stability to the aldol adducts.

Furthermore, exposure of aldol product 96 to a stoichiometric quantity of BIMP 102,
following by quenching with deuterium oxide did not lead to deuterium incorporation at the
a-keto position to afford d;-96. Hence, the given rationalisation for the lack of retro-aldol
activity on the basis of steric repulsion may also explain why over-addition is not observed;
catalyst 102 also cannot access and enolise the a-keto CH» position. Meanwhile, efficient a-
deprotonation followed by deuteration of acetophenone (95) was observed to occur with

BIMP 102 to afford di-acetophenone (d;-95), further supporting the hypothesis that steric
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hinderance due to the adjacent tertiary centre prevents the formation of over-addition

products.
(o} (e}
O OH BIMP 102 )j\ + )j\ (0] OH
Ph CF Ph ey
Ph)j\/*c;;:Ph # ° Ph/u\/*CFPh
3 CPME, -15 °C, 7 days 9% 91 :
96; 97:3 er no retro-aldol recovered 96
observed 97:3 er
o A )
O OH ii) 102 (1.0 eq) ~{#P=R ii) D,O O OH
1
oA Apn H 7 > PhM “Ph
CF3 o CF3
THF, rt, 30 mins D
96; 97:3 er Ph)\g no D incorporation d,-96
- R -
R
R
r"‘s\ NG E’;R " 0
Q i) 102 (1.0 eq) N i) DO b
H
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Scheme 31. No retro-aldol activity or deprotonation of the alpha-keto position is observed in 96.

2.8 Conclusion

In summary, a method for the enantioselective direct aldol addition of (hetero)aryl methyl
ketones to a-fluorinated (hetero)aryl ketones has been developed. Reliant on a novel BIMP
catalyst, 102 has sufficient superbasicity to rapidly enolise aryl methyl ketones, which are
trapped by trifluoromethyl ketones to allow facile access to a library of chiral 3-hydroxy

ketone scaffolds. The protocol is tolerant of a range of functional groups and affords
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enantioenriched products with generally high yield and enantioselectivity. A range of late-
stage modifications demonstrated the high synthetic utility of the products with the

preparation of enantioenriched building blocks.

NMR studies of the catalytic system revealed several interesting findings. Most notably, the
developed method boasts a >1400-fold rate enhancement compared to the previous state-
of-the-art catalytic procedure. Evidence for inhibition of the catalyst by the tertiary alcohol
products was also found »iz product-doping experiments and the preparation of a Job plot,
which suggests a 1:1 binding stoichiometry. The reaction was amenable to preparative scale
synthesis; decagrams of product could be isolated without chromatography, and the product
can be crystallised to enantiopurity. Recovery of the catalyst was achieved through an
operationally simple procedure and recycling was demonstrated without degradation of

catalytic activity.
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Chapter 3

Catalytic Enantioselective

Synthesis of 2-Pyrazolines

31 Chapter overview

This chapter describes the concepts relevant to pyrazoline synthesis and the related reactivity
of hydrazine-type reagents. Against this backdrop, the development of a catalytic strategy
for the enantioselective synthesis of 2-pyrazolines utilizing hydrazines in a simple one-pot
approach is detailed. A readily prepared bifunctional Cinchona-derived amide is key to a two-
stage catalytic aza-Michael addition/condensation strategy. The use of aldehydes to generate
hydrazone derivatives 7z situ is central to curtailing background reactivity of the hydrazine

reagents and tuning the catalyst-controlled enantioselectivity. The developed method is
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easily performed, broad in scope, and tolerates a range of functional groups.
Enantioselectivity is generally high and up to >99:1 er was achieved. Significant scalability
of this methodology was demonstrated with the synthesis of over 80 grams of a pyrazoline
product in a single batch. Furthermore, the catalyst was easily recovered and reused without

issue.

3.2 Introduction

Nitrogen-containing heterocycles constitute one of the most important and abundant classes
of chemicals, and their ubiquity surpasses that of all other heterocycle varieties.”*"”” Unique
reactivities and therapeutic roles have cemented the proliferation of these heterocycles in
the pharmaceutical, agrochemical and materials industries. As with the broader field of
nitrogen-based chemistry, there is a justified demand for new and increasingly sophisticated
synthetic methods to access nitrogen heterocycles due to the massive therapeutic potential
that has been realized thus far. Specifically, the development of enantioselective approaches
towards optically active heterocycles is needed to further leverage their applications in

efficient ways.

Over 200 natural products are known to contain an N-N bond. Figure 12 illustrates some
of the structural diversity found in these naturally occurring compounds.'” For example, the
dimeric indolo-sesquiterpene dixiamycin B (158), which was recently synthesized by Baran
and co-workers by an electrochemical oxidative N-N coupling, was found to be an order of
magnitude more potent that its constituent monomeric indole in antibacterial assays.'”

Furthermore, N-N bonds are commonplace in synthetic therapeutics. Three of the
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bestselling drugs of 2019 contained this structural feature; Januvia (159), Imbruvica (160)
and Eliquis (161) totaled $24 billion in sales during 2019 alone.*"* Likewise, heterocycles
featuring 3- or 4-contiguous nitrogen bonds are abundant in agrochemical compounds, for
example, the recently approved next-generation fungicides Pavecto (162) and Indiflin

(163).*>?" The subject of this Chapter — pyrazolines — are also common motifs, particulatly

Januvia ’O
(159) Ph

(0]
Imbruvica \

(160)

\"N
)" N Pavecto

Eliquis o\ (162)
i o (161)
Ph
N7 _
/N
\‘N
ph” N
Indiflin Ph
(163)
natural product (164)

PAK inhibitor
for Alzheimers disease (165)

c’)\?J"COzH y /Q/m dH
H

5 Ofl\ﬂo_\ QQ
(

Mefenpyr (167)

N
H

antipsychotic agent (166) natural product (168)

Figure 12. Man-made (blue coloured) and naturally-occurring (green coloured) compounds featuring N-N bond
containing heterocycles.
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in man-made N-N bond containing heterocyclic compounds (164-168). The vast array of
structural diversity displayed by N-N heterocycles also includes cyclic hydrazines,

hydrazones, piperazines, pyradizines, and indazoles.

Pyrazolines represent some of the most therapeutically useful N-N bond containing motifs,
finding widespread use in small-molecule drugs and agrochemicals. *"*"* Furthermore, the
use of pyrazolines as valuable intermediates in the synthesis of cyclopropanes (through N>
extrusion) and pyrazoles (by oxidation) is well-documented.”™° A wide variety of
functional diversity has been reported around these simple 5-membered rings. Specifically,
optically active pyrazolines and their derivatives have long been in high demand for their
intrinsic  biological properties, and significant effort has been invested into the
stereoselective preparation of pyrazolines.”’” The remainder of Chapter 3 will focus on

methods of preparation for pyrazolines in their racemic and enantioenriched forms.

3.21 Preparation of racemic pyrazolines

Most typically, racemic 2-pyrazolines are prepared using hydrazines in a condensation-
Michael addition reaction to furnish the unsaturated 5-membered ring (Scheme 32A).*'*>%
In this context, hydrazines are highly reactive nucleophiles, and simple mono-substituted
alkyl hydrazines rapidly react with chalcones to afford 3,5-bis-aryl-2-pyrazolines. Hence, the
use of hydrazines in the synthesis of racemic pyrazolines is well established under mild

conditions. However, the high reactivity of hydrazines also limits their application in

stereoselective synthesis due to elevated background reactivity even at reduced temperatures.
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Another well-established method for the manufacture of racemic 2-pyrazolines is the 1,3-

dipolar cycloaddition (Scheme 32B).”**** The i situ generation of highly reactive nitrile

imines from C-halo-hydrazones yields 2-pyrazolines following cycloaddition with an alkene.

A)
H . .
HN" @ hydrazine/hydrazide

o) g

.)l\/\. > N| N
condensation-Michael addition .)\)_.

® highly reactive hydrazines

@ stereocontrol is limited and challenging

® convenient for racemic 2-pyrazoline preparation

B)
> .
.)\N. Y halo-hydrazone ’
e N-N
> 1
1,3-dipolar cycloaddition .)\)_'

® short-lived, highly reactive nitrile imine

@ stereocontrol is rare and requires biased substrates
C)

’ 14
N,N\K cat. [Cu], O, N-N

H dehydrogenative coupling

%
g

® substrate tolerance limited by harsh conditions

® no enantioselective methods reported

via:

via: -9
N
IN°
«”
via: ?
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Scheme 32. Strategies towards racemic 2-pyrazoline preparation, including: (A) Michael additons (B) cycloadditions,

and (C) dehydrogenative coupling reaction.

Due to the high reactivity and short lifetime of dipolar nitrile imines, enantioselective

cycloaddition reactions leading to optically active 2-pyrazolines are relatively rare and limited

to highly biased substrates under cryogenic conditions. Finally, 2-pyrazolines have been
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prepared by dehydrogenative coupling of alpha-alkyl hydrazones (Scheme 32C).”” However,

no enantioselective variants of this reaction have been reported, to the best of our knowledge.

3.2.2 Enantioselective preparation of pyrazolines

Enantioselective, auxiliary-free methods to access 2-pyrazolines remain relatively limited.
Kanai reported in 2000 the first enantioselective synthesis of this chemical family through a
Lewis acid catalyzed 1,3-dipolar cycloaddition of TMS-diazomethane (169) to alkenoyl-
oxazolidinones such as 170.** The strategy relied on a cooperative chiral-ligand/achiral-
auxiliary approach with a Mg-centered Lewis-acid formed 7 situ from MgBr, and BOX
ligand 171 (Scheme 33). Cryogenic temperatures were required to maintain high levels of
enantioselectivity but resulted in long reactions of up to 4 days to achieve satisfactory yields.
Importantly, 169 was chosen as a non-coordinating dipole to ensure the Lewis-acidic catalyst
is not deactivated by dipole association. The authors suggest a trigonal bipyramidal transition
state around a central magnesium atom ligated with the dipolarophile and ligand. High
enantiofacial discrimination is dictated by efficient chiral shielding by the suitably positioned

phenyl groups of the remote oxazolidines.

83



Kanai et. al. (2000)
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0 NJ\/\ CH,Cl,, 4A MS, 96 h, -78 °C 0" N7 N ; O™ N,
- . LN L -
170 1,3-dipolar cycloaddition Ph Ph
172; 87% yield : 171
99% ee '

1 of 6 examples

Proposed stereochemical model:

Scheme 33. An enantioselective 1,3-dipolar cycloaddtion of diaozmethanes catalysed by a chiral Lewis acid complex.

Kanai’s seminal report was subsequently followed by Sibi and co-workers with a similar
preparation via the 1,3-dipolar cycloaddition reaction of 7 situ generated nitrile imines (from
173) and pyrazolidinone-derived dipolarophiles 172 (Scheme 34).”"' The method uses a
cyclopropyl-bridged BOX ligand (174) to afford highly enantioenriched 2-pyrazolines — 175
was isolated in 93% yield with 99% ee. While both cycloadditions reported by Kanai and
Sibi afford products with high enantioselectivity, they suffer from unattractive reaction

conditions and poor efficiency with respect to the low atom-economy of auxiliaries.
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Sibi et. al. (2006)

Br
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Scheme 34. Enantioselective 1,3-dipolar cycloaddition of nitrile imines reported by Sibi.

In 2009 List and co-workers presented a conceptually novel electrocyclization of «,3-
unsaturated hydrazones such as 176, promoted by the BINOL-derived chiral phosphoric
acid 177 (Scheme 35). Products were isolated in high yield and with excellent
enantioselectivity, for example N-phenyl-2-pyrazoline 178 was obtained in 85% yield and
with 93:7 er.”” Although this protocol requires long reaction times of 3-4 days, the mild
conditions and easily prepared catalyst make this an attractive method. However, the
application of the method was limited to only 5-methyl substituted products. Mechanistically,
the authors noted that the conjugated hydrazone substrate would have to undergo two
conformational changes to be positioned in a reactive form for the subsequent cyclisation.
Specifically, the reactive conformation is (Z)-s-¢is, requiring C-C single-bond rotation along
with C-N double-bond isomerization. Indeed, these isomerization events were observed
upon addition of the phosphoric acid 177 and could be followed over time by HPLC analysis.
The ensuing 6m-electrocyclization generally afforded 2-pyrazolines with a high degree of

enantioselectivity.
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List et. al. (2009)
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Scheme 35. A conceptually novel enantioselective electrocyclisation of hydrazones from List and co-workers.

More recently, the enantioselective synthesis of 2-pyrazolines under phase-transfer
conditions was demonstrated by Briere and co-workers.”>** In this elegant method, the
addition of carbazates, for example Boc-hydrazine 179, to chalcones (e.g., 180) is catalyzed
by quaternary Cinchona alkaloid salt 181 (Scheme 36). The authors propose that the high
enantioselectivity of this straightforward method is a result of tight chiral ion pair formation
between the ammonium catalyst and carbazate anion. Model product 182 was isolated in 77%
yield and 92% ee. While effective, this method is limited to simple substituted chalcones.
Deng also reported a similar phase-transfer method using N-benzyl-N-Cbz protected

hydrazines.”
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Briere et. al. (2010)
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Scheme 36. Enantioselective phase-transfer catalysed synthesis of 2-pyrazolines.

Collectively the methods outlined above represent a valuable toolkit for the synthesis of
enantioenriched 2-pyrazolines. However, limitations such as the requirement for auxiliaries
and/or pre-formation of hydrazones characterize inadequacies in the available methods.
Furthermore, the clear limitations of substrate scope pave the way for new methodologies.
Hence, the challenge of developing a broadly applicable platform for the metal-free,
expeditious synthesis of enantioenriched 2-pyrazolines remained attractive to us.

Opportunities for new catalyst design further bolstered the appeal of this challenge.

3.2.3 Hydrazines and the alpha-effect

In a view to prepare pharmaceutically relevant chiral heterocycles from simple building
blocks, we recognized hydrazines as commercially available nitrogen-nitrogen synthons for
the preparation of 2-pyrazolines. The lack of enantioselective methods utilizing these
reagents in their reaction with enones is most likely due to their high reactivity resulting in
challenging stereocontrol. Hydrazines have inherently higher nucleophilicity compared to
their corresponding amines. For example, methyl hydrazine is empirically more nucleophilic

than methyl amine.” This phenomenon is termed the alpha-effect and is purported to arise
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in many nucleophiles bearing a heteroatom adjacent to another nucleophilic heteroatom,
resulting in anomalously high reactivity.”* Similar effects have also been observed in
oxygen-based nucleophiles; for example, the peroxide ion (HOO)) is significantly more
reactive than the hydroxide ion (HO'), meanwhile hydroxylamine (NH,OH) is about 100
times more nucleophilic than ammonia (NH3). Rate accelerations due to the alpha effect of
up to 1000-fold have been reported, and enhanced reactivity at electrophilic positions such
as phosphorus centres, carbonyls, carbocations, and unsaturated C-C bonds have all been

demonstrated.

The so-called supernucleophiles collectively play an important role in synthetic chemistry,
yet no consensus has been reached on the physical theory behind the alpha-effect.”' The
original proponents of this phenomenon — Edwards and Pearson in 1962 — hypothesised
that the adjacent lone-pair of the additional heteroatom can stabilise partial-positive charge
formed during nucleophilic attack.* However, recent investigations in solution and gas-
phase have failed to produce an overarching theory, and it remains unclear if the alpha-effect

arises from physical properties intrinsic to the nucleophile or if a larger solvent-effect is in

play.

3.3 Reaction Development

To circumvent the supernucleophilicity of hydrazines we envisaged the use of an aldehyde
to generate a hydrazone derivative 2z sitn. Hydrazones are typically less reactive, and as such,

hydrazines may become amenable to enantioselective chemistry through their temporary
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‘masking’.*** Furthermore, the aldehyde component would provide an additional handle
for tunability during optimization of the reaction through variation of its steric and/or
electronic properties. With the use of a chiral, non-racemic catalyst this approach could
promote an enantioselective aza-Michael addition of the masked hydrazine to enones
(Scheme 37). With the stereocenter set, cleavage of the hydrazone would release a primary
amine from the masked hydrazine. Subsequent intramolecular condensation would then

afford enantioenriched 2-pyrazolines.
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Scheme 37. Concept for the enantioselective synthesis of 2-pyrazolines through a two-step one-pot strategy.

3.31 Proof of concept: the enantiodetermining aza-Michael addition
To explore feasibility of the aforementioned reaction system, the key stereoselective step
was initially investigated. Firstly, to confirm our expectations for the high reactivity of

hydrazines, we treated chalcone 180 with methyl hydrazine in diethyl ether at -15 °C to obtain
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2 94% yield of 2-pyrazoline 183 after only 15 minutes (Table 2; entry 1). This result illustrates
the high background reactivity that is necessary to be overcome to access 183 with
satisfactory enantioselectivity. Subsequently, a screen of 1%~ and 2"-generation BIMP
catalysts failed to afford any significant level of enantiocontrol in the same reaction (Table
2; entries 2-11). Adjustments to reaction temperature, solvent concentration and
stoichiometry provided a best-case result of 54% yield and 65:15 er, when using 30 mol%
of thiourea BIMP 185 and 2.0 eq of methyl hydrazine in 0.02 M diethyl ether at -15 °C.
Furthermore, Cinchona derived catalysts 189-191 performed very pootly, failing to afford 183

with better than 55:45 er (Table 2; entries 12-14).

Given the failure of selected organocatalysts to mediate the hydrazine addition reaction with
any acceptable level of enantioselectivity, we continued with our hydrazone plan as outlined
earlier. As a model system, methylhydrazine-derived hydrazone 192 was prepared ex sit# and
reacted with chalcone 180 in the presence of various organocatalysts. It was hypothesized
that a bifunctional Bronsted base/H-bond-donor catalyst could efficiently affect the desired
enantiodetermining aza-Michael addition step. Importantly, the model system of chalcone
180 and hydrazone 192 did not afford any aza-Michael adduct 193 in the absence of a catalyst

after 7 days at room temperature in toluene (Table 3; entry 1).
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2 57 [30 mol%] 4.0 05 rt 95% 60:10
3 184 [30 mol%] 4.0 05 rt 84% 525475
4 185 [30 mol%] 4.0 05 rt 93% 555445
5 186 [10 mol%] 2.0 0.25 rt 81% 545455
6 187 [10 mol%] 2.0 0.25 rt 99% 58:42
7 188 [10 mol%] 2.0 0.25 rt 86% 50:50
8 185 [30 mol%] 4.0 05  -15°C 89% 55:45
9 185 [30 mol%] 4.0 05  -78°C 0% -
10l 185 [30 mol%] 2.0 0.02  -15°C 54% 65:15
11 185 [30 mol%] 2.0 0.02  -15°C 41% 645155
12 189 [30 mol%] 2.0 0.1 rt 82% 50:50
13 190 [30 mol%] 2.0 0.1 rt 87% 52:48
14 191 [30 mol%] 2.0 0.1 rt 81% 55:45
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Table 2. Attempted optimization of the aza-Michael addition/condensation of methylhydrazine to chalcone (180), and the structures of
selected investigated catalysts. [a] isolated yields. [b] er determined by chiral stationary-phase HPLC. [c] 15 minutes reaction time. [d]
dropwise addition of methylhydrazine (in Et,O) over 2 hours.
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Primarily we envisaged the use of a bifunctional iminophosphorane superbase such as the
catalysts developed by the Dixon group described in Chapter 1.5.5. It was expected that
these superbasic catalysts should be competent in the desired aza-Michael addition.
Surprisingly however, after 24 hours at room temperature in toluene, with 10 mol% of BIMP
catalyst 185 or 98 afforded only 20% and 4% conversion to aza-Michael product 193, both
with unsatisfactory enantioselectivities of 56:44 er and 53:47 er, respectively (Table 3; entries
2 and 5). These disappointing results could be due to competition with rapid retro-Michael
addition; however, this possibility was not studied. Hence, we were alerted to the possible
problem of reversibility and therefore erosion of enantioselectivity under base-catalyzed
conditions, and suggested that “taming” of the Bronsted base catalyst would be necessary
to achieve an efficient method. Initially we attempted to reduce the basicity of BIMP catalyst
185 by using electron-neutral and electron-poor phosphines in the formation of the
iminophosphorane. Substituting the electron-donating #7s(para-methoxy phenyl)phosphine
for electron-withdrawing #7s(3,5-bis-(trifluoromethyl)phenyl)phosphine to give BIMP 195
reduced the conversion to only 12% with negligible enantioselectivity of 52:48 er (Table 3;
entry 3). As a middle-ground experiment, triphenylphosphine-derived iminophosphorane
196 was tested and found to give 13% conversion to the desired aza-Michael intermediate

again with only 52:48 er (Table 3; entry 4).

The disappointing results directed us to investigate alternative organocatalyst architectures.
Considering the proliferation of Cinchona alkaloid derived structures in organocatalysis, our

attention naturally turned to these scaffolds. Furthermore, Cinchona alkaloids are much less
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basic than BIMPs, therefore reducing their ability to catalyse the retro aza-Michael addition

of 193.
Ph
o) lllH lNr Ph N, .~
. AN Z N
N 0 N
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Ph)j\/\Ph ! oH Z
Ph) PhMPh Ph Ph
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180 o2 (0.25M 193 194
(1.0 eq) (2.0 eq) aza-Michael adduct Michael adduct
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1ld) - 0 0 -
2 185 20 0 56:44
3 195 12 0 52:48
4 196 13 0 52:48
5 98 4 0 53:47
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Table 3. Optimization of the enantiodetermining aza-Michael addition of hydrazone 192 to chalcone (180), and the structures of
selected investigated catalysts. [a] determined by 'H NMR analysis of crude reaction mixture. [b] er determined by chiral
stationary-phase HPLC. [c] 194 was always obtained as a racemic mixture. [d] performed for 7 days.
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We embarked on a screening program of various Cinchona-derived organocatalysts. All
catalysts were either obtained directly from our in-house database or synthesized from the
commercially available alkaloids. Catalysts of this type are prepared in two simple steps from
cinchonidine (201), namely Mitsunobu deoxy-azidation and subsequent 7» sz« Staudinger
hydrolysis, followed by amide-bond formation (Scheme 38). This investigation yielded
some promising results from early on. Utilizing the parent alkaloid cinchonine (189) afforded
aza-Michael product 193 with 86% conversion and 71:29 er after 24 hours at room
temperature (Table 3; entry 6). Use of O-benzyl cinchonine (197) resulted in a selectivity
decrease and, interestingly, a reversal of the dominant enantiomer of product to give 193 in
36:64 er (Table 3; entry 7). Variation of the H-bond donor to give the cinchonidine-derived
bifunctional urea (190) resulted in an enhancement to 80:20 er, while the cinchonidine-
derived sulfonamide 198 similarly afforded 193 with 82:18 er (Table 3; entries 8-9). Pivoting
from a sulfonamide to an amide further boosted stereoselectivity. Amides 199 and 200
derived from reacting (4-nitro)benzoyl chloride or (3,5-dichloro)benzoyl chloride with 9-
amino-(9-deoxy)-epicinchonidine improved selectivity to 86:14 and 87:13 er, respectively
(Table 3; entries 10-11). Following this lead, a panel of amides derived from amine 202 were
synthesized but failed to improve on the selectivity observed with catalyst 200. A broad-
spectrum screen of aprotic solvents was also conducted. Highly polar solvents such as
DMSO and DMF performed very pootly, possibly due to their propensity to interrupt the
H-bonding required for organization. Meanwhile ethereal solvents such as diethyl ether and
THF afforded moderate enantioselectivities (see Chapter 4.3.1 for full optimization table).

Anhydrous toluene ultimately proved to be optimal.
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i) PPhg, DIAD, DPPA z j\
ii) PPhg N R” Cl

iii) HyO
_—
z NH . ,
Mitsunobu-Staudinger N | 2 amide formation
sequence S

202

201

Scheme 38. General stratgey for the synthesis of cinchona-amide catalysts.

3.3.2 Competitive Michael addition

Michael adduct 194 was unexpectedly observed in many cases as a competitive side-product
when using Cinchona-derived catalysts. The Michael adducts were always racemic, and their
formation most likely proceeds through the mechanism illustrated in Scheme 39; reversible

aza-Michael addition subsequently leads to irreversible Michael addition through the imine

Ph
o | reversible ir /
.NH aza-Michael N N
J\/\ ) o N —_ = N Ph
Ph P T I &

Ph Ph Ph Ph

180 192 193 183
|
| R N*
.NH ambiphillic N H
irreversible IN reactivity )_
Michael J - »
Ph )
electrophillic nucleophillic
/

194

-H,0 N Ph
Ph Ph Ph Ph Ph Fh
B

Scheme 39. Proposed mechanism for the formation of undesired Michael adducts, hinging on the ambiphillic

properties of hydrazones.
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carbon atom of 192 to form a new C-C bond (intermediate A), thereby creating a kinetic
trap for the undesired side-process. The dihydropyridazine Michael adduct 194 is ultimately
formed following tautomerization of azene A to hydrazone B and subsequent condensation
onto the adjacent carbonyl. However, this plausible mechanism was not studied

experimentally.

NH,

H
N\/'\l‘-Bu 0

o)
| 205 (10 mol%
o H. ( ) _ NO,
N 2-F-PhCO,H (20 mol%) N

o .
CPME, 1t Nen
NO

203 204
NO,
t206:207 206 207;91% ee
3h 937 [aza-Michael] [Michael]
24h 60:40
72h  20:80
138 h 1:99

Scheme 40. Precedent for aza- vs carba-Michael addition competition, from Ye and co-workers.

This mechanistic model is consistent with the well-known ambiphillic nature of
hydrazones.”***" Indeed, processes of this type have been reported before. For example, Ye
and co-workers reported a similar competitive system, wherein the enantioselective aza-
Michael (and Michael) additions of hydrazones (e.g., 204) to ¢yic enones such as
cyclohexanone (203) were both catalyzed by a chiral diamine salt formed 7z situ from diamine
205 and (2-fluoro)benzoic acid (Scheme 40).** In the early stages of the reaction almost all

product was that of the aza-Michael addition (206), however, the authors observed
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concomitant steady decrease in 206 concentration with an increase of Michael addition

product 207.

3.3.3 Optimisation of the hydrazone

Attention next turned to structural variation of the hydrazone and its potential as a further
point of optimization. The electronic and steric influence of the arene component of the
hydrazone on the stereochemical outcome of the reaction was the focal point of study. With
4-methyl and 2-methyl hydrazones 208 and 209 enantioselectivity was modestly improved
to 89:11 and 88:12 er, respectively, compared to 87:13 er with unsubstituted phenyl
hydrazone 192 (Table 4; entries 2-3). Pleasingly, hydrazone 210 derived from 4-fert-butyl
benzaldehyde was found to give the most substantial, although small, uplift in
enantioselectivity to 90:10 er (Table 4; entry 4). Further investigations were fruitless:
hydrazones derived from 4-fluorobenzaldehyde (211), 4-phenylbenzaldehyde (212), 2-
naphthylaldehyde, (213) and cyclohexylcarboxaldehyde (214) did not demonstrate improved

enantioselectivity (Table 4; entries 5-8).

Further optimization focused on the reaction conditions. Catalyst loading could be reduced
to 10 mol% with negligible effect and coupling this change with an extended reaction time
of 48 hours, and lowering the reaction temperature to -15 °C, afforded fert-butyl aza-Michael

adduct 215 in 93% isolated yield with 95:5 er (Table 4; entries 9-10).
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| I
N

o .NH < Ny
Ay )'N 200 (20 mol%) N ph)uth S O .
180 PhMe [0.25M], it, 24 h
(1.0 eq) (2.0 eq) aza-Michael adduct Michael adduct
desired undesired
entry R aza-Michael (%)/?]  Michael (%)l?]  aza-Michael erl®
1 Ph (192) 56 17 87:13
2 4-tol (208) 87 2 89:11
3 2-tol (209) 65 " 88:12
4 4-tBu-CgHs (210) 90 0 90:10
5 4-F-CgHs (211) 52 1 84:16
6 4-Ph-CgHs (212) 69 3 88:12
7 2-nap (213) 36 5 N.D.
8 cyclohexyl (214) 75 13 67:33
glel 4-tBu-CgHs (210) 68 0 88:12
108 4-tBu-CgHs (210) 93 0 95:5

Table 4. Optimization of the hydrazone in the enantiodetermining aza-Michael addition to 180 catalysed by 200.
[a] determined by "H NMR analysis of crude reaction mixture. [b] er determined by chiral stationary-phase
HPLC. [c] 10 mol% of catalyst 200. [d] performed at -15 °C for 48 hours.

3.3.4 Optimisation of hydrazine release

With a stereoselective aza-Michael addition in hand, we next turned our attention to the
sitn cleavage of hydrazone intermediate 215. A range of reagents and conditions were
explored to promote release of either aldehyde 217 or oxime 218, thereby unmasking the
primary amine in 215, which is positioned for cyclo-condensation. Acidic conditions were
examined first. Convenient solid-supported media including the strongly acidic Amberlyst-
15R® and weakly acidic Amberlite-CG50® resulted in decomposition and no reaction,
respectively (Table 5; entries 1-2). Aqueous hydrochloric acid, or wet silica gel, were also

insufficient to promote cleavage of the hydrazone (Table 5; entries 3-5). Conversely,
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aqueous sulfuric acid afforded a mixture of the undesired Michael product 216, along with

the desired pyrazoline 183, which suffered enantiodegradation to 79:21 er (Table 5; entry 06).

Bu Bu
conditions {
n-N N, -~
| > )I\)- Fhos ~
o SN \ Ph Ph” " ph
WH
.OH
Ph/u\/LPh IO N© 183 216
215 or | pyrazoline dihydropyrjdazine
(90:10 er) desired undesired
Bu Bu
217 218
entry conditions 183 [%]f! 216 [%](1 183 erl®!
1 Amberlyst-15R® decomp. - -
2 Amberlite-CG50® N.R. - -
3 aq. HCl/dioxane, rt, 6 h (1.5 eq) N.R - -
4 aq. HCl/dioxane, rt, 6 h (10.0 eq) N.R - -
5 silica gel, H,O N.R. - -
6 ag. HySO4/MeOH, rt, 6 h (0.5 eq) 70 21 71:29
7 30% NH,OH/MeOH, rt, 2 h (2.0 eq) >95 0 90:10
8 30% NH,OH/MeOH, 60 °C, 2 h (2.0 eq) >95 0 89:11

Table 5. Optimization of the cleavage/cyclocondensation reaction of aza-Michael adduct 215 to afford 2-pyrazoline 183.
[a] determined by "H NMR analysis of crude reaction mixture. [b] er determined by chiral stationary-phase HPLC.

Ultimately, it was found that quantitative and clean removal of the masked aldehyde could

be achieved by addition of 2.0 equivalents of hydroxylamine in methanol at room

temperature for 2 hours (Table 5; entries 7-8). Under these conditions, oxime 218 is released

and easily separated from the desired product by column chromatography. The unmasked

primary hydrazine could not be observed by 'H NMR, suggesting that spontaneous

condensation occurs immediately to give the 2-pyrazoline 183. Importantly, no erosion of

enantiopurity was observed in this transformation.
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3.3.5 A one-pot protocol

Having streamlined the aza-Michael addition and hydrazone cleavage steps, we finally set
out to include 7z situ formation of the hydrazone from methylhydrazine and aldehyde 217 in
the reaction protocol. We were pleased to find that no significant optimization was necessary.
Hydrazone 210 could be formed in the same reaction solvent (toluene) used for subsequent
steps, and at the same concentration. The addition of molecular sieves was necessary to
prevent a loss of enantioselectivity in the subsequent enantioselective addition step. Hence,
a streamlined one-pot strategy to deliver enantioenriched 2-pyrazolines from hydrazines was

produced (Scheme 41).

(i) PhMe, 4 h, rt, 3A MS =
(i) then:
o]
MeNHNH, N

180
PhJ\/\ Ph

. / z NH
Q 200 (10 mol%), -15 °C, 48 h NN |
(10 mol%), - s _ )|\)—Ph Na o Cl
H o Ph
(iii) then:
l NH,OH % wt. in MeOH), 2 h, rt
Bu 217 20 (30 % wt. in MeO ), ’ 183; 90% yield cl
95:5 er 200
[one-pot]

Scheme 41. Streamlined one-pot method for the enantioselective synthesis of model product 183 from chalcone
and methylhydrazine.

In summary, hydrazone 210 was prepared from methylhydrazine and 4-zerr-
butylbenzaldehyde (217) in toluene at room temperature for 4 hours in the presence of 3A
molecular sieves. The mixture was cooled to -15 °C, followed by addition of catalyst 200 and
chalcone (180). After 48 hours, hydroxylamine in methanol was added at room temperature,
and the reaction worked up and purified by column chromatography after 2 hours, allowing

2-pyrazoline 183 to be isolated in 90% yield and 95:5 er.
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3.4 Evaluation of Reaction Scope

3441 Scope with respect to bis-aryl enones

With an efficient and practical protocol in hand, assessment of the method with respect to
the enone scope was pursued. Pleasingly, minimal variation of enantioselectivity was
generally observed across an array of substrates (Scheme 42). Chalcones with substitution
at the 4-position of either arene ring were well-tolerated; 4-bromo (219), chloro (220), vinyl
(221), nitro (222), nitrile (223) and benzoate (224) products were all isolated with at least 95:5
er and high yields. Whereas when the starting chalcone was substituted with a 4-methoxy
group, the one-pot method afforded product 225 with only 46% yield and a poorer
enantioselectivity of 91:9 er. Addition of the medicinally relevant difluorocyclopropane
motif at the 4-position afforded 226 with 91:9 er and 1:1 dr (at the benzylic cyclopropane
carbon).*”*" Substitution at the 3-position of one arene ring was tolerated — 3-methyl
derivative 227 was obtained with 94:6 er and 51% yield. Unfortunately, the method showed
little tolerance for ortho-substituents and only the 2-fluoro product 228 could be prepared,
with the fluorine atom only tolerated on the ketone side of the starting chalone. This lack of
tolerance for ortho-substitution is possibly due to the interruption of key H-bonds by the
placement of additional steric bulk near essential binding sites. Chalcones with bis-
substitution of relatively neutral or electron-withdrawing groups performed well; indane 229,
3,5-bis-trifluoromethyl 230, and 3,4-dichloro 231 were all isolated with high enantioselectivity.
Meanwhile, less satisfactory enantioselectivities were obtained with bis-substituted electron-
rich chalcones, including dioxole 232 (82:18 er) and 3,4-dimethoxy (233, 81:19 er).

Heterocycles were also competent substrates, albeit with disappointing enantioselectivities.
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(i) PhMe, 4 h, rt, 3A MS =
(i) then:
(0}
MeNHNH, N

o ,

C . N z NH
200 (10 mol%), -15 °C, 48 h N N cl
] - ./I\)" 0
(i) then:
By 217 NH,OH (30% wt. in MeOH), 2 h, rt cl
200

[one-pot]

220, 83%
95:5er 96:4 e.r 95:5er 95:5e.r

222, 82% 223, 85% 224, 78% 225, 46%
955 er 95:5e.r 95:5er 919e.r

226, 87% 227, 51% 228, 92%
1:1dr 946 e.r 94:6 er 95:5er
919er

CF3  230,72% Cl 231,92% 232, 79%e! 233, 69%!!
96:4 e.r 95:5er 82:18 er 81:19 e.r
/ N /
N-N S N- 5 N-N
| N I r I
N
< X
L, ‘
N N A
234, 78% 235, 73%l0 236, 70%
919er 83.5:16.5e.r 81:19 er

Scheme 42. Scope of the one-pot synthesis of enantioenriched 2-pyrazolines with respect to bis-aryl chalcones.
[a] performed in CH,Cl,. [b] performed at -40 °C.
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Thiophene product 234 was obtained with 78% vyield and 91:9 er, while 2-pyrazolines
prepared derived from either a pyrazine (235) or pyridine (236) performed less satisfactorily,
affording products with only 83.5:13.5 er and 81:19 er, respectively. The poor selectivity is
most likely due to the presence of Lewis-basic nitrogen atoms, which may interfere with the
discreet hydrogen-bonding interactions between catalyst 200 and the respective substrates

that are essential for high stereocontrol.

3.4.2 Scope with respect to alkyl enones

Chalcones derived from alkyl aldehydes (i aldol condensation with the corresponding
acetophenone) were remarkably compatible with the newly developed method (Scheme 43).
Cyclohexyl- and cyclopropyl-pyrazolines 237 and 238 were both furnished with an excellent
selectivity of 98:2 er. Furthermore, #-hexyl substituted pyrazoline 239 was obtained as a
single enantiomer (>99:1 er) in 82% yield when performed at -40 °C for 24 hours. Ynenones
also behaved efficiently in the one-pot method to afford the 5- and 3-alkyne substituted 2-
pyrazolines 240 and 241 in 95:5 er and 97:3 er, respectively. Alkenyl 2-pyrazoline 242 was
prepared from a symmetrical bis-enone in 73% yield and 89:11 er. Finally, 3-trifluoromethyl-
2-pyrazoline 243 was obtained in 80% yield and 95:5 er following reaction at -40 °C. 2-
Pyrazoline structures bearing a 3-CF; substituent such as 243 are particularly common in
drug molecules, making this an attractive example in the context of pharmaceutical

development.”'=>
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(i) PhMe, 4 h, rt, 3A MS =z
(ii) then:
(0]
MeNHNH, N

P ,

+ z NH
0 200 (10 mol%), -15 °C, 48 h N-N |
.)\)-o Na cl
H o (e}
(iii) then:
Bu 217 NH,0H (30% wt. in MeOH), 2 h, rt
200 ©
[one-pot]
/ /
N‘N N*N
I I
237, 55% 238, 89% 239, 82% 240, 73%
98:2er 98:2er >99:1 e.r 95:5er
/ /

-N N /

N. NN

4 CFy
Ph

241, 87%®! 242, 73%l4l 243, 80%!®1

97:3er 8911 er 95:5 er

Scheme 43. Scope of the one-pot synthesis of enantioenriched 2-pyrazolines with respect to enones substituted with
alkyl, alkene and alkyne groups. [a] performed in CH,Cl,. [b] performed at -40 °C.

3.4.3 Scope with respect to the hydrazine

Variation of the hydrazine substrate afforded the N-ethyl (244), N-cyanoethyl (245), and IN-
benzyl (246)-2-pyrazolines in good yield and enantioselectivity at reaction rates similar to the
model methyl hydrazine system (Scheme 44). These examples demonstrate the wider
applicability of this chemistry towards the synthesis of a broad range of products.

Unfortunately, the use of phenyl hydrazine did not afford any product.
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(i) PhMe, 4 h, rt, 3A MS Z
H (ii) then: o
HN" e 180 N
Ph)l\/\Ph

t 0 0 . N,N, z | NH
200 (10 mol%), -15 °C, 48 h - )|\/‘0-Ph NeS al
H Ph
(iii) then:
Bu 217 NH,0H (30% wt. in MeOH), 2 h, rt

200

Cl
[one-pot]

244, 88%laP] 245, 56%l2 246, 79%!2.c]
946 e.r 92:8 er 95:5er

Scheme 44. Scope of the one-pot synthesis of enantioenriched 2-pyrazolines with respect to the hydrazine.
[a] performed in CH,Cl,. [b] with EtNHNH,-oxalate and 1.95 equiv DIPEA. [c] with BANHNH,-2HCI and 3.8 equiv
DIPEA.

3.5 Large Scale Synthesis and Catalyst Recycling

Considering the importance of reaction scalability to the industrial utility of a synthetic
method, we investigated the large-scale preparation of 4-bromo 2-pyrazoline 219. With
affordability in mind, the reaction was performed with benzaldehyde rather than 4-(zerr-
butyl)benzaldehyde due to its significantly lower cost. Likewise, in consideration of
practicality, the reaction was performed at room temperature instead of -15 °C. Although it
was anticipated that these modifications would result in slightly lower enantioselectivity, we
assumed that a purification by recrystallisation would both improve the enantiopurity
to >99:1 er and eliminate the need for a costly and time-consuming purification by

chromatography. With the eventual goal of performing the reaction using 100 grams of
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chalcone 247, we initially tested the viability of our aim with a 10-gram (of 247) trial reaction.
Hence, using the aforementioned modifications to the reaction conditions, a test run
successfully afforded 8.9 grams of desired 2-pyrazoline (219) in 81% yield and 99:1 er after

a single recrystallisation.

(0]
| — I modified standard conditionstél
Br 2 mol% cat. 200
247 R)-219
(100 grams) (Ry-
84.9 grams, 77% yield
>99.9:0.1 er after single recrystallization[’!
96% catalyst recovery [94:6 crude er]
® pH swing + trituration
® chromatography free
N
»
vr/- I
/L—e - standard NN
/5 catalyst conditions )|\)—Ph
4 - >
Y recycling Ph
(R)-219 SCXRD 183; 90% yield
95:5er

Scheme 45. Preparative scale synthesis of 219, with demonstration of catalyst recovery and recycling. Stereochemical
configuration of 219 was determined by single crystal X-ray diffraction studies.[a] all steps performed at room temperature,
benzaldehyde used instead of 217, [PhMe] = 0.38M.

Following a successful 10-gram scale-up, the reaction was repeated on 10-fold scale (350
mmol, 100 grams) with respect to the enone (Scheme 45). Smooth reactivity and a clean
reaction profile allowed the isolation of 84.9 grams of the pyrazoline product 219 in 77%
yield as colorless needles. The crude product (after work-up) had 94:6 er; only a single
recrystallization from ethanol was required to improve this to essentially a single enantiomer
(>99.9:0.1 er). Single-crystal X-ray diffraction studies on 4-bromo product 219 revealed (R)

stereochemical configuration at the benzylic stereocentre.
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Catalyst 200 was recovered simply by pouring the concentrated crude residue into chilled
diethyl ether. The resulting precipitate was dissolved in ethyl acetate and a subsequent pH-
swing afforded pure catalyst 200 in 89% yield after concentration and a final trituration in
cold pentane. The recovered catalyst was resubjected to the model reaction under standard
conditions. Model product 183 was obtained with no loss of reactivity or selectivity,
compared to the reaction performed using fresh catalyst (Scheme 45). In addition to the
recovered catalyst, the oxime by-product 218 was also easily separated from the desired
pyrazoline product. Extractive work-up afforded over 61 grams of pure oxime 218 in 97%

yield.

3.6 Synthetic Utility of the 2-Pyrazoline Motif

With the aim of demonstrating synthetic utility of enantioenriched 2-pyrazolines,
enantiopure 219 was explored as a scaffold for late-stage derivatization (Scheme 46). The
2-pyrazoline motif was first investigated as a novel directing group for C-H activation.
Accordingly, 219 was treated with ethyl acrylate, catalytic [RuClz(p-cymene)],, AgSbFs, and
super-stoichiometric Cu(OAc), under an atmosphere of air.”**> Pleasingly, after 18 hours
at 90 °C in DME, the ortho-alkenylated product 248 was isolated in an unoptimized 48%
yield on the first attempt. To the best of our knowledge, this is the first example of C-H

functionalization directed by a 2-pyrazoline.
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A CO,E

EtO,C /

[RuCly(p-cymene)l,, AgSbFg, Cu(OAc),
DME, 90 °C, 18 h, air

C-H functionalization

248; 48% vyield
>99.9:0.1 er

7
HoN  HN
Zn 2

N-N bond cleavege

249; 96% yield

219 (>99.9:0.1 er) >99.9:0.1e.r, 3:2dr

mestranol (250)
PdCIy(PPhjz),, Cul, PPhj Ph
NEt3, 90 °C, No, 24 h

Sonogashira coupling

251; 88% yield
>99.9:0.1 er

Scheme 46. Late-stage derivatisation of 2-pyrazoline 219.

solvent mixtures failed.
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Furthermore, the 2-pyrazoline motif was recognized as a potentially convenient source of
valuable 1,3-diamines by reductive cleavage of the N-N bond. Methods to access such
optically active 1,3-diamines are relatively limited.”**’ Hence an efficient protocol for N-N
bond cleavage could present a simple route to access these compounds. Against this
backdrop, we were pleased to find that treatment of 219 with activated zinc powder in neat
acetic acid at room temperature furnished a 3:2 diastereomeric mixture of the
enantioenriched diamine 249 in 96% yield after 2 hours. This approach is a simple and
synthetically powerful method for obtaining enantioenriched 1,3-diamines. Attempts to

improve the diastereomeric outcome of the reaction by varying reaction temperature and



Finally, palladium-catalyzed cross-coupling allowed rapid introduction of a drug-like
structural fragment. 2-Pyrazoline 219 tolerated Sonogashira cross-coupling conditions with
the hormone drug mestranol (250). Enantiopure internal alkyne 251 was readily furnished in
88% yield. It should be noted that in all derivatization reactions described here no oxidation

of the substrates or products to the corresponding saturated pyrazole was observed.

3.7 Conclusion

In summary, a simple protocol for the preparation of enantioenriched 2-pyrazoline scaffolds
has been developed. The method combines a three-stage strategy into a one-pot procedure
to afford pyrazolines from simple hydrazines and enones. Moderating the hydrazine
reactivity via /z sitn hydrazone formation was key to achieving high enantiocontrol. The
enantiodetermining aza-Michael addition is efficiently facilitated by a bifunctional Brensted

-base/H-bond donor catalyst.

The new synthetic method is compatible with a range of heterocycles and functional groups,
and decagram-scale synthesis was demonstrated in a simplified procedure. Moreover, facile
catalyst removal and simple purification of the 2-pyrazoline product allowed recovery of the
pure catalyst in 89% yield, and the desired product as a single enantiomer in 77% yield. A
range of late-stage derivatizations demonstrated the synthetic versatility and utility of the 2-
pyrazoline products, including a novel C-H activation directed by the 2-pyrazoline motif.

The scalability and simplicity of the method, coupled with the diversity of products and
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range of possible late-stage functionalizations presents this aldehyde-mediated method as an
attractive synthetic protocol with potential applications in biomedical and agrochemical

discovery programs.
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Chapter 4

Experimental

4.1 General Experimental Information

Reagents and solvents were purchased as reagent-grade from Acros Organics, Sigma-Aldrich, Alfa
Aeser, and Fluorochem and used without further purification unless stated. Solvents for extraction
or column chromatography were of technical quality. All water used was purified via a Merck
Millipore reverse osmosis purification system prior to use. Anhydrous solvents (tetrahydrofuran,
toluene, dichloromethane, and diethyl ether) were dried by filtration through activated alumina

(Sigma-Aldrich, 58 A pore size, powder 150 mesh, basic) columns and stored under N atmosphere
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prior to use. CPME was dried by storing over 3A-molecular sieves for at least 72 hours. Solvents

were removed under reduced pressure using Biichi Rotavapor apparatus.

Reactions were performed under N, atmosphere unless otherwise stated. Schlenck techniques were
adopted for the handling of sensitive reagents and for carrying out air/moisture sensitive

experiments. Reaction temperatures refer to external probe temperature of the heating oil bath.

Thin-layer chromatography was performed on SiO2-60 UV2ss coated aluminium sheets from
Merck (silica gel 60 F254). Visualisation was achieved with a UV lamp at a wavelength of 254 nm,

or with a KMnOy solution.

Flash column chromatography was carried out on silica gel 60 (VWR, 40-63 pm). Solvents for
extraction and chromatography were of technical quality. Solvent mixtures are individually reported

in parenthesis.

Proton, Carbon, and Fluorine nuclear magnetic resonance (H, 13C, and YF NMR) spectra
were recorded on a Bruker AVIII HD (400 MHz 'H, 500 MHz 'H, 101 MHz 13C, 151 MHz 13C, and
376 MHz 19F) spectrometer at 25 °C. Chemical shifts (8) are given in ppm, coupling constants (J) in
Hz. The residual deuterated solvent was used as internal standard (CDCls: 8 = 7.26 ppm). HSQC,

COSY and HMBC experiments were used for 'H and 1*C NMR signals assignment where required.

Melting points (m.p.) were determined with a Leica Galen III Hot-stage melting point apparatus

and microscope and on a Kofler hot block and are reported uncorrected.

Infrared (IR) spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer as a thin film.
Selected absorption bands are reported in wave numbers (cm) with relative signal intensities
described as s (strong), m (medium), or w (weak). When applicable, peak shape is characterised by

br (broad).
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High-resolution mass spectrometry (HR-MS-ESI) was performed on a Bruker pTOF mass

spectrometer. The molecular ion (M?) is reported in 7/ units.

X-Ray Crystallography studies of single-crystals by X-Ray diffraction were performed on an
Enraf-Nonius KCCD diffractometer or on an Oxford Diffraction SuperNova diffractometer at 150
K. Crystal structures were solved with SIR92 software and refined with CRYSTALS by Dr Heyao
Shi (University of Oxford) with training and guidance from Dr Amber L. Thompson and Dr Kirsten

E. Christensen (University of Oxford Chemical Crystallography department).
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4.2 Experimental Details for Chapter 2

4.2.1 Optimisation Studies

General Procedure A for optimization of the model reaction:

o o organocatalyst

O OH
)J\ + )]\ >
Ph
Ph CF3 Ph solvent, T (°C), 24 hours Ph)j\/!;:3

A freshly prepared stock solution of acetophenone (95) and 2,2,2 -trifluoroacetophenone
(91) in the specified solvent was added to the catalyst at RT in a 1.7 mL. mass-spec vial. After
flushing the vial with N gas, the reaction was stirred at the specified temperature for 24
hours. Conversion was determined by crude 'H NMR. Volatiles were removed by a stream
of N gas, followed by filtration through silica gel with 30% CHCl; in pentane. The crude
product 96 was analysed by chiral HPLC (Chiralpak AD-H, 4.6 x 250 mm; 3%
/PrOH /hexanes, 1.0 mL/min; & (minor) = 15.1 min, & (major) = 17.0 min. Table 6 details

the results of this screening program. Figure 13 illustrates chosen catalysts.
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Entry Catalyst (mol%) solvent T 96 (%) 96 (er)®
1 S1 10 mol% EtO (0.1 M) RT trace N.D
2 200 10 mol% EtO (0.1 M) RT trace N.D
3 198 10 mol% EtO (0.1 M) RT trace N.D
4 S2 10 mol% EtO (0.1 M) RT trace N.D
5 199 10 mol% EtO (0.1 M) RT trace N.D
6 S3 10 mol% EtO (0.1 M) RT trace N.D
7 S4 10 mol% EtO (0.1 M) RT trace N.D
8 189 10 mol% EtO (0.1 M) RT trace N.D
9 197 10 mol% EtO (0.1 M) RT trace N.D
10 S5 10 mol% EtO (0.1 M) RT trace N.D
11 98 10 mol% EtO (0.1 M) RT 64% 62:38:00
12 97 10 mol% EtO (0.1 M) RT 52% 61:39:00
13 S6 10 mol% EtO (0.1 M) RT 21% 50:50:00
14 S7 10 mol% EtO (0.1 M) RT 88% 74:26:00
17 S8 10 mol% EtO (0.1 M) RT 0% N.D
18 99 10 mol% EtO (0.1 M) RT >95 78:22:00
19 99 10 mol% EtO (0.5 M) RT 90 75:25:00
20 99 10 mol% EtO (0.02 M) RT 90 78:22:00
21 99 10 mol% PhMe (0.1 M) RT 58 80:20:00
22 99 10 mol% THF (0.1 M) RT 13 75:25:00
23 99 10 mol%  CH2Cl (0.1 M) RT 3 71:29:00
24 99 10 mol%  CPME (0.1 M) RT 93 82:18:00
25 99 10 mol%  MeCN (0.1 M) RT 8 61:39:00
26 99 10 mol%  EtOAc (0.1 M) RT 11 77:23:00
27 99 10 mol% EtO (0.1 M) 4°C 90 83.5:16.5
28 99 10 mol% EtO (0.1 M) -15°C 88 84:16:00
29 100 10 mol% EtO (0.1 M) RT 8 N.D.
30 65 10 mol% EtO (0.1 M) RT 63 74.5:25.5
31 S9 10 mol% EtO (0.1 M) RT trace N.D.
32 99 5 mol% EtO (0.1 M) RT 54 82:18:00
33 99 20 mol% EtO (0.1 M) RT 72 78:22:00
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Entry Catalyst (mol%) solvent T 96 (%0)? 96 (er)®

34¢ 99 10 mol% EtO (0.1 M) RT 89 79.5:20.5
35d 99 10 mol% EtO (0.1 M) RT 85 81.5:18.5
36 99 10 mol% CPME (0.1 M) -15°C >95% 90:10:00
38 S10 10 mol% CPME (0.1 M) -15°C 90% 91:09:00
39 S11 10 mol% CPME (0.1 M) -15°C 72% 90:10:00
40 S12 10 mol% CPME (0.1 M) -15°C >95% 88.5:11.5
41 S13 10 mol% CPME (0.1 M) -15°C 92% 87.5:12.5
42 S14 10 mol% CPME (0.1 M) -15°C >95% 90:10:00
43 S15 10 mol% CPME (0.1 M) -15°C 81% 85:15:00
44 102 10 mol% CPME (0.1 M) -15°C >95% 97:03:00
45¢ 101 10 mol% CPME (0.1 M) -15°C >95% 94:06:00
46 S16 10 mol% CPME (0.1 M) -15°C <10% 94:06:00
47 S17 10 mol% CPME (0.1 M) -15°C 26% 72:28:00
48 S18 10 mol% CPME (0.1 M) -15°C 45% 85:15:00
49 S19 10 mol% CPME (0.1 M) -15°C 65% 80.5:19.5
50 S20 10 mol% CPME (0.1 M) -15°C 78% 91:09:00
51 S21 10 mol% CPME (0.1 M) -15°C 70% 96:04:00
52 S22 10 mol% CPME (0.1 M) -15°C 73% 93:07:00

Table 6. Detailed optimization results for the aldol addition of acetophenone (95) to trifluoromethylketone 91. N.D.: not
determined. aconversion determined by 'H NMR. bdetermined by chiral HPLC. ewith 2.0 eq acetophenone. dwith 2.0 eq

2,2,2-trifluoroacetophenone. ¢performed for 18 houts.
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Figure 13. Selected catalysts studied in optimisation of the model reaction between 95 and 91.
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4.2.2 Synthesis of Starting Materials
Starting materials were purchased from commercial suppliers, synthesised as described

below, or obtained from the library of Bayer CropScience.

General Procedure B for the synthesis of trifluoromethyl-ketones:

To a solution of aryl bromide (1.0 eq) in THF (0.5 M) at -78 °C was added dropwise #-Bul.i
(1.6 M in hexanes, 1.1 eq). The resulting solution was stirred at -78 °C for 1 hour before
dropwise addition of ethyl 2,2 2-trifluoroacetate (1.5 eq). After 1 hours at -78 °C, the reaction
mixture was warmed to RT and stirred overnight. The reaction was quenched with sat. aq.
NH4CI solution, extracted with EtOAc (2 x 100 mL), drying over Na,SOs, filtered, and
evaporated to dryness 7z vacuo to afford the crude trifluoroketone. Purification by silica gel

chromatography (EtOAc in pentane) afforded the pure trifluoroketone products.

General Procedure C for the synthesis of trifluoroketones:

Mg turnings (1.5 eq) were stirred vigorously iz vacuo for 1 hour before addition of anhydrous
THF (8 mI./g Mg) and 1,2-dibromoethane (0.05 mL). A solution of the appropriate aryl
bromide in anhydrous THF (1.0 M) was added dropwise to the resulting Mg slurry. After
complete addition, the slurry was heated to 50 °C (if a gentle reflux did not occur naturally)
for 1 hour to afford a solution of the appropriate Grignard reagent. The Grignard solution
was added dropwise to a -78 °C solution of ethyl 2,2,2-trifluoroacetate (1.2 eq) in THF (1.0
M). The resulting solution was stirred at this temperature for 1 hour, then warmed quenched
slowly with NH4CI saturated aqueous solution followed by 10% aq. HCI solution. The

aqueous layer was extracted with diethyl ether (2 x 100 mL), dried over NaxSOy, filtered and
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evaporated to dryness zz vacuo. Purification by silica gel chromatography (EtOAc in pentane)

or short-path distillation afforded the pure trifluoroketone products.

Methyl 4-acetyl-2-methylbenzoate (S23)

i)

BugSn__O._~
\n/ S24 (0]
"o o~ | o
Me020/©/ > MeO,C MeO,C
iy CsF(aq.), rt,1h
S25 8§23; 72% yield

To a solution of ethyl vinyl ether (1.6 mL., 16.69 mmol) in THF (15 mL) at -78 °C was added
slowly zer-butyllithium (1.7 M in pentane) (solution turns yellow). The solution was warmed
to 0 °C over 15 minutes (solution becomes colourless) before immediately re-cooling to -78
°C. A solution of tributyltin chloride (3.77 mL, 13.91 mmol) in THF (3 mlL) was added
dropwise, the cooling bath was removed, and the mixture stirred at RT for 30 minutes. The
resulting yellow solution was quenched with saturated aqueous ammonium chloride (15 mL),
extracted with diethyl ether (3 x 25 mL), dried over Na,SO,4 and evaporated to dryness in
vacuo to afford the intermediate stannyl vinyl ether S24 as a yellow oil which was used in
the next step without further purification. S24 (3.78 g, 10.44 mmol, 1.5 eq) was combined
with 8§25 (1.58 g, 6.96 mmol, 1.0 eq) and anhydrous DMF (15 mL) followed by Pd(PPh;).Cl,
(366 mg, 0.52 mmol, 0.075 eq) in a dry Schlenck tube under a nitrogen atmosphere. The
mixture was stirred at 80 °C for 18 hours before addition of a 10% aqueous CsI solution

(15 mL) at RT. After stirring at this temperature for 1 hour, 4M HCl solution in dioxane (15
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ml) was added. The mixture was stirred at RT overnight then extracted with EtOAc (2x15
mlL), dried over Na,SOs, filtered and evaporated under reduced pressure to afford the crude
product as a brown oil. Purification by silica gel chromatography (5% acetone in pentane)
afforded S23 as a light-yellow oil (962 mg, 72%). Data is consistent with the published

literature.?®

"H NMR (400 MHz, CDCL): 3 7.96 (d, ] = 8.0 Hz, 1H, ArH), 7.86 — 7.72 (m, 2H, ArH),
3.92 (s, 3H, OCHs), 2.64 (s, 3H, CH}), 2.61 (s, 3H, CH3) ppm; 8C NMR (101 MHz, CDCL):
8 196.65 (C(O)), 178.17 (CH;OC(O)), 142.33 (ArC), 138.68 (ArC), 134.63 (ArC), 131.26 (ArCH),

128.36 (ArCH), 123.81 (ArCH), 51.24 (OCHS), 26.81 (CHs), 20.47 (CHs) ppm.

2,2,2-trifluoro-1-phenylethan-1-one (91)

0]

©)J\CF3

Prepared following General Procedure C using bromobenzene (30.6 ml, 287.0 mmol).
Purification by short-path distillation (135 °C, 250 mbar) afforded the title compound as a

colourless oil (40.2 g, 81%). Data is consistent with the published literature.””®

H NMR (400 MHz, CDCl;): 8 8.06 (dt, ] = 8.2, 1.3 Hz, 2H, ArH), 7.75 - 7.64 (m, 1H, ArH), 7.53

(t, ] = 7.8 Hz, 2H, ArH) ppm; *F NMR (376 MHz, CDCl): § -71.50 (s) ppm.
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4-vinylacetophenone (S26)

0]

CF3
NS

Prepared following General Procedure C, using 4-bromostyrene (6.37 g, 35.0 mmol) to
afford the title compound as a pale-yellow oil (4.62 g, 66%). Data is consistent with the

published literature.”

1H NMR (400 MHz, CDCL;): § 8.17 — 7.89 (m, 2H, ArH), 7.63 — 7.47 (m, 2H, ArH), 6.78 (dd, ] =
17.6, 10.9 Hz, 1H, AtCHCHiHuany), 5.96 (d, | = 17.6 Hz, 1H, ArCHCHesHyu), 5.51 (d, ] = 10.9

Hz, 1H, ArfCHCH,;H o) ppm; °F NMR (376 MHz, CDCl;): 5 -71.36 (s) ppm.

1-(benzo[d][1,3]dioxol-5-yl)-2,2,2-trifluoroethan-1-one (S27)

o)

O CFs
<o

Prepared following General Procedure B, using 5-bromobenzo[d][1,3]dioxole (5.0 g, 24.8
mmol) to afford the title compound as colourless crystals (3.67 g, 68%) after silica gel

chromatography (2% Et,O in pentane). Data is consistent with the published literature.*”

"H NMR (400 MHz, CDCL): 5 7.71 (ddt, ] = 8.3, 3.1, 1.3 Hz, 1H, ArH), 7.50 (dt, ] = 1.6,
0.8 Hz, 1H, ArH), 6.93 (d, ] = 8.3 Hz, 1H, ArH), 6.11 (s, 2H, CH,) ppm; ®F NMR (376

MHz, CDCL): 8 -70.73 (s) ppm.
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2,2,2-trifluoro-1-(6-methoxynaphthalen-2-yl)ethan-1-one (S28)

Prepared following General Procedure B, using 2-bromo-6-methoxynaphthalene (3.17 g,
12.1 mmol) to afford the title compound as coloutless crystals (2.21 g, 72%) after silica gel
chromatography and a single recrystallization from EtOH. Data is consistent with the

published literature.”"'

1H NMR (400 MHz, CDCL): & 8.56 — 8.43 (m, 1H, ArH), 8.02 (ddd, ] = 8.8, 1.9, 0.9 Hz, 1H, ArH),
7.91-7.81 (m, 1H, ArH), 7.81 (s, 1H, ArH), 7.23 (dd, ] = 9.0, 2.5 Hz, 1H, ArH), 7.14 (d, ] = 2.5 Hz,
1H, ArH), 3.96 (s, 3H, OCHs) ppm; 3C NMR (101 MHz, CDCL): 5 180.1 (q, ] = 34.4 Hz,(C(O)),
161.1 (ArQ), 138.5 (ArC), 132.9 (q, ] = 2.3 Hz, ArC), 131.8 (ArCH), 127.7 (ArCH), 127.5 (ArC),
125.1 (ArC), 125.1 (ArCH), 120.4 (ArCH), 117.0 (q, ] = 291.6 Hz, CFs), 105.9 (ArCH), 55.5 (OCH,)

ppm; °F NMR (376 MHz, CDCly): 8 -70.56 (s) ppm.
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(R)-N-(3-azido-1,1-diphenylpropan-2-yl)-1-naphthamide (149)

i) TFA,0°C, 1 h o
Ph Ph
NHBoc -
Ph)\[ > Ph” N H
ii) RC(O)CI, NEtg, THF, rt, 16 h
N3 N3
29 149; 90% yield

Intermediate azide S29 was prepared according to the previously reported method from
Dixon and co-workers (31% yield over 10 steps).” $29 (1.20 g, 3.41 mmol, 1.0 eq) was stirred
at 0 °C in trifluoroacetic acid (3.4 mL) for 2 hours, before warming to RT. Volatiles were
removed under a stream of nitrogen gas behind a blast shield. The resulting residue was
dissolved in diethyl ether (10 mL) and basified to pH 14 with a 2M aqueous NaOH. The
aqueous layer was extracted with diethyl ether (5 x 10 mL). Combined organic layers were
dried over NaxSO4 and evaporated to dryness under a stream of nitrogen behind a blast
shield. The resulting residue was dissolved in anhydrous THF (13 mlL) under a nitrogen
atmosphere, before addition of naphthoyl chloride (0.777 g, 4.09 mmol, 1.2 eq) and
triethylamine (0.664 mlL., 4.77 mmol, 1.4 eq). The resulting suspension was stirred at RT for
2 hours before quenching with water and extraction with diethyl ether (3 x 25 mL). The
combined organic layers were dried over Na,SO,, filtered, and evaporated 7z vacuo to atford
the crude product as a white solid. Trituration with CH>Cl,, and subsequent filtration from
hot EtOH (minimum volume) afforded 149 a white powder (1.15 g, 83%). This procedure

could also be performed on 15-gram scale to afford 149 in 80% yield.

'H NMR (400 MHz, CDCls): 8 7.88 — 7.64 (m, 3H, ArH), 7.51 — 7.09 (m, 14H, ArH), 599 (d, ] =

8.9 Hz, 1H, NH), 5.27 (ddt, ] = 12.1, 9.0, 3.3 Hz, 1H, CHNHC(O)), 4.21 (d, ] = 11.7 Hz, 1H,
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Ph,CH), 3.75 (dd, ] = 12.5, 3.3 Hz, 1H, CH,N3), 3.37 (dd, | = 12.4, 3.3 Hz, 1H, CH,N3) ppm; 13C
NMR (101 MHz, CDCL): 3 169.2 (C(O)), 141.1 (ArC), 141.1 (ArC), 134.2 (ArC), 133.5 (ArC),
130.6(ArCH), 129.9 (ArC), 129.2 (ArCH), 129.0 (ArCH), 1282 (ArCH), 128.0 (ArCH), 127.3
(ArCH), 127.2 (ArCH), 127.1 (ArCH), 126.4 (ArCH), 125.1 (ArCH), 125.0 (ArCH), 124.7 (ArCH),
53.5 (AIkCH), 53.2 (AIkCH), 51.9 (AIkCH) ppm; FT-IR (thin film) va., 3253, 3029, 2083, 1633,
1581, 1548, 1493, 1450, 1341, 1301, 1273 cm; HRMS (ESI) m/z caled. for CaHasONy

+H]") 407.18664, found 407.18689; m.p.: 209-211 °C; [«]p* = -41.8 (c = 0.5, CHCl;).
p
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4.2.3 Synthesis of Racemic Products

To a solution of methylketone (0.1 mmol) and trifluoromethylketone (0.1 mmol) in CH>Cl,
(0.5 M) at RT, was added DBU (0.2 eq). The resulting solution was stirred at RT for 0.5-18
hours, with the reaction followed by TLC (eluting with pentane/DCM/diethyl ether
mixtures). Silica gel chromatography (CH.Cl, in pentane) afforded samples of racemic

compounds for HPLC analysis.

4.2.4 Synthesis of enantioenriched products

General Procedure D for the synthesis of 3-hydroxyketones:

Preparation of catalyst solution: to an oven-dried 3.0 ml screw-cap mass-spec vial was added
an oven-dried magnetic stirrer bar. Catalyst precursor azide 149 (0.02 mmol, 0.1 eq), tris(4-
methoxyphenyl)phosphine (0.02 mmol, 0.1 eq), and anhydrous CPME (0.4 mL) were added.
The vial was flushed with nitrogen gas, capped, and sealed with parafilm. The mixture was
stirred at RT for 4 hours, before use of the catalyst solution directly without further
purification. Conversion can be confirmed by *P NMR (phosphine @ -10 ppm;
iminophosphorane @ +10 ppm in C¢Ds; phosphine oxide @ +25 ppm). The crude catalyst
solution (0.4 ml, as above) was cooled to -15 °C (in a household freezer equipped with stirrer-
hotplate) in a vial capped with a suba seal, under a N, atmosphere. To this was added a
solution of the appropriate trimethylketone (0.2 mmol, 1.0 eq) in anhydrous CPME (1.2
mL). After cooling for 15 minutes, a solution of the appropriate alpha-fluorinated ketone

(0.2 mmol, 1.0 eq) in anhydrous CPME (0.4 mlL) was added dropwise over at least 10
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minutes. The reaction was stirred at -15 °C for the appropriate time. After completion,
volatiles were removed under a stream of nitrogen gas. Purification by silica gel

chromatography afforded the enantioenriched B-hydroxy ketones.

Slow addition of the a-fluorinated ketone is important for achieving high yields in some
reactions and is essential for all reactions using very electron-poor trifluoromethylketones.
Slow addition over up to 1 hour is preferred. This modification significantly reduces catalyst
decomposition, which is caused by aza-Wittig reaction of the iminophosphorane with an

electron-poor trifluoroketone.
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(8)-4,4,4-trifluoro-3-hydroxy-1,3-diphenylbutan-1-one (96)

O OH
"I,
FsC

96 was prepared following General Procedure D, using acetophenone and 2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (20% CH.Cl; in pentane)
afforded the title compound as a colourless solid (56 mg, 96%, 97:3 er). Data is consistent

with the published literature.*”*

'H NMR (400 MHz, CDClL): 8 7.97 — 7.88 (m, 2H, ArH), 7.67 — 7.58 (m, 3H, ArH), 7.52 — 7.45
(m, 2H, ArH), 7.40 — 7.31 (m, 3H, ArH), 5.67 (s, 1H, OH), 4.04 (d, ] = 17.4 Hz, 1H, CH>), 3.65 (d,
J=17.4 Hz, 1H, CHy) ppm; "C NMR (101 MHz, CDCL): § 199.1 (C(O)), 136.7 (ArC), 135.0
(ArC), 1339 (ArCH), 128.3 (ArCH), 127.9 (ArCH), 127.2 (ArCH), 127.2 (ArCH), 125.6
(ArCH), 123.3 (q, ] = 282.7 Hz, CF5), 75.6 (q, ] = 29.2 Hz, C(CF5)OH), 39.4 (CH>) ppm; “F
NMR (376 MHz, CDCl;): 6 -80.23 (s) ppm; FT-IR (thin film) v..... 3345, 2970, 2929, 2160,
2026, 1670, 1597, 1411, 1160, 1128 cm™; HRMS (ESI) m/z calcd. for Ci¢Hi7N2 ([M+H]")
237.1386, found 237.1387; [a]p® = +47.8 (c = 0.5, CHCl;); Chiral HPLC: Chiralpak AD-
H, 4.6 x 250 mm; 3% /PrOH /hexanes, 1.0 mL/min; & (minor) = 15.1 min, & (major) = 17.0

min, 97:3 er.
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(8)-4,4,4-trifluoro-3-(4-fluorophenyl)-3-hydroxy-1-phenylbutan-1-one (103)

O OH

v,
F3C
F

103 was prepared following General Procedure D, using acetophenone and 4’-fluoro-2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (20% CH2Cl>/20%
EtOAc/60% pentane) afforded the title compound as a coloutless solid (56 mg, 90%, 95:5

er). Data is consistent with the published literature.”*

"H NMR (400 MHz, CDCL): 5 7.90 — 7.78 (m, 2H, ArH), 7.57 (ddt, J = 7.9, 7.0, 1.3 Hz, 1H,
AtH), 7.54 — 7.47 (m, 2H, ArH), 7.47 — 7.39 (m, 2H, ArH), 7.05 — 6.92 (m, 2H, ArH), 5.76 — 5.42
(m, 1H, OH), 3.93 (d, ] = 17.3 Hz, 1H, CH), 3.56 (d, ] = 17.4 Hz, 1H, CH,) ppm; *C NMR (101
MHz, CDCL): 5 198.6 (C(O)), 162.1 (d, ] = 291.1 Hz, ArCF), 135.8 (ArC), 133.3 (ArC),
132.1 (ArCH), 128.1 (ArCH), 128.4 (ArCH), 127.3 (ArCH), 1232 (q, ] = 281.9 Hz, CFs),
112.4 (d, ] = 23.1 Hz, ArC), 75.6 (q, ] = 28.0 Hz, C(CF)OH), 38.9 (CH,) ppm; “F NMR
(376 MHz, CDCLy): 8 -80.48 (s), -113.39 (s) ppm; [«]p® = +219.3 (c = 0.5, CHCl:); Chiral
HPLC: Chiralpak AS-H, 4.6 x 250 mm; 1% /PrOH /hexanes, 1.0 mL/min; & (minor) = 26.5

min, & (major) = 29.1min, 95:5 er.
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(8)-1-(4-bromophenyl)-4,4,4-trifluoro-3-hydroxy-3-phenylbutan-1-one (104)

O OH

o,',
FsC
Br

104 was prepared following General Procedure D, using 4-bromoacetophenone and 2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (10% EtOAc in pentane)
afforded the title compound as a colourless solid (68 mg, 90%, 96:4 er). Data is consistent

with the published literature.*”*

'H NMR (400 MHz, CDCL): 8 7.77 — 7.67 (m, 2H, ArH), 7.60 — 7.54 (m, 2H, ArH), 7.54 — 7.47
(m, 2H, ArH), 7.33 — 7.24 (m, 3H, ArH), 5.44 (s, 1H, OH), 3.92 (d, ] = 17.3 Hz, 1H, CH>), 3.54 (d,
J=17.3 Hz, 1H, CHy) ppm; "C NMR (101 MHz, CDCLy): § 198.6 (C(O)), 135.6 (ArC), 135.2
(ArC), 133.8 (ArC), 130.4 (ArCH), 128.6 (ArCH), 127.0 (ArCH), 127.4 (ArCH), 123.3 (q, ]
= 283.0 Hz, CF5), 122.5,75.1 (g, ] = 29.0 Hz, C(CF5)OH), 39.0 (CH,) ppm; “F NMR (376
MHz, CDCl;): 5 -80.20 (s) ppm; FT-IR (thin film) v... 3467, 2970, 2160, 1977, 1682, 1587,
1379, 1153 cm™; HRMS (ESI) m/z caled. for CisHi:0.”BrFs (IM+H]") 373.00455, found
373.00467; [¢]p* = 295.7 (c = 1.0, CHCls); Chiral HPLC: Chiralpak OD-H, 4.6 x 250 mm;
2% /PrOH/hexanes, 1.0 mL/min; A& (minor) = 22.6 min, & (major) = 25.8 min, 96:4 er;

m.p.: 78 — 80 °C.
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(8)-4,4,4-trifluoro-3-hydroxy-3-(3-iodophenyl)-1-phenylbutan-1-one (105)

’III

F3;C

105 was prepared following General Procedure D, using acetophenone and 2,2,2-trifluoro-
1-(3-iodophenyl)ethan-1-one. Purification by silica gel chromatography (5% acetone in

pentane) afforded the title compound as a colourless oil (63 mg, 75%, 95:5 er).

H NMR (400 MHz, CsDg): 6 8.19 (q, ] = 1.6 Hz, 1H, ArH), 7.46 — 7.38 (m, 2H, ArH), 7.38 — 7.28
(m, 2H, ArH), 7.09 — 7.00 (m, 1H, ArH), 6.94 — 6.86 (m, 2H, ArH), 6.51 (t, ] = 7.9 Hz, 1H, ArH),
5.97 (s, 1H, OH), 3.35 (d, ] = 17.2 Hz, 1H, CH>), 3.18 (d, ] = 17.2 Hz, 1H, CH>) ppm; 3C NMR
(101 MHz, CsDe¢): 8 199.2 (C(O)), 140.5 (ArC), 137.7 (ArCH), 136.1 (ArC), 135.5 (ArCH), 133.8
(ArCH), 129.9 (ArCH), 128.5 (ArCH), 128.0 (ArCH), 125.5 (ArCH), 124.8 (q, ] = 285.3 Hz, CF3),
94.4 (ArC), 76.0 (q, ] = 29.2 Hz, C(CF3)OH), 39.5 (CHy) ppm; F NMR (376 MHz, CsDg): 6 -
80.01 (s) ppm; FT-IR (thin film) vm.. 3351, 2981, 2930, 2160, 2015, 1672, 1598, 1164, 1130
cm'1l; HRMS (ESI) m/z caled. for CisHiF510; ([M-H]) 418.9761, found 418.9764; [a]p *
= +52.1 (c = 0.5, CHCls); Chiral HPLC: Chiralpak IB, 4.6 x 250 mm; 1% /PrOH/hexanes,
1.0 mL./min; & (minor) = 13.4 min, & (major) = 25.5 min, 95:5 er; [¢]p* = +47.8 (c = 0.5,

CHCI,).
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(8)-4,4,4-trifluoro-3-hydroxy-1-(4-nitrophenyl)-3-phenylbutan-1-one (106)

O OH

I"’
FsC
O,N

106 was prepared following General Procedure D, using 4-nitroacetophenone and 2,2,2-
trifluoroacetophenone to afford the title compound as a colourless solid (63 mg, 93%, 90:10

er).

'H NMR (400 MHz, CDCl;): § 8.32 (ddt, ] = 9.1, 6.7, 2.3 Hz, 2H, ArH), 8.16 — 8.04 (m, 2H, ArH),
7.63 — 7.53 (m, 2H, ArH), 7.42 — 7.31 (m, 3H, ArH), 5.18 (s, 1H, OH), 4.07 (d, ] = 17.5 Hz, 1H,
CH>), 3.73 (d, ] = 17.4 Hz, 1H, CH>) ppm; 3C NMR (101 MHz, CDCl;): 8 197. (C(O)), 150.98
(ArC), 140.0 (ArC), 137.1 (Ar(), 129.3 (ArCH), 129. (ArCH), 128.6 (ArCH), 126.1 (ArCH), 124.4 (q,
J = 284.2 Hz, CF3), 124.1 (ArCH), 76.5 (q, ] = 29.3 Hz, C(CF5)OH), 41.3 (CH.) ppm; "F NMR
(376 MHz, CDCl;): 5 -80.15 (s) ppm; FT-IR (thin film) v... 3367, 2160, 1686, 1603, 1530,
1450, 1344, 1319, 1166 cm™; HRMS (ESI) m/z caled. for CisHi.FsNO4 ([IM-H]) 338.06461,
found 338.06454; [a]p *® = 262.6 (¢ = 1.0, CHCls); Chiral HPLC: Chiralpak 1A, 4.6 x 250
mm; 10% /PrOH/hexanes, 1.0 mL/min; & (minor) = 23.9 min, & (major) = 26.6 min, 90:10

er; m.p.: 141 — 143 °C
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(8)-4,4,4-trifluoro-3-hydroxy-1-phenyl-3-(4-vinylphenyl)butan-1-one (107)

O OH

'I"
FoC ©\/

107 was prepared following General Procedure D, using acetophenone and S26. Purification
by silica gel chromatography (5% CH.Cl, and 5% Et,O in pentane) afforded the title

compound as a colourless solid (50 mg, 78%, 97:3 er).

H NMR (400 MHz, CDCls): 3 8.01 — 7.89 (m, 2H, ArH), 7.64 (ddt, ] = 8.7, 6.9, 1.3 Hz, 1H, ArH),
7.60 — 7.53 (m, 2H, ArH), 7.53 — 7.43 (m, 2H, ArH), 7.43 — 7.34 (m, 2H, ArH), 6.68 (dd, ] = 17.6,
10.9 Hz, 1H, AtCHCHeHumns), 5.75 (dd, ] = 17.6, 0.9 Hz, 1H, ArCHCHH,u), 5.65 (s, 1H, OF),
5.26 (dd, J = 10.9, 0.9 Hz, 1H, ArtCHCH.iHyay), 4.04 (d, ] = 17.4 Hz, 1H, CH,), 3.63 (d, ] = 17.4
Hz, 1H, CH>) ppm; "C NMR (101 MHz, CDCl;): 5 199.6 (C(O)), 138.0 (ArC), 137.0 (ArC),
136.2 (CHCHy), 136.0 (ArCH), 134.4 (ArCH), 128.9 (ArCH), 128.2 (ArCH), 126. (ArCH),
126.2(ArCH), 124.5 (q,] = 284.7 Hz, CF5), 114.8 (CHCH>), 76.4 (q, ] = 29.1 Hz, C(CF;)OH),
40. (CH>) ppm; "F NMR (376 MHz, CDCl): 5 -80.27 (s) ppm; HRMS (ESI) m/z calcd.
for CisHisO2F5”Na ([M+Na]*) 343.09164, found 343.09164; [«]p * = 118.6 (c = 1.0,
CHCls); Chiral HPLC: Chiralpak AD-H, 4.6 x 250 mm; 5% /PrOH /hexanes, 1.0 mIL./min;
# (minor) = 19.4 min, & (major) = 32.1 min, 97:3 er; m.p.: 224-226 °C; FT-IR (thin film)

vmax 3342, 2970, 1667, 1600, 1386, 1161, 756 cm™
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(8)-4-(4,4,4-trifluoro-3-hydroxy-3-phenylbutanoyl)benzonitrile (108)

O OH
I"’
FsC
NC

108 was prepared following General Procedure D, using 4-acetylbenzonitrile and 2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (5% CH:Cl, and 5% Et,O

in pentane) afforded the title compound as a colourless solid (53 mg, 83%, 90:10 er).

H NMR (400 MHz, CDCl;): 6 8.07 — 7.92 (m, 2H, ArH), 7.87 — 7.73 (m, 2H, ArH), 7.66 — 7.48
(m, 2H, ArH), 7.45 - 7.29 (m, 3H, ArH), 5.22 (s, 1H, OH), 4.03 (d, ] = 17.4 Hz, 1H, CH>), 3.69 (d,
J = 17.5 Hz, 1H, CH>) ppm; 3C NMR (101 MHz, CDCl): & 198.1 (C(O)), 139.0 (AtC), 137.1
(ArC), 132.7 (ArCH), 128.9 (ArCH), 128.6 (ArCH), 128.5 (ArCH), 126. (ArCH), 124.4 (q, ] = 284.7
Hz, CF3), 117.6 (CN), 117.5 (ArC), 76.4 (q, ] = 29.1 Hz, C(CF3)OH), 41.07 (CH>) ppm; "F NMR
(376 MHz, CDCl): 6 -80.17 (s) ppm; FT-IR (thin film) v... 3485, 2919, 2359, 2230, 2161,
1978, 1681, 1604, 1565, 1403, 1166 cm™'; HRMS (ESI) m/z calcd. for Ci7H1O.NF, ([M-H]
) 318.07474, found 318.07452; [a]p*® = 272.6 (c = 1.0, CHCl;); Chiral HPLC: Chiralpak
IA, 4.6 x 250 mm; 10% /PrOH/hexanes, 1.0 mL/min; & (minot) = 21.4 min, & (majot) =

25.9 min, 90:10 er; m.p.: 79 — 81 °C.
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(8)-4,4,4-trifluoro-3-hydroxy-1-(4-(methylthio)phenyl)-3-phenylbutan-1-one (109)

O OH
J@M"@
FsC
s

109 was prepared following General Procedure D, using 4-thiomethylacetophenone and
2,2,2-trifluoroacetophenone. Purification by silica gel chromatography (5% EtOAc in

pentane) afforded the title compound as a colourless solid (55 mg, 81%, 96:4 er).

'H NMR (400 MHz, CDCl3): 8 7.88 — 7.78 (m, 2H, ArH), 7.63 — 7.50 (m, 2H, ArH), 7.39 — 7.30
(m, 3H, ArH), 7.30 — 7.22 (m, 2H, ArH), 5.83 (s, 1H, OH), 3.98 (d, ] = 17.2 Hz, 1H, CH), 3.58 (d,
J =17.1 Hz, 1H, CH>), 2.52 (s, 3H, SCHj3) ppm; BC NMR (101 MHz, CDCl;): & 198.5 (C(O)),
148.2 (ArC), 137.7 (ArC), 132.4 (ArC), 128.7 (ArCH), 128.6 (ArCH), 128.4 (ArCH), 126.3 (ArCH),
124.6 (q, ] = 284.6 Hz, CFs), 125.0 (ArCH), 76.4 (q, ] = 29.0 Hz, C(CF5)OH), 39.8 (CH.), 14.6
(SCHs) ppm; “F NMR (376 MHz, CDCL): 8 -80.20 ppm; HRMS (ESI) m/z calcd. for
CiHicO,F5S (IM+H]*) 341.08176, found 341.08188; [a]p? = 42.6 (c = 0.5, CHCL:); Chiral
HPLC: Chiralpak AD-H, 4.6 x 250 mm; 5% 7/PrOH/hexanes, 1.0 mL/min; & (minor) =
22.5 min, # (major) = 30.2 min, 95:5 er; FT-IR (thin film) va. 2916, 2848, 1665, 1588,

1556, 1165, 1094 cm'.
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(9)-1-([1,1'-biphenyl]-4-y1)-4,4,4-trifluoro-3-hydroxy-3-phenylbutan-1-one (110)

110 was prepared following General Procedure D, using 4-acetylbiphenyl and 2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (10% CH.Cl; in pentane)

262

afforded the title compound as a colourless solid (44 mg, 60%, 96:4 er).

H NMR (400 MHz, CDCls): 5 8.07 — 7.96 (m, 2H, ArH), 7.76 — 7.67 (m, 2H, ArH), 7.67 — 7.60
(m, 4H, ArH), 7.53 — 7.30 (m, 6H, ArH), 5.74 (s, 1H, OH), 4.07 (d, ] = 17.3 Hz, 1H, CE), 3.68 (d,
J=17.2 Hz, 1H, CH,) ppm; “C NMR (101 MHz, CDCL): 8 199.1 (C(O)), 147.1 (ArC), 139.4
(ArC), 137.7 (ArC), 134.9 (Ar(), 129.0 (ArCH), 128.8 (ArCH), 128.7 (ArCH), 128.6 (ArCH),
128.4 (ArCH), 127.5 (ArCH), 127.3 (ArCH), 126.3 (ArCH), 124.5 (q, ] = 284.7 Hz, CFy),
76.3 (q, ] = 29.0 Hz, C(CF5)OH), 40.2 (CH,) ppm; “F NMR (376 MHz, CDCl): 5 -80.19
(s) ppm; FT-IR (thin film) v, 3355, 2971, 1667, 1602, 1466, 1406, 1380, 1342, 1305, 1161,
1128, 949 cm’'; HRMS (ESI) m/z caled. for CoHisOoF; ((M+H]") 371.12534, found
371.12527; [a]p? = 94.0 (c = 0.5, CHCLy); Chiral HPLC: Chiralpak AD-H, 4.6 x 250 mm;

5% /PrOH/hexanes, 1.0 mL/min; & (minot) = 25.2 min, & (major) = 32.7 min, 96:4 er.
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(8)-4,4,4-trifluoro-3-hydroxy-3-phenyl-1-(m-tolyl)butan-1-one (111)

O OH

o,"
FsC

111 was prepared following General Procedure D, using 3-methylacetophenone and 2,2,2-
trifluoroacetophenone to afford the title compound as a colourless solid (52 mg, 85%, 95:5

er). Data is consistent with the published literature.'®®

'H NMR (400 MHz, CDCl): 6 7.65 (dd, | = 7.6, 1.4 Hz, 2H, ArH), 7.58 — 7.46 (m, 2H, ArH), 7.41
—7.17 (m, 5H, ArH), 5.65 (s, 1H, OH), 3.94 (d, | = 17.4 Hz, 1H, CHa), 3.55 (d, ] = 17.4 Hz, 1H,
CH>), 2.33 (s, 3H, ArCH3) ppm; 3C NMR (101 MHz, CDCl): 5 199.8 (C(O)), 138.8 (AtC), 137.7
(ArC), 136.3 (ArC), 135.2 (ArCH), 128.8 (ArCH), 128.7 (ArCH), 128.6 (ArCH), 128.4 (ArCH), 126.32
(ArCH), 125.5 (ArCH), 124.1 (q, ] = 285.6 Hz, CFs), 76.4 (q, ] = 29.1 Hz, C(CE5)OH), 40.2 (CH),
21.3 (ArCHs) ppm: F NMR (376 MHz, CDCs): 5 -80.19 (s) ppm; HRMS (ESI) m/z calcd.
for CHOF; (M-H]) 309.10969, found 309.10977; [a]o® = +34.6 (c = 1.0, CHCLy);
Chiral HPLC: Chiralpak IA, 4.6 x 250 mm; 5% /PrOH /hexanes, 1.0 mL/min; & (minor) =

8.9 min, & (major) = 10.7 min, 95:5 er.
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(8)-4,4,4-trifluoro-3-hydroxy-1-(3-methoxyphenyl)-3-phenylbutan-1-one (112)

O OH
'I',
F,C
_0O

112 was prepared following General Procedure D, using 3-methoxyacetophenone and 2,2,2-
trifluoroacetophenone to afford the title compound as a colourless oil (42 mg, 65%, 95:5

er).

1H NMR (400 MHz, CDCl3): 8 7.67 — 7.58 (m, 2H, ArH), 7.55 (ddd, ] = 7.7, 1.7, 1.0 Hz, 1H, ArH),
7.46 — 7.31 (m, 5H, ArH), 7.18 (ddd, | = 8.2, 2.6, 0.9 Hz, 1H, ArH), 5.67 (s, 1H, OH), 4.04 (d, | =
17.3 Hz, 1H, CH), 3.83 (s, 3H, OCH), 3.65 (d, ] = 17.4 Hz, 1H, CH,) ppm; 3C NMR (101 MHz,
CDCLy): 5 199.5 (C(O)), 160.0 (ArC), 137.7 (ArC), 137.6 (ArC), 129.9 (ArCH), 128.7 (ArCH), 128.46
(ArCH), 126.3 (ArCH), 124.6 (q, ] = 248.8 Hz, CF3), 120.8 (ArCH), 112.4 (ArCH), 55.4 (OCH3),
40.3 (CH,) ppm; “F NMR (376 MHz, CDCL): § -80.18 (s) ppm; HRMS (ESI) m/z calcd.
for Ci7H;505F3Na ([M+Na] ") 347.08655, found 347.08649; [«]n® = 39.0 (c = 0.5, CHCLy);
Chiral HPLC: Chiralpak IA, 4.6 x 250 mm; 3% /PrOH /hexanes, 1.0 mL/min; & (minor)

= 14.2 min, & (major) = 20.5 min, 95:5 er.
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(8)-4,4,4-trifluoro-1-(2-fluorophenyl)-3-hydroxy-3-phenylbutan-1-one (113)

F O OH

'I'I
F3C

113 was prepared following General Procedure D, using 2-fluoroacetophenone and 2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (3% acetone in pentane)
afforded the title compound as a coloutless oil (55 mg, 88%, 96:4 er). Data is consistent with

the published literature.'®

H NMR (400 MHz, CDCl3): 8 7.63 (td, ] = 7.6, 1.9 Hz, 1H, ArH), 7.56 — 7.46 (m, 3H, ArH), 7.32
—7.22 (m, 3H, ArH), 7.19 — 7.06 (m, 2H, ArH), 5.28 (s, 1H, OH), 3.99 (dd, ] = 18.1, 2.0 Hz, 1H,
CH>), 3.64 (dd, J = 18.1, 2.0 Hz, 1H, CH>) ppm; 3C NMR (101 MHz, CDCl): 3 197.9 (d, ] = 3.9
Hz, C(O)), 162.0 (d, ] = 255.5 Hz, ArCF), 137.6 (ArC), 135.9 (d, ] = 9.5 Hz, ArCH), 130.5 (d, ] =
2.3 Hz, ArCH), 128.7 (ArCH), 128.4 (ArCH), 126.3 (ArCH), 125.1 (d, ] = 11.3 Hz, ArC), 124.8 (q, ]
= 284.5 Hz, CFs), 124.8 (d, ] = 3.2 Hz, ArCH), 116.9 (d, ] = 23.3 Hz, ArCH), 76.7 (q, ] = 29.0 Hz,
C(CF3)OH), 45. (d, ] = 8.8 Hz, CH,) ppm; YF NMR (376 MHz, CDCl;): 5 -80.32 (s, C(OH)CF3),
107.97 —-109.69 (m, ArCF) ppm; [a]p* = +94 (c = 2.5, CHCls); Chiral HPLC: Chiralpak IA,
4.6 x 250 mm; 5% /PrOH /hexanes, 1.0 mL/min; & (minor) = 8.3 min, & (major) = 9.9 min,

96:4 er.
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Methyl (8)-2-methyl-4-(4,4,4-trifluoro-3-hydroxy-3-phenylbutanoyl)benzoate (114)

O OH
&
F4C
/O 3
ol

114 was prepared following General Procedure D, using methyl 4-acetyl-2-methylbenzoate
and 2,2 2-trifluoroacetophenone. Purification by silica gel chromatography (5% acetone in

pentane) afforded the title compound as a pale-yellow oil (61 mg, 83%, 95:5 er).

TH NMR (400 MHz, CsDs): 8 7.75 (d, ] = 8.1 Hz, 1H, ArH), 7.62 — 7.54 (m, 2H, ArH), 7.43 (dt, ]
= 2.0, 0.6 Hz, 1H, ArH), 7.26 (ddd, ] = 8.2, 1.9, 0.7 Hz, 1H, ArH), 7.10 — 7.04 (m, 2H, ArH), 7.04 —
6.98 (m, 1H, ArH), 5.79 (s, 1H, ArH), 3.62 (d, ] = 17.3 Hz, 1H, CH>), 3.4 (s, 3H, OCH3), 3.30 (d, ]
= 17.3 Hz, 1H, CH>), 2.38 (s, 3H, ArCHs) ppm; F NMR (376 MHz, C¢Dq):  -79.72 (s) ppm; 13C
NMR (101 MHz, CsDg): 8 199.0 (C(O)CH,), 166.3 (C(O)OCHS3), 140.4 (ArC), 138.2 (ArC), 137.9
(ArC), 134.5 (ArC), 130.9 (ArCH), 130.4 (ArCH), 128.5 (ArCH), 128.3 (ArCH), 126.3 (ArCH), 125.18
(ArCH), 125.1 (q, ] = 284.9 Hz, CF5), 76.5 (q, ] = 28.9 Hz, C(CF;)OH), 51.3 (C(O)OCHS;), 40.3
(CH,), 21.1 (ArCHs) ppm; FT-IR (thin film) ve.. 3490, 2360, 2160, 1722, 1676, 1435, 1260,
1236, 1162, 1085 cm™'; HRMS (ESI) m/z caled. for CioHisF>O4 ([M+H]") 367.11517, found
367.11560; [e]p® = +64.7 (c = 2.0, CHCly); Chiral HPLC: Chiralpak AD-H, 4.6 x 250 mm;

2% /PrOH /hexanes, 1.0 mL./min; & (minor) = 20.6 min, %& (major) = 32.2 min, 95:5 er.
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(8)-1-(4-bromophenyl)-4,4,4-trifluoro-3-hydroxy-3-(4-methyl-3-

(trifluoromethyl)phenyl)butan-1-one (115)

e
I',

Br
CF;

115 was prepared following General Procedure D, using 4-bromoacetophenone and 2,2,2-
trifluoro-1-(4-methyl-3-(trifluoromethyl)phenyl)ethan-1-one. Purification by silica gel
chromatography (5% acetone in pentane) afforded the title compound as a colourless oil (67

mg, 74%, 92:8 er).

H NMR (400 MHz, CsDq): 6 8.10 — 8.00 (m, 1H, ArH), 7.47 (dd, ] = 8.1, 1.9 Hz, 1H, ArH), 7.05
(d,J = 0.8 Hz, 4H, ArH), 6.72 (d, ] = 8.1 Hz, 1H, ArH), 5.78 (s, 1H, OH), 3.35 (d, ] = 17.3 Hz, 1H,
CH>), 3.08 (d, ] = 17.3 Hz, 1H, CH>), 2.11 (q, ] = 1.9 Hz, 3H, ArCH3) ppm; 3C NMR (101 MHz,
CDCl): 5 198.1 (C(O)), 137.4 (ArC), 136.0 (Ar(), 134.5 (ArC), 132.2 (ArCH), 131.8 (ArCH), 129.6
(ArCH), 129.4 (ArC), 129.4 (ArCH), 128.9 (q, ] = 30.2 Hz, ArCCF3), 124.7 (q, | = 284.3 Hz, CF3),
123.6 (q, J = 5.9 Hz, ArC), 76.1 (q, ] = 29.4 Hz, C(CF5)OH), 39.4 (CHy), 18.4 (ArCH3) ppm; ¥F
NMR (376 MHz, C¢Dg): 8 -79.90 (s, C(OH)CF5), -61.55 (s, ArCFs) ppm; FT-IR (thin film) v,
3361, 2980, 1672, 1402, 1159 cm; HRMS (ESI) m/z caled. for CisHisFO:Br” ([M-H])
452.9933, found 452.9933; [«]p > = +81.3 (c = 1.0, CHCLs); Chiral HPLC: Chiralpak AD,
4.6 x 250 mm; 2% to 30% gradient /PrOH/hexanes, 1.0 mL/min; & (minor) = 10.5 min, &

(major) = 12.5 min, 92:8 er.
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(8)-4,4,4-trifluoro-3-hydroxy-1-(naphthalen-2-yl)-3-phenylbutan-1-one (116)

O OH

'I',
F3C

116 was prepared following General Procedure D, using 2-acetylnaphthalene and 2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (5% EtOAc in pentane)
afforded the title compound as a colourless solid (60 mg, 88%, 93.5:6.5 er). Data is consistent

with the published literature.'”

'H NMR (400 MHz, CDCl;): 5 8.53 — 8.43 (m, 1H, ArH), 8.07 — 7.94 (m, 1H, ArH), 7.94 — 7.81
(m, 3H, AtH), 7.71 — 7.51 (m, 4H, ArH), 7.42 — 7.29 (m, 3H, ArH), 5.76 (s, 1H, OH), 4.20 (d, | =
17.2 Hz, 1H, CH,), 3.77 (d, | = 17.2 Hz, 1H, CH.) ppm; *C NMR (101 MHz, CDCl;): § 199.6
(CO)), 137.7 (ArC), 136.2 (ArC), 133.3 (Ar(), 132.2 (ArC), 130.8 (ArCH), 130.0 (ArCH),
129.6 (ArCH), 128.9 (ArCH), 128.8 (ArCH), 128.5 (ArCH), 127.9 (ArCH), 127.25 (ArCH),
126.4 (ArCH), 124.9 (q, ] = 283.0 Hz, CF3), 123.2 (ArC), 76.7 (q, ] = 28.4 Hz, C(CF;)OH),
40.4 (CH,) ppm; °F NMR (376 MHz, CDCL): & -80.15 (s) ppm; HRMS (ESI) m/z calcd.
for CooHiO.F; (M+H]") 345.10969, found 345.10965; [e]p® = 273.5 (c = 1.0, CHCL);
Chiral HPLC: Chiralpak IA, 4.6 x 250 mm; 5% /PrOH /hexanes, 1.0 mL/min; & (minor) =

13.9 min, & (major) = 22.3 min, 93:7 er.
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(8)-1-(4-bromophenyl)-4,4,4-trifluoro-3-hydroxy-3-(6-methoxynaphthalen-2-

yl)butan-1-one (117)

O OH

I",
FsC
Br (@]

117 was prepared following General Procedure D, using 4-bromoacetophenone and S28.
Purification by silica gel chromatography (5% CH:Cl, and 5% EtOAc in pentane) afforded

the title compound as a colourless solid (72 mg, 80%, 96:4 er).

'H NMR (400 MHz, CDCl3): 6 7.93 (d, /] = 1.9 Hz, 1H, ArH), 7.76 — 7.68 (m, 2H, ArH), 7.65 (dd,
J=8.8,3.3 Hz, 2H, ArH), 7.59 — 7.50 (m, 3H, ArH), 7.08 (dd, | = 8.9, 2.5 Hz, 1H, ArH), 7.02 (d, ]
= 2.5 Hz, 1H, ArH), 5.57 (s, 1H, OH), 4.01 (d, ] = 17.3 Hz, 1H, CH>), 3.83 (s, 3H, OCH5), 3.60 (d,
J=17.3 Hz, 1H, CH) ppm; *C NMR (101 MHz, CDCL): 3 198.6 (C(O)), 158. (ArC), 135.02
(AtO), 134.4 (ArC), 1324 (ArC), 132.3 (ArCH), 129.9 (ArCH), 129.9 (ArC), 129.6 (ArCH),
128.3 (ArC), 127.1 (ArCH), 125.9 (ArCH), 124.2 (q, ] = 284.5 Hz, CFs), 123.9 (ArCH), 119.4
(ArCH), 105.4 (ArCH), 76.7, 76.6 (q, ] = 28.6 Hz, C(CF5)OH), 55.36 (OCEL), 40.3 (CH)
ppm; “F NMR (376 MHz, CDCL): 8 -80.02 (s) ppm; FT-IR (thin film) ve.. 3320, 2963,
2935, 2161, 2031, 1585, 1296, 1121 cm™'; HRMS (ESI) m/z calcd. for Co1Hi605"’BrF5*Na
(IM+Na]") 475.01271, found 475.01282; [«]p ® = 232.6 (c = 1.0, CHCL); Chiral HPLC:
Chiralpak IA, 4.6 x 250 mm; 3% /PrtOH/hexanes, 1.0 mL/min; & (minor) = 41.2 min, &

(major) = 56.2 min, 96:4 er; m.p.: 100 — 102 °C.
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(S)-3-(benzo[d][1,3]dioxol-5-yl)-4,4,4-trifluoro-3-hydroxy-1-phenylbutan-1-one (118)

O OH

‘“, 0
OO

118 was prepared following General Procedure D, using acetophenone and S27 to afford

the title compound as a pale yellow oil (43 mg, 64%, 97:3 er).

TH NMR (400 MHz, C¢Dg): 8 7.54 — 7.41 (m, 2H, ArH), 7.26 (d, ] = 1.9 Hz, 1H, ArH), 7.12 — 7.01
(m, 1H, ArH), 6.93 (m, 3H, ArH), 6.47 (d, ] = 8.2 Hz, 1H, ArH), 5.91 (s, 1H, OH), 5.17 (m, 2H,
OCH,0), 3.59 (d, ] = 17.3 Hz, 1H, CH>), 3.20 (d, ] = 17.3 Hz, 1H, CH>) ppm; 3C NMR (101 MHz,
CDg): 8 199.4 (C(O)), 148.1 (ArC), 148.0 (ArC), 136.2 (ArC), 133.6 (ArCH), 131.8 (ArC), 128.4
(ArCH), 128.0 (ArCH), 125.0 (q, ] = 284.7 Hz, CF3), 120.1 (ArCH), 107.8 (ArCH), 107.3 (ArCH),
100.9 (OCH,0), 76.4 (q, ] = 28.8 Hz, CCF5), 39.8 (CHz) ppm; °F NMR (376 MHz, C¢Dg): 6 -
80.07 (s) ppm; HRMS (ESI) m/z caled. for Ci:HisO4F; (M+H]") 339.08387, found
339.08398; FT-IR (thin film) vm. 3446, 2921, 2160, 1976, 1702, 1504, 1449, 1347, 1241, 1162 cm-
5 [#]o® = +67.7 (c = 1.5, CHCls); Chiral HPLC: Chiralpak OD-H, 4.6 x 250 mm; 3%

/PrOH /hexanes, 1.0 mL/min; & (minor) = 25.0 min, %& (major) = 27.0 min, 97:3 er.
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(35,3'5)-1,1'-(1,4-phenylene)bis(4,4,4-trifluoro-3-hydroxy-3-phenylbutan-1-one) (120)

O OH
OH O

120 was prepared following General Procedure D, using 1,4-diacetylbenzene and 2,2,2-
trifluoroacetophenone (3.0 eq). Purification by silica gel chromatography (5% acetone to
25% acetone in pentane) afforded the title compound as a coloutrless powder (87 mg, 80%),

crude 20:1 dr, 95:5 er (major diastereomer).

'H NMR (400 MHz, acetone-ds): & 8.17 (s, 4H, ArH), 7.75 (dd, ] = 7.6, 2.0 Hz, 4H, ArH), 7.48 —
7.29 (m, 5H, ArH), 5.79 (s, 2H, OH), 4.42 (d, ] = 17.5 Hz, 2H, CH>), 3.94 (d, ] = 17.6 Hz, 2H, CH>)
ppm; 3C NMR (101 MHz, acetone-ds): 5 197.7 (C(O)), 140.4 (ArC), 138.0 (ArC), 128.5 (ArCH),
128.3 (ArCH), 128.0 (ArCH), 126. (ArCH), 125.1(q, ] = 284.8 Hz, CFs), 76.2 (q, | = 28.3 Hz,
C(CF3)OH), 41.3 (CHz) ppm; ¥F NMR (376 MHz, acetone-ds): 5 -80.72 (s) ppm; FT-IR (thin
film) v 3514, 1701, 1674, 1401, 1246, 1154, 1134, 1024 cm™'; HRMS (ESI) m/z caled. for
CasHioFsO4 (IM-H]) 509.11930, found 509.11983; [a]p*® = +64.8 (c = 1.0, CHCls); Chiral
HPLC: Chiralpak IB, 4.6 x 250 mm; gradient 0.5% to 30% /PrOH/hexanes over 60 minutes,
1.0 mL/min; & (major diastereomer, minor enantiomer) = 39.0 min, A& (major diastereomet,

major enantiomer) = 51.3 min, 95:5 er (major diastereomer).
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(8)-4,4,4-trifluoro-3-hydroxy-3-phenyl-1-(quinolin-6-yl)butan-1-one (121)

O OH
S “
| ] FC
N

121 was prepared following General Procedure D, using 3-acetylquinoline and 2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (5% EtOAc in pentane)

afforded the title compound as a colourless solid (61 mg, 89%, 97:3 er).

'H NMR (400 MHz, CDCl): 8 9.34 (d, ] = 2.3 Hz, 1H, ArH), 8.71 (d, ] = 2.2 Hz, 1H, ArH), 8.16
(dd, J = 8.5, 1.1 Hz, 1H, ArH), 7.97 (dd, ] = 8.2, 1.3 Hz, 1H, ArH), 7.88 (ddd, J = 8.5, 6.9, 1.5 Hz,
1H, ArH), 7.73 — 7.60 (m, 3H, ArH), 7.42 — 7.29 (m, 3H, ArH), 5.53 (s, 1H, OH), 4.16 (d, ] = 17.1
Hz, 1H, CH,), 3.78 (d, ] = 17.1 Hz, 1H, CH>) ppm; "C NMR (101 MHz, CDCl;): & 198.3,
(CO)), 150.2 (ArC), 148.4 (ArCH), 137.7 (ArCH), 137.3 (ArC), 132.8 (ArCH), 129.6 (ArC),
129.5 (ArCH), 128.8 (ArCH), 128.5 (ArCH), 128.0 (ArCH), 126.5 (ArC), 126.2 (ArCH),
124.6 (q, ] = 284.7 Hz, CF3), 76.5 (q, ] = 29.4 Hz, C(CF5)OH), 40.8 (CH.) ppm; "F NMR
(376 MHz, CDCL): 8 -80.07 (s) ppm; FT-IR (thin film) va. 3062, 2539, 1667, 1602, 1466,
1406, 1380, 1342, 1305, 1161, 1128, 949 cm''; HRMS (ESI) m/z caled. for CiHFsNO,
(IM+H]") 346.10494, found 346.10491; [a]p ® = +237.6 (c = 1.0, CHC,); Chiral HPLC:
Chiralpak IA, 4.6 x 250 mm; 15% /PrOH/hexanes, 1.0 mL/min; & (minot) = 17.3 min, &

(major) = 15.5 min, 93:7 er; m.p.: 104 — 106 °C.
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(8)-4,4,4-trifluoro-3-hydroxy-3-phenyl-1-(pyrazin-2-yl)butan-1-one (122)

O OH
N\ 'I',
E ) FsC
N

122 was prepared following General Procedure D, using acetylpyrazine and 2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (20% EtOAc in pentane)

afforded the title compound as a colourless oil (52 mg, 88%, 92:8 er).

TH NMR (400 MHz, CDCls): 3 9.09 (d, ] = 1.5 Hz, 1H, ArH), 8.77 (d, ] = 2.5 Hz, 1H, ArH), 8.63
(dd, J = 2.5, 1.5 Hz, 1H, ArH), 7.60 — 7.46 (m, 2H, ArH), 7.35 — 7.21 (m, 3H, ArH), 5.66 (s, 1H,
OH), 4.28 (d, ] = 16.8 Hz, 1H, CH.), 3.73 (d, ] = 16.8 Hz, 1H, CH>) ppm; "C NMR (101 MHz,
CDCls): § 199.4 (C(O)), 148.4 (ArCH), 146.4 (ArC), 144.2 (ArCH), 143.2 (ArCH), 137.0
(ArC), 128.8 (ArCH), 128.3 (ArCH), 126.5 (ArCH), 124.5 (q, ] = 285.1 Hz, CF3), 76.3 (q, ]
= 29.1 Hz, C(CF5)OH), 41.5 (CH,); "F NMR (376 MHz, CDCls): 8 -80.39 (s) ppm;
HRMS (EST) m/z caled. for CisHi2O2NoF5 (IM+H]") 297.08454, found 297.08447; FT-IR
(thin film) v, 3447, 2160, 1697, 1573, 1406, 1241, 1155 cm'; [a]p® = 100.9 (c = 1.0, CHCly);
Chiral HPLC: Chiralpak IA, 4.6 x 250 mm; 1% /PrOH /hexanes, 1.0 mL/min; & (minor) =

18.2 min, & (major) = 24.1 min, 92:8 er.
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(8)-4,4,4-trifluoro-3-hydroxy-1-(6-methoxypyridin-3-yl)-3-phenylbutan-1-one (123)

(0] OH
W ""[: :]
F,C
) 3
oY

123 was prepared following General Procedure D, using 1-(6-methoxypyridin-3-yl)ethan-1-
one and 2,2,2-trifluoroacetophenone. Purification by silica gel chromatography (5% acetone

in pentane) afforded the title compound as a colourless oil (61 mg, 93%, 96:4 er).

1H NMR (400 MHz, CiDq): 5 8.74 (dd, ] = 2.6, 0.7 Hz, 1H, ArH), 7.98 (dd, ] = 8.8, 2.5 Hz, 1H,
ArH), 7.59 — 7.48 (m, 2H, ArH), 7.37 — 7.20 (m, 3H, ArH), 6.72 (dd, = 8.8, 0.7 Hz, 1H, ArH), 5.59
(s, 1H, OH), 3.95 (s, 3H), 3.85 (d, ] = 17.0 Hz, 1H, CH>), 3.50 (d, ] = 17.0 Hz, 1H, CH,) ppm; 13C
NMR (101 MHz, C¢Dy): 3 197.1 (C(O)), 167.2 (Ar(), 149.5 (ArCH), 138.0 (ArC), 137.6 (ArCH),
128.4 (ArCH), 128.2 (ArCH), 126.3 (ArCH), 126.1 (ArC), 125.1 (d, ] = 285.1 Hz, CFs), 110.9 (ArCH),
76.5 (d, J = 29.0 Hz, C(CF3)OH), 53.5 (OCH), 39.4 (CHz) ppm; F NMR (376 MHz, C¢Dy): & -
80.16 (s) ppm; FT-IR (thin film) va.. 3420, 2954, 2360, 2160, 1665, 1601, 1561, 1497, 1374,
1163, 1019 cm; HRMS (ESI) m/z caled. for CsHisFsNO, ([M+H]Y) 326.0999, found
326.0998; [¢]p® = +133.0 (c = 2.0, CHCly); Chiral HPLC: Chiralpak IB, 4.6 x 250 mm;

2% /PrOH /hexanes, 1.0 mI./min; & (minor) = 14.8 min, #& (major) = 32.6 min, 96:4 et.
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(8)-4,4,4-trifluoro-3-hydroxy-3-phenyl-1-(thiazol-2-yl)butan-1-one (124)

0 OH
N\\')J\J"'I
<\,s FaC

124 was prepared following General Procedure D, using 2-acetylthiazole and 2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (5% acetone in pentane)

afforded the title compound as a coloutless oil (59 mg, 98%, 93:7 er).

H NMR (400 MHz, CsDg): 8 7.78 (ddd, = 8.1, 1.8, 1.0 Hz, 2H, ArH), 7.29 (d, ] = 3.0 Hz, 1H,
ArH), 7.14 — 7.06 (m, 2H, ArH), 7.06 — 6.98 (m, 1H, ArH), 6.57 (s, 1H, OH), 6.46 (d, ] = 3.0 Hz,
1H, ArH), 4.03 (d, ] = 15.9 Hz, 1H, CH,), 3.73 (d, ] = 16.0 Hz, 1H, CH>) ppm; 3C NMR (101
MHz, CsDg): & 190.7 (C(O)), 166.5 (ArCH), 144.0 (ArCH), 137.4 (ArCH), 128.6 (ArCH), 128.2
(ArCH), 126.9 (ArCH), 125.3 (d, ] = 285.4 Hz, CF5), 123.9, 121.1, 76.1 (q, ] = 29.2 Hz, C(CF3)OH),
43.7 (CH>) ppm; YF NMR (376 MHz, C¢Dg): 6 -79.93 (s) ppm; FT-IR (thin film) vm.. 3118,
2360, 1680, 1450, 1240, 1154 cm™; HRMS (ESI) m/z calcd. for Ci3Hi FsO.NS ([M+H])
302.0456, found 302.0457; [«]p* = +113.8 (c = 2.0, CHCl;3); Chiral HPLC: Chiralpak IB,
4.6 x 250 mm; 2% PrOH /hexanes, 1.0 mL/min; & (minor) = 11.9 min, & (major) = 13.2

min, 93:7 er.
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(8)-4,4,4-trifluoro-3-hydroxy-3-(6-methoxynaphthalen-2-yl)-1-(thiazol-4-yl)butan-1-

one (125)
O OH
N "',
T
S o~

25 was prepared following General Procedure D, using 1-(thiazol-4-yl)ethan-1-one and
2,2, 2-trifluoro-1-(6-methoxynaphthalen-2-yl)ethan-1-one. ~ Purification by silica gel
chromatography (5% acetone in pentane) afforded the title compound as a pale-yellow gum

(68 mg, 89%, 93:7 ex).

1H NMR (400 MHz, C¢Dq): 6 8.32 (d, ] = 1.9 Hz, 1H, ArH), 7.92 (ddt, | = 8.7, 2.1, 1.1 Hz, 1H,
ArH), 7.68 (d, ] = 2.1 Hz, 1H, AtH), 7.55 — 7.49 (m, 1H, ArH), 7.40 (dd, ] = 9.0, 0.7 Hz, 1H, ArH),
7.32 (d, ] = 2.1 Hz, 1H, ArH), 7.06 (dd, ] = 8.9, 2.5 Hz, 1H, AtH), 6.79 (d, ] = 2.5 Hz, 1H, ArH),
6.75 (s, 1H, OH), 4.23 (d, ] = 16.1 Hz, 1H, CH,), 3.85 (d, ] = 16.1 Hz, 1H, CH>), 3.31 (s, 3H, OCHy)
ppm; BC NMR (101 MHz, C¢Dy): 8 192.6 (C(O)), 158.4 (ArC), 154.5 (ArC), 152.7 (ArCH), 134.7
(ArC), 132.9 (ArC), 130.0 (ArCH), 1285 (ArC), 126.8 (ArCH), 126.7 (ArCH), 126.3 (ArCH), 125.5
(q, ] = 285.2 Hz), 124.7 (ArCH), 119.2 (ArCH), 105.3 (ArCH), 76.5 (q, ] = 29.2 Hz, C(CF;)OH),
54.4 (OCH3), 44.0 (CHs) ppm; 1F NMR (376 MHz, CsDs): & -79.83 (s) ppm; FT-IR (thin film)
vaax 3113, 1681, 1606, 1482, 1160, 1032 cm™'; HRMS (ESI) m/z caled. for CisHyFsO5NS
(IM-H]) 382.0719, found 382.0719; [¢]o ® = +1.5 (c = 2.0, CHCls); Chiral HPLC:

Chiralpak AD, 4.6 x 250 mm; 2% to 30% gradient over 60 minutes /PrOH/hexanes, 1.0

ml./min; & (minor) = 26.9 min, & (major) = 36.9 min, 93:7 er.
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(8)-1-(3-(difluoromethyl)-5-fluoro-1-methyl-1H-pyrazol-4-yl)-4,4,4-trifluoro-3-

hydroxy-3-(4-vinylphenyl)butan-1-one (126)

126 was prepared following General Procedure D, using 1-(3-(difluoromethyl)-5-fluoro-1-
methyl-1H-pyrazol-4-yl)ethan-1-one  and  2,2,2-trifluoro-1-(4-vinylphenyl)ethan-1-one.
Purification by silica gel chromatography (20% isopropanol in pentane) afforded the title

compound as a pale yellow gum (78 mg, 94%, 96:4 er).

TH NMR (400 MHz, C¢Dg): 8 7.64 (d, ] = 8.2 Hz, 2H, ArH), 7.24 — 7.17 (m, 2H, ArH), 6.70 (t, ]
= 53.6 Hz, 1H, CHF>), 6.46 (dd, ] = 17.6, 10.9 Hz, 1H, AtCHCHnsHeis), 5.83 (s, 1H, OH), 5.53
(dd, J = 17.6, 1.0 Hz, 1H ArxCHCH,.»H.is), 5.04 (dd, J = 10.9, 0.9 Hz, 1H, ArCHCH ransH.ip), 3.42 —
3.28 (m, 2H, CH>), 2.56 (d, ] = 1.6 Hz, NCH3) ppm; 3C NMR (101 MHz, CsDg): 6 190.3 (d, ] =
5.2 Hz, C(O)), 152.8 (d, ] = 290.1 Hz, ArCF), 138.1 (ArC), 137.3 (ArC), 135.9 (CHCH>»), 126.5 (ArC),
126.4 (ArCH), 126.3 (ArCH), 123.7 (ArC), 114.5 (CHCHy), 109.4 (t, ] = 237.6 Hz, CHF»), 76.3 (q, |
= 29.0 Hz, C(CF35)OH), 42.5 (d, ] = 3.9 Hz, CH>), 33.0 (NCH3) ppm. (CF; resonance not found);
YF NMR (376 MHz, C¢Dg): 5 -79.76 (s, C(OH)CF53), -115.33 — -119.43 (m, AtF), -121.25 (s, CHI%)
ppm; FT-IR (thin film) v... 3390, 2160, 1664, 1546, 1495, 1160 cm™'; HRMS (ESI) m/z
caled. for CiuHsFeNoNO, ([M+Na] ") 415.0852, found 415.0849; [«]p® = +75.6 (c = 0.5,

CHCIls); Chiral HPLC: Chiralpak IB, 4.6 x 250 mm; 2% /PrOH/hexanes, 1.0 mL/min; &

(minor) = 19.7 min, & (major) = 20.3 min, 98:2 er.
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(R)-1-(4-bromophenyl)-4,4,4-trifluoro-3-hydroxy-3-(thiophen-2-yl)butan-1-one (127)

O OH

Br

127 was prepared following General Procedure D, using 4-bromoacetophenone and 2-
(trifluoroacetyl)thiophene. Purification by silica gel chromatography (3% Et:O and 3%
CH.Cl; in pentane) afforded the title compound as a coloutless solid (54 mg, 72%, >99:1

er).

1H NMR (400 MHz, CDCls): 5 7.87 — 7.72 (m, 2H, ArH), 7.71 — 7.57 (m, 2H, ArH), 7.31 (dd, ] =
5.1,1.2 Hz, 1H, ArH), 7.11 (ddd, ] = 3.7, 1.3, 0.6 Hz, 1H, ArH), 6.97 (dd, ] = 5.1, 3.7 Hz, 1H, ArH),
6.03 (s, 1H, OH), 3.91 (d, ] = 17.1 Hz, 1H, CH>), 3.55 (d, ] = 17.1 Hz, 1H, CH>) ppm; 3C NMR
(101 MHz, CDCL): 5 198.5 (C(O)), 141.7 (ArC), 134.8 (ArC), 132.3 (ArCH), 130.1 (ArC), 129.7
(ArCH), 127.2 (ArCH), 126.6 (ArCH), 125.9 (ArCH), 123.8 (q, ] = 284.6 Hz, CF3), 75.8 (q, ] = 30.4
Hz, C(CF3)OH), 40.9 (CHz) ppm; “F NMR (376 MHz, CDCl;): 6 -81.23 (s) ppm; FI-IR
(thin film) v... 3450, 1681, 1585, 1398, 1341, 1233, 1156, 1117 cm™; HRMS (ESI) m/z
caled. for CiuHoF50,Br™S ([M-H]) 378.9443, found 378.9444; [a]p* = +25.5 (c = 1.0,
CHCls); Chiral HPLC: Chiralpak AD-H, 4.6 x 250 mm; 1% /PrOH /hexanes, 1.0 mIL./min;

#x (minor) = 10.8 min, #& (major) = 10.0 min, >99:1 er; m.p.: 82 - 84 °C.

151



(8,E)-6,6,6-trifluoro-5-hydroxy-1,5-diphenylhex-1-en-3-one (128)

O OH

N o
FsC

128 was prepared following General Procedure D, using benzylideneacetone and 2,2,2-
trifluoroacetophenone. Purification by silica gel chromatography (15% CH.Cl; in pentane)
afforded the title compound as a colourless solid (58 mg, 91%, 98:2 er). Data is in agreement

with that reported in the reported literature.'

"H NMR (400 MHz, CiDy):  7.63-7.60 (m, 3H, ArH), 7.56~7.53(m, 2H, ArF), 7.44—7.34
(m, 6H, ArH and alkeneCH), 6.72 (d, ] = 16.3 Hz, 1H, alkeneCFH), 3.65 (d, ] = 16.8 Hz, 1H,
CID), 3.39 (d, ] = 16.9 Hz, 1H, CH,) ppm; F NMR (376 MHz, CiD): 5 -80.18 (s) ppm;
HRMS (ESI) m/z caled. for CisHigFsO, (IM+H]) 321.10969, found 321.10966; [o]p 2 =
+237.2 (c = 1.6, CHCly) [literature for (R) enantiomer: -228 (c = 0.11, CH,Cl,)]; Chiral HPLC:
Chiralpak AD-H, 4.6 x 250 mm; 5% /PrOH /hexanes, 1.0 mL/min; & (minor) = 23.5 min,

#R (major) = 26.7 min, 98:2 er.
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(8)-4,4,5,5,5-pentafluoro-3-(4-fluorophenyl)-3-hydroxy-1-phenylpentan-1-one (129)

"y
CoFs
F

129 was prepared following General Procedure D, using acetophenone and 2,2,3,3,3-
pentafluoro-1-(4-fluorophenyl)propan-1-one. Purification by silica gel chromatography (5%
EtO and 5% CH:Cl, in pentane) afforded the title compound as a colourless oil (62 mg,

86%, 97.5:2.5 er).

'H NMR (400 MHz, MeOD): 8 7.86 — 7.76 (m, 2H, ArH), 7.59 — 7.46 (m, 3H, ArH), 7.41 — 7.33
(m, 2H, ArH), 6.98 — 6.89 (m, 2H, ArH), 4.11 (dd, ] = 17.0, 1.1 Hz, 1H, CH,), 3.65 (dd, ] = 17.0, 0.7
Hz, 1H, CHy) ppm. (OH not obsetved in MeOD); 3C NMR (101 MHz, MeOD): & 198.0 (d, | =
8.0 Hz, C(0)), 162.6 (d, ] = 246.0 Hz, ArCF), 137.0 (ArC), 133.8 (q, ] = 3.3 Hz, COH)ArC), 133.4
(ArCH), 128.5 (d, ] = 8.2 Hz, ArCH), 128.3 (ArCH), 127.9 (ArCH), 119.2 (qt, ] = 287.7, 36.4 Hz,
CF3), 1142 (d, ] = 21.8 Hz, ArCH), 114.2 (d, ] = 34.2 Hz), 76.2 (td, | = 23.2, 5.0 Hz, C(CF3)OH)
ppm. CHz resonance obscured by solvent peak; ¥F NMR (376 MHz, MeOD): & -78.85 (s, CF), -
116.63 (ddd, ] = 14.7,9.4, 5.7 Hz, ArF), -120.82 — -123.95 (q, ] = 275.3 Hz, CF>) ppm; FT-IR (thin
film) v 3319, 2961, 2160, 1683, 1601, 1506, 1220, 1149 cm™; HRMS (ESI) m/z calcd. for
CiHiFOs (IM-H]) 361.0669, found 361.0672; [e]p® = +72.3 (c = 1.0, CHCL); Chiral
HPLC: Chiralpak IB, 4.6 x 250 mm; 3% /PrOH/hexanes, 1.0 mL./min; & (minor) = 7.4

min, & (major) = 9.1 min, 97.5:2.5 er.

153



(5)-1-(4-bromophenyl)-3-(4-chlorophenyl)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

pentadecafluoro-3-hydroxydecan-1-one (130)

130 was prepared following General Procedure D, using 4-bromoacetophenone and 1-(4-
chlorophenyl)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctan-1-one. Purification by silica
gel chromatography (5% acetone in pentane) afforded the title compound as a white solid

(117 mg, 83%, 96:4 et).

tH NMR (500 MHz, CDq): 8 7.27 (d, ] = 8.3 Hz, 2H, ArH), 7.06 (s, 4H, ArH), 7.04 — 6.99 (m,
2H, ArH), 6.05 (s, 1H, OH), 3.26 (d, ] = 17.0 Hz, 1H, CH,), 3.15 (d, ] = 17.0 Hz, 1H, CH,) ppm;
13C NMR (126 MHz, C¢Ds): 8 198.6 (C(O)), 136.4 (ArC), 134.8 (ArC), 134.6 (ArC), 131.8 (ArCH),
129.5 (ArC), 129.3 (ArCH), 128.4 (ArCH), 117.24 (t, | = 30.4 Hz, CFs), 115.98 (CF,), 112.78 (CF),
111.48 (CF,), 111.18 (CF,), 110.58 (CF,), 108.58 (q, ] = 28.1 Hz, CF,CF3), 78.2€ (¢, ] = 29.0 Hz,
C(CF»)OH), 39.9 (CH,) ppm; F NMR (471 MHz, C¢Dg): & -120.81 — -121.65 (m, CF5), -116.32
(td, ] = 21.4, 10.4 Hz, CF%), -116.89 — -119.43 (m, CF,CFy), -120.81 — -121.65 (m, CF5), -121.65 — -
122.24 (m, CF), -122.41 — -123.09 (m, CF), -125.54 — -127.01 (m, CF) ppm; FI-IR (thin film)

vmax 3180, 1670, 1587, 1420, 1231, 1089, 1060 cm'; HRMS (ESI) m/z caled. for

CoH 1 Br°CIF1s0, ([M-H]) 704.9319, found 704.9315; [a]p 2 = +31.0 (c = 1.0, CHCLy);
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Chiral HPLC: Chiralpak AD-H, 4.6 x 250 mm; 2% 7/PrOH/hexanes, 1.0 mL/min; &
(minor) = 11.0 min, & (major) = 12.7 min, 96:4 er; m.p.: 97 - 99 °C.
13C NMR notes:

A — only obsetved in 1*C{CF3decoupled} NMR expetriment

B — only observed in 1*C{CF;decoupled} NMR expetiment

C — triplet only observed in 1*C NMR experiment
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(8)-4-chloro-4,4-difluoro-3-hydroxy-1,3-diphenylbutan-1-one (131)

O OH

S\

F F

131 was prepared following General Procedure D, using acetophenone and 2-chloro-2,2-
difluoroacetophenone. Purification by silica gel chromatography (5% CH.Cl; and 5% Et,O

in pentane) afforded the title compound as a colourless solid (53 mg, 85%, 96.5:3.5 er).

'H NMR (400 MHz, CDCl;): 6 7.87 — 7.81 (m, 2H, ArH), 7.65 — 7.60 (m, 3H, ArH), 7.45 — 7.38
(m, 2H, ArH), 7.28 — 7.24 (m, 3H, ArH), 5.74 (d, ] = 0.9 Hz, 1H, OH), 4.06 (d, ] = 17.2 Hz, 1H,
CHs), 3.61 (d, ] = 17.3 Hz, 1H, CH,) ppm; *C NMR (101 MHz, CDCL): 3 199.9 (C(0)), 138.2
(ArC), 136.3 (ArC), 134.4 (ArCH), 133.2 (ArCH), 128.8 (g, ] = 298.7.0 Hz, CF3), 128.7 (ArCH), 128.3
(ArCH), 128.2 (ArCH), 126.7 (ArCH), 79.9 (t, ] = 24.6 Hz, C(CF,C))OH), 40.7 (CHz) ppm; F NMR
(376 MHz, CDCL): 8 -64.08 (d, ] = 166.4 Hz), -65.05 (d, | = 166.5 Hz) ppm; FT-IR (thin film)
Vmax 3231, 1680, 1582, 1419, 1228, 1110 cm'; HRMS (EST) m/z caled. for CisHisCIF,O,
(IM+H]*) 31106449, found 311.06459; [a]p® = 14.0 (c = 0.25, CHCls); Chiral HPLC:
Chiralpak AD-H, 4.6 x 250 mm; 5% /PrOH /hexanes, 1.0 mL/min; & (minor) = 11.5 min,

# (major) = 12.0 min, 97:3 er; m.p.: 100 - 102 °C.
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4.2.5 Derivatisation of Compound 104

(9)-1,1,1-trifluoro-2,4-diphenylbutan-2-ol (142)

H,, Pd/C, HCI OH

O OH
i EtOH, rt, 4 h /\4
o Ph ‘Ph
CF3 © CF;
Br

142; 95% yield
104; >99.5:0.5 er >09.5:0.5er

\

To a solution of 104 (100 mg, 0.269 mmol, >99.5:0.5 er) in EtOH (3 ml) was added 10%
Pd/C (30 mg, 30% w/w) and conc. HCI (0.5 mL). The mixture was purged with hydrogen
gas for 10 minutes then left to stir under a hydrogen atmosphere for 4 hours. The mixture
was filtered through celite with CH>Cl> and evaporated to dryness 7z vacuo. Purification by

silica gel chromatography (10% EtOAc in pentane) afforded the title compound as a

coloutless oil (71 mg, 95%).

'H NMR (400 MHz, CDCL): § 7.55 — 7.48 (m, 2H, ArF), 7.39 — 7.29 (m, 3H, ArH), 7.14
(s, 2H, ArH), 7.14 — 7.07 (m, 1H, ArH), 7.07 — 6.97 (m, 2H, ArH), 2.64 — 2.52 (m, 1H,
PhCH,CFL), 2.50 — 240 (m, 1H, PhCHL.CH,), 2.32 (s, 1H, OH), 2.30 — 2.23 (m, 2H,
PhCH,CH, and PhCH,CH>) ppm; 3C NMR (101 MHz, CDCl;): § 140.9 (AtC), 136.1 (ArC),
128.6 (ArCH), 128.5 (ArCH), 128.5 (ArCH), 128.2 (ArCH), 126.3 (ArCH), 126.2 (ArCH), 125.5 (q,
J = 286.0 Hz, CF3), 77.3 (q, ] = 28.4 Hz, C(CF5)OH), 37.1 (ArCH,CH,), 28.7 (ArCH,CHy) ppm; °F
NMR (376 MHz, CDCLy): 5 -80.09 (s) ppm. 280.1075, found 280.1075; [a]n® = +16.3 (c
= 2.0, CHCl); FT-IR (thin film) v..., 3548, 3029, 2930, 2160, 1604, 1497, 1451, 1255, 1151
cm; Chiral HPLC: Chiralpak OD-H, 4.6 x 250 mm; 3% /PrOH/hexanes, 1.0 mI./min; %

(single enantiomer) = 16.9 min, >99.5:0.5 er (minor enantiomer not detected).

157



(35)-4,4,4-trifluoro-1,3-diphenylbutane-1,3-diol (143)

O OH H,, Pd/C
' OH
/©/U\4 EtOH, -10°C, 4 h )Ou
CF @ —> Ph “Ph
Br 3 CF3
104; >99.5:0.5 er 143; 93% yield

10:1 dr, >99.5:0.5 er

To a solution of 104 (100 mg, 0.269 mmol, >99.5:0.5 er) in EtOH (3 ml) was added 10%
Pd/C (5 mg, 5% w/w), then cooled to -10 °C. The mixture was purged with hydrogen gas
for 10 minutes then left to stir under a hydrogen atmosphere for 4 hours at this temperature.
The mixture was warmed to filtered through celite with CH>Cl,and evaporated to dryness
in vacuo. Purification by silica gel chromatography (15% EtOAc in pentane) afforded the title
compound as a colourless oil (74 mg, 93%, 10:1 dr, configuration of major unknown).

Longer reaction times and/or higher temperature led to formation of alcohol 142.

Characterisation data for major diastereomer: tH NMR (400 MHz, CDCl;): 8 7.64 — 7.55 (m,
2H, ArH), 7.43 — 7.30 (m, 8H, ArH), 5.79 (s, 1H, CFsOH), 5.39 -5.35 (m, 1H, P\CHOH), 2.61 —
2.48 (m, 2H, PhCOH and CH>), 2.27 (m, 1H, CH>) ppm; 3C NMR (101 MHz, CDCls): § 143.2
(ArC), 139.3 (ArC), 128.8 (ArCH), 128.4 (ArCH), 128.2 (ArCH), 128.2 (ArCH), 126.0 (q, ] = 287.7
Hz, CF5), 125.6 (ArCH), 125.5 (ArCH), 76.8 (q, ] = 28.0 Hz), 72.8 (q, ] = 1.6 Hz, CH(OH)), 44.8
(CH») ppm; ¥F NMR (376 MHz, CDCL): 8 -75.70 (s) ppm; HRMS (ESI) m/z caled. for
CisHi6F30, (IM+H]") 297.1102, found 297.1102; [a]p*® = +53.2 (c = 2.5, CHCl;); Chiral
HPLC: Chiralpak IA, 4.6 x 250 mm; 7% /PrOH/hexanes, 1.0 mL/min; & = 12.0 min,

>99.5:0.5 er (minor enantiomer not detected).
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2,4-diphenyl-2-(trifluoromethyl)oxetane (144)

OH OH DIAD, PPh, o Ph
benzene, rt, 30 mins 2
PhM"'Ph > ph/Q\CFi*
CFs3

144; 88% yield

143; >99.5:0.5 er >99.5:0.5 er

To a solution of 143 (10 mg, 0.0338 mmol, >99.5:0.5 er) and PPh; (20 g, 0.076 mmol, 2 eq)
in benzene (0.4 ml) was added dropwise diisopropyl azodicarboxylate (15 ul., 0.0777 mmol,
2.3 eq) at RT under a nitrogen atmosphere. The resulting colourless solution was stirred at
this temperature for 30 minutes, then quenched with brine (5 mL). The mixture was
extracted with CHxCl, (3 x 10 mL), dried over Na,SOs, filtered, and evaporated to dryness
in vacuo. Purification by silica gel chromatography (1% diethyl ether in pentane) afforded the

title compound as a colourless oil (8.3 mg, 88%, >20:1 dr).

'H NMR (400 MHz, CDCL): & 7.64 — 7.58 (m, 2H, ArH), 7.55 — 7.41 (m, 4H, ArH), 7.40 — 7.27
(m, 4H, ArH), 5.68 (t, | = 7.8 Hz, 1H, ArCH), 3.36 (dd, | = 11.3, 8.2 Hz, 1H, CH,), 3.11 (ddd, ] =
11.3, 7.5, 0.8 Hz, 1H, CH,) ppm; BC NMR (126 MHz, CDCL): 5 140.5 (ArC), 137.0 (ArC), 128.8
(ArCH), 128.6 (ArCH), 128.4 (ArCH), 128.3 (ArCH), 126.4 (ArCH), 125.6 (ArCH), 123.8 (q, ] =

282.6 Hz, CFs), 80.5 (q, | = 32.3 Hz, CCF3), 77.5 (CH), 37.4 (CHy) ppm; ¥F NMR (376 MHz,
CDCLs): 8-80.99 (s) ppm; HRMS (ESI) m/z caled. for CieHyF>O (M+H]*) 279.09672, found
279.09348; [a]p*® = -62.5 (c = 0.4, CHCl5); Chiral HPLC: Chiralpak AD-H, 4.6 x 250 mm;
0.5% 7PrOH/hexanes, 1.0 mL/min; & = 8.0 min, >99.9:0.1 er (minor enantiomer not

detected).
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(8, E)-4,4,4-trifluoro-3-hydroxy-1,3-diphenylbutan-1-one oxime (145)

0 OH OH
NH,OH-HCI N° OH
pyridine, 50 °C, 4 h L.
CF; > !
Br CF,
Br

104; >99.5:0.5 er
145; 87% yield
>99.5:0.5er

To a solution of 104 (500 mg, 1.35 mmol, 1.0 eq, >99.5:0.5 er) in pyridine (10 ml) was added
hydroxylamine hydrochloride (233 mg, 3.38 mmol, 2.5 eq). The mixture was heated to 50 °C
under a N, atmosphere for 4 hours, before removal of pyridine 7z vacuo. The resulting residue
was dissolved in CH,Cl, (100 mI.) and washed with water (2 x 100 mL) then brine (100 mL).
The organic layer was dried over Na,SOy, filtered, and evaporated to dryness 7 vacno. Crude
'H NMR analysis shows a 4:1 mixture of FE/Z isomers. Purification by silica gel
chromatography (5% EtOAc in pentane to 20% EtOAc in pentane) afforded the title
compound as a single isomer (§, E) as a colourless oil which slowly crystallised to a white
solid on standing (407 mg, 78%, >99.5:0.5 er). NOESY NMR shows correlation of oxime

OH with CH, protons, suggesting E configuration of the oxime.

IH NMR (400 MHz, MeOD): 8 7.53 — 7.41 (m, 2H, ArH), 7.28 — 7.21 (m, 2H, ArH), 7.18 — 7.10
(m, 3H, ArH), 7.10 — 7.02 (m, 2H, ArH), 5.02 (s, 1H, OH), 3.83 (d, ] = 13.9 Hz, 1H, CE), 3.54 (d,
] =13.8 Hz, 1H, CH,) ppm; 13C NMR (101 MHz, MeOD): § 154.0 (ArCNOH), 137.1 (ArC), 135.9
(ArCH), 130.6 (ArCH), 128.3 (ArCH), 127.8 (ArCH), 127.4 (ArCH), 1263 (ArCH), 125.7 (q, ] =

286.0 Hz, CF3), 122.2 (ArC), 77.5 (q, J = 28.0 Hz), 32.7 (CH.) ppm; F NMR (376 MHz,

MeOD): 5 -80.04 (s) ppm; HRMS (ESI) m/z caled. for CigHisONBrF; ([M+H]")
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390.0134, found 390.0133; [«]p ® = -54.1 (c = 2.2, CHCLy); FT-IR (thin film) vi. 3197,
2919, 2848, 2160, 2027, 1978, 1449, 1266, 1151 cm™; Chiral HPLC: Chiralpak AD-H, 4.6
x 250 mm; 10% /PrOH/hexanes, 1.0 mL/min; & = 8.4 (minor enantiomer not observed),

>99.5:0.5 er; m.p.: 88-90 °C.
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(25)-4-amino-1,1,1-trifluoro-2,4-diphenylbutan-2-ol (146)

H,, Pd/C NH, OH

JOH
N~ OH
I EtOH, rt, 18 h )\4
e > Ph “Ph
CF3 CFS
Br

146; 95% yield
145; >99.5:0.5 er >99.5:0.5 er
7:2dr

To a solution of 145 (100 mg, 0.258 mmol, >99.9:0.1 er) in EtOH (5 ml) was added 10%
Pd/C (30 mg, 30% w/w). The mixture was purged with hydrogen gas for 10 minutes then
left to stir under a hydrogen atmosphere for 18 hours. The mixture was filtered through
celite with CH,Cl> and evaporated to dryness 7z wvacuo. Purification by silica gel

chromatography (10% EtOAc in pentane) afforded the title compound as a colourless oil

(71 mg, 95%).

Characterised as a ~4:1 mixture of inseparable diastereomers [due to broad NMR peaks, 8
was analysed as HCl salt for 'H and "F NMR spectroscopy]: (8.HCl) 'H NMR (400 MHz,
D;0): § 7.58 — 7.39 (m, 5.5H, ArH), 7.39 — 7.28 (m, 4H, ArH), 7.28 — 7.15 (m, 2.5H, ArH), 7.14 —
7.06 (m, 0.5H, ArH), 425 (dd, J = 8.1, 5.7 Hz, 1H, PhCH myer), 414 (dd, J = 7.2, 5.6 Hz, 0.26H,
PhCH minor), 3.10 — 3.04 (m, 0.59H, CHa major), 2.91 — 2.75 (m, 2.63H, CH smsjor and miner) ppm; (8.HCI)
F NMR (376 MHz, D;0): 3 -79.15 (s, major diastereomer), -79.75 (s, minor diastereomer) ppm;
“C NMR (101 MHz, CDCL): 8 145.4 (ArC mujor), 145.3 (ArC minor), 140.9 (ArC mjor), 138.5
(ArC minor), 129.1 (ArCH), 129.1 (ArCH), 128.3 (ArCH), 128.1 (ArCH), 128.0 (ArCH), 127.9
(ArCH), 127.7 (ArCH), 127.7 (ArCH), 127.3 (ArCH), 125.5 (ArCH), 125.3 (ArCH), 125.1
(ArCH), 125.0 (ArCH), 53.6 (q, ] = 2.4 Hz, CNH: major), 52.7 (CNH2 minor), 42.6 (CHa major),

39.3 (CHz minor) ppm [CF5 resonance not observed. CCF; resonance obscured by solvent
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peak]; HRMS (ESI) m/z caled. for Ci¢Hi7ONF; ([IM+H]") 296.12568, found 296.12567;
FT-IR (thin film) v, 3018, 1496, 1453, 1215, 1150, 1074, 748 cm; [a]p ® = +17.8 (c = 2.0,
CHCL); Chiral HPLC (major diastereomer): Chiralpak AD-H, 4.6 x 250 mm; 2%

/PrOH/hexanes, 1.0 mL/min; & = 16.9 min (minor enantiomer not observed), >99.5:0.5 er.
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($)-3-(4-bromophenyl)-5-phenyl-5-(trifluoromethyl)-4,5-dihydroisoxazole (147)

N~ OH DIAD, P(PMP); N-0O

_{E O
© Br CF5

147; 44% vyield
>99.5:0.5 er

\j

Br

145; >99.5:0.5 er

To a solution of 145 (60 mg, 0.155 mmol, >99.5:0.5 er) in anhydrous THF (4 ml) was added
P(PMP); (354 mg, 1.00 mmol, 6.5 eq), followed by dropwise addition of DIAD (172 mg,
0.852 mmol, 5.5 eq) at -15 °C. After 24 hours, the mixture was quenched with water (150
ml) and extracted with DCM (3 x 150 mL). The combined organics were dried over Na,SOy,
filtered and evaporated to dryness 7z vacuo. Purification by silica gel chromatography (10%
EtOAc in pentane) afforded a mixture of the title compound and P(PMP)s. Further
purification by silica gel chromatography (3% CH:Cl; in pentane) afforded the title
compound a white solid (63 mg, 44%). Data is in agreement with that reported in the

literature.?®

'H NMR (400 MHz, CDCls): 8 7.64 — 7.51 (m, 6H, ArH), 7.48 — 7.39 (m, 3H, ArH), 4.07 (d, ] =
17.1 Hz, 1H, CHb), 3.74 (dq, J = 17.1, 1.0 Hz, 1H, CHy) ppm; *C NMR (101 MHz, CDCL): 5
155.2 (C=N), 135.6 (ArC), 132.1 (ArCH), 129.4 (ArCH), 128.7 (ArCH), 128.2 (ArCH), 127.0 (ArC),
126.5 (ArCH), 125.2 (ArC), 124.1 (d, ] = 284.6 Hz), 87.6 (q, ] = 29.8 Hz), 43.7 (CHz) ppm; YF NMR
(376 MHz, CDCL): § -79.94 (s) ppm; HRMS (ESI) m/z caled. for CsH2Bt*'FsNO ([IM+H]")
372.0030, found 372.0029; [«]p* = 67.2 (c = 1.0, CHCl3); Chiral HPLC: Chiralpak OD-
H, 4.6 x 250 mm; 5% /PrOH/hexanes, 1.0 mL/min; & = 14.5 min (minor enantiomer not

observed), >99.5:0.5 er; m.p.: 132-134 °C
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(5)-N-(4-bromophenyl)-4,4,4-trifluoro-3-hydroxy-3-phenylbutanamide (148)

H

OH POCIs, HCI Br
‘ 3y
N9 CH,Cly, tt, 1 h \©\ U
> N < Ph
CF3 H 3
Br

148; 96% yield
>99.5:0.5 er

146; >99.5:0.5 er

To a solution of 145 (100 mg, 0.258 mmol, >99.5:0.5 er) in CH,Cl, (3 mL) at room
temperature under a N, atmosphere was added POCI; (0.5 mL) and conc. HCI (0.5 mL).
The resulting solution was stirred at room temperature for 1 hour then quenched with water,
extracted with CH>Cl (2 x 25 mL), dried over NSOy, filtered and evaporated iz vacuo.
Purification by silica gel chromatography (10% EtOAc in pentane) afforded the title

compound as a colourless solid (96 mg, 96%0).

H NMR (400 MHz, DMSO-dq): 5 10.32 (s, 1H, NH), 7.70 — 7.55 (m, 2H, ArH), 7.49 — 7.31 (m,
7H, ArH), 6.85 (s, 1H, OH), 3.37 (dd, J = 15.2 Hz, 1H, CFL), 3.20 (d, ] = 15.2 Hz, 1H, CHy) ppm;
13C NMR (101 MHz, DMSO-dq): 8 167.9 (C(O)), 138.1 (ArC), 137.7 (ArC), 132.0 (ArCH), 128.7
(ArCH), 128.3 (ArCH), 127.0 (ArCH), 125.5 (q, | = 264.6 Hz, CFs), 121.6 (ArCH), 115.7 (ArCBy),
75.7 (q, ] = 28.0 Hz, C(CF5)OH), 40.0 (CH>) ppm; F NMR (376 MHz, DMSO-d;): 5 -79.18
(s) ppm; m.p. 121-123 °C; HRMS (ESI) m/z caled. for CieHuONBr F; ([M+H]")
390.0134, found 390.0133; FT-IR (thin film) viax 3283, 2160, 1651, 1539, 1489, 1399, 1160, 751
em®; [e]p® = 0.5 (¢ = 1.0, CHCL); Chiral HPLC: Chiralpak OD, 4.6 x 250 mm; 5%
/PrOH/hexanes, 1.0 mL/min; & (single enantiomer) = (9.2 min, >99.5:0.5 er (minor

enantiomer not detected).
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4.2.6 Preparative Scale Synthesis of 104

To an oven-dried 100 mL RBF equipped with a suba-seal was added an oven-dried magnetic
stirrer bar. Catalyst precursor azide 149 (326 mg, 0.8 mmol, 0.02 eq) and #u(4-
methoxyphenyl)phosphine (281 mg, 0.8 mmol, 0.02 eq) were added before three cycles of
vacuum/N; purge. Anhydrous TBME (8.0 mL) was added, and the mixture stirred at RT for
5 hours to give a coloutrless solution of catalyst 102. To the crude catalyst solution was added
a solution of 4-bromoacetophenone (7.96 g, 40 mmol, 1.0 eq) in anhydrous TMBE (32 mL).
The resulting soltuion was cooled with stirring in a -15 °C freezer for 15 minutes. 2,2,2-
trifluoroacetophenone (6.96 g, 40 mmol, 1.0 eq) was added dropwise over 6 hours, before
stirring at this temperature for a further 30 hours. After this time, 'H NMR showed >90%
conversion. The crude reaction mixture was poured into a stirring mixture of water (500
ml) and diethyl ether (250 mL). The resulting white precipitate was filtered to recover
catalyst 102. Extraction with diethyl ether (3 x 250 mlL) and washing with brine (750 mL),
followed by drying over NaxSO4 and evaporation to dryness iz vacuo gave the crude product

as a light-yellow oil which crystallised at RT over several hours.

Analysis of this material by HPLC showed 94.5:5.4 crude er. The crude solid material was
dissolved in the minimum volume of CH>Cl; (approx. 15 mL) and then diluted with pentane
(500 mL). The mixture was stored in a -15 °C freezer overnight, then filtered to afford the
product as a white solid. To afford enantioenriched crystals of product 104, material was
dissolved in the minimum volume of CH>Cl;before carefully layering with pentane in a RBE.

The flask was sealed with a suba-seal. A needle was placed in the seal to allow slow
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evaporation, which afforded coloutless crystals of enantiopure 104 (>99.5:0.5 er, 13.0 g,

87%) after several days.
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4.2.7 Single-Crystal X-ray diffraction studies of 104

X-ray diffraction data has been made available in the Cambridge Crystallographic Data

Centre as CCDC 1972194.
Bond precision C-C=10.0021 A
Wavelength 1.54184
Temperature 150 K
Cell a =7.9216(1) b =10.3625(1) c = 17.7560(1)
alpha=90 beta=90 gamma=90
T Limits Thmin= 0.670; Trnex=0.810
AbsCorr MULTI-SCAN
Data completeness 1.72/1.00
Theta(max) 76.174
R(reflections) 0.0170(2983)
R2(reflections) 0.0445(3035)
S 1.003
Npar 204
Calculated Reported
Volume 1457.55(2) 1457.55(2)
Space group P212121 P212121
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Hall group
Moiety formula
Sum formula
Mr

Dx,g cm™

Z

Mu (mm-1)
F000

F000'
h,k,lmax
Nref

Tmin, T'max

Tmin'

P 2ac 2ab

C16 H12 Br F3 O2
C16 H12 Br F3 O2
373.16

1.701

4212
744.0
743.65
9,13,22
3046[ 1762]
0.777,0.810

0.656
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C16 H12 Br1 F3 O2
C16 H12 Br1 F3 O2
373.17

1.700

4.212

744.0

9,13,22
3036

0.670,0.810
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Figure 14. Ball and stick representation of the single crystal X-Ray diffraction data for 104.

170



4.2.8 Mechanistic Considerations

4.2.8.1 Reaction rate comparison

The formation of product 96 was conveniently monitored over time by 'H quantitative
NMR. Poor reaction performance was observed when the reaction was conducted in an
NMR tube in d-THF; possibly due to the lack of stirring. This combined with the high cost
of deuterated solvents appropriate for the reaction (Et.O, THF, CPME, dioxane etc.), and
the complications with reaction temperature control, we decided to perform a large-scale

reaction in a RBF and take aliquots for NMR analysis instead of 7z sit# NMR measurements.

Procedure for kinetic experiments followed by NMR spectroscopy:

Both ketone starting materials were combined in CPME (75% of final volume) in a dried
RBF under a nitrogen atmosphere. The flask was sealed with a suba seal and tightly wrapped
with parafilm and white tape. The flask was equipped with a nitrogen balloon and placed in
a-15°C freezer to cool for 15 minutes, before quick injection of the pre-made BIMP catalyst
in CPME (25% of final volume, 0.1 M final concentration) pre-cooled to -15 °C. A timer
was started upon complete addition of the catalyst solution. Aliquots (approx. 0.25 mL) were
immediately quenched with glacial AcOH (0.1 mL). The aliquots were evaporated under a
stream of nitrogen gas, dissolved in CDCl; (0.65 mL) and taken for immediate NMR analysis

(400 MHz or 500 MHz instruments).

Figures 15 - 19 show plots of conversion vs. reaction time. The model reaction conditions
found in this study were used to study catalysts 102 and 20 (Scheme 47). Meanwhile, the

optimized conditions reported by Iketmoto and co-workers were used in the study of
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Takemoto’s thiourea catalyst 6. Rate enhancement of the BIMP catalyzed reaction,
compared with the use of catalyst 6 under the conditions reported by Iketmoto, was

determined from the relative gradients of the initial reaction rate plots:

initial reaction rate BIMP catalyst 102 (initial 10 minutes, 64.8% conv.);

y = 5.9398x + 0.4325

initial reaction rate catalyst 6 (initial 1290 minutes, 5.4% conv.);

y= 0.0042x + 0.0953

relative rate enhancement = 5.9398/0.0042 = 1414
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102 (10 mol%) O OH

)LPh > phM"Ph

CF,
150
CPME, -15°C, 22 h 9

[optimal conditions for this work]

20 (10 mol%) 6 OH

)LPh . phM"Ph

CF
CPME, -15°C, 22 h 06

[optimal conditions for this work]

W,
.

20
CF3 CF3
O OH | Fs
o) le) 6 (10 mol%)
0 N . - o Am i,
° "Bu0O, t, 22 h o6 ! CFy N7
5 H o H N
: 6
[optimal conditions for catalyst XX as reportex by Ikemoto and co-workers]
Scheme 47. Given conditions for individual catalysts studied in reaction-rate experiments.
Reaction Rate Comparison
100
80 7: - - LI " o ’ .
60 cat. 102 (BIMP)
X = cat. 6 (Takemoto's)
c = cat. 20 (cinchona)
o 40
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0 1 - Il I I .—\
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Figure 15. Reaction rate comparison of BIMP, Cinchona and thiourea catalysts.
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Figure 16. Reaction rate graph for BIMP cat. 102.
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Figure 17. Initial reaction rate graph for BIMP cat. 102 (first 10 minutes of reaction).
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Catalyst 6 Reaction Rate
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Figure 18. Reaction rate graph for cat. 6.
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Figure 19. Reaction rate graph for Cinchona alkaloid cat. 20.
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4.2.8.2 Job plot

Catalyst (102) to product (96, 97:3 er) ratio was varied such that overall mole fraction and
overall concentration remained constant throughout the measurements. The experiment
began with a high concentration of catalyst 102. After each measurement, the concentration
of catalyst 102 was lowered, and the concentration of product 96 increased by approximately
the same amount for the next measurement. After each measurement, the appropriate
volume of solution was removed from the NMR tube, in order to reduce catalyst mole
fraction. Then, the appropriate volume of stock solution of 96 was added to the NMR tube

to adjust the overall concentration to 0.2 M.

Due to experimental error, observed mole fraction (X) values for 96 vary from the
theoretical value that was aimed for. Calculations and plots were produced using the
observed data, as determined from 'H NMR integrations. Error is most likely due to the
very small volumes of solution which were to be removed from the NMR tube in the earliest
measurements, and also due to evaporation of solvent over the course of the measurements

(several hours).

NMR parameters: THF-ds, 400 MHz, 'H quantitative (4 scans with 30 seconds relaxation

time).

X = mole fraction

d[shift] = difference in NMR shift (in ppm) vs. the starting shift for 96

Overall concentration was held constant at 0.2 M.
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The CHj; resonance of the p-OMe group on catalyst 102 was found to be most suitable for
determination of d[shift] values, due to the sharpness of the singlet and minimal overlap
with other resonances. Several other resonances were also appropriate and showed similar

d[shift] across the range of measurements.

NMR # theoretical X theoretical X (96) observed X (96) mmol of mmol of
(102) 102 96
1 1 0 0 0.14 0
2 0.9 0.1 0.140 0.126 0.014
3 0.8 0.2 0.313 0.112 0.028
4 0.7 0.3 0.389 0.098 0.042
5 0.6 0.4 0.445 0.084 0.056
6 0.5 0.5 0.445 0.07 0.07
7 0.4 0.6 0.553 0.056 0.084
8 0.3 0.7 0.658 0.042 0.098
9 0.2 0.8 0.774 0.028 0.112
10 0.1 0.9 0.902 0.014 0.126
11 0 1 1 0 0.14

Table 7. Data for determination of binding stoichiomettry.
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NMR # d[shift] (ppm) d[shift] x X(102)

1 0 0

2 +0.0045 0.004061694
3 +0.0092 0.007122688
4 +0.0143 0.009412949
5 +0.02 0.011054656
6 +0.0255 0.011378835
7 +0.0254 0.011318616
8 +0.0295 0.011477028
9 +0.0333 0.01042755
10 +0.0451 0.00632098
11 - -

Table 8. Data points for Job Plot shown in Figure 20.

0.014
Job Plot
0.012
0.01
0.008
w
=
< 0006
*
)
= 0.004
5,
©
0.002
0 °®
-0.1 0.1 0.3 0.5 0.7 0.9
X(prod)

Figure 20. Plot of mole fraction or product [X(prod)] against d[shift]*X(cat).
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4.2.8.3 Product inhibition studies

To investigate the effect of product inhibition on reaction rate, the synthesis of aldol product
124 was performed in the presence of 1.0 eq or 0.5 eq of aldol product 96 (Scheme 48).
These aldol products were chosen so to give useful NMR spectra (i.e. minimal overlap of

important resonances).

; 0O OH | E 5
o} : - O OH : O OH |
H Ly ! 102 (10 mol%, H 1
N (o] H PhM Ph ( ) N . b M"Ph H
B + )L + CF H = h ' Ph H
<« CFs” “Ph : s <« CF : Chs
S 8 : : 0 S : :
: 96 ! CPME,-15°C,22h : o6 :
91 ! 1.00r05eq 124 ! :

152 additive : P 'Oag{jgifeeq

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

Scheme 48. Reaction details for product inhibition studies.

Addition of 1.0 eq of product 96 resulted in a 2.31 factor reduction of initial reaction rate
for the synthesis of 124, compared to the reaction with 0 eq of product additive 96. With 0.5
eq of additive, a very small difference of initial reaction rate was observed; 2.18 factor
reduction compared to 0 eq of additive. However, over the full reaction time, 1.0 eq of

additive resulted in a much lower conversion than with 0.5 eq additive. See Figures 21-22.
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Product Inhibition Study
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Figure 21. Plot of conversion over time, with varying amount of product additive.
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Figure 22. Plot of conversion in first 10 minutes of reaction, with varying amount of product additive.
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4.2.8.4 pK. determination of catalyst 102

| PEMP) o P\ ph
Ph i) P(PMP), ‘ ;
‘ (0] \—Ph CPME, rt, 4 h O N/\ AcO
B 1
N "
HooN, i)y ACOH, rt, 1 h H P(PMP);
97% yield
149 102-AcOH

Catalyst 102 (20.0 mg) was prepared 7 situ (CPME, 0.1 M) from azide 149, as described
before. Upon complete conversion to BIMP 102 (determined by *'P NMR) glacial AcOH
(excess, 2.0 mL) was added. The mixture was stirred at rt under N for 1 hours, before
removal of solvent and excess acid under reduced pressure. The resulting residue was
dissolved in the minimal volume of CHCl, (approx. 2 mL), then cold pentane was quickly
added (approx. 5 mL) to induce precipitation. The mixture was chilled in a freezer overnight,
then filtered and dried 7z vacuo to afford catalyst 102-AcOH salt. 'H NMR (400 MHz,
CDCl): 6 8.81 (d, ] = 9.5 Hz, 1H), 7.73 — 7.64 (m, 2H), 7.58 — 7.21 (m, 12H), 7.21 — 7.13
(m, 4H), 7.05 - 6.91 (m, 10H), 5.14 — 4.92 (m, 1H), 4.30 (d, /] = 11.8 Hz, 1H), 3.81 (s, 9H),
3.35 (ddd, ] = 13.2,10.9, 8.1 Hz, 1H), 3.03 — 2.83 (m, 1H), 1.78 (s, 3H) ppm; *C NMR (101
MHz, CDCL): 6 175.1, 170.3 ,164.3, 164.2, 142.3, 142.1, 135.6, 135.5, 134.5, 133.4, 130.2,
129.8, 128.0, 128.4,127.8, 126.4, 126.3, 126.2, 125.9, 125.6, 125.4, 124.9, 115.4, 115.3, 113.3,

112.2, 55.7, 54.16, 53.2, 52.9, 43.6, 22.0 ppm; *P NMR (162 MHz, CDCL): 5 36.74 (s, 1P)
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This salt was then used without further purification: 102-AcOH (15.0 mg) was dissolved in
CD;CN (approx. 0.7 mL). Tetramethylguanidine was added. The 'H, °C and *1P NMR of
this mixture was measured. The chemical shifts of CH,-N=PPh; and CH>-N=PPh; were
used to calculate the equilibrium constant of the reaction, which is subsequently used
(together with the known pK, of TMG) to determine the estimated pKgpu+ of catalyst 102.
Reference chemical shifts for the pure salt and pure freebase (catalyst 102) in the same

solvent (CD;CN) were also measured for calculations. See Table 9 for full data.

x1 = [(8» NPR; (with TMG)) — (8 102)] / [(5» 102-AcOH) - (5 102)]

Equations for *'P calculation in Table 9 below (same applies for “C calculation using
corresponding data):

x1 = [(8p NPRy(with TMG))- 8p(102)]/[ 8r(102-AcOH)- 55(102)]

K, =[x/

(“?i‘;}?]T—PBI}—*G) Alcg(%i—l 8 102 PTKBjIgf x1 1x1 K, pK. 102
35.370 36760 9.156 233 0.94965  0.05036  0.00281 25.85
13 6c CHoNP 133- sc102  PKaof x1 1-x1 K. K. 102
With TMG)  , St ¢ TMG . PBa
44.847 45108  47.23 233 112299  0.12299  0.01199 2522

AVG(pK.) 25.5

Table 9. Calculated pKa value for catalyst 102.
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4.2.8.5 Verification of H-bonding

(R)-N-(3-azido-1,1-diphenylpropan-2-yl)-N-methyl-1-naphthamide (150)

Ph
o Ph_ph NaH 0 "'\~Ph
QAT QiR
N/\ > O N/\
1 1
DMF, rt, 1 h
H N3 CH3 N3
85% yield
149 150

To a solution of azide 149 (203 mg, 0.5 mmol, 1.0 eq) in anhydrous DMF (2.0 ml) at room
temperature was added 60% NaH (24 mg, 0.6 mmol, 1.2 eq). After 15 minutes at room
temperature, methyl iodide (142 mg, 1.0 mmol, 2.0 eq) was added, and the mixture stirred
for a further 1 hour, then poured into brine (100 mL), extracted with EtOAc (2 x 100 mL),
dried over sodium sulfate, and concentrated to dryness 7z vacuo. Purification by silica gel
chromatography (petroleum ether/EtOAc) afforded 150 as a coloutless solid (179 mg, 85%

yield).

"H NMR (400 MHz, CDCL): & 8.67 — 8.57 (m, 1H), 8.21 — 8.11 (m, 1H), 7.85 — 7.63 (m,
5H), 7.55 — 7.48 (m, 8H), 7.29 — 7.22 (m, 2H), 4.73 (d, ] = 8.3, 1H), 4.60 — 4.53 (m, ] = 8.3,
1H), 3.52 (d, ] = 6.1 Hz, 2H), 2.90 (s, 3H) ppm; *C NMR (101 MHz, CDCL): 5 170.1, 144.0,
143.4,135.2, 133.0, 131.2, 129.3, 129.1, 128.9, 128.4, 128.1, 127.9, 127.4, 127.1, 126.7, 125.9,
124.8, 124.4, 52.1, 51.7, 51.2, 32.9 ppm; HRMS (ESI) m/z caled. for CoHaON, ([M+H]")

421.20284, found 421.20289.
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4.2.8.6 Catalyst decomposition

(R)-N-(3-amino-1,1-diphenylpropan-2-yl)-1-naphthamide (154)

o Hy, Pd/C o
o "'\ pn

‘ Q Ph MeOH, t, 1 h ‘
(Y - U N
nol 90% yield NH,

149 154

A suspension of azide 149 (203 mg, 0.5 mmol) and 10 wt% Pd/C (20 mg) in anhydrous
MeOH (10.0 ml) at room temperature was hydrogenated at balloon pressure for 1 hour,

then filtered over celite and concentrated to dryness 7z vacuo. Purification by silica gel

chromatography (CH2Cl,/EtOAc) afforded 154 as a coloutless oil (171 mg, 90% yield).

"H NMR (400 MHz, CDCL): & 8.63 — 8.52 (m, 1H), 8.23 — 8.16 (m, 1H), 7.80 — 7.69 (m,
5H), 7.60 — 7.50 (m, 8H), 7.32 — 7.25 (m, 2H), 4.63 — 4.59 (m, 1H), 4.45 — 4.36 (m, 1H), 3.02
—2.91 (m, 2H) ppm; C NMR (101 MHz, CDCL): 8 170.6, 144.5, 143.9, 135.5, 132.1, 130.5,
128.9, 128.7, 128.4, 128.1, 127.6, 127.0, 126.5, 124.3, 123.6, 123.1, 50.1, 47.7, 45.7 ppm;

HRMS (ESI) m/z caled. for CasHasON, ([M+H]) 381.19669, found 381.19672.
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4.2.8.7 Deuteration study

Acetophenone-d, (d1-95)

>ae
To a solution of catalyst 102 (0.02 mmol, 1.0 eq) in THF (0.1 mL) at room temperature
under nitrogen, was added a solution of acetophenone (0.02 mmol, 1.0 eq) in THF (0.1
mL). After stirring at this temperature for 30 minutes, the reaction was quenched with
D,O (0.5 mL) and stirred for a further 5 minutes. The mixture was extracted with diethyl
ether (3 x 2 mL), dried over NaxSOy, filtered and evaporated to dryness iz vacuo. The
resulting residue was filtered through a pipette of silica (eluting with 30% CH,Cl, in
pentane) to remove catalyst. Evaporation of solvent afforded the tittle compound as a
colourless oil. '"H NMR analysis shows >95% deuterium incorporation. Spectroscopic data
agrees with the reported literature. 'H NMR (400 MHz, CDCl;): 8 7.86 (dd, | = 7.2, 1.3 Hz,

2H), 7.54-7.50 (dt, ] = 7.6, 1.8 Hz, 1H), 7.51-7.47 (m, 2H), 2.60 (t, ] = 2.1 Hz, 2H) ppm.

185



4.3 Experimental Details for Chapter 3

4.3.1 Optimisation Studies
4.3.11 Optimisation of the enantiodetermining aza-Michael addition
R
| S
Q NH o N 2 N7
N
)J\/\ + I organocatalyst (20 mol%) +
Ph Ph R) > Ph/u\)*\Ph Ph” F " phy
180 PhMe [0.25M], rt, 24 h

(1.0 eq)

Scheme 49. Optimisation of the aza-Michael addition of hydrazones to chalcone (180).

A range of bifunctional H-bond donor catalysts were screened for reactivity and
enantioselectivity in the reaction of hydrazones with chalcone 180 (Scheme 49), according
to the following General Procedure E for optimization of aza-Michael addition: To a
solution of chalcone (40 mg, 0.19 mmol, 1.0 eq) in PhMe (0.77 mL) at room temperature
was added the appropriate hydrazone (0.38 mmol) and catalyst (0.2 eq). Unless otherwise
indicated, the mixture was stirred under a N, atmosphere at room temperature for 24 hours.
Conversion was determined by 'H NMR. Purification by Preparative Thin Layer
Chromatography afforded aza-Michael and Michael products, which were analysed by chiral
HPLC. Results are given in Table 10, with the structures of chosen catalysts illustrated in

Figure 23.

186



entry catalyst | solvent R aza-?)/[/oi; hael Michael (%)?* | aza-Michael er?
1 189 PhMe Ph (192) 86 0 70.5:29.5
2 197 PhMe Ph (192) 74 0 36.5:63.5
3 190 PhMe Ph (192) 09 9 80:20
4 198 PhMe Ph (192) 50 29 82:18
5 199 PhMe Ph (192) 58 7 80.5:13.5
6 200 PhMe Ph (192) 56 17 87:13
8 832 PhMe Ph (192) 32 22 85.5:14.5
9 S3 PhMe Ph (192) 34 16 55:44
10 833 PhMe Ph (192) 57 13 70:30
11 S5 PhMe Ph (192) 21 3 N.D.
12 S4 PhMe Ph (192) 36 46 54:66
13 S2 PhMe Ph (192) 58 8 70:30
14 98 PhMe Ph (192) 4 0 53:47
15 185 PhMe Ph (192) 20 0 56:46
16 S34 PhMe Ph (192) 45 4 71:29
17 835 PhMe Ph (192) 05 3 78:22
18 836 PhMe Ph (192) 6 65 80:20
19 6 PhMe Ph (192) 23 0 47:53
20 200 P Ph (192) 50 10 78:22
21 200 EtO Ph (192) 83 17 066:74
22 200 DMF Ph (192) 3 5 N.D.
23 200 CPME Ph (192) 32 22 62:38
24 200 CHCl, Ph (192) 97 0 82:18
25 200 THF Ph (192) 17 34 74:26
26 200 PhMe p-Tol (208) 87 2 89:11
27 200 PhMe ¢-Tol (209) 05 11 88:12
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28
29
30
31
32

33

314

32¢

200
200
200
200
200

200

200

PhMe
PhMe
PhMe
PhMe
PhMe

PhMe

PhMe

PhMe

Cy (214)
4-BuPh (210)
4-BuPh (210)

4-F-Ph (211)
4-Ph-Ph (212)
2-nap (213)

4-fBuPh
(210)

Ph (192)

trace (3a)

75
68
90
52
69

36

93 (3d)

13

67:33
88:12
90:10
84:16
N.D.

67:33

95:5

N.D.

Table 10. Detailed optimization results for the aza-Michael addition of hydrazones to chalcone

180. N.D.: not determined. *determined by 'H NMR. bdetermined by chiral HPLC. ewith 1% w/w

H2O. dperformed at -15 °C for 48h. ¢no catalyst, performed for 7 days.
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Figure 23. Selected catalysts studied in optimisation of the model reaction.
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(E)-3-(2-benzylidene-1-methylhydrazineyl)-1,3-diphenylpropan-1-one (215)

"H NMR (400 MHz, CDCL): 5 7.99 — 7.86 (m, 2H), 7.80 — 7.72 (m, 2H), 7.64 — 7.51 (m,
1H), 7.49 — 7.42 (m, 5H), 7.36 — 7.24 (m, 5H), 7.23 (s, 1H), 4.59 (dd, ] = 13.7, 8.6 Hz, 1H),
3.91 (dd, J = 15.7, 8.6 Hz, 1H), 3.66 (dd, ] = 15.7, 13.7 Hz, 1H), 2.80 (s, 3H), 1.32 (s, 9H)
ppm; *C NMR (101 MHz, CDCL): 5 198.1, 134.4, 138.6, 137.9, 134.8, 133.9, 131.6, 130.1,
129.9, 129.6, 128.8, 127.8, 127.8, 126.0, 63.9, 40.7, 39.1, 35.0, 31.6 ppm; HRMS (ESI) m/z

caled. for CorF3oNLO (IM+H]Y) 399.24364, found 399.24371.

1-methyl-3,4,6-triphenyl-1,4-dihydropyridazine (216)

QA
SRR e

"H NMR (400 MHz, CDCL): 5 7.98 — 7.89 (m, 2H), 7.62 — 7.55 (m, 2H), 7.40 — 7.33 (m,
3H), 7.29 — 7.24 (m, 21H), 7.20 — 7.12 (m, 5H), 7.10 — 7.02 (m, 1H), 6.03 (d, ] = 8.4 Hz,
1H), 5.84 (d, ] = 8.4 Hz, 1H), 3.55 (s, 3H) ppm; *C NMR (101 MHz, CDCL): 5 151.3,

144.7,142.8,139.3, 136.3, 133.6, 131.1, 130.2, 129.7, 129.2, 129.0, 128.4, 127.5, 127.0, 111.4,
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447,419, 34.3, 31.0 ppm; HRMS (ESI) m/z caled. for CosHaN-O ([M+H]Y) 325.17047,

found 325.17052.

4.3.1.2 Optimization of hydrazone cleavage

Bu tBu
! N
| conditions N 2V N7

N-
N - e
Q N ) Ph Ph Zpn

! 183 216
215 pyrazoline Michael adduct
(90:10 er) BU [‘carrier’ release] desired undesired

Scheme 50. Cleavage of the chiral hydrazone intermediate 215 to afford 2-pyrazoline 183.

General Procedure F for optimization of chiral hydrazone cleavage:

To a solution of 215 (20 mg, 0.05 mmol) in PhMe (0.5 mL) was added the appropriate
additive. The resulting mixture was stirred under an N atmosphere at room temperature
(unless otherwise indicated) for 18 hours. Conversion was determined by 'H NMR

spectroscopy. Results are given in Table 11.
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Entry Reagent Conversion of 2152 183 (%) (er) 216 (%o)”

1 Amberlyst-15R® (100 mg) 100% decomp. (N.D.) decomp.
2 Amberlite-CG50® (100 mg) 0%

3 aq. HCl (1.5 eq.) 0% 0 0

4 aq. HCI (10.0 eq.) 0% 0 0

5 aq. H28O4 (0.5 eq) 100% 76 (N.D.) 24

6 Silica gel (100 mg) and H20 (0.5 mL) 0%

7 30% NH20H in MeOH @ RT (2.0 eq) 100% 100 (90:10) 0

8 30% NH20H in MeOH @ 65 °C (2.0 eq) 100% 100 (N.D.) 0

Table 11. Reagent screening for the cleavage of 1,3-ketohydrazone intermediate 215. *determined

by 'H NMR.
4.3.2 Synthesis of starting materials
4.3.2.1 Synthesis of enones

General Procedure G for the synthesis of enone starting materials by aldol condensation:

To a solution of the appropriate ketone (1.0 eq, 5.0 mmol) in EtOH (5 ml) at 0 °C was added
a 10% aqueous solution of NaOH (5 ml). After 5 minutes, the appropriate aldehyde (1.0 eq,
5.0 mmol) was added in one portion. Typically, the mixture solidified after 5 minutes. The
reaction was monitored by TLC. After completion, H,O (50 ml) was added, and the resulting
precipitate filtered. Recrystallization from EtOH afforded the pure enone products. In the
cases where precipitation did not occur, the reaction mixture was extracted with EtOAc

(2x50 ml). Organic layers were combined, washed with brine, dried over Na,SO,, filtered
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and evaporated to dryness 7 vacuo. Subsequent purification by flash column chromatography

(EtOAc in hexanes) afforded the pure enone products.
General Procedure H for the synthesis of enone starting materials by Wittig olefination:

To a solution of methyltriphenylphosponium bromide (1.5 eq, 17 mmol) in THF (40 ml)
and DMF (4 ml) at 0°C was added NEt; (1.5 eq, 17 mmol). After 15 minutes, aldehyde (1.0
eq, 11.3 mmol) was added slowly. The mixture was warmed to RT, then stirred at 80 °C for
20 hours. After completion, the reaction was quenched with saturated aqueous ammonium
chloride solution (100 ml) and extracted with EtOAc (2x100ml). Combined organic layers
were dried over Na,SOy, filtered and evaporated 7z vacuo. Subsequent purification by flash

column chromatography (EtOAc in hexanes) afforded the pure enone products.

(E)-3-(4-bromophenyl)-1-phenylprop-2-en-1-one (247)

0]

o C

Br

Prepared following General Procedure G, using acetophenone and 4-bromobenzaldehyde
to afford the title compound as a pale-yellow solid (1.43 g, 97%). Data is consistent with the

published literature.”
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1H NMR (400 MHz, CDCls): 8 8.06 — 7.96 (m, 2H, ArH and C(O)CHCH), 7.75 (d, ] = 15.7 Hz,
1H, C(O)CHCH), 7.62 — 7.53 (m, 3H, ArH), 7.53 — 7.44 (m, 3H, ArH), 7.41 — 7.34 (m, 2H, ArH);
13C NMR (101 MHz, CDCL):  190.1 (C(O)), 143.2 (C(O)CHCH), 138.0 (ArC), 136.4 (ArC), 133.4
(Ar0), 132.9 (ArCH), 129.6 (ArCH), 129.2 (ArCH), 128.7 (ArCH), 128.5 (ArCH), 122.5

(C(O)CHCH); m.p.: 122-123 °C (lit. 121-123 °C).

(E)-3-(4-chlorophenyl)-1-phenylprop-2-en-1-one (S37)

oQ,

Prepared following General Procedure G, using acetophenone and 4-chlorobenzadeldhyde
to afford the title compound as a pale-yellow solid (1.14 g, 94%). Data is consistent with the

published literature.’

'H NMR (400 MHz, CDCL): & 8.07-8.01 (m, 2H, ArH), 7.79 (d, J=15.7 Hz, 1H,
C(O)CHCH), 7.64-7.59 (m, 3H, ArH and C(O)CHCH), 7.54-7.42 (m, 3H, ArH), 7.40-7.35
(m, 2H, ArH) ppm; *C NMR (101 MHz, CDCL): § 192.8 (C(O)), 145.9 (C(O)CHCH),
140.6 (ArC), 136.0 (ArC), 135.6 (ArCH), 133.7 (ArC), 132.2 (ArCH), 131.9 (ArCH), 131.3

(ArCH), 131.1 (ArCH), 125.1 (C(O)CHCH) ppm; m.p.: 112-113 °C (lit. 112-113 °C).
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(E)-3-(naphthalen-2-yl)-1-phenylprop-2-en-1-one (S38)
SRR 0e

Prepared following General Procedure G, using acetophenone and 2-naphthaldehyde to
afford the title compound as a pale-yellow solid (1.24 g, 96%). Data is consistent with the

published literature.”*

"H NMR (400 MHz, CDCls): 8 8.05 (d, ] = 7.5 Hz, 2 H, ArH), 8.00 (s, 1 H, ArH), 7.94 (d,
] =15.4 Hz, 1 H, C(O)CHCH), 7.90-7.85 (m, 3 H, ArH), 7.75 (d, ] = 8.5 Hz, 1 H, ArH),
7.64 (s, 1 H, ArH), 7.62-7.58 (m, 1 H, C(O)CHCH), 7.54-7.50 (m, 4 H, AtH) ppm; “C
NMR (101 MHz, CDCL): § 190.6 (C(O)), 144.9 (C(O)CHCH), 138.3 (ArC), 134.4 (ArC),
133.3 (Ar(), 132.8 (ArC), 132.5 (ArCH), 130.6 (ArCH), 128.7 (ArCH), 128.6 (ArCH), 128.6
(ArCH), 127.8 (ArCH), 127.3 (ArCH), 126.7 (ArCH), 123.6 (ArCH), 123.7 (ArCH), 122.2

(C(O)CHCH) ppm; m.p.: 157 — 158 °C (lit. 157 — 159 °C).
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(E)-3-phenyl-1-(m-tolyl)prop-2-en-1-one (S39)

0]

o ¢

Prepared following General Procedure G, using 3-methylacetophenone and benzaldehyde
to afford the title compound as a pale-yellow oil (0.988 g, 89%). Data is consistent with the

published literature.”®’

"H NMR (400 MHz, CDCL): § 7.85 — 7.78 (m, 3H, ArH and C(O)CHCH), 7.65 (ddd, ] =
6.1,4.5,2.6 Hz, 2H, ArH), 7.53 (d, ] = 15.7 Hz, 1H, C(O)CHCH), 7.45 — 7.37 (m, 5H, ArH),
2.45 (d, ] = 0.7 Hz, 3H, ArCH) ppm; *C NMR (101 MHz, CDCL): 3 190.7 (C(O)), 144.6
(C(O)CHCH), 138.5 (ArC), 138.3 (Ar(), 135.0 (ArC), 133.6 (ArCH), 130.5 (ArCH), 129.1
(ArCH), 129.0 (ArCH), 128.5 (ArCH), 128.5 (ArCH), 125.7 (ArCH), 122.3 (C(O)CHCH),

21.4 (ArCH>) ppm; m.p.: 61-63 °C (lit. 64 °C).
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(E)-1-phenyl-3-(4-vinylphenyl)prop-2-en-1-one (540)

O

Prepared following General Procedure G, using acetophenone and 4-vinylbenzadeldhyde

to afford the title compound as a pale-yellow solid (1.12 g, 95%).

'H NMR (400 MHz, CDCL): 5 8.10 — 8.01 (m, 2H, ArH), 7.82 (d, /] = 15.7 Hz, 1H,
C(O)CHCH), 7.66 — 7.58 (m, 3H, ArH), 7.58 — 7.50 (m, 3H, ArH and C(O)CHCH), 7.50 —
7.45 (m, 2H, ArH), 6.76 (dd, ] = 17.6, 10.9 Hz, 1H, ArCHCH :.Huny), 5.86 (dd, ] = 17.6, 0.8
Hz, 1H, ArCHCH.H,.), 5.36 (dd, ] = 10.9, 0.7 Hz, 1H, ArCHCH.;H ) ppm; *C NMR
(101 MHz, CDCL): § 190.5 (C(O)), 144.4 (C(O)CHCH), 139.8 (ArC), 138.3 (ArC), 136.1
(CHCH,), 134.4 (ArC), 132.8 (ArCH), 128.8 (ArCH), 128.6 (ArCH), 128.5 (ArCH), 126.8
(ArCH), 121.8 (C(O)CHCH), 115.5 (CHCH,) ppm; FT-IR (thin film) v, 1655, 1577, 1409,
1295, 1037, 1014, 834, 780, 695 cm™; HRMS (ESI) m/z caled. for CixHisO ([M+H]")

235.11174, found 235.11169; m.p.: 76-78 °C.
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(E)-3-(4-nitrophenyl)-1-phenylprop-2-en-1-one (S41)

Prepared following General Procedure G, using acetophenone and 4-nitrobenzadeldhyde
to afford the title compound as an orange solid (1.14 g, 90%). Data is consistent with the

published literature.”*

"H NMR (400 MHz, CDCL): § 8.37 — 8.24 (m, 2H, ArH), 8.10 — 8.02 (m, 2H, ArH), 7.87
—7.76 (m, 3H, ArH and C(O)CHCH), 7.65 (d, J = 112.6 Hz, 2H, ArH and C(O)CHCH),
7.58 — 7.50 (m, 2H, ArH) ppm; *C NMR (101 MHz, CDCL): 5 189.6 (C(O)), 148.5 (ArC),
141.5 (C(O)CHCH), 141.0 (ArC), 137.5 (ArC), 133.4 (ArCH), 129.0 (ArCH), 128.8 (ArCH),

128.6 (ArCH), 125.7 (ArCH), 124.2 (C(O)CHCH) ppm; m.p.: 164-165 °C (lit. 163-164 °C),
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(E)-4-(3-ox0-3-phenylprop-1-en-1-yl)benzonitrile (S42)

o Q.

Prepared following General Procedure G, using acetophenone and 4-cyanobenzadeldhyde
to afford the title compound as a pale-yellow solid (1.07 g, 92%). Data is consistent with the

published literature.”

'H NMR (400 MHz, CDCL): & 7.54-7.52 (m, 2H, ArH), 7.59 (d, ] = 16.0 Hz, 1H,
C(O)CHCH ), 7.65—7.60 (m, 1H, ArH), 7.75—7.70 (m, 4H, ArH), 7.80 (d, ] = 16.0 Hz, 1H,
C(O)CHCH), 8.05—8.01 (m, 2H, ArH) ppm; *C NMR (101 MHz, CDCL): § 189.8 (C(O)),
142.0 (C(O)CHCH), 139.2 (ArC), 137.6 (ArC), 133.3 (ArCH), 132.6 (ArCH), 128.7 (ArCH),
128.7 (ArCH), 128.5 (ArCH), 125.1 (C(O)CHCH), 118.3 (CN), 113.4 (ArCCN) ppm; m.p.:

158-159 °C (lit. 159-160 °C).
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(E)-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (S43)

0]

SRR

Prepared following General Procedure G, wusing acetophenone and 4-
methoxybenzaldehyde to afford the title compound as a pale-yellow solid (1.11 g, 93%). Data

is consistent with the published literature.*”’

1H NMR (400 MHz, CDCl;):  8.07 — 7.98 (m, 2H, ArH), 7.81 (d, ] = 15.6 Hz, 1H, C(O)CHCH),
7.65—7.56 (m, 3H, ArH), 7.51 (ddt, ] = 8.2, 6.6, 1.3 Hz, 2H), 7.44 (d, ] = 15.6 Hz, 1H, C(O)CHCH),
6.97 — 6.90 (m, 2H, ArH), 3.85 (s, 3H, OCHj) ppm; 13C NMR (101 MHz, CDCls): 8 190.5 (C(O)),
161.7 (ArC), 144.7 (C(O)CHCH), 138.5 (ArC), 132.6 (ArCH), 130.3 (ArCH), 128.6 (ArCH), 128.4
(ArCH), 127.6 (ArC), 119.7 (C(O)CHCH), 114.4 (ArCH), 55.4 (OCHs) ppm; m.p.: 73-74 °C (lit.

73-75 °C).
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Ethyl (E)-4-(3-oxo-3-phenylprop-1-en-1-yl)benzoate (S44)

0]

O C
CO,Et

Prepared following General Procedure G, using acetophenone and ethyl-4-formylbenzoate
to afford the title compound as a pale-yellow solid (1.26 g, 90%). Data is consistent with the

published literature.”®

'H NMR (400 MHz, CDCL): & 8.11-8.09 (m, 2H, ArH), 8.06—8.01 (m, 2H, ArH), 7.80
(d, J = 15.5 Hz, 1H, C(O)CHCH), 7.68 (d, ] = 8.2 Hz, 2H, ArH), 7.61 (d, ] = 15.5 Hz, 1H,
C(O)CHCH), 7.61-7.57 (m, 1H, ArH), 7.54—7.51 (m, 2H, ArH), 4.42 (q, ] = 6.9 Hz, 2H,
C(O)CH>CHs), 1.45 (t, ] = 7.4 Hz, 3H, C(O)CH,CHs); *C NMR (101 MHz, CDCL): &
190.2 (C(O)), 166.0 (C(O)CH,CH3), 143.4 (ArC), 139.0 (ArC), 137.9 (C(O)CHCH), 133.2
(ArC), 131.9 (ArCH), 130.2 (ArCH), 128.9 (ArCH), 128.6 (ArCH), 128.4 (ArCH), 124.1

(C(O)CHCH), 61.4 (C(O)CH,CH3), 14.4 (C(O)CH,CH5) ppm; m.p.: 81-82°C (lit. 77-79 °C).
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(E)-3-(3,4-dimethoxyphenyl)-1-phenylprop-2-en-1-one (S45)

Prepared following General Procedure G, using acetophenone and 34-
(dimethoxy)benzaldehyde to afford the title compound as a pale yellow solid (1.23 g, 92%).

Data is consistent with the published literature.””

IH NMR (400 MHz, CDCl;):  8.02 — 7.95 (m, 2H, ArH), 7.71 (d, ] = 15.6 Hz, 1H, C(O)CHCH),
7.53 - 7.39 (m, 3H, ArH), 7.37 (d, ] = 15.6 Hz, 1H, C(O)CHCH), 7.18 — 7.09 (m, 2H, ArH), 6.81 (d,
] = 8.3 Hz, 1H, ArH), 3.87 (s, 3H, OCHs), 3.84 (s, 3H, OCHj) ppm; 3C NMR (101 MHz, CDCl):
8 190.3 (C(O)), 151.4 (ArC), 149.2 (ArC), 144.9 (C(O)CHCH), 138.4 (ArC), 132.6 (ArCH), 128.5
(ArCH), 1284 (ArCH), 127.8 (ArC), 123.2 (ArCH), 119.9 (C(O)CHCH), 111.1 (ArCH), 110.1

(ArCH), 55.9 (OCH5), 55.9 (OCH3) ppm; m.p.: 94-95 °C (lit 92-93 °C).
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(E)-3-(4-(2,2-difluorocyclopropyl)phenyl)-1-phenylprop-2-en-1-one (S46)

%
J 70y
\/ F
To a solution of S40 (0.750 g, 3.21 mmol, 1.0 eq) in THF (30 ml) at room temperature under
a nitrogen atmosphere was added Nal (1.20 g, 8.01 mmol, 250 eq) and
trifluoromethyltrimethylsilane (1.14 g, 8.01 mmol, 2.5 eq). The resulting mixture was heated
to 50 °C for 20 hours before dilution with EtOAc (50 ml). The mixture was washed with

brine (50 ml), dried over Na,SOs, filtered and evaporated to dryness iz vacuo. Purification by

flash column chromatography (5% EtOAc in hexanes) afforded the title compound as an

orange solid (711 mg, 78 %).

'H NMR (400 MHz, CDCL): 5 8.00 — 7.90 (m, 2H, ArH), 7.72 (d, ] = 15.7 Hz, 1H,
C(O)CHCH), 7.57 — 7.48 (m, 3H, ArH), 7.48 — 7.40 (m, 3H, ArH and C(O)CHCH), 7.24 —
7.15 (m, 2H, ArH), 2.80 — 2.62 (m, 1H, ArCH), 1.89 - 1.71 (m, 1H, CHH), 1.68 — 1.53 (m,
1H, CHH) ppm; *C NMR (101 MHz, CDCL): 8 190.5 (C(O)), 144.2 (C(O)CHCH), 138.2
(ArC), 136.4 (ArC), 133.9 (ArC), 132.8 (ArCH), 128.6 (ArCH), 128.56 (ArCH), 128.5
(ArCH), 128.5 (ArCH), 122.2 (C(O)CHCH), 116.5 — 108.6 (m, CFF), 27.8 — 26.7 (m,
CHCF), 17.4 (t, ] = 10.4 Hz, CH,) ppm; °F NMR (377 MHz, CDCL;) & -125.56 (ddd, ] =
154.6,12.7, 4.0 Hz, CF4Fs), -142.09 (ddd, ] = 154.6, 12.8, 5.2 Hz, CEFj) ppm; FT-IR (thin
film) Vo 1661, 1576, 1518, 1416, 1379, 1084, 902, 696 cm’'; HRMS (ESI) m/z caled. for

CisHisOF, (IM+H]") 285.10855, found 285.10849; m.p.: 81-83 °C.
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(E)-1-(2,3-dihydro-1H-inden-5-yl)-3-phenylprop-2-en-1-one (S47)

Prepared following General Procedure G, using 5-acetylindane and benzaldehyde to afford

the title compound as a pale-yellow powder (1.69 g 68%).

'H NMR (400 MHz, CDCL): 8 7.84 — 7.68 (m, 3H, ArH and C(O)CHCH), 7.59 — 7.52
(m, 2H, ArH ), 7.46 (d, ] = 15.7 Hz, 1H, C(O)CHCH), 7.36 — 7.30 (m, 2H, ArH), 7.28 —
7.22 (m, 1H, ArH), 2.89 (m, 4H, Ar-CH,-CH,-CH>-Ar), 2.11 — 1.99 (m, 2H, Ar-CH,-CH-
CH»-Ar) ppm; ®C NMR (101 MHz, CDCL): & 190.4 (C(O)), 150.0 (ArC) , 144.9 (ArO),
144.2 (C(OYCHCH), 136.7 (ArC), 135.1 (ArC), 130.3 (ArCH) , 128.9 (ArCH), 128.4 (ArCH),
127.1 (ArCH), 124.5 (ArCH), 124.3 (ArCH), 122.5 (C(O)CHCH), 33.0 (CH,), 32.6 (CH.),
254 (CH,) ppm; HRMS (ESI) m/z caled. for CisHinO (IM+H]Y) 249.12739, found

249.12746; FT-IR (thin film) v, 2962, 1678, 1591, 988 cm™; m.p.: 98-100 °C.
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(E)-1-(2-fluorophenyl)-3-phenylprop-2-en-1-one (S48)
o 7C

Prepared following General Procedure G, using 2’-fluoroacetophenone and benzaldehyde
to afford the title compound as a pale-yellow oil (0.972 g, 86%). Data is consistent with the

published literature.””

H NMR (400 MHz, CDCL): 3 7.84 (td, | = 7.5, 1.9 Hz, 1H, ArH), 7.77 (dd, ] = 15.8, 1.8 Hz, 1H,
ArH, C(O)CHCH), 7.68 — 7.60 (m, 2H, ArH), 7.54 (dddd, | = 8.3, 7.1, 5.1, 1.9 Hz, 1H, ArH), 7.47
—7.38 (m, 4H, ArH and C(O)CHCH), 7.28 (td, ] = 7.5, 1.1 Hz, 1H, ArH), 7.19 (ddd, ] = 10.8, 8.3,
1.1 Hz, 1H, ArH) ppm; BC NMR (101 MHz, CDCL;): 8 189.0 (d, ] = 3.0 Hz, (C(O))), 161.2 (d, ] =
252.8 Hz, ArCF), 144.8 (C(O)CHCH), 134.7 (Ar(), 133.9 (d, ] = 8.8 Hz, ArCH), 130.9 (d, ] = 2.5
Hz, ArCH), 130.6 (ArCH), 128.9 (ArCH), 128.6 (ArCH), 127.2 (d, ] = 13.4 Hz, ArC), 125.6 (d, ] =
6.4 Hz, (ArCH)), 124.5 (d, | = 3.7 Hz, (ArCH)), 116.5 (d, ] = 23.2 Hz, C(O)CHCH) ppm; ®F NMR

(376 MHz, CDCl;): 6 -110.50 — -111.12 (m) ppm.
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(E)-1-(3,5-bis(trifluoromethyl)phenyl)-3-phenylprop-2-en-1-one (S49)

CF;

Prepared following General Procedure G, wusing acetophenone and 3,5-
(trifluoromethyl)benzaldehyde to afford the title compound as a pale yellow solid (1.36 g,

79%).

'H NMR (400 MHz, CDCL): § 8.52 — 8.40 (m, 2H, ArH), 8.16 — 8.07 (m, 1H, ArH), 7.94
(d, J = 15.6 Hz, 1H, C(O)CHCH), 7.76 — 7.65 (m, 2H, AtH), 7.56 — 7.44 (m, 4H, ArH and
C(O)CHCH) ppm; *C NMR (101 MHz, CDCL): § 187.3 (C(O)), 147.3 (C(O)CHCH),
139.8 (ArC), 134.1 (ArC), 132.3 (q, | = 34.1 Hz, CCFy), 131.3 (ArCH), 129.1 (ArCH), 128.8
(ArCH), 128.4 — 128.3 (m, ArC(H)CCF), 126.2 — 125.4 (m, ArC(H)CCF), 122.8 (q, ] =
273.0 Hz, CF), 120.2 (C(O)CHCH) ppm; *F NMR (377 MHz, CDCL) 8 -62.90 ppm; FT-
IR (thin film) vo.. 1662, 1575, 1518, 1416, 1288, 957, 654 cm™; HRMS (ESI) m/z calcd.

for CisHi1OF, ([IM+H]") 345.07086, found 345.07092; m.p.: 84-86 °C.
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(E)-1-(3,4-dichlotophenyl)-3-(4-(methylthio)phenyl)prop-2-en-1-one (S50)

Prepared following General Procedure G, using 3,4-dichloroacetophenone and 4-

(methylthio)benzadeldhyde to afford the title compound as a bright yellow powder (1.33 g,

83%).

'H NMR (400 MHz, CDCL): 3 8.01 (d, ] = 2.1 Hz, 1H, ArH), 7.76 (dd, ] = 8.3, 2.1 Hz,
1H, ArH), 7.72 (d, ] = 15.6 Hz, 1H, C(O)CHCH), 7.53 — 7.45 (m, 3H, ArH), 7.32 (d, | =
15.6 Hz, 1H, C(O)CHCH), 7.22 — 7.15 (m, 2H, ArH), 2.45 (s, 3H, SCH) ppm; *C NMR
(101 MHz, CDCL): § 187.8 (C(O)), 145.5 (C(O)CHCH), 143.1 (ArC), 137.9 (ArC), 137.2
(ArC), 133.2 (ArC), 130.9 (ArC), 130.7 (ArCH), 130.4 (ArCH), 128.9 (ArCH), 127.4 (ArCH),
125.9 (ArCH), 119.77 (C(O)CHCH), 15.0 (SCHs) ppm; HRMS (ESI) m/z caled. for
CieH;0CLS ([M+H]") 323.00587, found 323.00589; FI-IR (thin film) vm. 1655, 585,

1552, 1314, 1216, 1026, 804 cm™’; m.p.: 139-141 °C.
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(E)-3-(6-bromobenzo|[d][1,3] dioxol-5-yl)-1-phenylprop-2-en-1-one (S51)

0]

SRS S

Prepared following General Procedure G, wusing acetophenone and 6-
bromobenzol[d]|[1,3]dioxole-5-carbaldehyde to afford the title compound as a pale yellow

solid (1.17 g, 71%). Data is consistent with the published literature.””

'H NMR (400 MHz, CDCL):  8.06 (d, ] = 15.7 Hz, C(O)CHCH), 8.00 — 7.96 (m, 2 H,
ArH), 7.61 — 7.42 (m, 3H, ArH), 7.30 (d, ] = 15.7, C(O)CHCH), 7.22 (s, 1H, ArH), 7.10
(s,1H, ArH), 6.08 (s, 2H, CH,) ppm; “C NMR (101 MHz, CDCL): 5 189.6 (C(O)), 150.2
(ArC), 147.9 (C(O)CHCH), 143.1 (ArC), 1382 (ArC), 132.7 (ArCH), 128.6 (ArC), 128.4
(ArCH), 126.8 (ArCH), 123.0 (C(O)CHCH), 118.8 (ArCH), 113.4 (ArC), 106.5 (ArCH),

102.2 (CH,) ppm; m.p.: 143-144 °C (lit. 140-142 °C).
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(E)-3-(4-bromophenyl)-1-(pyrazin-2-yl)prop-2-en-1-one (S52)

Acetylpyrazine (0.55 g, 4.51 mmol, 1.0 eq), 4-bromobenzaldehyde (0.834 g, 4.51 mmol, 1.0
eq), dimethylamine (0.21 g, 4.51 mmol, 1.0 eq) and pyridine (2.2 mlL) were combined and
stirred under a N atmosphere at 100 °C for 20 hours. The mixture was quenched with 2M
aqueous HCI (100 mL) and extracted with EtOAc (200 mL). The organic layer was dried
over Na,SO,, filtered and evaporated to a brown solid, which was triturated with pentane.
The solid obtained was recrystallized from EtOH to afford the title compound as a bright

yellow solid (1.17 g, 71%). Data is consistent with the published literature.12

H NMR (400 MHz, CDCL): 3 9.39 (d, ] = 1.5 Hz, 1H, ArH), 8.80 (d, ] = 2.5 Hz, 1H, ArH), 8.71
(dd, J = 2.5, 1.5 Hz, 1H, ArH), 8.19 (d, ] = 16.0 Hz, 1H, C(O)CHCH), 7.92 (d, ] = 16.0 Hz, 1H,
C(O)CHCH), 7.71 — 7.53 (m, 4H, AtH) ppm; 3C NMR (101 MHz, CDCly): & 188.4 (C(O)), 148.3
(ArC), 147.5 (C(O)CHCH), 144.9 (ArCH), 144.2 (ArCH), 143.3 (ArCH), 133.6 (ArC), 132.2 (ArCH),

130.2 (ArCH), 125.3 (ArC), 120.6 (C(O)CHCH) ppm; m.p.: 143-144 °C (lit. 140-142 °C).
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(E)-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one (S53)

Z S
| /

Prepared following General Procedure G, wusing acetophenone and 2-
thiophenecarboxaldehyde to afford the title compound as a pale-yellow solid (0.845 g, 79%).

Data is consistent with the published literature.””

1H NMR (400 MHz, CDCl;):  8.07 — 8.00 (m, 2H, ArH), 7.97 (d, ] = 15.3 Hz, 1H, C(O)CHCH),
7.64 — 7.56 (m, 1H, ArH), 7.56 — 7.48 (m, 2H, ArH), 7.46 — 7.31 (m, 3H, ArH and C(O)CHCH),
7.11(dd, ] = 5.1, 3.6 Hz, 1H, ArH) ppm; 3C NMR (101 MHz, CDCL):  189.8 (C(O)), 140.4 (ArC),
138.1 (ArC), 137.1 (C(O)CHCH), 132.7 (ArCH), 132.0 (ArCH), 128.8 (ArCH), 128.6 (ArCH), 128.4

(C(O)CHCH), 128.3 (ArCH), 120.8 (ArCH) ppm; m.p.: 58-59 °C (lit. 58-59 °C).
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(E)-3-phenyl-1-(pyridin-4-yl)prop-2-en-1-one (S54)

4-acetylpyridine (2.06 g, 17.0 mmol, 1.03 eq) and benzaldehyde (1.75 g, 16.5 mmol, 1.0 eq)
were added to 100 mL of water, which was previously cooled to 4 °C. The resulting mixture
was shaken vigorously, followed by addition of a 10% aqueous solution of NaOH (10.0 mL)
before shaking again. The mixture was allowed to sit (without stirring) at 4 °C for 20 hours.
The mixture was periodically shaken during this time. Extraction of the formed solid with
EtOAc (3x100 mlL) with subsequent drying over NaxSOs, filtration and evaporation to
dryness in vacuo afforded a dark brown solid. Purification by silica gel chromatography
afforded the title compound as a light-yellow powder (2.59 g, 73%). Data is consistent with

the published literature.””

TH NMR (400 MHz, CDCL):  8.67 (ddd, ] = 4.7, 1.8, 0.9 Hz, 1H, ArH), 8.23 (d, ] = 16.0 Hz, 1H,
C(O)CHCH), 8.12 (dt, ] = 7.9, 1.1 Hz, 1H, ArH), 7.87 (d, ] = 16.1 Hz, 1H, C(O)CHCH), 7.80 (td, |
=7.7,1.7 Hz, 1H, ArH), 7.71 — 7.60 (m, 2H, ArH), 7.46 — 7.37 (m, 1H, ArH, ArH), 7.36 — 7.30 (m,
3H, ArH) ppm; 3C NMR (101 MHz, CDCL): § 189.4 (C(O)), 154.2 (ArC), 148.8 (ArCH), 144.7
(C(O)CHCH), 136.9 (ArCH), 135.1 (ArC), 130.5 (ArCH), 128.8 (ArCH), 126.8 (ArCH), 122.9
(ArCH), 120.9 (C(O)CHCH) ppm; FT-IR (thin film) v, 3050, 2161, 1667, 1572, 1665, 1172,

987, 753 cm.
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(E)-3-cyclohexyl-1-phenylprop-2-en-1-one (S55)

0

Prepared following General Procedure H, using cyclohexanecarboxaldehyde to afford the
title compound as a pale-yellow oil (2.06 g, 85%). Data is consistent with the published

literature.”™

IH NMR (400 MHz, CDCL): 5 7.94 — 7.75 (m, 2H, ArH), 7.50 — 7.42 (m, 1H, ArH), 7.42 — 7.30
(m, 2H, ArH), 6.94 (dd, ] = 15.6, 6.8 Hz, 1H, C(O)CHCH), 6.75 (dd, ] = 15.5, 1.3 Hz, 1H,
C(O)CHCH), 2.18 (dddd, ] = 14.4, 6.8, 3.4, 1.3 Hz, 1H, AIkCH), 1.82 — 1.67 (m, 4H, AIkCH), 1.62
(dqt, J = 10.0, 3.2, 1.6 Hz, 1H, AIkCH), 1.34 — 1.02 (m, 5H, AlkCH) ppm; 3C NMR (101 MHz,
CDCL): 8 191.3 (C(O)), 154.8 (C(O)CHCH), 138.1 (Ar(), 132.5 (ArCH), 128.5 (ArCH), 128.4

(ArCH), 123.4 (C(O)CHCH), 41.0 (AlkCH), 31.8 (AlkCH), 25.9 (AIkCH), 25.7 (AIkCH) ppm; FT-

IR (thin film) va., 3061, 3019, 2935, 2841, 1724, 1663, 1440, 1339, 1009, 981 cm ™.
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(E)-3-cyclopropyl-1-phenylprop-2-en-1-one (S56)

v

Prepared following General Procedure H, using cyclopropanecarboxaldehyde to afford

the title compound as a pale-yellow oil (1.71 g, 88%). Data is consistent with the published

literature.”™

IH NMR (400 MHz, CDCL): § 8.00 — 7.92 (m, 2H, ArH), 7.60 — 7.52 (m, 1H, ArH), 7.51 — 7.42
(m, 2H, ArH), 7.04 (d, ] = 15.1 Hz, 1H, C(O)CHCH), 6.58 (dd, ] = 15.1, 10.2 Hz, 1H, C(O)CHCH),
1.73 (dddd, ] = 12.4,9.1, 6.3, 4.0 Hz, 1H, AIkCH), 1.08 — 1.00 (m, 2H, AIkCH), 0.79 — 0.72 (m, 2H,
AIkCH) ppm; 3C NMR (101 MHz, CDCl): § 189.9 (C(O)), 155.1 (C(O)CHCH), 138.2 (ArC),
132.4 (ArCH), 128.4 (ArCH), 128.3 (ArCH), 122.8 (C(O)CHCH), 15.3 (AlkCH), 9.2 (AlkCH) ppm;

FT-IR (thin film) v... 3070, 2995, 1653, 1450, 1284, 1215, 1175, 929, 891, 700, cm™.
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(E)-1-phenyloct-2-en-1-one (S57)

Qﬁw

Prepared following General Procedure G, using acetophenone and 1-hexanal to afford the
title compound as a pale-yellow oil (0.909 g, 90%). Data is consistent with the published

literature.””

"H NMR (400 MHz, CDCL): 5 7.96 (d, ] = 7.2 Hz, 2H, ArH), 7.58 (m, 1H, ArH), 7.46
(m, 2H, ArH), 7.14-7.06 (m, 1H, C(O)CHCH), 6.89 (d, J= 15.2, 1H, C(O)CHCH), 2.29 (dd,
] =14.1, 6.4 Hz, 2H, AIkCH), 1.49 (m, 2H, AIkCH), 1.35 (m, 4H, AIkCH), 0.93 (t, ] = 6.7,
3H, AIkCHs) ppm; *C NMR (101 MHz, CDCL): 3 190.9 (C(O)), 150.1 (C(O)CHCH),
138.0 (ArC), 132.5 (ArCH), 1282 (ArCH), 1284 (ArCH), 125.8 (C(O)CHCH), 32.8
(AIkCH), 31.4 (AlkCH), 27.8 (AIkCH), 22.4 (AlkCH), 13.9 (AlkCH,) ppm; FT-IR (thin

film) v 2972, 2856, 1669, 1619, 1280, 1011, 690 cm™.
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(E)-1-phenyldec-2-en-4-yn-1-one (S58)

Prepared following General Procedure A, using acetophenone and 2-octynal to afford the
title compound as a pale-yellow oil (0.915 g, 81%). Data is consistent with the published

literature.?’®

'H NMR (400 MHz, CDCl;): 8 8.09 — 7.90 (m, 2H, ArH), 7.64 — 7.53 (m, 1H, ArH), 7.53 — 7.40
(m, 2H, ArH), 7.29 (d, ] = 15.5 Hz, 2H, C(O)CHCH), 6.92 (dt, ] = 15.5, 2.3 Hz, 1H, C(O)CHCH),
2.44 (tdd, J = 7.2,2.4,0.7 Hz, 2H, AIkCH), 1.70 — 1.53 (m, 2H, AIkCH), 1.48 — 1.31 (m, 4H, AIkCH),
0.95 (t, ] = 7.1 Hz, 3H, AlkCHs) ppm; "C NMR (101 MHz, CDCL): § 189.4 (C(O)), 137.5
(ArC), 133.2 (C(O)CHCH), 133.0 (ArCH), 132.7 (ArCH), 128.8 (ArCH), 126.5
(C(O)CHCH), 102.2 (C=CCH,), 79.4 (C=CCH,), 30.6 (AlkCH), 28.3 (AlkCH), 22.2
(AlkCH), 19.8 (AlkCH), 13.7 (AlkCH) ppm; FT-IR (thin film) v,.. 2963, 2870, 2859, 2353,

2212, 1585, 1457, 1291, 1199, 1002 cm™
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(E)-1,5-diphenylpent-1-en-4-yn-3-one (S59)
FZ
s>

Cinnamoyl chloride (1.35 g, 8.17 mmol, 1.0 eq) was added dropwise to a stirred mixture of
phenylacetylene (1.0 g, 9.8 mmol, 1.2 eq), copper iodide (108 mg, 0.57 mmol, 0.07 eq) and
Pd(PPhs;),Cl, (172 mg, 0.245 mmol, 0.03 eq) in triethylamine (1.0 mL). The resulting mixture
was stirred at room temperature for 90 minutes under an N, atmosphere before filtering
through celite with EtOAc and evaporating to dryness iz vacuo. The crude residue was
dissolved in CH.Cl, (100 mlL), washed with brine, dried over Na,SO., filtered, and
evaporated to dryness iz vacno. Subsequent purification by flash column chromatography
(2% EtOAc in hexanes) afforded the title compound as a yellow powder. Data is consistent

with the published literature.””

1H NMR (400 MHz, CDCL): 8 7.93 (d, ] = 16.1 Hz, 1H, ArH), 7.70 — 7.65 (m, 2H, ArH and
C(O)CHCH), 7.61 — 7.57 (m, 2H, ArH), 7.50 — 7.37 (m, 6H, ArH), 6.90 (d, ] = 16.1 Hz, 1H,
C(O)CHCH) ppm; 3C NMR (101 MHz, CDCL):  178.3 (C(O)), 148.4 (C(O)CHCH), 134.0 (ArC),
132.9 (ArCH), 131.2 (ArCH), 130.6 (ArCH), 129.1 (C(O)CHCH), 128.7 (ArCH), 128.7 (ArCH),

128.5 (ArCH), 120.2 (ArC), 91.6 (ArC=C), 86.6 (ArC=C) ppm; m.p.: 71-72 °C (lit. 71-72 °C).
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(E)-1,1,1-trifluoro-4-phenylbut-3-en-2-one (S60)

0]

Fac)K/\@

To a solution of benzaldehyde (3.18 g, 30 mmol, 1.0 eq) and 1,1,1-trifluoroacetone (13.44 g,
120 mmol, 4.0 eq) in cyclohexane (45 mL) at room temperature was added piperidine (2.55
g, 30 mmol, 1.0 eq) and acetic acid (2.70 g, 45 mmol, 1.5 eq). The resulting mixture was
stirred at room temperature under a N, atmosphere for 9 hours. The mixture was quenched
with a saturated aqueous solution of NaHCO; (100 mL), extracted with diethyl ether (200
ml), dried over Na,SO, filtered, and evaporated to dryness. Purification by silica gel
chromatography (2% EtOAc in hexanes) afforded the title compound as a bright yellow oil.

Data is consistent with the published literature.”™

'H NMR (400 MHz, CDCls): 5 7.89 (d, ] = 15.9 Hz, 1H, C(O)CHCH), 7.63 — 7.51 (m, 2H, ArH),
7.46 — 7.33 (m, 3H, ArH), 6.94 (dt, ] = 16.0, 1.0 Hz, 1H, C(O)CHCH) ppm; 3C NMR (101 MHz,
CDCl;): 8 178.3 (C(O)), 148.4 (C(O)CHCH), 134.0 (ArC), 132.9 (ArCH), 131.2 (ArCH), 130.6
(ArCH), 129.1 (C(O)CHCH), 128.7 (ArCH), 128.7 (ArCH), 128.5 (ArCH), 120.2 (ArC), 91.6
(ArC=C), 86.6 (ArC=C) ppm; *F NMR (377 MHz, CDCl;): 5 -77.6 ppm; m.p.: 71-72 °C (lit.

71-72°C).
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4.3.2.2 Synthesis of hydrazones
General Procedure I for the synthesis of hydrazones by condensation:

To a solution of the appropriate aldehyde (1.0 eq) in toluene (0.1M) at room temperature
was added 3A molecular sieves (200 mg), followed by methyl hydrazine (2.0 eq). The reaction
was stirred at room temperature for 4 hours, then filtered and concentrated to dryness
vacno. Purification by silica gel chromatography (petroleum ether-EtOAc) afforded the pure

hydrazones.

(E)-1-benzylidene-2-methylhydrazine (192)

oH,
N,NH

I
o
Prepared following General Procedure I, using benzaldehyde (1.06 g, 10.0 mmol) to afford
the title compound as a coloutless solid (1.18 g, 88%). Data is consistent with the published

literature.?®

'H NMR (400 MHz, CDCL): 7.60 (d, 2H, J = 8.0 Hz), 7.56 (s, 1H), 7.42—7.30 (m, 2H),
7.27 (t, 1H, ] = 7.1 Hz), 2.99 (s, 3H); *C NMR (101 MHz, CDCl): 5 136.7, 135.9, 128.3,

127.4,126.1, 35.0 ppm.
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(E)-1-methyl-2-(4-methylbenzylidene)hydrazine (208)

Prepared following General Procedure I, using 4-methylbenzaldehyde (1.20 g, 10.0 mmol)
to afford the title compound as a colourless solid (1.01 g, 68%). Data is consistent with the

published literature.”

'H NMR (400 MHz, CDCL): 7.55 (s, 1H), 7.50 (d, J = 8.0 Hz, 2H), 7.12 (d, J = 8.0 Hz,
2H), 2.99 (s, 3H), 2.32 (s, 3H) ppm; *C NMR (101 MHz, CDCL): 5 138.0, 136.4, 133.6,

129.0, 126.0, 34.6, 21.0 ppm.
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(E)-1-methyl-2-(2-methylbenzylidene)hydrazine (209)

CHj3

.NH
N

I
H

Prepared following General Procedure I, using 2-methylbenzaldehyde (1.20g, 10.0 mmol) to

afford the title compound as a coloutless solid (1.11 g, 75%).

'H NMR (400 MHz, CDCL): 7.77 — 7.68 (m, 2H), 7.39 — 7.21 (m, 3H), 2.93 (s, 3H), 2.49
(s, 3H) ppm.; ®*C NMR (101 MHz, CDCL): 5 140.9, 136.2, 133.0, 131.2, 129.1, 127.8, 127.3,

35.0, 19.8 ppm; HRMS (ESI) m/z caled. for CoHpN, ((M+H]*) 148.10787, found

148.10790.
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(E)-1-(4-(tert-butyl)benzylidene)-2-methylhydrazine (210)

CHs

NH
[
H
Bu

Prepared following General Procedure I, using 4-(zert-butyl)benzaldehyde (1.62 g, 10.0

mmol) to afford the title compound as a coloutless solid (1.56 g, 82%).

"H NMR (400 MHz, CDCL): 7.50 (s, 1H), 7.46 — 7.40 (m, 2H), 7.16 — 7.09 (m, 2H), 3.00
(s, 3H),1.40 (s, 9H) ppm; *C NMR (101 MHz, CDCL): & 137.2, 135.1, 134.0, 128.2, 125.2,

34.9, 32.5 31.0 ppm; HRMS (ESI) m/z caled. for C2HpoN, ([M+H]") 191.15482, found

191.15478.
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(E)-1-methyl-2-(4-fluorobenzylidene)hydrazine (211)

CHy
.NH
N

ieg

Prepared following General Procedure I, using 4-fluorobenzaldehyde (1.24 g, 10.0 mmol) to

afford the title compound as a colourless solid (684 mg, 45%).

"H NMR (400 MHz, CDCL): 7.79 (s, 1H), 7.72 — 7.64 (m, 2H), 7.42 — 7.32 (m, 2H), 2.97
(s, 3H) ppm; ®C NMR (101 MHz, CDCls): 3 161.8 (d, ] = 248.5 Hz), 142.0, 130.2 (d, ] =
2.9 Hz), 128.5 (d, ] = 8.2 Hz), 115.7 (d, ] = 21.6 Hz), 35.2 ppm; “F NMR (376 MHz,
CDCL): 5 -112.9 (s) ppm; HRMS (ESI) m/z caled. for CoHoFN, ([M+H]") 153.08280,

found 153.08275.
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(E)-1-([1,1'-biphenyl]-4-ylmethylene)-2-methylhydrazine (212)

Prepared following General Procedure I, using 4-phenylbenzaldehyde (1.82 g, 10.0 mmol)

to afford the title compound as a colourless solid (1.07 g, 51%).

"H NMR (400 MHz, CDCL): 7.56 (s, 1H), 7.50 (d, ] = 8.0 Hz, 2H), 7.45 — 7.38 (m, 2H),
7.20 — 7.14 (m, 3H), 7.10 (d, J = 8.0 Hz, 2H), 2.82 (s, 3H), 2.30 (s, 3H) ppm; *C NMR (101
MHz, CDCL): § 138.2, 138.1, 137.1, 136.0, 133.1, 128.2, 125.5, 34.6 ppm; HRMS (ESI)

m/z caled. for CiuHiN; ((M+H]") 211.12352, found 211.12349.
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(E)-1-methyl-2-(naphthalen-2-ylmethylene)hydrazine (213)

Prepared following General Procedure I, using 2-naphthaldehyde (1.56 g, 10.0 mmol) to

afford the title compound as a coloutless solid (1.09 g, 59%).

"H NMR (400 MHz, CDCL): 8.21 — 8.15 (m, 1H), 7.90 — 7.83 (m, 3H), 7.80 (s, 1H), 7.60
— 7.53 (m, 2H), 2.88 (s, 3H) ppm.; *C NMR (101 MHz, CDCL): & 141.5, 134.0, 132.1,
130.2, 129.3, 128.6, 127.2, 126.9, 124.9, 35.8 ppm; HRMS (ESI) m/z calcd. for CoHsN,

(IM+H]") 185.10787, found 185.10783.
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(E)-1-(cyclohexylmethylene)-2-methylhydrazine (214)

Prepared following General Procedure I, using cyclohexylcarboxaldehyde (1.12 g, 10.0

mmol) to afford the title compound as a coloutless solid (448 mg, 32%).

'H NMR (400 MHz, CDCL): 6.91 (s, 1H), 2.84 (s, 3H), 2.47 — 2.38 (m, 1H), 1.90 — 1.61
(m, 4H), 1.55 — 1.35 (m, 6H) ppm; *C NMR (101 MHz, CDCl;): 5 154.3, 39.9, 35.7, 30.1,
29.0, 26.1, 25.6, 24.9 ppm; HRMS (ESI) m/z caled. for CsH-N, ((M+H]") 141.13917,

found 141.13921.
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4.3.3 Synthesis of catalyst 200

9-amino-9-deoxy-epi-cinchonidine (202)

7 7
i) PPhs, DIAD, DPPA
ii) PPhg
N iif) H0 N

XY~ “oH XY NH,
| 86% I
N~ N~
201 202

Prepared according to the literature procedure reported by Melchiorre et. al.*”

To a solution of PPh; (3.48 g, 13.27 mmol, 1.3 eq) and cinchonidine (3.0 g, 10.2 mmol, 1.0
eq) in THF (45 mL) at 0 °C, was added diisopropyl azodicarboxylate (2.69 g, 13.27 mmol,
1.,3 eq) at once. After 15 minutes at 0 °C, diphenyl phosphoryl azide (3.645 g, 13.27 mmol,
1.3 eq) was added dropwise over 15 minutes before warming the mixture to 45 °C. After 24
hours at 45 °C, PPh; (3.74 g, 14.28 mmol, 1.4 eq) was added, and the mixture stirred at 45
°C for a further 4 hours before cooling to RT. H>O (3.0 mL) was added, the mixture stirred
atroom temperaturefor 4 hours, then solvents removed 7z vacuo. The resulting yellow oil was
dissolved in a 1:1 mixture of CH2Cl:HCI (10% aq. solution) (200 mL). The mixture was
stirred vigorously to ensure mixing of the layers. After 15 minutes, the CH>Cl, layer was
removed and discarded. The water layer was basified to pH 9-10 with NH,;OH solution,
then extracted with EtOAc (3 x 100 mL). Combined organic layers were dried over Na,SOy,
filtered and evaporated to dryness iz vacuo to afford the crude product as a yellow oil.
Purification by flash column chromatography (50:50:1 EtOAc:MeOH:NH,OH) afforded

the title compound as a yellow oil (2.51 g, 84%). This procedure was repeated on 15.0 g scale
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(with respect to cinchonidine) to afford the title compound in identical purity and 86% yield.

Data is consistent with the published literature.

'H NMR (400 MHz, CDCL): 5 8.76 (d, ] = 4.4, 1H), 8.35 (s, 1H), 8.10 (dd, | = 8.4, 1.5,
1H), 7.75 (ddd, J = 8.4, 7.0, 1.5, 1H), 7.65-7.60 (m, 1H), 7.57-7.51 (m 1H), 5.81 (ddd, | =
17.4,10.6,7.5, 1H), 5.06-4.95 (m, 2H), 4.73 (m, 1H), 3.31 (dd, ] = 13.9, 10.0, 1H), 3.22-3.13
(m, 1H), 3.16-3.04 (m, 1H), 2.86-2.72 (m, 2H), 2.31-2.29 (m, 4H), 1.67—1.60 (m, 1H), 1.49—
1.56 (m, 2H), 1.41 (t, ] =11.4, 1H), 0.76 (ddt, ] =13.7, 7.4, 2.0, 1H) ppm; “C NMR (101
MHz, CDCL): §149.2, 148.2, 141.5, 130.3, 129.1, 127.9, 126.9, 123.8, 119.2, 114.1, 62.7,

56.9, 41.5, 40.0, 30.1, 28.5, 27.9, 25.8 ppm.
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3,5-dichloro-N-((§)-quinolin-4-yl((15,25,4S,5 R)-5-vinylquinuclidin-2-

yl)methyl)benzamide (200)

o)
|
c cl
7 Z
cl
N NEtz, DCM, 3 h N
. § p
202 200 )

To a solution of 9-amino-9-deoxy-epi-cinchonidine (202) (2.66 g, 9.10 mmol, 1.0 eq) in
anhydrous CH>Cl, (50 mL) cooled to -15 °C was added NEt; (626 mg, 6.20 mmol, 1.37 eq)
followed by dropwise addition of a solution of 3,5-dichlorobenzoyl chloride (2.0 g, 9.54
mmol, 1.05 eq) in anhydrous CH2Cl; (5 mL). The reaction mixture was warmed to room
temperature and monitored by TLC. After 3 hours, the reaction mixture was washed with
brine (100 mL), dried over Na,SOy, filtered and evaporated to dryness 7z vacuo to afford the
crude amide as a pink powder. Purification by flash column chromatography (20% MeOH
in BEtOAc) furnished the title compound as a light-yellow powder (3.94 g, 93%). This
procedure was repeated on 10.0 g scale (with respect to amine 202) to afford catalyst 200 in

identical purity and 94% yield.

'H NMR (400 MHz, CDCL): 3 8.90 (d, ] = 4.5 Hz, 1H, ArH), 8.44 (dd, ] = 8.6, 1.4 Hz,
1H, ArH), 8.17 (dd, ] = 8.4, 1.3 Hz, 1H, ArH), 7.86 (s, 1H, NH), 7.76 (ddd, ] = 8.4, 6.8, 1.3
Hz, 1H, ArH), 7.68 — 7.57 (m, 3H, ArH), 7.48-7.43 (m, 2H, ArH), 5.73 (ddd, | = 17.4, 10.4,

7.2 Hz, 1H, CHCH,), 5.4 (s, 1H, CHNH), 5.04 — 4.96 (m, 2H, CHCH>), 3.32 (dd, ] = 13.9,
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10.1 Hz, 1H, AIkCH), 3.25 — 3.14 (m, 2H, AIkCH), 3.14 — 3.03 (m, 1H, AIkCH), 2.79 (tdd,
] =14.6,7.5, 3.8 Hz, 2H, AIkCH), 2.42 — 2.28 (m, 1H, AIkCH), 1.69 (dddd, J = 22.8, 13.2,
6.2, 3.0 Hz, 3H, AIkCH), 1.44 (ddt, ] = 13.2, 9.8, 3.2 Hz, 1H, AIkCH), 1.08 — 0.98 (m, 1H,
AlkCH) ppm; ®C NMR (101 MHz, CDCL): 8 164.8 (C(O)), 150.1 (ArCH), 148.6 (ArC),
140.3 (CHCH,), 136.7 (ArC), 135.3 (ArCH), 134.4 (ArC), 131.4 (ArCH), 130.6 (ArCH), 130.5
(ArC), 129.3 (ArCH), 129.0 (ArC), 127.0 (ArCH), 125.9 (ArCH), 123.0 (ArCH), 115.2
(CHCH,), 55.5 (AlkCH), 40.8 (AlkCH), 39.0 (AlkCH), 29.6 (AIkCH), 27.4 (AlkCH), 27.2
(AIkCH), 27.2 (AIkCH), 25.6 (AlkCH) ppm; FT-IR (thin film) v,... 2980, 2161, 2033, 1654,
1527, 1466, 1309, 1236, 1180, 1045, 803, 751, 642 cm’; HRMS (ESI) m/z caled. for
CasHagONSCl ([M+H]") 466.14474, found 466.14450; m.p.: 121-123 °C; [a]p® = -54.5 (c

= 1.0, CHCL).
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4.3.4 Synthesis of 2-pyrazolines
General Procedure ] for the synthesis of 2-pyrazolines using methylhydrazine:

To an oven-dried 10 ml screw-cap vial was added ca. 20 molecular sieves (3A) and a magnetic
stirrer bar. Anhydrous PhMe (2.0 mL) was added, followed by the addition of 4-fer+-butyl-
benzaldehyde (162 mg, 1.0 mmol, 2.0 eq) and methylhydrazine (51 pL, 0.975 mmol, 1.95 eq).
The mixture was stirred under a nitrogen atmosphere at room temperature. After 4 hours,
catalyst 200 (23 mg, 0.05 mmol, 0.1 eq) and the appropriate enone (0.50 mmol, 1.0 eq) were
added to the solution of the 7n-situ formed hydrazone. The vial was placed into a freezer and
the mixture was stirred at -15 °C for 2 days (unless otherwise indicated) before warming to
room temperature and addition of a 30% w/w solution of NH,OH in methanol (1.0 mL,
see page S1 for preparation). The deprotection stage was followed by TLC. After completion
(typically two hours), solvents were removed under a stream of nitrogen gas. Purification by

silica gel chromatography (EtOAc in hexanes) afforded the enantioenriched 2-pyrazolines.

General Procedure ] for the synthesis of 2-pyrazolines using alternative hydrazines:

To an oven-dried 10 ml screw-cap vial was added ca. 20 molecular sieves (3A) and a magnetic
stirrer bar. Anhydrous CH>Cl, (2.0 mL) was added, followed by the addition of 4-fer+-butyl-
benzaldehyde (162 mg, 1.0 mmol, 2.0 eq), the appropriate hydrazine (0.975 mmol, 1.95 eq)
and diisopropylethylamine (1.95 eq or 3.8 eq). The mixture was stirred under a nitrogen

atmosphere at room temperature. After 4 hours, catalyst 200 (23 mg, 0.05 mmol, 0.1 eq) and
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the appropriate enone (0.50 mmol, 1.0 eq) were added to the solution of the zx-situ formed
hydrazone. The vial was placed into a freezer and the mixture was stirred at -15 °C for 2 days
(unless otherwise indicated) before warming to room temperature and addition of a 30%
w/w solution of NH,OH in methanol (1.0 mlL, see page S1 for preparation). The
deprotection stage was followed by TLC. After completion (typically two hours), solvents
were removed under a stream of nitrogen gas. Purification by silica gel chromatography

(EtOAc in hexanes) afforded the enantioenriched 2-pyrazolines.
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(R)-1-methyl-3,5-diphenyl-4,5-dihydro-1H-pyrazole (183)

183 was prepared following General Procedure J, using chalcone to afford the title
compound as a coloutless solid (106 mg, 90%, 95:5 er). Data is consistent with the published

literature.?

'H NMR (400 MHz, CDCL): § 7.59 — 7.51 (m, 2H, ArH), 7.39-30 (s, 2H, ArH), 7.28 —
7.15 (m, 6H, ArH), 4.01 (dd, ] = 14.6, 10.0 Hz, 1H, CHNN), 3.35 (dd, ] = 16.1, 10.0 Hz,
1H, CH>), 2.92 (dd, | = 16.1, 14.6 Hz, 1H, CH>), 2.83 (s, 3H, NCH) ppm; *C NMR (101
MHz, CDCL): 5 149.6 (C(N)), 140.0 (ArC), 132.3 (ArC), 128.4 (ArCH), 128.3 (ArCH),
128.0 (ArCH), 127.7 (ArCH), 127.0 (ArCH), 125.7 (ArCH), 73.4 (CNH), 43.4 (CH.), 41.6
(NCH:) ppm; FT-IR (thin film) va,, 1531, 1495, 1299, 1269, 983, 803, 788, 692 cm’;
HRMS (ESI) m/z caled. for CioH 7N, ((M+H]") 237.1386, found 237.1387; m.p.: 41-43 °C
(it. 39-41 °C); [o] o = -5.9 (c = 1.0, CHCIy); Chiral HPLC: Chiralpak OG, 4.6 x 250 mm;

1% 7PrOH/hexanes, 1.0 mL/min; & (minor) = 8.1 min, & (major) = 9.9 min, 95:5 er.
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(R)-5-(4-bromophenyl)-1-methyl-3-phenyl-4,5-dihydro-1H-pyrazole (219)

219 was prepared following General Procedure J, wusing (E)-1-phenyl-3-(4-
bromophenyl)prop-2-en-1-one to afford the title compound as a coloutless solid (137 mg,

87%, 96:4 er).

'H NMR (400 MHz, CDCL): 5 7.71 — 7.62 (m, 2H, ArH), 7.56 — 7.50 (m, 2H, ArH), 7.43
—7.31 (m, 5H, ArH), 4.11 (dd, | = 14.3, 10.0 Hz, 1H, CHNN), 3.49 (dd, ] = 16.1, 10.0 Hz,
1H, CH>), 2.96 (dd, ] = 16.1, 14.3 Hz, 1H, CH,), 2.85 (s, 3H, NCH;) ppm; "C NMR (101
MHz, CDClL): 6 149.6 (C(N)), 139.5 (ArC), 132.6 (ArC), 131.8 (ArCH), 129.2 (ArCH),
128.7 (AtCH), 128.5 (ArCH), 125.8 (ArCH), 121.6 (ArC), 72.9 (CNH), 43.3 (CH»), 41.5
(NCH3) ppm; HRMS (ESI) m/z caled. for CiHigNoBr (IM+H]") 315.04914, found
315.04916; FT-IR (thin film) v... 1561, 1445, 1360, 1279, 988, 787, 690 cm™; m.p.: 90-92
°C; [¢]p* = +26.5 (¢ = 1.0, CHCl;); Chiral HPLC: Chiralpak OD-H, 4.6 x 250 mm; 1%

/PrOH /hexanes, 1.0 mL/min; & (minor) = 16.1 min, %& (major) = 47.8 min, 96:4 er.
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(R)-5-(4-chlorophenyl)-1-methyl-3-phenyl-4,5-dihydro-1H-pyrazole (220)

220 was prepared following General Procedure J, wusing (E)-1-phenyl-3-(4-
chlorophenyl)prop-2-en-1-one to afford the title compound as a coloutless solid (112 mg,

83%, 95:5 er).

'H NMR (400 MHz, CDCL): 5 7.73 — 7.55 (m, 2H, ArF), 7.47 — 7.30 (m, 7H, ArH), 4.12
(dd, J = 14.3,10.0 Hz, 1H, CHNN), 3.49 (dd, ] = 16.1, 10.0 Hz, 1H, CH), 2.97 (dd, ] =
16.1, 14.3 Hz, 1H, CFL), 2.85 (s, 3H, NCH:) ppm; *C NMR (101 MHz, CDCLy): 5 149.7
(CIN), 139.0 (ArC), 133.5 (ArC), 132.7 (ArC), 128.9 (ArCH), 128.8 (ArCH), 128.7 (ArCH),
128.5 (ArCH), 125.8 (ArCH), 72.9 (CNH), 43.4 (CH,), 41.5 (NCH:) ppm; HRMS (ESI) m/z
caled. for CHigN,Cl (M+H]") 271.09965, found 271.09952; FT-IR (thin film) v, 1559,
1410, 1272, 986, 731, 646 cm’'; m.p.: 97-99 °C; [a]p® = +19.5 (c = 1.0, CHCL); Chiral
HPLC: Chiralpak AD, 4.6 x 250 mm; 2% /PrOH /hexanes, 1.0 mL/min; & (minor) = 33.2

min, & (major) = 29.6 min, 96:4 er.
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(R)-1-methyl-3-phenyl-5-(4-vinylphenyl)-4,5-dihydro-1H-pyrazole (221)

221 was prepared following General Procedure J, using (E)-1-phenyl-3-(4-vinylphenyl)prop-

2-en-1-one to afford the title compound as a colourless solid (115 mg, 88%, 94.5:5.5 er).

'H NMR (400 MHz, CDCL): & 7.72 — 7.65 (m, 2H, ArH), 7.47 (s, 4H, AtH), 7.42 — 7.31
(m, 3H, ArH), 6.77 (dd, ] = 17.6, 10.9 Hz, 1H, ArCHCHHuny), 5.80 (dd, ] = 17.6, 0.9 Hz,
1H, ArCHCHH,), 5.30 (dd, ] = 10.9, 0.9 Hz, 1H, ArCHCH,Hyay), 4.14 (dd, | = 14.4,
10.0 Hz, 1H, CHNN), 3.49 (dd, ] = 16.1, 10.0 Hz, 1H, CH,), 3.01 (dd, ] = 16.1, 14.4 Hz,
1H, CEHy), 2.87 (s, 3H, NCHs) ppm; *C NMR (101 MHz, CDCl): § 149.7 (C(N)), 139.9
(ArC), 137.2 (ArC), 136.4 (CHCH,), 132.91 (ArC), 128.6 (ArCH), 128.5 (ArCH), 127.7
(ArCH), 126.5 (ArCH), 125.7 (ArCH), 113.9 (CHCH,), 73.3 (CNH), 43.4 (CH,), 41.5
(NCH>) ppm; HRMS (ESI) m/z caled. for CisHioN, (M+H]*) 263.15428, found 263.15414;
FT-IR (thin film) v, 2969, 1652, 1218, 1407, 989 cm™; m.p.: 57-59 °C; [o]p * = -47.3 (c
= 1.0, CHCly); Chital HPLC: Chiralpak AD, 4.6 x 250 mm; 1% /PrOH /hexanes, 1.0

mL/min; & (minor) = 29.2 min, & (major) = 33.1 min, 94.5:5.5 er.
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(R)-1-methyl-5-(4-nitrophenyl)-3-phenyl-4,5-dihydro-1H-pyrazole (222)

222 was prepared following General Procedure J, using (E)-3-(4-nitrophenyl)-1-phenylprop-

2-en-1-one to afford the title compound as a yellow solid (121 mg, 86%, 95:5 er).

'H NMR (400 MHz, CDCL): 5 8.36 — 8.0 (m, 2H, ArF), 7.70 — 7.51 (m, 4H, ArF), 7.43
—7.30 (m, 3H, ArH), 4.26 (dd, ] = 14.2,10.2 Hz, 1H, CEINN), 3.58 (dd, ] = 16.2, 10.2 Hz,
1H, CHL), 2.99 (dd, ] = 16.1, 14.2 Hz, 1H, CH), 2.87 (s, 3H, NCH;) ppm; “C NMR (101
MHz, CDCLy): 5 149.5 (C(N)), 148.3 (ArQ), 147.7 (ArC), 132.4 (ArC), 128.9 (ArCH), 128.6
(ArCH), 128.3 (ArCH), 125.8 (ArCH), 124.0 (ArCH), 72.7 (CNH), 43.6 (CH,), 41.8 (NCH,)
ppm; HRMS (ESD) m/7 caled. for CisHiyN;O, ([M+H]") 282.12370, found 282.12381; FT-
IR (thin film) vin.s 1525, 1315, 965, 780, 759, 667 cm™; m.p.: 94-96 °C; [a]p® = +88.7 (c =
1.0, CHCls); Chiral HPLC: Chiralpak AD, 4.6 x 250 mm; 5% /PrOH/hexanes, 1.0 mI./min;

# (minor) = 24.2 min, & (major) = 38.1 min, 95:5 er.
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(R)-4-(1-methyl-3-phenyl-4,5-dihydro-1H-pyrazol-5-yl)benzonittile (223)

223 was prepared following General Procedure J, using (E)-4-(3-oxo-3-phenylprop-1-en-1-

yl)benzonitrile to afford the title compound as a colourless solid (108 mg, 83%, 95:5 er).

'H NMR (400 MHz, CDCL): 5 7.70 — 7.54 (m, 6H, ArF), 7.40 — 7.28 (m, 3H, ArH), 4.17
(dd, J = 14.2, 10.2 Hz, 1H, CHNN), 3.52 (dd, ] = 16.1, 10.2 Hz, 1H, CH), 2.93 (dd, ] =
162, 14.2 Hz, 1H, CH), 2.83 (s, 3H, NCH;) ppm; C NMR (101 MHz, CDCly): 5 149.4
(CN)), 146.2 (ArC), 132.5 (ArCH), 1324 (ArC), 128.9 (ArCH), 128.6 (ArCH), 128.2
(ArCH), 125.8 (ArCH), 118.7 (CN), 111.6 (ArC), 72.9 (CNH), 43.4 (CH.), 41.7 (NCH:) ppm;
HRMS (ESI) m/ caled. for C7HiNs (M+H]*) 262.13387, found 262.13382; FI-IR (thin
film) Vi 2262, 1506, 1476, 1239, 973, 703, 687 cm’’; m.p.: 80-82 °C; [a]p® = +36.4 (c =
1.0, CHCls); Chiral HPLC: Chiralpak AD, 4.6 x 250 mm; 2% /PrOH /hexanes, 1.0 mI./min;

# (minor) = 33.6 min, & (major) = 29.9 min, 95:5 er.
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(R)-Ethyl 4-(1-methyl-3-phenyl-4,5-dihydro-1H-pyrazol-5-yl)benzoate (224)

223 was prepared following General Procedure J, using ethyl (E)-4-(3-oxo-3-phenylprop-1-

en-1-yl)benzoate to afford the title compound as a coloutless oil (120 mg, 78%, 95:5 er).

'"H NMR (400 MHz, CDCls): § 8.17 — 8.04 (m, 2H, ArH), 7.72 — 7.62 (m, 2H, ArH), 7.62
—7.53 (m, 2H, ArH), 7.43 — 7.31 (m, 3H, ArH), 442 (q, ] = 7.1 Hz, 2H, OCH»CH3), 4.20
(dd, J = 14.3, 10.1 Hz, 1H, CHNN), 3.54 (dd, ] = 16.1, 10.1 Hz, 1H, CH,), 3.00 (dd, | =
16.1, 14.3 Hz, 1H, CH.), 2.86 (s, 3H, NCH3), 1.43 (t, ] = 7.1 Hz, 3H, OCH,CH3) ppm; "C
NMR (101 MHz, CDCL): § 166.3 (C(O)OCH:CHj3), 149.6 (C(N)), 145.7 (ArC), 132.7
(ArC), 130.1 (ArC), 130.0 (ArCH), 128.8 (ArCH), 128.5 (ArCH), 127.4 (ArCH), 125.8
(ArCH), 73.7 (CNH), 61.0 (C(O)OCH:CHs), 434 (CH), 41.7 (NCH;), 14.4
(C(O)OCH:CH3) ppm; HRMS (ESI) m/z caled. for CioHioON2 (IM+H]") 307.14410,
found 307.14417; FT-IR (thin film) v... 1711, 1612, 1272, 1106, 801, 675 cm™; [«]p *® =
+1.6 (c = 1.0, CHCl;); Chiral HPLC: Chiralpak AD, 4.6 x 250 mm; 3% /PrOH/hexanes,

1.0 mL/min; & (minotr) = 51.9 min, & (major) = 32.1 min, 95:5 er.
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(R)-5-(4-methoxyphenyl)-1-methyl-3-phenyl-4,5-dihydro-1H-pyrazole (225)

225 was prepared following General Procedure J, wusing (E)-1-phenyl-3-(4-
methoxyphenyl)prop-2-en-1-one to afford the title compound as a colourless solid (61 mg,

46%, 919 er).

'H NMR (400 MHz, CDCL): § 7.58 — 7.49 (m, 2H, ArF), 7.33 — 7.15 (m, 5H, ArF), 6.84
— 6.77 (m, 2H, ArH), 3.94 (dd, ] = 14.4, 10.0 Hz, 1H, CHNN), 3.69 (s, 3H, OCHj), 3.30
(dd, J = 16.1, 9.9 Hz, 1H, CH,), 2.84 (dd, ] = 16.1, 14.4 Hz, 1H, CF), 2.71 (s, 3H, NCH)
ppm; C NMR (101 MHz, CDCL): 5 159.3 (C(N)), 149.7 (AtC), 133.0 (ArC), 132.2 (ArC),
128.6 (ArCH), 128.6 (ArCH), 128.5 (ArCH), 125.8 (ArCH), 114.1 (ArCH), 73.1 (CHCH),
55.3 (OCH:), 43.2 (CH,), 41.4 (NCH;) ppm; HRMS (ESD) m/z caled. for CiHisON,
(IM+H]") 267.14919, found 267.14893; FT-IR (thin film) v... 2996, 2832, 2161, 1977,
1561, 1244, 1078, 763 cm™; m.p.: 52-54 °C; [¢]p* = -3.3 (c = 1.0, CHCl;); Chiral HPLC:
Chiralpak AD, 4.6 x 250 mm; 2% /PrOH /hexanes, 1.0 mL/min; & (minor) = 36.5 min, &

(major) = 39.9 min, 91:9 er.
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(R)-5-(4-(2,2-difluorocyclopropyl)phenyl)-1-methyl-3-phenyl-4,5-dihydro-1H-

pyrazole (226)

226 was prepared following General Procedure J, using (E)-3-(4-(2,2-

difluorocyclopropyl)phenyl)-1-phenylprop-2-en-1-one to afford the title compound as a

coloutrless oil (136 mg, 87%, 1:1 dr, 91:9 er).

'"H NMR (400 MHz, CDCL): 8 7.69 — 7.62 (m, 2H, ArH), 7.49 — 7.42 (m, 2H, ArH), 7.42
—7.31 (m, 3H, ArH), 7.30 — 7.23 (m, 2H, ArH), 4.13 (dd, ] = 14.4, 10.0 Hz, 1H, CHNN),
3.55-3.44 (dd, ] = 16.2, 10.0 Hz, 1H, CH>), 3.00 (dd, | = 16.2, 14.4 Hz, 1H, CH>), 2.85 (s,
3H, NCH3), 2.79 (m, 1H, ArCH), 1.86 (m, 1H, CHCF,), 1.66 (m, 1H, CHCF,) ppm; “F
NMR (377 MHz, CDCL): 5 -125.85 (dddd, | = 154.2, 13.1, 6.6, 4.1 Hz), -142.30 (dddd, |
=154.2,13.1, 5.4, 2.7 Hz) ppm; [diastereomers could only be observed without resonance
ovetlap by "F{'"H} NMR] "F{'H} NMR (377 MHz, CDCL): 5 -125.83 (d, ] = 154.1 Hz,
diastereomer 1), -125.85 (d, | = 154.0 Hz, diastereomer 2), -142.29 (d, | = 154.0 Hz,
diastereomer 2), -142.30 (d, | = 154.1 Hz, diastereomer 1) ppm; "C NMR (101 MHz,
CDCl): 8 149.7 (C(N)), 139.4 (ArC), 133.3 (ArC), 132.8 (ArC), 128.7 (ArCH), 128.5 (ArCH),
128.3 (ArCH), 127.6 (ArCH), 125.8 (ArCH), 105.7-100.7 (m, CF), 73.2 (CNH), 43.3

(C(N)CHS), 41.6 (NCH3), 27.0 (t, ] = 11.5 Hz, CHCF,), 17.2 (m, CH,CF,) ppm; HRMS
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(ESI) m/z calcd. for C1oH1oNoF, ([M+H]") 313.15108, found 313.15085; FT-IR (thin film)
Vi 2958, 1467, 1230, 936, 760 cm™; [«]p ® = +41.0 (¢ = 1.0, CHCl3); Chiral HPLC:
Chiralpak tandem OD-H and OD-H column, 4.6 x 250 mm; 1% /PrOH/hexanes, 1.0

ml./min; & (minor) = 29.1 and 33.9 mins, & (major) = 96.3 and 101.0 mins, 91:9 er.
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(R)-1-methyl-5-phenyl-3-(m-tolyl)-4,5-dihydro-1H-pyrazole (227)

227 was prepared following General Procedure J, using (E)-3-phenyl-1-(m-tolyl)prop-2-en-

1-one to afford the title compound as a colourless oil (64 mg, 51%, 94:6).

"H NMR (400 MHz, CDCL): 5 7.58 (tt, ] = 1.7, 0.8 Hz, 1H, ArH), 7.56 — 7.49 (m, 2H,
ArH), 7.49 — 7.39 (m, 3H, ArH), 7.39 — 7.33 (m, 1H, ArF), 7.30 (t, ] = 7.6 Hz, 1H, ArFD),
7.18 (ddt, J = 7.6, 1.8, 0.9 Hz, 1H, ArH), 4.15 (dd, ] = 14.4, 10.0 Hz, 1H, CHNN), 3.50 (dd,
J=16.1,10.0 Hz, 1H, CF), 3.03 (dd, = 16.1, 14.4 Hz, 1H, CI), 2.88 (s, 3H, NCE), 2.44
— 2,40 (m, 3H, ArCHs) ppm; ®C NMR (101 MHz, CDCly): 5 149.9 (C(N)), 140.4 (ArC),
138.2 (ArC), 132.8 (ArC), 129.5 (ArCH), 128.7 (ArCH), 128.4 (ArCH), 127.8 (ArCH), 127.5
(ArCH), 126.3 (ArCH), 123.1 (ArCH), 73.6 (CNH), 43.4 (CH), 41.6 (NCHs), 21.4 (ArCH,)
ppm; HRMS (ESD) m/z caled. for CirHisN, ((M+H]*) 251.15428, found 251.15411; FT-IR
(thin film) v, 1473, 1363, 1170, 1074, 990, 877, 694 cm™; []n?® = +16.3 (c = 1.0, CHCLy);
Chiral HPLC: Chiralpak AD, 4.6 x 250 mm; 2% /PrOH/hexanes, 1.0 mL/min; & (minor)

= 11.2 min, & (major) = 14.4 min, 94:6 er.
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(R)-3-(2-fluorophenyl)-1-methyl-5-phenyl-4,5-dihydro-1H-pyrazole (228)

228 was prepared following General Procedure J, using (E)-1-(2-fluorophenyl)-3-
phenylprop-2-en-1-one to afford the title compound as a coloutless oil (99 mg, 78%, 94:6

er).

'H NMR (400 MHz, CDCL): & 7.90 (td, ] = 7.8, 1.8 Hz, 1H, ArH), 7.54 — 7.47 (m, 2H,
ArH), 7.45 — 7.38 (m, 2H, ArH), 7.38 — 7.25 (m, 2H, ArH), 7.21 — 7.13 (m, 1H, ArH), 7.08
(ddd, ] = 11.5,8.3, 1.2 Hz, 1H, ArH), 4.18 (dd, ] = 14.8, 10.0 Hz, 1H, CHNN), 3.61 (m, 1H,
CH>), 3.13 (m, 1H, CH.), 2.88 (s, 3H, NCHj) ppm; *C NMR (101 MHz, CDCL): & 160.4
(d, J = 251.1 Hz, ArCF), 146.1 (d, | = 2.4 Hz, C(N)), 140.3 (ArC), 130.0 (d, ] = 8.1 Hz,
ArCH), 128.7 (ArCH), 128.5 (d, | = 3.6 Hz, ArCH), 127.8 (ArCH), 127.4 (ArCH), 124.1 (d,
] =32Hz, ArCH), 121.0 (d, ] = 11.7 Hz, ArC), 116.20 (d, ] = 22.3 Hz, ArCH), 73.7 (CNH),
45.5 (CH,), 41.3 (NCHs) ppm; HRMS (ESI) m/z caled. for CioH N ([M+H]™) 255.12920,
found 255.12868; FT-IR (thin film) v, 1585, 1487, 1359, 924, 752, 698 cm™; [¢]p ® =
+34.6 (¢ = 1.0, CHCl); Chiral HPLC: Chiralpak OD-H, 4.6 x 250 mm; 1%

/PrOH /hexanes, 1.0 mL/min; & (minor) = 6.9 min, %& (major) = 9.9 min, 94:6 er.
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(R)-3-(2,3-dihydro-1H-inden-5-yl)-1-methyl-5-phenyl-4,5-dihydro-1H-pyrazole (229)

229 was prepared following General Procedure J, using (E)-1-(2,3-dihydro-1H-inden-5-yl)-
3-phenylprop-2-en-1-one to afford the title compound as a coloutless solid (128 mg, 93%,

95:5 er).

'"H NMR (400 MHz, CDCL): § 7.64 — 7.59 (m, 1H, ArH), 7.54 — 7.48 (m, 2H ArH), 7.46
—7.38 (m, 3H, ArH), 7.38 — 7.32 (m, 1H, ArH), 7.25 (d, ] = 7.8 Hz, 1H, ArH), 4.12 (dd, ] =
14.4,9.9 Hz, 1H, CHNN), 3.49 (dd, ] = 16.1, 9.9 Hz, 1H, CH>), 3.02 (dd, ] = 16.1, 14.3 Hz,
1H, CHy), 2.95 (t, ] = 7.4 Hz, 4H, ArCH,CHy), 2.86 (s, 3H, NCH3), 2.12 (p, ] = 7.5 Hz, 2H,
ArCH,CH>) ppm;”C NMR (101 MHz, CDCL): § 150.4 (C(N)), 145.2 (ArC), 144.7 (ArC),
140.5 (Ar(C), 131.0 (ArC), 128.67 (ArCH), 127.8 (ArCH), 127.5 (ArCH), 124.3 (ArCH), 124.1
(ArCH), 121.7 (ArCH), 73.6 (CNH), 43.6 (CH>), 41.7 (NCHs), 32.8 (ArCH,CHy), 32.7
(ArCH,CH,), 25.4 (AtCH,CH,) ppm; HRMS (ESI) m/z caled. for CioHN,O ([IM+H]")
277.16993, found 277.16989; FT-IR (thin film) vu.. 2980, 1473, 1214, 945, 818, 701 cm;
m.p.: 81-83 °C; [«]p* = +26.5 (c = 1.0, CHCls); Chiral HPLC: Chiralpak IA, 4.6 x 250
mm; 2% /PrOH/hexanes, 1.0 mL/min; & (minot) = 26.6 min, & (major) = 27.8 min, 95:5

cfr.
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(R)-3-(3,5-bis(trifluoromethyl)phenyl)-1-methyl-5-phenyl-4,5-dihydro-1H-pyrazole

(230)

230 was prepared following  General Procedure J, using (E)-1-(3,5-
bis(trifluoromethyl)phenyl)-3-phenylprop-2-en-1-one to afford the title compound as a

colourless oil (134 mg, 72%, 96:4 er).

"H NMR (400 MHz, CDCL): 5 7.96 (dd, ] = 1.8, 0.9 Hz, 2H, ArH), 7.69 (tt, ] = 1.7, 0.8
Hz, 1H, ArH), 7.43 — 7.21 (m, 5H, ArH), 4.20 (dd, ] = 14.4, 10.4 Hz, 1H, CHNN), 3.43 (dd,
T=16.2,10.4 Hz, 1H, CH), 2.95 (dd, ] = 16.2, 14.4 Hz, 1H, CF), 2.82 (s, 3H, NCH:) ppm;
13C NMR (101 MHz, CDCLy): 3 145.8, (C(N)), 139.6 (ArC), 135.2 (ArC), 131.9 (q, ] = 33.1
Hz, CCF3), 128.8 (ArCH), 128.1 (ArCH), 127.3 (ArCH), 125.2 (d, ] = 4.0 Hz, ArC(H)CCF>),
1232 (q, ] = 272.9 Hz, CFy), 121.5 — 120.8 (m, ArC(H)CCFE), 73.4 (CNH), 42.6 (CHs), 40.9
(NCH;) ppm; "F NMR (377 MHz, CDCL) 8 -63.30 ppm; HRMS (ESI) m/z calcd. for
CisHisNoFs (M+H]) 373.11339, found 373.11414; FT-IR (thin film) vm. 1276, 1170,
1128, 886, 697 cm’; [u]p® = +70.0 (c = 1.0, CHCly); Chiral HPLC: Chiralpak AD-H, 4.6
x 250 mm; 2% /PrOH/hexanes, 1.0 mL/min; & (minot) = 4.2 min, & (major) = 4.5 min,

95:5 er.
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(R)-3-(3,4-dichlorophenyl)-1-methyl-5-(4-(methylthio)phenyl)-4,5-dihydro-1H-

pyrazole (231)

231 was prepared following General Procedure J, using (E)-1-(3,4-dichlorophenyl)-3-(4-
(methylthio)phenyl)prop-2-en-1-one to afford the title compound as a yellow solid (161 mg,

92%, 95.5:4.5 er).

"H NMR (400 MHz, CDCL): 5 7.63 (d, ] = 1.8 Hz, 1H, ArH), 7.39 — 7.28 (m, 4H, ArH),
7.22—7.18 (m, 2H, ArH), 4.06 (dd, ] = 14.4, 10.2 Hz, 1H, CHNN), 3.31 (dd, J = 16.1, 10.2
Hz, 1H, CH), 2.84 (dd, ] = 16.1, 14.4 Hz, 1H, CH), 2.75 (s, 3H, NCHS), 2.43 (s, 3H, SC)
ppm; C NMR (101 MHz, CDCL): 5 147.0 (C(N)), 138.2 (AtC), 136.6 (ArC), 133.0 (ArC),
132.7 (ArQ), 132.1 (ArC), 130.4 (ArCH), 127.9 (ArCH), 127.3 (ArCH), 126.8 (ArCH), 124.7
(ArCH), 73.1 (CNH), 42.7 (CH,), 41.1 (NCHs), 15.8 (SCH) ppm; HRMS (ESI) m/ caled.
for CiH-NLS ([M+H]") 351.04840, found 351.04831; FT-IR (thin film) v, 1574, 1492,
1376, 1130, 948, 819 cm™; m.p.: 99-101 °C; [a]p*® = +45.7 (c = 1.0, CHCls); Chiral HPLC:
Chiralpak AD-H, 4.6 x 250 mm; 1% /PrOH /hexanes, 1.0 mL/min; & (minor) = 21.6 min,

#R (major) = 42.9 min, 91:9 er.
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(R)-5-(6-bromobenzo[d] [1,3] dioxol-5-yl)-1-methyl-3-phenyl-4,5-dihydro-1H-

pyrazole (232)

232 was prepared following General Procedure J, using (E)-3-(6-bromobenzo[d][1,3]dioxol-
5-yl)-1-phenylprop-2-en-1-one in CH>Cl; to afford the title compound as a coloutless solid

(141 mg, 79%, 87:13 er).

'H NMR (400 MHz, CDCL): 5 7.67 — 7.62 (m, 2H, ArF), 7.40 — 7.29 (m, 3H, ArH), 7.25
(s, 1H, ArE), 7.03 (s, 1H, ArE), 6.02 — 5.94 (m, 2H, OCH,O), 4.46 (dd, ] = 13.9, 10.3 Hz,
1H, CHINN), 3.68 (dd, ] = 16.2, 10.3 Hz, 1H, CHL), 2.87 (s, 3H, NCF), 2.71 (dd, ] = 16.3,
14.0 Hz, 1H, CFHs) ppm; “C NMR (101 MHz, CDCLy): 8 149.3 (C(N)), 147.8 (ArC), 147.7
(ArO), 133.4 (ArC), 132.7 (ArC), 128.7 (ArCH), 128.50 (ArCH), 125.8 (ArCH), 113.9 (ArC),
112.6 (ArCH), 107.9 (ArCH), 101.8 (OCH,0), 71.8 (CNH), 41.8 (CH.), 41.3 (NCHs) ppm;
HRMS (ESI) m/7 caled. for CiH NLO.Br ((M+H]) 359.03897, found 359.03940; FT-IR
(thin film) vy, 1500, 1240, 1036, 980, 759 cm™; m.p.: 119-121 °C; [«]p* = +49.4 (c = 1.0,
CHCls); Chiral HPLC: Chiralpak OD-H, 4.6 x 250 mm; 1% /PrOH /hexanes, 1.0 mIL./min;

# (minor) = 20.2 min, & (major) = 16.8 min, 87:13 er.
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(R)-5-(3,4-dimethoxyphenyl)-1-methyl-3-phenyl-4,5-dihydro-1H-pyrazole (233)

233 was prepared following General Procedure J, using (E)-3-(3,4-dimethoxyphenyl)-1-
phenylprop-2-en-1-one in CH,Cl, to afford the title compound as a colourless solid (104

mg, 70%, 81:19 er).

'H NMR (400 MHz, CDCL): 5 7.69 — 7.62 (m, 2H, ArF), 7.39 — 7.27 (m, 3H, ArH), 7.07
(d, ] = 2.0 Hz, 1H, ArH), 6.96 (dd, ] = 8.2, 2.0 Hz, 1H, ArH), 6.85 (d, ] = 8.2 Hz, 1H, ArFl),
4.05 (dd, = 14.5, 9.9 Hz, 1H, CHNN), 3.89 (s, 3H, ArOCF), 3.88 (s, 3H, ArOCH), 3.43
(dd, 7= 16.1,10.0 Hz, 1H, CHy), 2.97 (dd, = 16.1, 14.5 Hz, 1H, CF), 2.83 (s, 3H, NCH)
ppm; C NMR (101 MHz, CDCL): 5 149.8 (C(N)), 149.3 (ArC), 148.7 (ArC), 132.9 (ArC),
132.8 (ArC), 128.6 (ArCH), 128.5 (ArCH), 125.7 (ArCH), 120.0 (ArCH), 111.1 (ArCH),
109.9 (ArCH), 73.5 (CNH), 55.4 (ArOCH3), 55.9 (AtOCHs), 43.2 (CHz), 41.5 (NCHs) ppm;
HRMS (ESD) m/z caled. for CisHuO:N, (M+H]") 297.15975, found 297.15961; FT-IR
(thin film) v, 1653, 1259, 1191, 1070, 692 cm™; m.p.: 97-99 °C; [a]p*® = +44.6 (c = 1.0,
CHCIls); Chiral HPLC: Chiralpak AD, 4.6 x 250 mm; 3% /PrOH /hexanes, 1.0 mL/min; &

(minor) = 46.8 min, & (major) = 35.0 min, 81:19 er.
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(R)-1-methyl-3-phenyl-5-(thiophen-2-yl)-4,5-dihydro-1H-pyrazole (234)

234 was prepared following General Procedure J, using (E)-1-phenyl-3-(thiophen-2-yl)prop-

2-en-1-one to afford the title compound as a colourless oil (94 mg, 78%, 91:9 er).

'H NMR (400 MHz, CDCL): 5 7.70 — 7.64 (m, 2H, ArF), 7.43 — 7.29 (m, 3H, ArH), 7.10
(ddd, ] = 3.6, 1.3, 0.6 Hz, 1H, ArH), 7.02 (dd, ] = 5.1, 3.5 Hz, 1H, ArF), 443 (ddt, [ = 13.8,
9.8, 0.6 Hz, 1H, CHINN), 3.54 (dd, ] = 16.1, 9.8 Hz, 1H, CF), 3.11 (dd, J = 16.1, 13.8 Hz,
1H, CH,), 2.92 (s, 3H, NCH;) ppm; *C NMR (101 MHz, CDCL): 5 150.2 (C(N)), 143.9
(ArQ), 132.7 (ArC), 128.7 (ArCH), 128.5 (ArCH), 126.7 (ArCH), 125.84(ArCH), 125.7
(ArCH), 125.0 (ArCH), 68.7 (CNH), 43.7 (CH,), 41.4 (NCH:) ppm; HRMS (ESI) m/ calcd.
for CiyHisNLS ([M+H]") 243.09505, found 243.09485; FT-IR (thin film) v, 2957, 3834,
1445, 1310, 1128, 934, 759, 693 cm’; [oa]p % = +44.9 (c = 1.0, CHCL); Chiral HPLC:
Chiralpak AD-H, 4.6 x 250 mm; 1% /PrOH /hexanes, 1.0 mL/min; & (minor) = 25.3 min,

#R (major) = 46.0 min, 92:8 er.
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(R)-2-(5-(4-bromophenyl)-1-methyl-4,5-dihydro-1H-pyrazol-3-yl)pyrazine (235)

-N
N
| Br

235 was prepared following General Procedure J, using (E)-3-(4-bromophenyl)-1-(pyrazin-

2-yl)prop-2-en-1-one to afford the title compound as a pale yellow solid (115 mg, 73%,

90:10).

"H NMR (400 MHz, CDCL): 8 9.18 (d, ] = 1.6 Hz, 1H, ArFl), 8.50 — 8.38 (m, 2H, ArF),
7.59 — 7.40 (m, 2H, ArF)), 7.39 — 7.30 (m, 2H, ArH)), 4.25 (dd, J = 14.3, 10.7 Hz, 1H,
CHNN), 3.68 (dd, ] = 17.0, 10.7 Hz, 1H, CE), 3.01 (dd, ] = 17.0, 14.3 Hz, 1H, CHy), 2.91
(s, 3H, NCH;) ppm; *C NMR (101 MHz, CDCL): 5 147.7 (C(N)), 147.4 (ArC), 143.5
(ArCH), 142.6 (ArCH), 142.67 (ArCH), 139.0 (ArC), 131.9 (ArCH), 129.0 (ArCH), 121.8
(AtCBr), 72.4 (CNH), 42.1 (CH,), 40.7 (NCH;) ppm; HRMS (ESI) m/z caled. for
CuHuNBr (M+H]") 317.03964, found 317.03976; FT-IR (thin film) ve. 2957, 1560,
1432, 1162, 1101, 942, 822 cm™; m.p.: 114-116 °C; [«]p* = +64.1 (c = 1.0, CHCl;); Chiral
HPLC: Chiralpak AD-H, 4.6 x 250 mm; 3% 7/PrOH/hexanes, 1.0 mL/min; & (minor) =

18.2 min, & (major) = 22.6 min, 90:10 er.
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(R)-4-(1-methyl-5-phenyl-4,5-dihydro-1H-pyrazol-3-yl)pyridine (236)

/
N-N

\\
N A

236 was prepared following General Procedure J, using (E)-3-phenyl-1-(pyridin-4-yl)prop-

2-en-1-one to afford the title compound as a colourless oil (83 mg, 70%, 81:19 er).

"H NMR (400 MHz, CDCL): 5 8.56 (ddd, ] = 4.9, 1.8, 1.0 Hz, 1H, ArF), 7.93 (dt, ] = 8.0,
1.1 Hz, 1H, ArH), 7.65 (ddd, ] = 8.1, 7.5, 1.8 Hz, 1H, ArH), 7.50 — 7.43 (m, 2H, ArFl), 7.41
—7.35 (m, 2H, ArH), 7.35 — 7.27 (m, 1H, ArH), 7.17 (ddd, ] = 7.5, 4.9, 1.2 Hz, 1H, ArF),
422 (dd, J = 14.5, 10.4 Hz, 1H, CHNN), 3.73 (dd, ] = 16.9, 10.4 Hz, 1H, CH,), 3.10 (dd,
= 16.8, 14.5 Hz, 1H, C), 2.89 (s, 3H, NC;) ppm; *C NMR (101 MHz, CDCly): § 152.1
(CIN)), 150.3(ArC), 149.1 (ArCH), 140.2 (ArC), 136.0 (ArCH), 128.7 (ArCH), 127.8 (ArCH),
127.5 (ArCH), 122.8 (ArCH), 120.4 (ArCH), 73.6 (CNH), 42.6 (CH,), 41.1 (NCH;) ppm;
HRMS (ESI) m/ caled. for CisHiNs (M+H]*) 238.13387, found 238.13385; FI-IR (thin
film) v 2957, 2918, 1512, 1488, 1360, 989, 756, 698 cm™; [a]p® = +23.1 (c = 1.0, CHCLy);
Chiral HPLC: Chiralpak OD-H, 4.6 x 250 mm; 2% /PrOH/hexanes, 1.0 mL/min; &

(minor) = 13.9 min, & (major) = 15.3 min, 81:19 er.
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(R)-5-cyclohexyl-1-methyl-3-phenyl-4,5-dihydro-1H-pyrazole (237)

237 was prepared following General Procedure J, using (E)-3-cyclohexyl-1-phenylprop-2-

en-1-one to afford the title compound as a coloutless oil (88 mg, 73%, 98:2 er).

'"H NMR (400 MHz, CDClLs): 8 7.60 — 7.50 (m, 2H, ArH), 7.30 — 7.19 (m, 3H, ArH), 3.01
—2.85 (m, 2H, CHNN and C(N)CH>), 2.82 (s, 3H, NCH5), 2.74 — 2.61 (m, 1H, CIN)CH>),
1.80 — 1.54 (m, 5H, cyclohexyl-CH), 1.29 — 1.05 (m, 4H, cyclohexyl-CH), 1.05 — 0.91 (m,
2H, cyclohexyl-CH) ppm; "C NMR (101 MHz, CDCL): § 149.9 (C(N)), 133.3 (Ar(), 128.3
(ArCH), 128.2 (ArCH), 125.6 (ArCH), 73.8 (CNH), 42.4 (NCH5), 39.5 (CH.CHCH.), 35.3
(C(N)CH>), 31.3 (cyclohexyl-CH,), 27.8 (cyclohexyl-CH,), 26.7 (cyclohexyl-CH,), 26.6
(cyclohexyl-CH,), 26.2 (cyclohexyl-CHz) ppm; HRMS (ESI) m/z caled. for CicHzsN,
(IM+H]") 243.18558, found 243.18596; FT-IR (thin film) v... 2925, 2852, 1543, 1447,
1368, 762, 693 cm™; [a]p*® = +4.0 (c = 1.0, CHCls); Chiral HPLC: Chiralpak AD, 4.6 x
250 mm; 1% /PrOH/hexanes, 1.0 mL/min; & (minor) = 21.9 min, & (major) = 18.3 min,

98:2 er.
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(R)-5-cyclopropyl-1-methyl-3-phenyl-4,5-dihydro-1H-pyrazole (238)

238 was prepared following General Procedure J, using (E)-3-cyclopropyl-1-phenylprop-2-

en-1-one to afford the title compound as a coloutless oil (89 mg, 89%, 98:2 er).

'H NMR (400 MHz, CDCLy): § 7.47 — 7.40 (m, 2H, ArH), 7.21 — 7.06 (m, 3H, ArH), 2.99
(dd, J = 16.0, 9.5 Hz, 1H, CHNN), 2.80 (s, 3H, NCH), 2.67 (dd, ] = 16.0, 13.0 Hz, 1H,
C(N)-CH>-), 2.32 — 2.17 (m, 1H, C(N)-CH>-), 0.84 (qt, ] = 8.3, 5.0 Hz, 1H, NCCH), 0.49
(dddd, J = 9.0, 7.9, 5.5, 4.5 Hz, 1H, CHCH.), 0.37 (dddd, | = 9.0, 8.3, 5.5, 4.5 Hz, 1H,
CHCH>), 0.15 (ddt, ] = 9.5, 5.5, 4.5 Hz, 1H, CHCH>), -0.01 (ddt, ] = 9.5, 5.5, 4.5 Hz, 1H,
CHCHS) ppm; ®C NMR (101 MHz, CDCL): 8 149.0 (C(N)), 132.1 (ArC), 127.3 (ArCH),
1270.2 (ArCH), 124.5 (ArCH), 73.2 (CNH), 40.7 (-N-C-CH,-C(N)), 38.4 (-N-C-CH,-C(N)),
11.6 (CHCHS,), 3.5 (CHCH,), 0.0 (CHCH,) ppm; HRMS (ESI) m/z caled. for Ci5H;7N,
(IM+H]*) 201.13863, found 201.13855; FT-IR (thin film) va,, 1472, 1248, 1177, 755, 690
em’; [e]p® = +8.5 (c = 1.0, CHCIy); Chiral HPLC: Chiralpak AD, 4.6 x 250 mm; 1%

/PrOH /hexanes, 1.0 mL/min; & (minor) = 9.6 min, #& (major) = 27.5 min, 98:2 er.
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(R)-1-methyl-5-pentyl-3-phenyl-4,5-dihydro-1H-pyrazole (239)

239 was prepared following General Procedure J, using (E)-1-phenyloct-2-en-1-one to

afford the title compound as a coloutless oil (94 mg, 82%, >99:1 er).

'"H NMR (400 MHz, CDCL): 8 7.67 — 7.57 (m, 2H, ArH), 7.38 — 7.26 (m, 3H, AtH), 3.19
(dd, J = 15.6, 9.4 Hz, 1H, CHNN), 3.03 (dtd, /] = 13.5, 9.4, 3.7 Hz, 1H, CH>), 2.89 (s, 3H,
NCH;), 2.62 (dd, J = 15.6, 13.5 Hz, 1H, CH>), 1.90 — 1.78 (m, 1H, AlkCH), 1.57 (dtd, | =
15.2,9.2,8.3,3.9 Hz, 1H, AlkCH), 1.47 — 1.29 (m, 6H, AlkCH), 0.99 — 0.84 (m, 3H, AlkCH)
ppm; “C NMR (101 MHz, CDCL;): § 150.7 (C(N)), 133.2 (ArC), 128.4 (ArCH), 128.3
(ArCH), 125.76 (ArCH), 69.5 (CNH), 41.7 (CH,), 39.1 (NCHs), 32.7 (AlkCH»), 32.0
(AlkCH,), 26.6 (AlkCH,), 22.6 (AlkCH,), 14.0 (AlkCH3) ppm; HRMS (ESI) m/z calcd. for
CisHasN, ([IM+H]") 231.18558, found 231.18535; FT-IR (thin film) vum. 2957, 2929, 1445,
758, 692 cm™; [a]p® = +17.8 (c = 1.0, CHCl3); Chiral HPLC: Chiralpak AD-H, 4.6 x 250
mm; 1% /PrOH/hexanes, 1.0 mL/min; & (minot) = 42.4 min, & (major) = 20.1 min, 91:9

cfr.
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(R)-5-(hept-1-yn-1-yl)-1-methyl-3-phenyl-4,5-dihydro-1H-pyrazole (240)

240 was prepared following General Procedure J, using (E)-1-phenyldec-2-en-4-yn-1-one

to afford the title compound as a coloutrless oil (93 mg, 73%, 95:5 er).

'"H NMR (400 MHz, CDCls): § 7.68 — 7.59 (m, 2H, ArH), 7.42 — 7.28 (m, 3H, ArH), 3.97
—3.88 (m, 1H, CHNN), 3.29 (dd, | = 15.6, 9.6 Hz, 1H, CH,), 3.09 (dd, ] = 15.6, 10.9 Hz,
1H, CH,), 3.02 (s, 3H, NCH;), 2.24 (td, | = 7.1, 2.0 Hz, 2H, C=CCH>), 1.43 (m , 6H,
CH,CH,CH,>CH3), 0.99 — 0.84 (m, 3H, CH.CH;) ppm; "C NMR (101 MHz, CDCL): §
150.6 (C(N)), 132.7 (ArC), 128.6 (ArCH), 128.4 (ArCH), 125.8 (ArCH), 85.8 (NC-C=C-),
76.8 NC-C=C("), 58.6 (CHy), 41.0 (CH>), 40.9 (NCH3), 31.0 (CH), 28.3 (CH,), 22.1 (CHo),
13.9 (CHs) ppm; HRMS (ESI) m/z caled. for Ci7HxN: ([M+H]") 255.18558, found
255.18521; FT-IR (thin film) v.... 2241, 1243, 1130, 934, 758, 689 cm™; [a]p* = +23.2 (c
= 1.0, CHCl); Chiral HPLC: Chiralpak IA, 4.6 x 250 mm; 2% 7/PrOH/hexanes, 1.0

ml./min; & (minor) = 26.6 min, & (major) = 27.8 min, 95:5 er.
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(R)-1-methyl-5-phenyl-3-(phenylethynyl)-4,5-dihydro-1H-pyrazole (241)

241 was prepared following General Procedure J, using (E)-1,5-diphenylpent-1-en-4-yn-3-

one at -40 °C to afford the title compound as a coloutrless oil (105 mg, 81%, 97:3).

'H NMR (400 MHz, CDCL): § 7.45 — 7.38 (m, 2H, ArF), 7.37 — 7.33 (m, 2H, ArH), 7.32
—7.27 (m, 2H, ArH), 7.27 — 7.21 (m, 4H, ArH), 4.10 (dd, ] = 14.8, 10.3 Hz, 1H, CHINN),
3.15 (dd, J = 16.4, 10.3 Hz, 1H, CFL), 2.82 (dd, ] = 16.4, 14.8 Hz, 1H, CH,), 2.73 (s, 3H,
NCH) ppm; ®C NMR (101 MHz, CDCL): 5 139.5 (C(N)), 133.7 (ArC), 131.6 (ArCH),
128.7 (ArCH), 128.73 (ArCH), 128.3 (ArCH), 128.0 (ArCH), 127.4 (ArCH), 122.4 (ArC),
93.1 (ArC=C), 83.0 (ArC=C), 73.4 (CNH), 46.3 (CHs), 40.8 (NCH:) ppm; HRMS (ESI)
m/z caled. for CisHiN, (M+H]") 261.13863, found 261.13865; FT-IR (thin film) v
1488, 1443, 1360, 1129, 955, 754, 690 cm™; [e]p® = +9.4 (c = 1.0, CHCL); Chiral HPLC:
Chiralpak OG, 4.6 x 250 mm; 2% /PrOH/hexanes, 1.0 mL/min; & (minotr) = 8.3 min, &

(major) = 9.7 min, 97:3 er.
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(R)-1-methyl-5-phenyl-3-(phenylethynyl)-4,5-dihydro-1H-pyrazole (242)

242 was prepared following General Procedure J, using (E)-1,5-diphenylpent-1-en-4-yn-3-

one in CH,Cl; to afford the title compound as a colourless oil (96 mg, 73%, 89:11 er).

"H NMR (400 MHz, CDCL): § 7.40 — 7.20 (m, 9H, ArH), 7.15 (ddt, ] = 7.1, 6.3, 1.3 Hz,
1H, ArH), 6.99 (dd, ] = 16.3, 0.9 Hz, 1H, ArxCHCH), 6.47 (d, ] = 16.3 Hz, 1H, ArCHCH),
4.01 (dd, ] = 14.1,10.2 Hz, 1H, CHNN), 3.25 (dd, ] = 15.7, 10.2 Hz, 1H, CH>), 2.77 (ddd,
J=15.7,14.1,0.9 Hz, 1H, CH,), 2.72 (s, 3H, NCH:) ppm; “*C NMR (101 MHz, CDCL):
5 150.8 (C(N)), 140.2 (ArC), 136.7 (ArC), 132.5 (ArC=C), 128.7 (ArCH), 128.7 (ArCH),
128.0 (ArCH), 127.8 (ArCH), 127.4 (ArCH), 126.6 (ArCH), 122.0 (ArC=C), 73.2 (CNH),
42.0 (CH,), 41.1 (NCH5) ppm; HRMS (ESI) m/z caled. for CisHisN, ([M+H]") 263.15428,
found 263.15414; FT-IR (thin film) va.. 3060, 1653, 1541, 1492, 1373, 1283, 948, 691 cm’
' [op® = +82.6 (c = 1.0, CHCL); Chiral HPLC: Chiralpak AD, 4.6 x 250 mm; 2%

/PrOH /hexanes, 1.0 mL/min; & (minor) = 20.7 min, %& (major) = 30.5 min, 89:11 er.
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(R)-1-methyl-5-phenyl-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole (243)

243 was prepared following General Procedure J, using (E)-1,1,1-trifluoro-4-phenylbut-3-
en-2-one at -40 °C to afford the title compound as a colourless oil (91 mg, 80%, 95:5). Data

is consistent with the published literature.”'

"H NMR (400 MHz, CDCL): § 7.87 — 7.79 (m, 1H, ArH), 7.48 — 7.27 (m, 4H, ArH), 4.25
(dd, J = 15.0, 10.6 Hz, 1H, CHNN), 3.15 (dd, ] = 16.0, 10.6 Hz, 1H, CH.), 2.84 (dd, | =
16.0, 15.0 Hz, 1H, CH,), 2.76 (s, 3H, NCHs) ppm; *C NMR (101 MHz, CDCly): § 152.3
(q, ] = 37.5 Hz, CIN)), 134.8 (ArC), 128.6 (ArCH), 127.8 (ArCH), 127.3 (ArCH), 120.1 (q, ]
= 274.7 Hz, CF), 69.7 (CNH), 49.1 (CH.), 41.8 (NCHs) ppm; °F NMR (377 MHz, CDCl)
8 -66.8 ppm; HRMS (ESI) m/~ caled. for CisHi7N, ((M+H]") 229.09526, found 229.09530;
[«]p® = +185 (c = 1.0, CHCl); Chiral HPLC: Chiralpak OG, 4.6 x 250 mm; 1%

/PrOH /hexanes, 1.0 mL/min; & (minor) = 8.1 min, & (major) = 9.9 min, 95:5 er.
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(R)-1-ethyl-3,5-diphenyl-4,5-dihydro-1H-pyrazole (244)

244 was prepared following General Procedure J, using chalcone, ethylhydrazine oxalate and
diisopropylethylamine (1.95 eq) to afford the title compound as a coloutless oil (110 mg,

88%, 94:6 er).

H NMR (400 MHz, CDCL): 3 7.73 — 7.67 (m, 2H, ArH), 7.55 — 7.48 (m, 2H, ArH), 7.44 — 7.30
(m, 6H, ArH), 4.33 (dd, ] = 14.1, 10.2 Hz, 1H, CHNN), 3.48 (dd, ] = 16.1, 10.2 Hz, 1H, CIN)CH>),
3.17 = 3.07 (m, 1H, CH,CHs), 3.06 — 2.93 (m, 1H, C(N)CH), 1.28 (t, ] = 7.1 Hz, 3H, NCH>) ppm;
13C NMR (101 MHz, CDCL): 5 149.1 (C(N)), 141.2 (ArC), 133.2 (ArC), 128.6 (ArCH), 128.4
(ArCH), 128.4 (ArCH), 127.7 (ArCH), 127.6 (ArCH), 125.7 (ArCH), 70.9 (CNH), 48.2 (CH,CH),
43.1 (C(N)CH,), 12.8 (CH,CHs) ppm; FT-IR (thin film) va., 1501, 1462, 1300, 994, 776, 691
cm™; HRMS (ESI) m/ caled. for C7HioN, ([M+H]") 251.15428, found 251.15412; [«]p %

= -7.2 (c = 1.0, CHCl); Chiral HPLC: Chiralpak AS-H, 4.6 x 250 mm; 1% /PrOH/hexanes,

1.0 mL/min; & (minot) = 4.5 min, & (major) = 5.7 min, 94:6 et.
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(R)-3-(3,5-diphenyl-4,5-dihydro-1H-pyrazol-1-yl)propanenitrile (245)

245 was prepared following General Procedure J, using chalcone and cyanoethylhydrazine

to afford the title compound as a colourless oil (154 mg, 56%, 92:8 er).

'H NMR (400 MHz, CDCly): § 7.71 — 7.63 (m, 2H, ArH), 7.54 — 7.47 (m, 2H, ArH), 7.46
— 731 (m, 6H, ArH), 431 (dd, ] = 14.0, 9.9 Hz, 1H, CHNN), 3.49 (dd, ] = 16.2, 10.0 Hz,
1H, C(N)CH), 3.27 — 3.06 (m, 2H, CH,CH>CN), 3.02 (dd, ] = 16.2, 14.0 Hz, 1H, CIN)CH.),
2.92—2.72 (m, 2H, CH,CH,CN) ppm; *C NMR (101 MHz, CDCL): 5 150.9 (C(N)), 139.6
(ArC), 132.4 (ArC), 129.1 (ArCH), 128.9 (ArCH), 128.6 (ArCH), 1282 (ArCH), 127.5
(ArCH), 125.9 (ArCH), 118.7 (CH,CN), 71.4 (CNH), 49.2 (CH,CH,CN), 43.1 (C(N)CH.),
17.0 (CH,CH,CN) ppm; FT-IR (thin film) vm., 2221, 1545, 1499, 1252, 813, 783, 692 cm’
' HRMS (ESI) m/z caled. for CisHsNs ((M+H]") 276.15007 found 276.15014; [«]p? = -
36.2 (c = 1.0, CHCly); Chiral HPLC: Chiralpak OG, 4.6 x 250 mm; 2% #PrOH/hexanes,

1.0 mL/min; & (minotr) = 28.7 min, & (major) = 36.1 min, 92:8 er.
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(R)-1-benzyl-3,5-diphenyl-4,5-dihydro-1H-pyrazole (246)

246 was prepared following General Procedure J, using chalcone, benzylhydrazine
dihydrochloride and diisopropylethylamine (3.8 eq) to afford the title compound as a

colourless oil (246 mg, 79%, 95:5 er). Data is consistent with the published literature.”

'H NMR (400 MHz, CDCl;): 6 7.65 (dq, ] = 6.9, 1.3 Hz, 2H, ArH), 7.48 (dd, ] = 8.1, 1.5 Hz, 2H,
ArH), 7.42-7.23 (m, 11H, ArH), 4.56 (d, | = 14.4 Hz, 1H, PhCH>), 4.29 (dd, ] = 14.1, 10.3 Hz, 1H,
CHNN), 3.99 (d, ] = 14.4 Hz, 1H, PhCH>), 3.38 (dd, ] = 16.0, 10.3 Hz, 1H, CH), 2.99 (dd, ] = 16.0,
14.1 Hz, 1H, CH,) ppm; 5C NMR (101 MHz, CDCL): 8 148.8 (CIN)), 140.6 (ArC), 136.8 (ArC),
133.1 (ArC), 129.6 (ArCH), 128.6 (ArCH), 128.4 (ArCH), 1283 (ArCH), 128.1 (ArCH), 127.7
(ArCH), 127.7 (ArCH), 127.1 (ArCH), 125.6 (ArCH), 69.0 (CNH), 56.6 (CHz), 42.9 (NCH3) ppm;
FT-IR (thin film) va. 1527, 1463, 992, 766, 692 cm; HRMS (ESI) m/z caled. for
CaoHN, ((M+H]Y) 313.16993, found 313.16968; [a]p® = -16.4 (c = 1.0, CHCL:); Chiral
HPLC: Chiralpak IB, 4.6 x 250 mm; 1% /PrOH/hexanes, 1.0 mL/min; & (minor) = 8.1

min, & (major) = 10.3 min, 95:5 er.
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4.3.4 Derivatisation of compound 219

Ethyl-(R,E)-3-(2-(5-(4-bromophenyl)-1-methyl-4,5-dihydro-1H-pyrazol-3-

yl)phenyl)-acrylate (248)

A CO,E

Nn-N [RuCly(p-cymene)],, AgSbFg, Cu(OAc),
1 O Br DME, 90 °C, 18 h, air

>
O 48% yield

219;>99.9:0.1 er 248, >99.9:0.1 er

To an oven-dried screw-cap vial equipped with a magnetic stirrer bar was added pyrazoline
219 (314 mg, 1.00 mmol, 1.0 eq, >99.9:0.1 er), copper acetate (400 mg, 2.0 mmol, 2.0 eq),
silver hexafluoroantimonate (34 mg, 0.1 mmol, 0.1 eq), dichloro(p-cymene)ruthenium(II)
dimer (30 mg, 0.05 mmol, 0.05 eq), anhydrous DME (1.0 mL) and then ethyl acrylate (300
mg, 3.0 mmol, 3.0 eq). The reaction mixture was stirred under air at 90 °C for 18 hours.
After completion, the reaction mixture was cooled to RT, quenched with water and extracted
with EtOAc (3x25 mlL). Combined organic layers were dried over NaSOs, filtered and
evaporated to afford the crude reaction mixture as a dark brown oily. Purification by silica
gel chromatography afforded the title compound as a pale-yellow oil (198 mg, 48%,

>99.9:0.1 er).

'H NMR (400 MHz, CDCL): & 8.52 (d, ] = 15.8 Hz, 1H, C(O)CHCH), 7.66 — 7.55 (m,
1H, ArH), 7.53 — 7.47 (m, 2H, ArH), 7.42 — 7.27 (m, 5H, ArH), 6.34 (d, ] = 15.9 Hz, 1H,
C(O)CHCH), 4.27 (qd, ] = 7.1, 1.1 Hz, 2H, C(O)OCH,CHS>), 4.12 (dd, ] = 14.6, 9.9 Hz, 1H,

CHNN), 3.39 (dd, | = 16.0, 9.9 Hz, 1H, CIN)CH>), 3.04 (dd, J = 16.0, 14.6 Hz, 1H,
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C(N)CHb), 2.85 (s, 3H, NCHs), 1.34 (t, | = 7.1 Hz, 3H, C(O)YOCH,CHs) ppm *C NMR
(101 MHz, CDCLy): 5167.0 (C(O)), 148.7 (C(N)), 145.0 (C(O)CHCH), 139.2 (ArC), 133.7
(ArC), 1323 (ArC), 131.8 (ArCH), 129.4 (ArCH), 129.1 (ArCH), 121.6 (ArC), 119.3
(C(O)OCH,CHs), 72.8 (CNH), 60.3 (C(O)OCH,CHs), 45.5 (C(N)CH.), 41.5 (NCHs), 14.4
(C(O)OCH,CHs) ppm; HRMS (ESI) m/z caled. for CoiHaO,N,"Br ([M+H]") 413.08592,
found 413.08395; FT-IR (thin film) v... 3017, 2360, 1706, 1630, 1575, 1313, 1173, 1037,
938, 761 cm™; [¢]p? = +71.8 (c = 1.0, CHCL); Chiral HPLC: Chiralpak AD, 4.6 x 250

mm; 15% /PrOH /hexanes, 1.0 mL/min; & (single enantiomer) = 39.3 min, >99.9:0.1 er.
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(1R)-N'-methyl-1,3-diphenylpropane-1,3-diamine (249)

N-N Zn H,N HN
! O Br ACOH, it, 2 h

» e oQ,

96% yield

219;>99.9.0.1 er 249:>99.9:0.1 e.r,, 3:2 dr

To an oven-dried 10 mL round bottom flask equipped with a magnetic stirred bar was added
219 (314 mg, 1.0 mmol, 1.0 eq) and zinc dust (1.30 g, 20.0 mmol, 20.0 eq). After three cycles
of evacuation then nitrogen purge, glacial acetic acid (3.0 mL) was added. The resulting
mixture was stirred at room temperature under a N, atmosphere for 2 hours. The reaction
mixture was poured into a saturated solution of NaHCO; (200 mL) and extracted with
CH:Cl> (2x100 mL). The combined organic layers were dried over Na,SOs, filtered and
evaporated iz vacuo to afford a 3:2 diastereomeric mixture the title compound as a colourless

oil (306 mg, 96%, >99.9:0.01 er, 3:2 dr).

'H NMR (400 MHz, CDCly): § 7.47 — 7.39 (m, 3H, ArH), 7.35 — 7.18 (m, 8H, ArH), 7.17
—7.06 (m, 3H, ArH), 3.86 — 3.77 (m, 2H, CHNN), 3.60 — 3.51 (m, 1H, CHNN), 3.36 (t, ] =
6.9 Hz, 1H, CHNN), 2.20 (s, 1H, CH,), 2.14 (s, 3H, NCH3), 2.08 — 1.9 (m, 1H), 1.99 — 1.90
(m, 1H, CH>), 1.84 (ddd, | = 13.9, 6.4, 4.7 Hz, 1H) ppm; *C NMR (101 MHz, CDCl;): &
146.9 (ArC), 145.9 (ArC), 142.9 (Ar(), 142.7 (ArC), 131.5 (ArCH), 129.0 (ArCH), 128.8
(ArCH), 128.6 (ArCH), 128.6 (ArCH), 127.1 (ArCH), 127.0 (ArCH), 126.3 (ArCH), 125.9
(ArCH), 63.4 (CHNH,), 62.0 (CHNH,), 54.5 (CHNH,), 53.4 (CHNHS,), 47.4 (CH,), 46.9

CHZ 5 343 CH3 5 342 CH3 m; HRMS SI m/z calcd. fOI‘ C1()H20N279B1‘ +H *
pp
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319.08044, found 319.08047; FT-IR (thin film) v... 3336, 2971, 2159, 2030, 1379, 1160,

1128, 949, 815 cm™; [a]p? = -14.0 (c = 1.0, CHCLy).

265



(8R,95,135,145,17 R)-3-methoxy-13-methyl-17-((4-((R)-1-methyl-3-phenyl-4,5-
dihydro-1H-pyrazol-5-yl)phenyl)ethynyl)-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthren-17-ol (251)

/ mestranol (250)
N-N PACI(PPhs),, Cul, PPhy
I Br NEts, 90 °C, Ny, 24 h
® -
88% yield

219;>99.9:0.1 er

To an oven-dried screw-cap vial equipped with a magnetic stirrer bar was added pyrazoline
219 (282 mg, 0.60 mmol, 1.0 eq, >99.9:0.1 er), 250 (200 mg, 0.60 mmol, 1.0 eq), copper
iodide (22 mg, 0.12 mmol, 0.2 eq), bis(triphenylphosphine), palladium dichloride (42 mg,
0.06 mmol, 0.1 eq), triphenylphosphine (78 mg, 0.30 mmol, 0.5 eq) and anhydrous
triethylamine (2.0 mL). The vial was closed, evacuated and backfilled with nitrogen before
heating to 90 °C for 18 hours. After completion, the reaction mixture was cooled to RT,
quenched with water and extracted with EtOAc (3x25 mL). Combined organic layers were
dried over NaxSOy, filtered and evaporated to afford the crude reaction mixture as a yellow

oil. Purification by silica gel chromatography afforded the title compound as a pale-yellow

powder (287 mg, 88%, >99.9:0.1 er).

"H NMR (400 MHz, CDCl): 3 7.58 — 7.50 (m, 2H, ArH), 7.36 (q, ] = 8.3 Hz, 4H, ArH),
7.31 — 7.20 (m, 3H, ArH), 7.16 — 7.08 (m, 1H, ArH), 6.63 (dd, ] = 8.6, 2.9 Hz, 1H, ArH),

6.55 (d, ] = 2.9 Hz, 1H, ArH), 4.01 (dd, ] = 14.4, 10.1 Hz, 1H, CHNN), 3.68 (s, 3H, OCH>),
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3.37 (dd, J = 16.1, 10.0 Hz, 1H, C(N)CH), 2.85 (dd, ] = 16.1, 14.4 Hz, 1H, C(N)CEL), 2.77
(dq, J = 7.1, 4.3, 2.5 Hz, 2H, AIkCH), 2.73 (s, 3H, NCH), 2.32 (dddd, ] = 22.6, 14.7, 10.1,
6.6 Hz, 2H, AIkCH), 2.16 — 1.54 (m, 7H, AIkCH), 1.53 — 1.13 (m, 4H, AIkCF), 0.85 (s, 3H,
AIKCH:) ppm; ®C NMR (101 MHz, CDCL): 8 157.4 (ArCOCHs), 149.6 (C(N)), 140.7
(ArO), 137.9 (ArC), 132.7 (ArC), 132.5 (Ar(),132.0 (ArCH), 128.7 (ArCH), 128.5 (ArCH),
127.4 (ArCH), 126.3 (ArCH), 125.8 (ArCH), 122.5 (ArC), 113.8 (ArCH), 111.5 (ArCH), 93.1
(ArCCCOH), 85.6 (ArCCCOH), 80.3 (ArCCCOH), 73.2 (CNH), 55.2 (ArtOCHj), 49.8
(AIKCH), 47.7 (AIkCCHs), 43.7 (AIkCH), 43.3 (C(N)CH,), 41.5 (NCHs), 39.5 (AIkCH), 39.1
(AIkCHL), 33.1 (AIkCH,), 29.8 (AIkCH,), 27.3 (AIkCHL), 26.5 (AIkCHz), 23.0 (AlkCH.), 12.9
(AlkCH;) ppm; HRMS (ESI) m/z caled. for CsHaON, (M+H]) 545.31626, found
545.31628; FT-IR (thin film) vm., 3491, 2930, 2833, 2360, 1608, 1499, 1446, 1358, 1253,
1132, 1037, 908, 731, 692 cm’’; m.p.: 79-81 °C; [a]p® = -18.7 (c = 1.0, CHCL); Chiral
HPLC: Chiralpak AD, 4.6 x 250 mm; 15% /PrOH/hexanes, 1.0 mL/min; & (single

enantiomer) = 28.2 min, >99.9:0.1 er.
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4.3.6 Preparative scale synthesis of 219

(i) PhCHO (1.5 eq),
PhMe, 2 h, rt, 3A MS
(ii) 200 (10 mol%), rt, 24 h

o}
Z 247 N/
(1eq) N~ Br
HoN-NHCHj Br !

(1.5 eq) > O
(iii) NH,OH (30% wt. in MeOH, 1 ml/mmol) 219
r, 2 h

Scheme 51. Large scale synthesis of 4-bromo derivative 219.

In a similar manner to the 0.5 mmol scale synthesis of pyrazoline 219, the reaction was

repeated on 100-gram (351 mmol) scale, as follows:

100-gram scale; according to General Procedure C the reaction was performed using
enone 247 (100 g, 350.9 mmol, 1.0 eq), benzaldehyde (55.79 g, 526.4 mmol, 1.5 eq), methyl
hydrazine (24.21 g, 526.35 mmol, 1.5 eq), anhydrous toluene (1400 mL.), and 3A molecular
sieves (50 g) in a 2000 mL round-bottom flask equipped with a large magnetic stirring bar
and a nitrogen balloon. The reaction was stirred at RT, under an atmosphere of nitrogen,
for 24 hours. Over this period the reaction turned from a yellow solution to a light brown
suspension (due to particulates of molecular sieves). Completion of the aza-Michael
addition stage of the reaction was confirmed by TLC and NMR analysis. To the reaction
was added a 30% w/w solution of NH,OH in MeOH (351 ml). Again, completion of this
stage of the reaction was confirmed by TLC and NMR analysis. After 2 hours, the reaction
was filtered through cotton wool to remove molecular sieves residue. The resulting clear,

light-yellow solution was evaporated to dryness 2z vacuo to afford a viscous yellow oil.
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Recovery of catalyst 200: to a 2000 mL round-bottom flask was added a large magnetic
stirrer bar and 1500 mL of diethyl ether which was previously cooled to -15 °C. With
vigorous stirring, the crude yellow oil obtained above was slowly poured into the cold diethyl
ether (gentle heating of the oil beforehand aided in pouring of the oil). Upon addition to
the cold diethyl ether, a white precipitate formed. Once addition was complete, the solid
catalyst 200 was collected by vacuum filtration (with the aid of cold diethyl ether to wash
glassware) before drying 7z vacno for 12 hours and further purification as described below.
The mother liquor from this stage is collected and purified as described below to isolate the

pyrazoline product 219 and benzaldehyde oxime (S61).

To turther purify the recovered catalyst 200: he recovered white solid (obtained as described
above, from diethyl ether) was dissolved in EtOAc (200 mL) and washed with water (200
mL). The organic layer was washed with 6M aqueous HCI (100 mL), then discarded, before
basifying the aqueous layer to approximately pH 9.0 with a saturated aqueous solution of
potassium carbonate. The aqueous layer was extracted with CH2Cl, (3x50 mL), before drying
combined organic layers over Na,SOy, filtering and evaporating 7z vacuo to afford a light
brown oil. The oil was poured slowly into rapidly stirring pentane (500 mL, previously cooled
to -15 °C). After 30 minutes of stirring at room temperature, the resulting solids were
collected by filtration to afford analytically pure catalyst 200 as an off-white powder (14.53

g, 31.25 mmol, 89% recovery).
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Isolation of pyrazoline product 219: The diethyl ether mother liquor obtained (as described
above) was evaporated to dryness iz vacuo to give a crude mixture of product and
benzaldehyde oxime (S61) as a yellow oil. The oil was dissolved in pentane and washed with
5M aqueous KOH solution (3x750 mL). The aqueous layers were retained for isolation of
the oxime by-product, as described below. The pentane layer (which contains the desired
pyrazoline product) was dried over Na,SO,, filtered and evaporated to dryness 7z vacuo. The
thus obtained yellow solid was purified by recrystallization from EtOH to afford the pure

pyrazoline 219 as coloutrless needles (84.92 g, 77%, >99.9:0.1 er)

Isolation of oxime by-product S61: the aqueous layers obtained from the KOH wash
described above were combined and washed with CH,Cl, (3x200 mL). Combined organic
layers were dried over NaxSOy, filtered and evaporated to dryness in vacuo to afford the

oxime S61 as a colourless oil (61.78 g, 510.56 mmol, 97% recovery).

Chiral HPLC Analysis of Crude Product: Chiralpak OD-H, 4.6 x 250 mm; 1%

/PrOH /hexanes, 1.0 mL/min; & (minor) = 16.9 min, & (major) = 47.2 min, 94:6 er.

Chiral HPLC Analysis of Recrystallized Product: Chiralpak OD-H, 4.6 x 250 mm; 1%

/PrOH /hexanes, 1.0 mL/min; # (single enantiomer) = 46.9 min, >99.9:0.1 er.
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4.3.7 Recycling of catalyst 200

(i) 4-'Bu-benzaldehyde (2.0 eq),
PhMe, 4 h, rt, 3A MS
(ii) recycled 200 (10 mol%), -15 °C, 48 h

(0]

F 247
(1eq)
HoN=-NHCH; Br

\J

(1.95 eq)
(iii) NH,OH (30% wt. in MeOH)
rn,2h

Scheme 52. Synthesis of 219 with recycled catalyst 200.

219; 88%, 96:4 er (with recycled 200)
Vs

219; 87%, 96:4 er (with fresh 200)

Following General Procedure C, the reaction of 247 was repeated on 0.5 mmol scale using

catalyst 200 recovered from the large-scale synthesis of 219 (Scheme 52). Compound 219

was obtained in 88% yield and 96:4 er (compared with 87% yield and 96:4 er in the original

synthesis using catalyst 200 which had not previously been used).
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4.3.8 Single-Crystal X-ray diffraction studies of 219

X-ray diffraction data has been made available in the Cambridge Crystallographic Data

Centre as CCDC 1871038.
- NOMOVE FORCED Prob = 50
<~ Temp = 150
C19
0 G

PLATON-Aug 31 17:28:20 2018

N
|
[€e)
w

I P21 2121 R =0.03 RES= 0 -48 X

Figure 24. Ball and stick representations of the single crystal X-Ray diffraction data for 219.
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Chemical formula CisHisBrN,

M, 315.21

Crystal system, space group Orthorhombic, P21212;

Temperature (K) 150

a, b, c (A) 5.5700 (2), 8.0191 (3), 32.2609 (11)

V(A% 1440.98 (9)

zZ 4

Radiation type Cu Kua

n (mm™) 3.77

Crystal size (mm) 0.15 x 0.10 x 0.10

Diffractometer Oxford Diffraction SuperNova
Multi-scan

Absorption correction
CrysAlis PRO (Rigaku Oxford Diffraction, 2017)

Thniny Timax 0.48, 0.69

No. of measured, independent

and 5619, 2956, 2919
observed [I > 2.00(I)] reflections

Rinc 0.020

(sin 0/ ) max (A7) 0.630

R[F* > 20(F?)], wR(F%), § 0.026, 0.068, 1.00

No. of reflections 2956

No. of parameters 173

H-atom treatment H-atom parameters constrained
AQumaxs AQmin (€ A7) 0.43, —0.52

Parsons, Flack & Wagner (2013), 1181 Friedel
Absolute structure Pai
airs

Absolute Structure Parameter -0.026 (7)
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Structure Parameter Data:

Br1—C2
C2—C3
C2—C7
C3—C4
C4—C5
C5—Co
C5—C8
C6—C7
C8—N9

C8—C12

Br1—C2—C3
Br1—C2—C7
C3—C2—C7
C2—C3—C4
C3—C4—C5
C4—C5—Co
C4—C5—C8
C6—C5—C8
C5—C6—C7
C6—C7—C2
C5—C8—N9
C5—C8—C12
N9—C8—C12
C8—N9—N10

C8—N9—C19

1.908 (2)
1.376 (4)
1.373 (4)
1.394 (3)
1.385 (3)
1.376 (3)
1.513 (3)
1.390 (4)
1.481 (3)
1.533 (3)

119.18 (18)

118.65 (19)
122.2 (2)
118.4 (2)
121.0 (2)
118.6 (2)
120.9 (2)
120.4 (2)
121.8 (2)
118.1 (2)

112.68 (19)
114.6 (2)

102.38 (19)

107.87 (18)

114.1 (2)
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N9—C12
N10—C11
C11—C12
C11—C13
C13—C14
C13—C18
C14—C15
C15—C16
C16—C17
C17—C18

N10—N9—C19
N9—N10—C11
N10—C11—C12
N10—C11—C13
C12—C11—C13
C8—C12—C11
C11—C13—C14
C11—C13—C18
C14—C13—C18
C13—C14—C15
C14—C15—C16
C15—C16—C17
C16—C17—C18
C13—C18—C17

1.451 (3)
1.280 (3)
1.503 (3)
1.470 (3)
1.395 (3)
1.394 (3)
1.381 (3)
1.393 (4)
1.378 (4)
1.391 (3)

111.38 (18)

109.58 (19)
1133 (2)
121.3 (2)
125.4 (2)

100.62 (19)
120.4 (2)
120.9 (2)
118.6 (2)
120.9 (2)
120.1 (2)
119.6 (2)
120.4 (2)
120.4 (2)
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