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Abstract
Proton transfer is a ubiquitous process in organic and biological chemistry, particularly
prevalent in biological or designed asymmetric catalysis. Our initial work developed an acid-
regulated, asymmetric organocatalysis of a model proton-transfer reaction known as the aza-
Morita—Baylis—Hillman (aza-MBH) reaction, in which three catalytic motifs cooperate, within
a BINAP chiral framework, to catalyse the aza-MBH reaction between methyl vinyl ketone and
aryl N-tosyl imines only when activated by external benzoic acid (BzOH). New questions now

focus on the exact nature of this switchable catalytic proficiency.

This thesis work will uncover mechanistic details that underpin this switchability. In Chapter
2, the origin of the acid-regulated catalytic proficiency in our trifunctional aza-MBH reaction
was investigated by a combination of 2D NMR spectroscopy, molecular mechanics and DFT
calculations. An ensemble solution structure of a new proton-shuttling ground state
intermediate was identified and elucidated. In Chapter 3, the role of the acid additive in the
C—C bond formation and proton transfer was investigated, and a new conjugative mode of
catalysis was revealed after discovering a surprising role of the substrate in commanding the
proton shuttle for the subsequent steps of C—C bond formation and proton transfer. In
Chapter 4, new substrates for this conjugative mode of catalysis in the aza-MBH reaction were
identified. Finally, in Chapter 5, kinetic differentiation of cognate substrates through this
conjugative mode of catalysis in the aza-MBH reaction was propagated by the Soai reaction
to create an asymmetric ripple for superior chiral amplification outcomes. It was then
demonstrated that chemical diversity and chirality can both expand through chemical

assemblies that undergo conjugative catalysis driven by coordinated proton transfer.
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Chapter 1

Model Systems for Chirality
Transfer by Asymmetric

Catalysis



1. Introduction
The interest in the questions addressed in this thesis arose initially from understanding some
mechanistic peculiarity in a model asymmetric catalytic reaction (the aza-Morita—Baylis—
Hillman (aza-MBH) reaction). Asymmetric catalysis, in addition to its obvious technological
utility for accessing chiral molecules and materials, has a special status in chemical reactivity,
in that a transformation can be biased and accelerated by a pre-existing molecule. In the case
of asymmetric autocatalysis, the product of the catalysis is also the catalyst, thus providing
homologous chemical propagation that amplifies the initial bias (e.g. the Soai reaction or
asymmetric autocatalysis). Here the investigations, starting with one asymmetric catalytic
reaction, launch into understanding how some of the propagative nature of asymmetric
catalysis can be introduced at the reaction level so that one asymmetric catalytic reaction (the

aza-MBH) can differentiate, rather than cascade, into another (the Soai reaction).

The introductory chapter provides the background information for the following: 1) brief
overview of asymmetric catalysis and modes of activation particularly relevant by organic
catalysts; 2) proton transfer as a fundamental process for coordinating reactive intermediates
in catalysis; 3) the MBH reaction as a model reaction for understanding proton transfer; 4)
the Soai reaction (asymmetric autocatalysis) in chirality amplification in a reaction network;

5) project aims.

1.1 Asymmetric Catalysis
Asymmetric catalysis is an established approach for addressing the perpetual need for chiral
compounds from achiral precursors. Development of asymmetric catalysts and syntheses

underpin the economic viability of the pharmaceutical and materials industry, a topic that



has been extensively investigated and reviewed.*!! Over the past century, catalysts have
been prepared to meet the application demand from varieties of molecular compositions,

including small organic molecules,'?22 inorganic/metal complexes,?2> and enzymes.?6-3°

The three main classes of catalysts- enzymes, organometallics and organic catalysts- all have
advantages and disadvantages in their effectiveness. The effectiveness of a catalyst can be
assessed by the REAP factor: Rationale (activity based on mechanistic insight), Efficiency (low
loading; ambient or green reaction conditions and facile catalyst recovery), Adaptability
(modular development for easy customisation) and Proficiency (high rate and
enantioselectivity).3! Enzymes satisfy the criteria for proficiency, efficiency and rationale but
are more limited in adaptability, an issue that can be addressed by directed evolution in some
cases.323> Transition-metal catalysts can be highly proficient with low catalyst loading, easily
adaptable by altering the ligand or metal centre, but mechanistically are less well
understood.3%3% In addition, the environmental impact and renewability issue reduces its
long-term economic efficiency.?®4! Organocatalysts are more easily adapted and
mechanistically better understood. However, of the three catalyst domains, organocatalysts

are the least proficient with only occasional examples of potency.?43

Of the three domains of catalysts, the origin of catalytic power is investigated in depth for
enzymes and their modes of activation. Much of the insight from understanding enzymatic
catalysis has assisted in catalyst discovery in designed systems, yet our ability to mimic
enzyme-like catalytic proficiency common to living systems remains very limited. In particular,
a basic conceptual framework is lacking for understanding how enormous catalytic power can

be initiated and evolved from a basal level with simple constituents. In other words,



asymmetric catalysis can be investigated, not from the perspective of technological utility,
but as an entry into understanding chemical evolution that perhaps is predicated on a
chemical system that has to first become propagative. In this sense, the organic catalytic
paradigm may offer useful and tractable model systems for finding fundamental driving

forces and principles behind evolvable chemical propagation.

Organocatalysts can be primarily characterised by the functional motifs that facilitate their
activity. Many reviews have covered this topic extensively, from which a few primary modes

of activation can be summarised (Scheme 1.1).44-52
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Scheme 1.1. Common activation modes in organocatalysis.

These primary modes of activation (orbital activation, electron transfer activation, solvation
state activation) promote electron exchange between molecules by altering the carriage,
relay, and solvent environment in which the electron exchange occurs. From these primary
modes of activation, basic operational strategies can be identified to facilitate distinct roles

in authorising electron exchange: 1) HOMO/LUMO orbital activation by a Lewis acid/base (LA



or LB) or Brgnsted acid/base (BA or BB)(with a proton), 2) single electron transfer (SET)
activation by a redox component in the ground state or excited state (with photon
consumption), 3) solvation/partition state activation by either a cationic or anionic charge or
dipole. Activation modes can overlap within a single reaction system, while the basic

principles behind the mode of activation remain constant.>3-®

Synergistic catalysts, in which HOMO and LUMO are simultaneously activated, is a potent
approach for improved catalyst proficiency.>’ For example, imininum formation can lower the
substrate LUMO and enamine formation can raise the substrate HOMO through Lewis and
Brgnsted acid/base interactions. In SET activation, a SET agent transfers an electron between
substrates or reactants. In some cases, an additional photon is consumed to activate the
catalyst to the excited state for the electron relay to occur. Alternatively, photonic energy can
be transmitted by a catalyst to the substrate, without necessarily SET, such that subsequent
SET processes can proceed in the excited state.>® Overall, multiple SET/redox agents can be
involved to catalyse a given reaction, with some of them consuming photons to complete
their catalytic cycle. Powerful reaction cycles have been established by combining the

selectivity of SET activation with HOMO/LUMO activation.>®

In solvation/partition state activation, typically ionic catalysts bind to polar or charged
intermediates and assists in stabilising transition structures of these high-energy species.®°
Additionally, the catalyst can polarise the starting substrates to activate the reaction. In
phase-transfer catalysis, the catalyst—substrate complex also facilitates mass transfer to
partition the substrate into the solution phase that contains the other reactants and is

conducive to transition state (TS) stabilisation.®2 |on pairing is a general phenomenon and



may occur concurrently with orbital activation or SET due to changing protonation state or

charge electron transfer.4® 63

These primary modes of activation are typically performed by catalytic motifs, defined here
as the chemical groups that present the catalytic functional components.*® Some of the most
prevalent chemical motifs employed in asymmetric organocatalysis as monofunctional
activation motifs are shown in Scheme 1.2. Generally, one chemical motif can function in
mechanistically distinct roles at different time points along a reaction pathway. Moreover, a
motif is not restricted to a single mode of activation and can be involved in different types of
catalysis. For example, a thiol group may act as a Brgnsted acid in catalysis or as a SET agent.®%
® |ikewise, tertiary amines have wide-spread application as Lewis or Brgnsted bases as well
as SET agents.®”® When the chemical motifs for catalytic activation are compatible under the
reaction conditions, catalysis by combining any of the three domains of activation modes has

been a highly productive approach in finding novel reactions pathways.”%7%
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Scheme 1.2. Common organocatalytic motifs.



1.2 Proton transfer as a fundamental process for coordinating reactive
intermediates in catalysis
Proton transfer is a fundamental process in organic and biological chemistry.”>’> The
hydrogen atom is the smallest of all elements and in the context of proton transfer reactions
can be considered as an empty s orbital.”® Proton motion not only provides chemical

activation (orbital activation) but also simultaneously carries structural information.

Enzymes have evolved to direct proton transfer with high temporal and spatial specificity.
Pyruvate dehydrogenase (PDH) is a thiamine-dependent homodimer that displays classic
"ping-pong" kinetics, and each monomer catalyses two half reactions. A proton wire
synchronises the action of the two monomers; when one monomer requires a general acid,
the other requires a general base ensuring coordination of protonation states between the
two monomers (Scheme 1.3).”7 In this instance, coordinated proton motion provides

temporal sequencing of the thiamine-dependent reaction.
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Scheme 1.3. Proton transfer in the active sites of pyruvate dehydrogenase synchronises the
reactions catalysed by each monomer.

One of the most well-studied model systems to examine the origins of catalytic proficiency is

the enzyme ketosteroid isomerase (KSI). KSI catalyses the isomerization of a variety of A°-3-



ketosteroids (1.1) to A*-3-ketosteroids (1.3) via activation and deprotonation of a sp® C-H
followed by proton transfer to isomerise the steroid through an intermediate dienolate (1.2)
(Scheme 1.4).788! Stereospecifically controlled proton transfer, coordinated by acid-base
residues in the active site, is achieved with enormous rate enhancement over the uncatalsyed

reaction (kcat/kuncat= 1015)-82
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Scheme 1.4. Tautomerisation catalysed by KSI.

Temporal and spatial control of proton transfer is critical for the catalytic proficiency (i.e. large
rate enhancement coupled to asymmetric induction) of enzymes.®% The enzyme
triosephosphate isomerase (TIM) controls proton transfer to enact stereospecific
isomerisation of dihydroxyacetone phosphate (1.4) to D-glyceraldehyde phosphate (1.5) with
the C-2 hydroxy in the (R) configuration (Scheme 1.5).87-°1 This reaction proceeds with 10%°
fold rate enhancement over the uncatalyzed reaction. This unprecedented rate elevation is
achieved by the cooperation of mild chemical motifs (glutamic acid-165 and histidine-95)

under ambient conditions.
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Scheme 1.5. The isomerisation of dihydroxyacetone phosphate catalysed by TIM.

In organic reactions, proton transfer is frequently an essential process for ratifying electron
exchange such as in the Direct Aldol and Strecker reaction.’?®> Unlike enzymes that have
evolved to perform catalysis in water, water is not a suitable solvent for many organocatalytic
reactions.’® Designing catalysts for proton transfer presents significant challenges for several
reasons, including small energy barriers for proton exchange across various basic sites with
diminished spatial control, undesired reactivity quenching of catalyst nucleophilic motifs, and
the high tendency of protic initiation of undesirable pathways, especially in multistep organic
reactions. Enzymes have evolved to tightly coordinate proton transfer with specific temporal
and spatial control even in water, and such organised proton transfer in organocatalysis

remains extremely difficult.

Biological systems have developed strategies to enable not just single reaction control but
also sequences to organise transformations with a multitude of regulatory elements for
constructing reaction networks that persist in time. In organic catalysis, very basic examples
that mimic somewhat this “organised catalysis" exist, whereby multiple catalysts or catalytic
modes of activation, from hybrid or uniform catalyst classes, cooperate to direct cascade or
domino reaction pathways to achieve unprecedented chemical diversity and complexity.?> 7%

97-101 One critical question in the long term is to extrapolate new organisational principles that
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can allow basic, designed systems to potentially propagate and evolve, and processes such as

proton transfer will likely be a key element in organising biomimetic reaction systems.

1.3 The Morita—Baylis—Hillman Reaction: an organocatalytic model reaction for
proton transfer
The Morita—Baylis—Hillman (MBH) reaction is the addition reaction between an aldehyde or
an imine (in the case of the aza-MBH reaction) with an activated alkene catalysed by a
nucleophilic catalyst.192-19 |t can be viewed as a net proton transfer reaction analogue of the

aldol class of reactions (Scheme 1.6).

sp3 H* transfer

H
3c.H O “X
sp CHH aldol-type Q

o sp? H* transfer
sp?C-H © X0

H MBH X =0, MBH
\"/U\;, > )jﬁj\f X = NG, aza-MBH

Scheme 1.6. Aldol and MBH reactions as net proton transfer reactions.

The synthetic utility of the MBH class of reaction is well established.%41%7 However, the
asymmetric variant is underutilised in total synthesis or pharmaceutical synthesis in part due
to the capricious substrate scope, low rates and difficulties in asymmetric induction.
Developing proficient catalysts for the MBH reaction is attractive due to the wide variety of
potential transformations that can be performed with the MBH adduct, in addition to its

fundamental value as a model system for understanding coordinated proton transfer.
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Extensive mechanistic investigation performed over the past two decades have deconvoluted

the reaction mechanism and highlighted why developing proficient catalytic systems is a

difficult challenge. The general mechanism has been accepted to consist of three distinct

mechanistic steps (Figure 1.1).108-110 Firstly, the activated alkene (1.6) undergoes a Michael

addition in the presence of a phosphine or amine nucleophile to generate a zwitterionic

intermediate (1.7). The incipient enolate then undergoes an Aldol or Mannich addition to

generate second zwitterionic intermediate 1.8 (of which there are four diastereomers) and a

new carbon-carbon bond. Finally, after a proton-transfer-elimination (PTE) step, an a-

methylene-B-hydroxy-carbonyl or B-aminocarbonyl compound (1.9) is produced with the

generation of a new chiral centre. A compilation of the mechanistic studies for the MBH

reaction can be seen in Table 1.1.

© r_@\1 N
(o Michael AIdoI—t.ype R Proton-transfer-
A . addition ~>R reaction (\!;(R elimination
A D X
CCabd ﬂ\ o
enone L7 1.8
zwitterionic Aldol-like
enolate \__adduct
CCaD =

XH O

le*j]/lLR

1.9
MBH (X=0) or

aza-MBH (X=NR)

adduct

C) 2
1 H. . H. .R
R\l/>:< ': ')( R ': O
: X 0 X O
X M (0] © ¥ ©
RlJ*\.]*)LR RN "R RN R
@ @ O]
CCab CaD CCaty
Hemiacetal Solvent/Product Acid/base
assisted assisted mechanism

proton transfer proton transfer

Figure 1.1. Generic mechanism for the MBH reaction and the proposed proton transfer

pathways.
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Table 1.1. Compilation of mechanistic data for the MBH reaction.

Author Year Catalyst Conditions Methods Key findings
Acrvlonitrile MBH consists of a three-
A\l acellaldeh d’e Gas-liquid step mechanism:1) Michael
Hill, Isaacs!11 1990 o v - chromatogra  addition  producing a
N 25 °C, \variable
ressuré phy zwitterionic  enolate, 2)
1.10 P Aldol reaction, 3) PTE.
Supported aldol reaction as
Acrylate esters, RDS. Proposed hydrogen
OH pyridine- H NMR  bond mediated
112
Bode, Kaye 1991 [N carboxaldehydes spectroscopy  stabilisation of enolate
1.11 CDCl3, 37 °C intermediate dictates the
' stereochemistry in the PTE.
The reaction is second
H NMR order in aldehyde and
/ Methyl acrylate, p- spectroscopy, proceeds through a
113- N i ’
!\:LcQuade 2005 [NJ th:ggszzill:i?:de' GC, kinetic hemiacetal orchestrated
P isotope effect proton transfer. PTE is RDS
1.10 (KIE) in aprotic solvents at early
conversion.
C(2)-2H and C(2)-1H Supported PTE as RDS,
Agearwallls 2005 ethyl acrvlate H NMR  product autocatalysis and
g8 [N v yiate, spectroscopy  RDS shifting to the aldol
benzaldehyde
112 Step.
McQuade’s proposed
pathway operates in the
N Methyl ~ acrylate, absence of an additional
Amarantel16 2009 [ J benzaldehyde, ESI-MS ,
N B-naphthol proton source. Aggarwal’s
1.10 P dominates with an
additional proton source.
Methyl  acrylate, KIE showefi .thaF proton
N C(2)2H methyl transfer elimination step
Jacobsen11? 2005 [NJ acrvlate nosyl GC, 2H KIE was rate limiting during the
imi:'/les ¥ initial stages of the
1.10 reaction.
00 OR Changes in 31P chemical
shift indicate the hydroxy
. 31p NMR, 1H L
Shilts 2005 Methyl vinyl NMR group is important for the
PPh, ketone, tosylimine stability of the
spectroscopy .
phosphonium enolate
intermediate.
AP-R
Broken order of the imine
. PPh3 MVK, - 4- 19F NMR indicated acid additive
Leitneri1? 2005 fluorobenzylidiene- pectrosco (phenol) accelerate proton
TPP tosylimine P Py transfer; aldol is rate
limiting.
Acid additives help to
Methvl vinvl IHNMR, protonate the enolate to
. PPh; v - v 3IPNMR, 2D- produce a phosphonium
Lindneri2o 2013 ketone, tosylimine, . .
TPP p-nitrophenol NMR ketone that is unreactive.
spectroscopy  Presence of ketone is
independent of solvent.
13 2
A\l Methyl acrylate, p- KI(I; KIE, *H An acid-base mechanism
Singleton121 2015 [NJ nitrobenzaldehyde, corln utation after the aldol step is in
MeOD-dy, r. t. P . operation in MeOH.
1.10 al chemistry
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Hill and Isaacs demonstrated using a model MBH reaction catalysed by 1.10 that the MBH
reaction consists of three key steps: 1) Michael addition, 2) Aldol addition and 3) proton-
transfer-elimination.!!! Bode and Kaye later demonstrated using bifunctional catalyst 1.11

that the rate-determining step in the presence of an proton donor is the aldol addition.!2

Three main mechanisms for the proton-transfer-elimination step have been proposed over
the past two decades. McQuade et al.}1311% demonstrated that for a model reaction between
p-nitrobenzaldehdye and acrylate 1.13 catalysed by 1.10 in the absence of protic additive the
rate determining step was not the Aldol reaction, rather it was the PTE, and the reaction was
second order with respect to aldehyde. The author's proposed a mechanism that proceeds
through a hemiacetal intermediate 1.16 (Scheme 1.7). This mechanism provides four-
diastereomeric transition states (1.17), only one of which proceeds to the MBH acetal 1.18,
which can hydrolyse to yield the MBH adduct (1.19). They proposed this key TS was a factor

for the slow rate of reaction as the other aldol adducts revert to substrate and 1.10 as PTE

was slow.
©
g N 0 @ o § M3
OMe @NJ Ar)LH @N O Ar)LH @NJO Ar
/i ’\'\7 1.13 . Ar
N . _— — Ar
1.10 k O | ka ks
' 1 0~ “OMe O~ OMe 0% > 0OMe
1.14 1.15 1.16
B ) RE:
Oe QY
OH O ~o0 ! o
- A0 o v
Ar OMe E LN
Ar OMe ©
1.19 1.10”
1.18 L _
1.17

Scheme 1.7. The mechanism proposed by McQuade et al.!13
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Aggarwal et al. proposed a solvent or product catalyst PTE step.!'> 122123 The initial rate for
the MBH reaction between benzaldehyde and two Michael acceptors, C(2)-*H and C(2)-?H
ethyl acrylate, catalysed by 1.12 was determined. The KIE induced by deuteration at the a-
position resulted in lower consumption of C(2)-2H ethyl acrylate at the early phases of the
reaction, identifying PTE as rate limiting. At higher conversion autocatalysis was initiated by
the MBH adduct, consequently, two different models were proposed, one where the product
catalyses the formation of the aldol addition (1.20) and the second where the product
catalyses the proton transfer elimination (1.21) (Scheme 1.8). Aggarwal proposed that in light
of initial reports of successful catalysts that coordinated control of proton-transfer is critical

for rate and ee.124127

o o® o |
Ph’H}"‘ 'IJ\R Ph R

J

R3N @ R3N @
1.20 1.21
Product catalyses Aldol Product Catalyses PTE

Scheme 1.8. Role of the protic product in the MBH autocatalysis.!1> 122123

Amarante et al.!'® attempted to differentiate the mechanisms proposed by Aggarwal and
McQuade for the PTE step by ESI-MS/MS (Scheme 1.9). To test McQuade’s proposal the
reaction of benzaldehyde (3 equiv), methyl acrylate (1 equiv) and 1.10 (1 equiv) was
monitored by removing an aliquot of the reaction mixture at the beginning of the reaction (t
= 0) and 10 minutes later (t = 10), this was diluted with acidified acetonitrile and injected
directly into the ESI source. Alongside the aldol adduct 1.22, McQuade’s proposed
intermediate (1.23) was detected with m/z 433. In the presence of B-naphthol, a loosely

bound naphthol adduct (1.24) was observed.
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No H* Ln/o H*
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- OMe —5 H--l . o
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HO” ~Ph 4 H
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m/z 433 m/z 305 m/z 449
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Scheme 1.9. Key Intermediates detected by ESI-MS from the MBH reaction mixture of methyl
acrylate and benzaldehyde catalysed by 1.10 at t =10 with and without -naphthol.

Singleton and Plata performed an extensive investigation using a combination of DFT and
kinetic analysis for the MBH reaction between methyl acrylate and benzaldehyde catalysed
by 1.10 in methanol.1?! The thorough investigation concluded that in protic solvents proton
transfer was an acid-base proton shuttle mechanism rather than a concerted process or a
hemiacetal intermediate. This is not directly translatable to asymmetric systems since excess

protic sources are generally detrimental to asymmetric induction.

Catalyst design for the MBH reaction is a significant challenge due to the complexity of the
reaction. Catalysts must be able to stabilise the two zwitterionic intermediates produced by
the reversible Michael addition and Aldol addition steps to progress the reaction. The more
serious issue is in the MBH reaction the rate determining step is condition dependent. Under
aprotic conditions, the PTE step is rate-determining. However, as the protic MBH product
accumulates, it is also capable of catalysing the proton transfer; as a result, the rate-
determining step shifts to the Aldol-type addition. The capricious substrate scope and
mechanistic complexity complicate the development of proficient and general catalysts for
the MBH and aza-MBH reaction. The McQuade, Aggarwal and Singleton proposals for the PTE

step are all condition dependent. In light of this a wide range of bifunctional catalysts for the
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asymmetric aza-MBH tether a nucleophilic activating group (such as an amine or phosphine)
to a hydrogen bond donor to stabilise the enolate and direct the proton transfer for only one

diastereomer of the aldol adduct.

1.4 From bifunctional to trifunctional organocatalysts for the MBH class
While successful for the MBH class reactions in terms of enantioselectivity, bifunctional
catalysts tend to suffer in catalytic proficiency with typically slow rates. The possibility of
harnessing coordinated proton transfer to enhance the rate of reaction and asymmetric
induction becomes a valid question. To this end, our group developed the first validated
trifunctional organocatalysts to address the catalytic proficiency issues for this reaction with
a view to understand how coordinated proton transfer may be elaborated in a model organic

system.*3

In some instances, in particular the aza-MBH reaction, the degree of rate acceleration and
asymmetric induction by bifunctional organocatalysts can be limited due to substrate
activation being coordinated by only two motifs. These limitations can be overcome by
cooperativity between catalytic motifs of trifunctional organocatalysts. Trifunctional
organocatalysts, compared to bifunctional organocatalysts, are less developed and
represented in the literature. Currently, there are three reported trifunctional

organocatalysts with complete validation for the functional assignment of each motif.
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Sakai et al. constructed a biomimetic, trifunctional system 1.25 consisting of a sulfonamide
(Brgnsted acid), pyridine (Brgnsted base) and alcohol (Lewis Base), mimicking the active site
of serine hydrolase for transesterification between 2-propanol and vinyl trifluoroacetate
(Scheme 1.10a).128 Significant rate enhancement was observed over the uncatalyzed reaction
(kcat/kuncat = 3.76 x 10°8). Removal of each catalytic motif significantly decreased the rate of
reaction. This work was the very first demonstration of a validated trifunctional

organocatalyst. However, there was no asymmetric induction.

Wang et al. developed a hydrogen bonding trifunctional catalyst 1.26 consisting of thiourea
(Brgnsted acid), sulfonamide (Brgnsted acid) and tertiary amine (Lewis base) motifs for an
asymmetric Michael addition between aryl and alkyl nitroolefins at low catalyst loading (1-5
mol%) with high ee (aryl up to 99%, alkyl up to 85%) and up to 97% vyield (Scheme 1.10a).1%°

Control catalysts demonstrated the importance of the second sulfonamide, with the removal
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of this hydrogen bonding site coincided with a significant decrease in both yield and

stereoinduction (68% ee) for 1.26 catalysed reactions.

Chen et al. reported, a cinchona alkaloid derivative 1.27, consisting of a primary amine (Lewis
base), a tertiary amine (Brgnsted base) and a phenol (Brgnsted acid)(Scheme 1.10a) for an
enantioselective 1,3-dipolar cycloaddition reaction between cyclic enones and azomethine
imines in excellent yields (67-99%) and enantioselectivity (86—95% ee). Removal of the
phenol Brgnsted acid decreases the yield (56%) and enantioselectivity (51% ee) of the
cycloaddition. The effect of cooperativity of the three motifs is unclear as the Brgnsted base

bifunctional control was not reported.

Our trifunctional framework (TF-1) was designed to explore cooperativity between different
chemical motifs for promoting proton transfer that could deliver proficient catalysis (Scheme
1.10b).13% These binaphthylene-based catalysts were prepared from a 12-step synthesis
starting from commercially available (S)-BINOL. An additional acid-base pair was added to the
typical Lewis base-Brgnsted acid mode of bifunctional catalysts to develop a prototype
trifunctional organocatalyst with external acid activation (Scheme 1.11a).13%134 The prototype
trifunctional organocatalyst TF-1 contains a phosphine Lewis Base to act as a nucleophile for
reaction initiation, a Brgnsted acid (phenol) to stabilise the zwitterionic intermediate, an acid-
activated Brgnsted base (secondary amine) which may act as a switch to activate the catalytic

pathway in the presence of a strong external Brgnsted acid.
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Scheme 1.11. a) The rationale behind the design of trifunctional organocatalysts for the aza-
MBH. b) Bifunctional controls demonstrating the trifunctionality of the catalyst.

Catalysis requires all three motifs to achieve proficiency along with the addition of Benzoic
acid (BzOH) (Scheme 1.11b). The trifunctional system was validated by demonstrating that
each functional group has a distinct mechanistic role, and all three motifs cooperate to
activate the proficient pathway. For example, the reaction rate from BF-1 (no phenol
Brgnsted acid) is sluggish without acid, and the enantioselectivity of the reaction is decreased.
Control catalyst BF-2 (no amine Brgnsted base) has a different response entirely to the
addition of BzOH. Addition of BzOH decreases enantioselectivity of the reaction with slight
rate acceleration. The prototype trifunctional organocatalyst TF-1 by itself is a poor catalyst
with a low rate and little asymmetric induction. However, the addition of BzOH switched on

proficient catalysis with rate enhancement coupled to asymmetric induction.
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Reactions performed with different acid additives demonstrates that the counterion has a
clear role in catalysis (Figure 1.2). Other protic sources did not replicate the activating effects
of BzOH. Reactions with acetic acid and phosphoric acid proceeded more slowly than BzOH
yielding the aza-MBH adduct with the opposite sense of asymmetric induction. Moreover,
pyridinium salts were ineffective as acid additives in the trifunctional aza-MBH reaction with
132

no conversion observed after 24 hours.

NTs  TF-1(10 mol%) NHTsO
O Additive (50 mol%)

AN+ H >

CH,Cl,, rt, 4A MS

Br Br
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Figure 1.2. Response to an acid additive for trifunctional organocatalyst TF-1.

Further generations of trifunctional organocatalysts were prepared to investigate the roles of
the motifs in catalytic proficiency. Increasing the acidity of the phenol increased the rate and
level of enantioselectivity for the model aza-MBH reaction between NTs-Im-1 and MVK to an
extent. Catalysts TF-2, TF-3 (Generation 2) and TF-4 (Generation 3) all enhanced the rate of
reaction and enantioselectivity compared to TF-1 for the generic aza-MBH reaction between

MVK and NTs-Im-1 (Scheme 1.12). The second-generation catalysts TF-2 and TF-3 increased
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the acidity of the phenol coinciding with a significant enhancement of rate and
enantioselectivity.’3? The third generation catalysts, exemplified by the prototype TF-4,
contain a sulfonamide in place of a phenol.’3* The third generation of catalyst exhibited
comparable levels of reactivity to the second generation, and catalyst loading as low as 2

mol% could be achieved.

€phy

TF-1 TF-2 TF-3 TF-4
Time: 180 min Time: 15 min Time: 15 min Time: 30 min
Conversion: >95% Conversion: 91% Conversion: 87% Conversion: >95%
ee: 82% ee: 82% ee: 88% ee: 82%
Generation 1 Generation 2 Generation 3

Scheme 1.12. Tuning of the proficiency of trifunctional organocatalyst by changing the
Brgnsted acid.

The multiple generations of catalysts demonstrate the essential and general role of BzOH
activation in this regulated catalysis. In all generations the catalyst alone leads to the aza-
MBH reaction being slow and without asymmetric induction. Across all generations of catalyst
and in the presence of achiral BzOH, the previously sluggish trifunctional organocatalysts

proceed with high rate and asymmetric induction. How BzOH activates this catalysis is unclear.

1.5 Chiral information propagation in a reaction network and the Soai reaction
Over the past decade, reaction systems have been developed to explore emergent properties
that arise in complex systems.!3® Interest in developing reaction networks to observe
emergent properties that may be conducive to life has risen over the past decade. While the

field of systems chemistry is still in its infancy, emergent properties have been observed in
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different model systems. Chiral systems are of particular interest as chiral molecules are

ubiquitous in life.

1.5.1 Chiral information transfer in a network
Chirality is a way of specifying chemical information in chemical/biological systems. Biological
systems rely on chiral building blocks (amino acids and sugars) for encoding genetic
information and its subsequent functional expression. Chiral information within a chemical
system, be it organic or biological, can be an indicator of organisational maturity enabling
more complex functionality.!3® Initiation and propagation of chiral information is thought to
be a prerequisite to chemical evolution that leads to life. "Symmetry breaking" events, the
spontaneous generation of an imbalance between (R) and (S) enantiomers, have been
proposed from a variety of- often intertwined- physical and chemical processes.'3”-144 This

symmetry breaking event is at the nexus for the generation of diversity and complexity.

Regardless of the initial symmetry breaking event, continuous induction of asymmetry and
subsequent transfer of chirality from one chemical species to another are necessary to grow
enantiomeric excess, and eventually homochirality, via autocatalytic pathways. Autocatalysis
initiates self-amplification of the chiral product, enabling the chiral propagation event by
dictating the configuration of a new product (homochirality transfer). Autocatalytic,
homochirality transfer is one way of expanding the chiral chemical space by chiral
amplification with one advantage of spontaneous or higher chirality propagation efficiency
but another disadvantage of little chemical diversity growth. Heterochirality transfer (e.g.
asymmetric catalysis that produces a chiral product distinct from the chiral catalyst)

complements homochirality transfer by increasing chemical diversity during chiral
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information propagation. One intriguing question is how these two modes of chiral
information expansion can interact to expand both chiral information and chemical diversity
for systems integration. Irrespective of the specific pathways taken, rate advantage is likely a

primary selection criterion for the systems to continue and evolve.

Complex mixtures of chemical building blocks and enantioenriched products give rise to
emergent properties. Emergent properties of homochirality have been observed in model
systems comprised of amino acids. Homochiral products replicated significantly faster in a
quaternary network of racemic amino acids demonstrating chiroselective replication of
biopolymers.!*> In another instance, a complex network involving oligopeptides show
behaviour where the presence or absence of substrates and templates would dictate the
outcome of the system.%® Recently, a system of co-existing replicators that compete for two
common substrates diversified into two sets of replicators, one the descendant of the
other.’*” Developing synthetic asymmetric autocatalytic reaction networks is a significant
challenge, even more so by design.!*14° One prototype system to investigate origins of

homochirality is the asymmetric autocatalytic Soai reaction as discussed below.

1.5.2 The Soai reaction and chiral amplification
The Soai reaction is a nucleophilic addition reaction between a 2-substituted pyrimidine
carboxaldehyde and a diisopropylzinc generating substituted secondary alcohols with

excellent enantioselectivity (Figure 1.3a).1°° The prototype reaction between pyrimidine
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carboxaldehyde 1.28 and diisopropylzinc yielded 1.29 in high degrees of asymmetric

induction over four rounds of asymmetric autocatalysis.!>°

Figure 1.3. a) Asymmetric amplification by the Soai reaction of pyrimidine carboxaldehydes
1.28.b) Effect of catalyst 1.29 ee on product 1.29 ee.>>°

The Soai reaction is analogous to the MBH class reactions in that a protic species is produced
from an aprotic starting material. The product formed, 1.28.Zn, acts not only as the catalyst
to activate the organozinc reagent but also as the template for chiral induction. The Soai
reaction is the only known example of an autocatalytic chiral amplification reaction with the
propensity to obtain high levels of asymmetric induction with or without the addition of a
chiral additive. Moreover, high degrees of asymmetry can be achieved with low enantiopurity
catalysts (Figure 1.3b). The Soai reaction can also be initiated with an external chiral additive

(more details in Chapter 5).

The origins of chiral amplification in the Soai reaction are complex and extensively
investigated since the initial observation of asymmetric autocatalysis by Soai et al.?>1152 The
origin for the astounding amplification observed in the reaction is proposed to follow the
Frank model of mutual inhibition (Scheme 1.13).1°315% |n this model, a molecule is capable of
transferring chiral information to the nascent product if the homo- and heterochiral dimers
differ in stability and/or reactivity. A small imbalance between the two enantiomers can then
propagate this chiral information into near optical purity.
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The Soai reaction is a technically straight forward reaction to perform (Scheme 1.14).1> The

process can be broken down into a series of sub-reactions. In Reaction 1, the chiral initiator

is mixed with aldehyde (1.30) and diisopropylzinc. Pyrimidine alkanol (1.31) generated in

Reaction 1 is used without purification as the initiator for Reaction 2. For each subsequent

reaction more aldehyde and diisopropylzinc is added to the reaction containing the product

generated in the preceding reaction.

Scheme 1.14. Schematic for the Soai reaction.

25



Systematic studies of catalyst loading and enantiopurity, temperature, and i-Pr2Zn
equivalence have established the limits of asymmetric amplification for the model substrate
1.32 (Scheme 1.15).1°° High degrees of asymmetric induction (93.1% ee) were achieved when
catalysed by 1.33 with low ee (7.2%) and low loading (1.0 mol%). Higher loading of low ee
catalyst decreased the efficiency of the chirality transfer. The most efficient temperature

range for chiral amplification was observed between -15 °C-10 °C.

0 OH
Nl/ﬁ)LH 1.33 (0.001-10 mol%, NIW
. 0,
A\ ¢ iPryzn —12-99%ee) A
7 Toluene, -40-40 °C =z
1.32 1.33

Scheme 1.15. The model substrate used to establish the limits of the Soai reaction.

The substrate scope of the asymmetric autocatalysis in the Soai reaction is limited to
diisopropylzinc and aromatic aldehydes with at least one pyridinic nitrogen in the y-position

(Scheme 1.16).

0 0 0
I
N RlJ\ N R3 Nid

1.34 1.35 1.36
R= H, Me, (E)-t-butylethenyl, R3= F, Br, Ph, OMe,
(E)—trimethylsilyethenyl,% =——R? OEt, O(i-Pr), OCH,Ph,
R2= n-Bu, t-Bu, Me;Si, (i-Pr)3S, OC(O)(t-Bu)

adamant-1-yl, ferrocenyl

Blue substrates are successful candidates for asymmetric autocatlysis
Red substrates are not successful candidates

Scheme 1.16. Substrate scope for the Soai reaction.

Pyridine-3-carboxaldehyde (1.34) is ineffective as a substrate, whereas substituted

pyrimidine-5-carboxaldehydes (1.35) are the most effective substrates. Within this class of
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pyrimidine substrates, substitution at the 2-position is tolerated with the highest degrees of
asymmetry recorded for alkyne substituents at this position. Bulky substituents on the alkyne,
such as adamantly, tert-butyl and trimethylsilyl, are generally tolerated, and these are often
the most efficient substrates for chiral amplification.’>” However, triisopropylsilyl-substituted
alkynes are unresponsive to asymmetric autocatalysis potentially due to significant steric bulk.
It is clear from the reactivity profile of 1.34 and 1.35 that the pyrimidine nitrogen is sensitive
to the steric bulk of the alkyne and plays a pivotal role in the amplification of chirality.
Monosubstituted quinoline (1.36) are sensitive to substitution at C-7. Fluoro-, phenyl and
methoxy substituted quinolines are competent substrates, however bulkier ethers and

bromo-substituted quinolines are inactive in the Soai reaction.

As outlined above, the Soai reaction demonstrates a powerful method by which a small initial
imbalance of two enantiomers can rapidly propagate through a Frank-type mutual inhibition
pathway. Chiral amplification is dependent upon the aldehyde substrate and the organozinc
reagent. The integrity of the chirality transfer initiated by the Soai reaction provides the basis

for constructing asymmetric reaction networks.

1.6 Project Aims
As outlined at the beginning of this chapter, the initial aims of this thesis were to investigate
the mechanistic curiosity of the acid-regulated trifunctional organocatalysis of the aza-MBH
reaction. Achiral BzOH differentiates between the proficient (rate coupled asymmetric

induction) and racemic catalytic pathways. The nature of this activation is unclear.
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This thesis will uncover mechanistic details that underpin the regulatory role of BzOH and the
hidden role of the imine substrate in catalysis (Figure 1.4a). From this mechanistic insight,
kinetic differentiation in the aza-MBH reaction system will be propagated by the Soai reaction
(Figure 1.4b). In Chapter 2, the origin of catalytic proficiency in the acid-regulated trifunctional
aza-MBH reaction was investigated by a combination of 2D NMR spectroscopy, molecular
mechanics and DFT calculations. An ensemble solution structure of a new proton-shuttling
ground state intermediate was elucidated. In Chapter 3, the role of the acid additive in C—C
bond formation and proton transfer was investigated by deuterium incorporation kinetics.
Additionally, the role of the substrate in the catalysis was investigated by preparing a series
of imine substrates. In Chapter 4, new substrates for the aza-MBH reaction were identified
that could proceed through the proton transfer mechanism. Finally, in Chapter 5, kinetic
differentiation of cognate substrates by the capacity to recognise the proton shuttle
mechanism in the MBH reaction was propagated in the asymmetric autocatalytic Soai

reaction for superior chiral amplification outcomes.
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29



1.7 References
1. Millership, J. S.; Fitzpatrick, A., Commonly used chiral drugs: A survey. Chirality 1993,
5(8), 573-576.
2. Nguyen, L. A.; He, H.; Pham-Huy, C., Chiral drugs: an overview. Int. J. Biomed. Sci. 2006,
2 (2), 85-100.
3. Newman, D. J.; Cragg, G. M., Natural Products as Sources of New Drugs from 1981 to
2014. J. Nat. Prod. 2016, 79 (3), 629-661.
4, Resnati, G., Synthesis of chiral and bioactive fluoroorganic compounds. Tetrahedron
1993, 49 (42), 9385-9445.
5. Jacobsen, E. N.; Pfaltz, A.; Yamamoto, H., Comprehensive Asymmetric Catalysis.
Springer: Berlin, 1999; Vol. 1-3.
6. Qjima, I., Catalytic asymmetric synthesis. John Wiley & Sons: New York, 2004.
7. Jacobsen, E. N.; Pfaltz, A.; Yamamoto, H., Comprehensive Asymmetric Catalysis.
Supplement 2. Springer: Berlin, 2004; p v. <1-2 >,
8. Grabowski, E. J. J., Enantiopure drug synthesis: From methyldopa to imipenem to
efavirenz. Chirality 2005, 17 (S1), S249-S259.
o. Mikami, K.; Lautens, M., New Frontiers in Asymmetric Catalysis. In New Frontiers in
Asymmetric Catalysis, Wiley: New York, 2007.
10. Ward, T. J.; Baker, B. A., Chiral Separations. Anal. Chem. 2008, 80 (12), 4363-4372.
11. Blase, H. U.; Federsel, H.-)., Asymmetric catalysis on industrial scale: challenges,
approaches and solutions. 2nd ed.; Wiley-VCH: Weinheim, 2010; p xxxvii, 542 p.
12. Dalko, P. I.; Moisan, L., In the Golden Age of Organocatalysis. Angew. Chem., Int. Ed.

2004, 43 (39), 5138-5175.

30



13. A. Berkessel; Groger, H., Asymmetric Organocatalysis: From Biomimetic Concepts to
Applications in Asymmetric Synthesis. 1st ed.; Wiley-VCH: Weinheim, 2005.

14. Dalko, P. I., Enantioselective Organocatalysis: Reactions and Experimental Procedures.
Wiley-VCH: Weinheim, 2007.

15. Dondoni, A.; Massi, A., Asymmetric Organocatalysis: From Infancy to Adolescence.
Angew. Chem., Int. Ed. 2008, 47 (25), 4638-4660.

16. List, B., Asymmetric Organocatalysis. Springer: Verlag Berlin Heidelberg, 2009; Vol.
291.

17. Pellissier, H., Recent developments in asymmetric organocatalysis. RSC Pub.:
Cambridge, 2010; p xv, 241 p.

18. Waser, M., Asymmetric Organocatalysis in Natural Product Syntheses. Springer: Verlag
Wien, 2012; p xi, 197 p.

19. List, B.; Maruoka, K., Asymmetric Organocatalysis — Workbench Edition. Thieme:
Stuttgart, 2012.

20. List, B.; Maruoka, K., Asymmetric Organocatalysis. Thieme: Stuttgart, 2012.

21. Dalko, P. I., Comprehensive Enantioselective Organocatalysis: Catalysts, Reactions,
and Applications, Vols 1-3. Comprehensive Enantioselective Organocatalysis: Catalysts,
Reactions, and Applications, Vols 1-3 2013, 1-1438.

22. Asian J. Org. Chem. 2014, 3 (4), 317-563.

23. Shibasaki, M.; Yamamoto, Y., Multimetallic Catalysts in Organic Synthesis. Wiley-VCH:
Weinheim, 2004.

24, Bates, R., Organic synthesis using transition metals. 2nd ed.; Wiley: Chichester, West
Sussex, 2012; p xi, 446 p.

25. Pellissier, H., Stereocontrolled domino reactions. Chem. Rev. 2013, 113 (1), 442-524.

31



26. Wong, C. H.; Whitesides, G. M., Enzymes in synthetic organic chemistry. Pergamon:
Oxford, 1994.

27. Drauz, K.; Waldmann, H., Enzyme catalysis in organic synthesis : a comprehensive
handbook. 2nd ed.; Wiley-VCH: Weinheim, 2002.

28. Garcia-Junceda, E., Multi-step enzyme catalysis : biotransformations and
chemoenzymatic synthesis. Wiley-VCH: Weinheim, 2008.

29. Gotor, V.; Alfonso, I.; Garcia-Urdiales, E., Asymmetric organic synthesis with enzymes.
Wiley-VCH: Weinheim, 2008.

30. Drauz, K.; Groger, H.; May, O., Enzyme catalysis in organic synthesis. 3rd ed.; Wiley-
VCH: Weinheim, 2012.

31. Wolfenden, R.; Snider, M. J., The Depth of Chemical Time and the Power of Enzymes
as Catalysts. Acc. Chem. Res. 2001, 34 (12), 938-945.

32. Kuchner, O.; Arnold, F. H., Directed evolution of enzyme catalysts. Trends Biotechnol.
1997, 15 (12), 523-530.

33. Farinas, E. T.; Bulter, T.; Arnold, F. H., Directed enzyme evolution. Curr. Opin.
Biotechnol. 2001, 12 (6), 545-551.

34. Romero, P. A.; Arnold, F. H., Exploring protein fitness landscapes by directed evolution.
Nat. Rev. Mol. Cell Biol. 2009, 10 (12), 866-876.

35. Cheng, A. A.; Lu, T. K., Synthetic Biology: An Emerging Engineering Discipline. Annu.
Rev. Biomed. Eng. 2012, 14 (1), 155-178.

36. Brunner, H., Optically Active Organometallic Compounds of Transition Elements with
Chiral Metal Atoms. Angew. Chem., Int. Ed. 1999, 38 (9), 1194-1208.

37. Beller, M.; Bolm, C., Transition Metals for Organic Synthesis. Wiley VCH: Weinheim,

Germany, 2008.

32



38. Crassous, J., Chiral transfer in coordination complexes: towards molecular materials.
Chem. Soc. Rev. 2009, 38 (3), 830-845.

39. Crassous, J., Transfer of chirality from ligands to metal centers: recent examples. Chem.
Commun. 2012, 48 (78), 9687-9695.

40. Sheldon, R. A.; Arends, |.; Hanefeld, U., Green Chemistry and Catalysis. Wiley VCH:
Weinheim, Germany, 2007.

41. Zhou, Q.-L., Transition-Metal Catalysis and Organocatalysis: Where Can Progress Be
Expected? Angew. Chem., Int. Ed. 2016, 55 (18), 5352-5353.

42. Liu, F., The Upside of Downsizing: Asymmetric Trifunctional Organocatalysts as Small
Enzyme Mimics for Cooperative Enhancement of Both Rate and Enantioselectivity With
Regulation. Chirality 2013, 25 (11), 675-683.

43, Kenny, R.; Liu, F., Trifunctional Organocatalysts: Catalytic Proficiency by Cooperative
Activation. Eur. J. Org. Chem. 2015, 2015 (24), 5304-5319.

44, Seayad, J.; List, B., Asymmetric organocatalysis. Org. Biomol. Chem. 2005, 3 (5), 719-
724.

45. MacMillan, D. W. C., The advent and development of organocatalysis. Nature 2008,
455 (7211), 304-308.

46. Zeitler, K., Photoredox Catalysis with Visible Light. Angew. Chem., Int. Ed. 2009, 48 (52),
9785-9789.

47. Briere, J.-F.; Oudeyer, S.; Dalla, V.; Levacher, V., Recent advances in cooperative ion
pairing in asymmetric organocatalysis. Chem. Soc. Rev. 2012, 41 (5), 1696-1707.

48. Brak, K.; Jacobsen, E. N., Asymmetric lon-Pairing Catalysis. Angew. Chem., Int. Ed. 2013,

52(2), 534-561.

33



49, Shirakawa, S.; Maruoka, K., Recent Developments in Asymmetric Phase-Transfer
Reactions. Angew. Chem., Int. Ed. 2013, 52 (16), 4312-4348.

50. Volla, C. M. R.; Atodiresei, |.; Rueping, M., Catalytic C—C Bond-Forming Multi-
Component Cascade or Domino Reactions: Pushing the Boundaries of Complexity in
Asymmetric Organocatalysis. Chem. Rev. 2014, 114 (4), 2390-2431.

51. Parmar, D.; Sugiono, E.; Raja, S.; Rueping, M., Complete Field Guide to Asymmetric
BINOL-Phosphate Derived Brgnsted Acid and Metal Catalysis: History and Classification by
Mode of Activation; Brgnsted Acidity, Hydrogen Bonding, lon Pairing, and Metal Phosphates.
Chem. Rev. 2014, 114 (18), 9047-9153.

52. Qin, Y.; Zhu, L.; Luo, S., Organocatalysis in Inert C—H Bond Functionalization. Chem.
Rev. 2017, 117 (13), 9433-9520.

53. Schreiner, P. R., Metal-free organocatalysis through explicit hydrogen bonding
interactions. Chem. Soc. Rev. 2003, 32 (5), 289-296.

54. Knowles, R. R.; Jacobsen, E. N., Attractive noncovalent interactions in asymmetric
catalysis: Links between enzymes and small molecule catalysts. Proc. Natl. Acad. Sci. 2010,
107 (48), 20678-20685.

55. Yamada, S.; Fossey, J. S., Nitrogen cation-[small pi] interactions in asymmetric
organocatalytic synthesis. Org. Biomol. Chem. 2011, 9 (21), 7275-7281.

56. Zhao, Y.; Beuchat, C.; Domoto, Y.; Gajewy, J.; Wilson, A.; Mareda, J.; Sakai, N.; Matile,
S., Anion-Tt Catalysis. J. Am. Chem. Soc. 2014, 136 (5), 2101-2111.

57. Allen, A. E.; MacMillan, D. W. C., Synergistic catalysis: A powerful synthetic strategy
for new reaction development. Chem. Sci. 2012, 3 (3), 633-658.

58. Arceo, E.; Montroni, E.; Melchiorre, P., Photo-Organocatalysis of Atom-Transfer

Radical Additions to Alkenes. Angew. Chem., Int. Ed. 2014, 53 (45), 12064-12068.

34



59. Hoffmann, N., Photochemical Reactions as Key Steps in Organic Synthesis. Chem. Rev.
2008, 108 (3), 1052-1103.

60. Ooi, T.; Maruoka, K., Recent Advances in Asymmetric Phase-Transfer Catalysis. Angew.
Chem., Int. Ed. 2007, 46 (23), 4222-4266.

61. Mahlau, M,; List, B., Asymmetric Counteranion-Directed Catalysis: Concept, Definition,
and Applications. Angew. Chem., Int. Ed. 2013, 52 (2), 518-533.

62. Phipps, R. J.; Hamilton, G. L.; Toste, F. D., The progression of chiral anions from
concepts to applications in asymmetric catalysis. Nat. Chem. 2012, 4 (8), 603-614.

63. Tan, J.; Yasuda, N., Contemporary Asymmetric Phase Transfer Catalysis: Large-Scale
Industrial Applications. Org. Process Res. Dev. 2015, 19 (11), 1731-1746.

64. Quortrup, K.; Rankic, D. A.; MacMillan, D. W. C., A General Strategy for Organocatalytic
Activation of C—H Bonds via Photoredox Catalysis: Direct Arylation of Benzylic Ethers. J. Am.
Chem. Soc. 2014, 136 (2), 626-629.

65. Hager, D.; MacMillan, D. W. C., Activation of C—H Bonds via the Merger of Photoredox
and Organocatalysis: A Coupling of Benzylic Ethers with Schiff Bases. J. Am. Chem. Soc. 2014,
136 (49), 16986-16989.

66. Hashimoto, T.; Kawamata, Y.; Maruoka, K., An organic thiyl radical catalyst for
enantioselective cyclization. Nat. Chem. 2014, 6 (8), 702-705.

67. Nicewicz, D. A.; MacMillan, D. W. C., Merging Photoredox Catalysis with
Organocatalysis: The Direct Asymmetric Alkylation of Aldehydes. Science 2008, 322 (5898),
77-80.

68. Hu, J.; Wang, J.; Nguyen, T. H.; Zheng, N., The chemistry of amine radical cations

produced by visible light photoredox catalysis. Beilstein J. Org. Chem. 2013, 9, 1977-2001.

35



69. Prier, C. K.; MacMillan, D. W. C., Amine a-heteroarylation via photoredox catalysis: a
homolytic aromatic substitution pathway. Chem. Sci. 2014, 5 (11), 4173-4178.

70. Akiyama, T.; Itoh, J.; Fuchibe, K., Recent Progress in Chiral Brgnsted Acid Catalysis. Adv.
Synth. Catal. 2006, 348 (9), 999-1010.

71. Wende, R. C.; Schreiner, P. R., Evolution of asymmetric organocatalysis: multi- and
retrocatalysis. Green Chem. 2012, 14 (7), 1821-1849.

72. Agmon, N., The Grotthuss mechanism. Chem. Phys. Lett. 1995, 244 (5), 456-462.

73. Marx, D.; Tuckerman, M. E.; Hutter, J.; Parrinello, M., The nature of the hydrated
excess proton in water. Nature 1999, 397 (6720), 601-604.

74. Mohammed, O. F.; Pines, D.; Dreyer, J.; Pines, E.; Nibbering, E. T. J., Sequential Proton
Transfer Through Water Bridges in Acid-Base Reactions. Science 2005, 310 (5745), 83-86.

75. Marx, D., Proton Transfer 200 Years after von Grotthuss: Insights from Ab Initio
Simulations. ChemPhysChem 2006, 7 (9), 1848-1870.

76. Mohr, J. T.; Hong, A. Y.; Stoltz, B. M., Enantioselective protonation. Nat. Chem. 2009,
1(5), 359-369.

77. Frank, R. A. W.; Titman, C. M.; Pratap, J. V.; Luisi, B. F.; Perham, R. N., A Molecular
Switch and Proton Wire Synchronize the Active Sites in Thiamine Enzymes. Science 2004, 306
(5697), 872-876.

78. Kim, S. W.; Cha, S.-S.; Cho, H.-S.; Kim, J.-S.; Ha, N.-C.; Cho, M.-J.; Joo, S.; Kim, K. K.; Choi,
K. Y.; Oh, B.-H., High-Resolution Crystal Structures of A5-3-Ketosteroid Isomerase with and
without a Reaction Intermediate Analogue. Biochemistry 1997, 36 (46), 14030-14036.

79. Kim, K. S.; Oh, K. S.; Lee, J. Y., Catalytic role of enzymes: Short strong H-bond-induced
partial proton shuttles and charge redistributions. Proc. Natl. Acad. Sci. 2000, 97 (12), 6373-

6378.

36



80. Kamerlin, S. C. L.; Sharma, P. K.; Chu, Z. T.; Warshel, A., Ketosteroid isomerase provides
further support for the idea that enzymes work by electrostatic preorganization. Proc. Natl.
Acad. Sci. 2010, 107 (9), 4075-4080.

81. Fried, S. D.; Bagchi, S.; Boxer, S. G., Extreme electric fields power catalysis in the active
site of ketosteroid isomerase. Science 2014, 346 (6216), 1510-1514.

82. Radzicka, A.; Wolfenden, R., A proficient enzyme. Science 1995, 267 (5194), 90-93.
83. Eigen, M., Proton Transfer, Acid-Base Catalysis, and Enzymatic Hydrolysis. Part I:
ELEMENTARY PROCESSES. Angew. Chem., Int. Ed. 1964, 3 (1), 1-19.

84. Jencks, W. P., When is an intermediate not an intermediate? Enforced mechanisms of
general acid-base, catalyzed, carbocation, carbanion, and ligand exchange reaction. Acc.
Chem. Res. 1980, 13 (6), 161-169.

85. Ciuffarin, E.; Loi, A.; Isola, M.; Lupetti, A.; Sagramora, L.; Senatore, L., Intramolecular
hydrogen bonding catalysis of ester aminolysis in acetonitrile. J. Org. Chem. 1983, 48 (7),
1047-1051.

86. Scheiner, S., Bent Hydrogen Bonds and Proton Transfers. Acc. Chem. Res. 1994, 27 (12),
402-408.

87. Jencks, W. P., Requirements for general acid-base catalysis of complex reactions. J.
Am. Chem. Soc. 1972, 94 (13), 4731-4732.

88. Jencks, W. P., Enforced general acid-base catalysis of complex reactions and its
limitations. Acc. Chem. Res. 1976, 9 (12), 425-432.

89. Knowles, J. R.; Albery, W. J., Perfection in enzyme catalysis: the energetics of

triosephosphate isomerase. Acc. Chem. Res. 1977, 10 (4), 105-111.

37



90. Komives, E. A.; Chang, L. C.; Lolis, E.; Tilton, R. F.; Petsko, G. A.; Knowles, J. R.,
Electrophilic catalysis in triosephosphate isomerase: the role of histidine-95. Biochemistry
1991, 30 (12), 3011-3019.

91. Richard, J. P., A Paradigm for Enzyme-Catalyzed Proton Transfer at Carbon:
Triosephosphate Isomerase. Biochemistry 2012, 51 (13), 2652-2661.

92. Kumagai, N.; Shibasaki, M., Recent Advances in Direct Catalytic Asymmetric
Transformations under Proton-Transfer Conditions. Angew. Chem., Int. Ed. 2011, 50 (21),
4760-4772.

93. Alcaide, B.; Almendros, P., The Direct Catalytic Asymmetric Aldol Reaction. Eur. J. Org.
Chem. 2002, 2002 (10), 1595-1601.

94. Wang, J.; Liu, X.; Feng, X., Asymmetric Strecker Reactions. Chem. Rev. 2011, 111 (11),
6947-6983.

95. Trost, B. M.; Brindle, C. S., The direct catalytic asymmetric aldol reaction. Chem. Soc.
Rev. 2010, 39 (5), 1600-1632.

96. Raj, M.; Singh, V. K., Organocatalytic reactions in water. Chem. Commun. 2009, (44),
6687-6703.

97. Enders, D.; Grondal, C.; Hittl, M. R. M., Asymmetric Organocatalytic Domino Reactions.
Angew. Chem., Int. Ed. 2007, 46 (10), 1570-1581.

98. Davies, H. M. L.; Sorensen, E. J., Rapid complexity generation in natural product total
synthesis. Chem. Soc. Rev. 2009, 38 (11), 2981-2982.

99, Nicolaou, K. C.; Chen, J. S., The art of total synthesis through cascade reactions. Chem.
Soc. Rev. 2009, 38 (11), 2993-3009.

100. Nicolaou, K. C.; Edmonds, D. J.; Bulger, P. G., Cascade Reactions in Total Synthesis.

Angew. Chem., Int. Ed. 2006, 45 (43), 7134-7186.

38



101. Grondal, C.; Jeanty, M.; Enders, D., Organocatalytic cascade reactions as a new tool in
total synthesis. Nat. Chem. 2010, 2 (3), 167-178.

102. Morita, K.-i.; Suzuki, Z.; Hirose, H., A Tertiary Phosphine-catalyzed Reaction of Acrylic
Compounds with Aldehydes. Bull. Chem. Soc. Jpn. 1968, 41 (11), 2815-2815.

103. Baylis, A.; Hillman, M. In German Patent 2155113, 1972, Chem. Abs., 1972.

104. Masson, G.; Housseman, C.; Zhu, J., The Enantioselective Morita—Baylis—Hillman
Reaction and Its Aza Counterpart. Angew. Chem., Int. Ed. 2007, 46 (25), 4614-4628.

105. Declerck, V.; Martinez, J.; Lamaty, F., aza-Baylis—Hillman Reaction. Chem. Rev. 2009,
109 (1), 1-48.

106. Basavaiah, D.; Reddy, B. S.; Badsara, S. S., Recent Contributions from the
Baylis—Hillman Reaction to Organic Chemistry. Chem. Rev. 2010, 110 (9), 5447-5674.

107. Wei, Y.; Shi, M., Recent Advances in Organocatalytic Asymmetric Morita—Baylis—
Hillman/aza-Morita—Baylis—Hillman Reactions. Chem. Rev. 2013, 113 (8), 6659-6690.

108. Basavaiah, D.; Rao, K. V.; Reddy, R. J., The Baylis-Hillman reaction: a novel source of
attraction, opportunities, and challenges in synthetic chemistry. Chem. Soc. Rev. 2007, 36 (10),
1581-1588.

109. Declerck, V.; Martinez, J.; Lamaty, F., aza-Baylis-Hillman reaction. Chem. Rev. 2009,
109 (1), 1-48.

110. Basavaiah, D.; Veeraraghavaiah, G., The Baylis-Hillman reaction: a novel concept for
creativity in chemistry. Chem. Soc. Rev. 2012, 41 (1), 68-78.

111. Hill, J. S.; Isaacs, N. S., Mechanism of a-substitution reactions of acrylic derivatives. J.
Phys. Org. Chem. 1990, 3 (5), 285-288.

112. Bode, M. L.; Kaye, P. T., A kinetic and mechanistic study of the Baylis-Hillman reaction.

Tetrahedron Lett. 1991, 32 (40), 5611-5614.

39



113. Price, K. E.; Broadwater, S. J.; Jung, H. M.; McQuade, D. T., Baylis—Hillman Mechanism:
A New Interpretation in Aprotic Solvents. Org. Lett. 2005, 7 (1), 147-150.

114. Price, K. E.; Broadwater, S. J.; Walker, B. J.; McQuade, D. T., A New Interpretation of
the Baylis-Hillman Mechanism. J. Org. Chem. 2005, 70 (10), 3980-3987.

115. Aggarwal, V. K.; Fulford, S. Y.; Lloyd-Jones, G. C., Reevaluation of the Mechanism of
the Baylis—Hillman Reaction: Implications for Asymmetric Catalysis. Angew. Chem., Int. Ed.
2005, 44 (11), 1706-1708.

116. Amarante, G. W.; Milagre, H. M. S.; Vaz, B. G.; Vilacha Ferreira, B. R.; Eberlin, M. N.;
Coelho, F., Dualistic Nature of the Mechanism of the Morita—-Baylis-Hillman Reaction Probed
by Electrospray lonization Mass Spectrometry. J. Org. Chem. 2009, 74 (8), 3031-3037.

117. Raheem, I. T.; Jacobsen, E. N., Highly Enantioselective Aza-Baylis—Hillman Reactions
Catalyzed by Chiral Thiourea Derivatives. Adv. Synth. Catal. 2005, 347 (11-13), 1701-1708.
118. Shi, M.; Chen, L.-H.; Li, C.-Q., Chiral Phosphine Lewis Bases Catalyzed Asymmetric aza-
Baylis—Hillman Reaction of N-Sulfonated Imines with Activated Olefins. J. Am. Chem. Soc. 2005,
127 (11), 3790-3800.

119. Buskens, P.; Klankermayer, J.; Leitner, W., Bifunctional Activation and Racemization in
the Catalytic Asymmetric Aza-Baylis—Hillman Reaction. J. Am. Chem. Soc. 2005, 127 (48),
16762-16763.

120. Lindner, C,; Liu, Y.; Karaghiosoff, K.; Maryasin, B.; Zipse, H., The Aza-Morita—Baylis—
Hillman Reaction: A Mechanistic and Kinetic Study. Chemistry — A European Journal 2013, 19
(20), 6429-6434.

121. Plata, R. E.; Singleton, D. A., A Case Study of the Mechanism of Alcohol-Mediated
Morita Baylis—Hillman Reactions. The Importance of Experimental Observations. J. Am. Chem.

Soc. 2015, 137 (11), 3811-3826.

40



122. Robiette, R.; Aggarwal, V. K.; Harvey, J. N., Mechanism of the Morita-Baylis-Hillman
Reaction: A Computational Investigation. J. Am. Chem. Soc. 2007, 129 (50), 15513-15525.
123. Aggarwal, V. K.; Emme, |.; Fulford, S. Y., Correlation between pKa and Reactivity of
Quinuclidine-Based Catalysts in the Baylis—Hillman Reaction: Discovery of Quinuclidine as
Optimum Catalyst Leading to Substantial Enhancement of Scope. J. Org. Chem. 2003, 68 (3),
692-700.

124. Shi, M.; Chen, L.-H., Chiral phosphine Lewis base catalyzed asymmetric aza-Baylis—
Hillman reaction of N-sulfonated imines with methyl vinyl ketone and phenyl acrylate. Chem.
Commun. 2003, (11), 1310-1311.

125. McDougal, N. T.; Schaus, S. E., Asymmetric Morita—Baylis—-Hillman Reactions Catalyzed
by Chiral Brgnsted Acids. J. Am. Chem. Soc. 2003, 125 (40), 12094-12095.

126. Imbriglio, J. E.; Vasbinder, M. M.; Miller, S. J., Dual Catalyst Control in the Amino Acid-
Peptide-Catalyzed Enantioselective Baylis—Hillman Reaction. Org. Lett. 2003, 5 (20), 3741-
3743.

127. Yang, K.-S.; Lee, W.-D.; Pan, J.-F.; Chen, K., Chiral Lewis Acid-Catalyzed Asymmetric
Baylis—Hillman Reactions. J. Org. Chem. 2003, 68 (3), 915-919.

128. Ema, T.; Tanida, D.; Matsukawa, T.; Sakai, T., Biomimetic trifunctional organocatalyst
showing a great acceleration for the transesterification between vinyl ester and alcohol. Chem.
Commun. 2008, (8), 957-959.

129. Wang, C.-J.; Zhang, Z.-H.; Dong, X.-Q.; Wu, X.-J., Chiral amine-thioureas bearing
multiple hydrogen bonding donors: highly efficient organocatalysts for asymmetric Michael
addition of acetylacetone to nitroolefins. Chem. Commun. 2008, (12), 1431-1433.

130. Kenny, R.; Liu, F., Cooperative Trifunctional Organocatalysts for Proficient Proton

Transfer Reactions. Chem. Rec. 2017, 17 (5), 535-553.

41



131. Garnier, J.-M.; Liu, F., Trifunctional organocatalyst-promoted counterion catalysis for
fast and enantioselective aza-Morita-Baylis-Hillman reactions at ambient temperature. Org.
Biomol. Chem. 2009, 7 (7), 1272-1275.

132. Garnier, J.-M.; Anstiss, C.; Liu, F., Enantioselective Trifunctional Organocatalysts for
Rate- Enhanced Aza-Morita—Baylis—Hillman Reactions at Room Temperature. Adv. Synth.
Catal. 2009, 351 (3), 331-338.

133. Anstiss, C.; Garnier, J.-M.; Liu, F., Mechanistic investigations of multidentate
organocatalyst-promoted counterion catalysis for fast and enantioselective aza-Morita-
Baylis-Hillman reactions at ambient temperature. Org. Biomol. Chem. 2010, 8 (19), 4400-4407.
134. Anstiss, C.; Liu, F., Cooperativity in the counterion catalysis of Morita/Baylis/Hillman
reactions promoted by enantioselective trifunctional organocatalysts. Tetrahedron 2010, 66
(29), 5486-5491.

135. Mattia, E.; Otto, S., Supramolecular systems chemistry. Nat. Nanotechnol. 2015, 10 (2),
111-119.

136. Lehn, J.-M., Supramolecular chemistry — Molecular information and the design of
supramolecular materials. Makromolekulare Chemie. Macromolecular Symposia 1993, 69 (1),
1-17.

137. Brack, A., The molecular origins of life: assembling pieces of the puzzle. Cambridge
University Press: 1998.

138. Lahav, N., Biogenesis: theories of life's origin. Oxford University Press on Demand:
1999.

139. Viedma, C., Chiral Symmetry Breaking During Crystallization: Complete Chiral Purity

Induced by Nonlinear Autocatalysis and Recycling. Phys. Rev. Lett. 2005, 94 (6), 065504.

42



140. Kuhn, H., Origin of life — Symmetry breaking in the universe: Emergence of
homochirality. Curr. Opin. Colloid Interface Sci. 2008, 13 (1), 3-11.

141. Mauksch, M.; Wei, S.; Freund, M.; Zamfir, A.; Tsogoeva, S. B., Spontaneous Mirror
Symmetry Breaking in the Aldol Reaction and its Potential Relevance in Prebiotic Chemistry.
Origins Life Evol. Biospheres 2010, 40 (1), 79-91.

142. Steendam, R.R.E.;Verkade, J. M. M.; van Benthem, T. J. B.; Meekes, H.; van Enckevort,
W. J. P.; Raap, J.; Rutjes, F. P. J. T.; Vlieg, E., Emergence of single-molecular chirality from
achiral reactants. Nat. Commun. 2014, 5, 5543.

143. Ruiz-Mirazo, K.; Briones, C.; de la Escosura, A., Prebiotic Systems Chemistry: New
Perspectives for the Origins of Life. Chem. Rev. 2014, 114 (1), 285-366.

144. Sutherland, J. D., The Origin of Life—Out of the Blue. Angew. Chem., Int. Ed. 2016, 55
(1), 104-121.

145. Saghatelian, A.; Yokobayashi, Y.; Soltani, K.; Ghadiri, M. R., A chiroselective peptide
replicator. Nature 2001, 409 (6822), 797-801.

146. Ashkenasy, G.; Jagasia, R.; Yadav, M.; Ghadiri, M. R., Design of a directed molecular
network. Proc. Natl. Acad. Sci. 2004, 101 (30), 10872-10877.

147. Sadownik, J. W.; Mattia, E.; Nowak, P.; Otto, S., Diversification of self-replicating
molecules. Nat. Chem. 2016, 8 (3), 264-269.

148. Dadon, Z.; Wagner, N.; Ashkenasy, G., The Road to Non-Enzymatic Molecular
Networks. Angew. Chem., Int. Ed. 2008, 47 (33), 6128-6136.

149. Ashkenasy, G.; Hermans, T. M.; Otto, S.; Taylor, A. F., Systems chemistry. Chem. Soc.
Rev. 2017, 46 (9), 2543-2554.

150. Soai, K.; Shibata, T.; Morioka, H.; Choji, K., Asymmetric autocatalysis and amplification

of enantiomeric excess of a chiral molecule. Nature 1995, 378 (6559), 767-768.

43



151. Buhse, T.; Noble-Terdn, M. E.; Cruz, J.-M.; Micheau, J.-C.; Coudret, C., Chapter 4 -
Kinetic and Structural Aspects of Mirror-Image Symmetry Breaking in the Soai Reaction. In
Advances in Asymmetric Autocatalysis and Related Topics, Palyi, G.; Kurdi, R.; Zucchi, C., Eds.
Academic Press: 2017; pp 71-110.

152. Soai, K.; Kawasaki, T.; Matsumoto, A., Asymmetric autocatalysis of pyrimidyl alkanol
and related compounds. Self-replication, amplification of chirality and implication for the
origin of biological enantioenriched chirality. Tetrahedron 2018, 74 (16), 1973-1990.

153. Frank, F. C., On spontaneous asymmetric synthesis. Biochim. Biophys. Acta 1953, 11
(4), 459-463.

154. Blackmond, D. G., Asymmetric autocatalysis and its implications for the origin of
homochirality. Proc. Natl. Acad. Sci. 2004, 101 (16), 5732-5736.

155. Sato, I.; Ohgo, Y.; Igarashi, H.; Nishiyama, D.; Kawasaki, T.; Soai, K., Determination of
absolute configurations of amino acids by asymmetric autocatalysis of 2-alkynylpyrimidyl
alkanol as a chiral sensor. J. Organomet. Chem. 2007, 692 (9), 1783-1787.

156. Busch, M.; Schlageter, M.; Weingand, D.; Gehring, T., Systematic Studies using 2 -
(1 - Adamantylethynyl)pyrimidine - 5 - carbaldehyde as a Starting Material in Soai’s
Asymmetric Autocatalysis. Chemistry —A European Journal 2009, 15 (33), 8251-8258.

157. Gehring, T.; Busch, M.; Schlageter, M.; Weingand, D., A concise summary of

experimental facts about the Soai reaction. Chirality 2010, 22 (1E), E173-E182.

44



Chapter 2

Mechanistic Investigations of a Proton

Shuttle in Trifunctional Organocatalysis of an

aza-MBH Model System
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2.1 Introduction

2.1.1 Mechanistic understanding of organocatalytic modes of activation
Asintroduced in Chapter 1, organocatalysts in many instances can be viewed as simple model
systems with minimum motifs to achieve certain activation modes.'2 One classic example is
the enamine-iminium mode of activation by proline.3® Experimental evidence for the
proposed enamine/iminium intermediate by NMR spectroscopy, DFT calculations and
detailed mechanistic studies have determined how the geometry of the proline catalyst is
critical for catalysis and highlighted the importance of the carboxylic acid in the 2-position.®
The List—Houk model suggests that intramolecular addition of the enamine to an electrophile
takes place via a cyclic transition state in which the carboxylic acid activates the electrophile
while positioning the substrate for an intramolecular attack.® While computational analysis is
often essential for understanding a mechanism, structural analysis in the solution phase is

often critical to understand the catalytic nature of the reactive intermediates involved.

2.1.2 NMR techniques and analysis of organocatalytic intermediates
NMR spectroscopy is a powerful tool for analysing the structure and conformational dynamics
of organic molecules.”® Dihedral angles extracted from the angular dependence of spin-spin
coupling constants,%1! and distance-dependent intensity of NOEs can assist in relative
stereochemical determination from ensemble averages'?'3 in addition to measuring
dissociation constants in ligand and receptor interactions.*® More recently, NMR analysis
of complex organocatalytic reactions is frequently used to characterise reaction
intermediates to understand the origins of stereoselectivity.!’?! For example, 'H NMR
spectroscopy identified electron-rich dienamines as ground state intermediates formed
between proline and a,B-unsaturated aldehydes.?? The proficiency of proline-based catalysts
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has been rationalised by identifying isomeric oxazolidinones as a parasitic species formed
from an enamine intermediate using NMR spectroscopy.?*-2* The enamine was shown to form
the oxazolidinone by 2D exchange spectroscopy, and destabilisation of the oxazolidinone to

promote enamine formation was correlated with higher catalyst activity.?

Structural insight from conformational analysis by characterising the active catalytic forms is
often critical to understanding asymmetric induction. For example, analysis of the 3/uqnp scalar
couplings, along with NOESY experiments, suggested that the “down” ring pucker of prolinol
enamines was the preferred conformation for catalysis while the “up” ring pucker prevented
the reaction because the o-carbon substituents acted as a steric screen.?® NOEs and residual
dipolar coupling (RDC) were measured for peptide catalysts to identify the active conformers
for a kinetic resolution of trans-cycloalkane-1,2-diols via monoacylation.?’” The ensemble
identified was consistent with earlier DFT studies that the substrate and acylium cation are
required to organise the catalysis via hydrogen bonding and dispersion interactions.?® Also,
dynamic changes in catalyst shape, as seen in the backbone conformation of a tripeptide for
catalysing conjugate addition reactions of aldehydes to nitroalkenes to form y-nitroaldehydes,
have been observed by NOE analysis to identify a conformational shift upon enamine

formation that accesses a more active catalytic conformer.?!

In addition to NOE analysis, coupling constant analysis is also a powerful tool for constructing
structural models out of complex samples, such as mixtures of compounds with
diastereotopic protons in an ABXY system. Techniques such as homonuclear J-resolved (JRES)

spectroscopy enables the measurement of *Juy coupling constants by separating chemical
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shift and J-coupling,?°-3% often in a 2D JRES pulse sequence comprising of a relaxation delay—

90°—(t1/2)-180°—(t1/2)—acquisition.

Conformers identified by molecular mechanics and JRES spectroscopy can be refined to
mechanistically relevant conforms using intermolecular distances extracted from quantitative
NOE experiments. As will be discussed in Section 2.2.3 for our trifunctional catalysts with 28-
30 proton environments, homonuclear JRES and quantitative NOEs were employed to extract
structural understanding of the productive catalytic species for rationalising the proficiency

(coupled rate and ee elevation) in our trifunctional organocatalytic system.

2.1.3 Existing NMR-based investigations of the MBH reaction
While NMR-based investigations into the MBH or aza-MBH thus far have focused on
measuring the kinetics of the reaction, there is a general lack of structural characterisation of
any reactive species. It has been noted, in some instances, that no new species were identified
by *H NMR spectroscopy during kinetic analysis even at high field strength (600 MHz), which
is consistent with the prototype MBH mechanism in which steps leading to high energy

intermediates are reversible.3!
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Scheme 2.1. Studies reporting the formation of parasitic phosphonium butanone
intermediates.323°

Shi et al. reported the first *H NMR evidence of an enolate intermediate for a binaphthylene
bifunctional organocatalyst AP-1 (Scheme 2.1a).32 Upon addition of methyl vinyl ketone
(MVK) to the bifunctional organocatalyst AP-1, the phenolic proton disappeared from the H
NMR spectrum, while in the 3P NMR spectrum, a new peak (+25.30 ppm) emerged as the
major signal along with the original peak at —13.61 ppm for the phosphine. This was proposed
as evidence for a hydrogen-bond stabilised enolate (AP-PE) as a new major species in the
reaction. However, no spectral analysis (*H NMR, 3C NMR) of AP-PE was reported. At this
point, it remains unresolved how an enolate such as AP-PE, a species presumably much higher
in energy than the ground state (AP-1 plus MVK), could be detected by NMR spectroscopy as

the major species.
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Leitner et al. reported ketone formation between triphenylphosphine (TPP) and MVK for the
racemic aza-MBH reaction of NTs-Im-2 in the presence of various Brgnsted acid additives
(Scheme 2.1b).3* The reaction rate was monitored by 'H NMR spectroscopy 3,5-
bis(CFs)phenol (pK.~ 8) was identified as the optimal additive. Stronger acid additives
decreased the rate due to protonation of the phosphonium enolate to yield the phosphonium
butanone TPP-PB. This report was the first 'H NMR characterisation of a phosphonium
butanone (TPP-PB) and demonstrated the need for balanced acidity of the protic additive for
efficient catalysis. Strong acid additives protonate the enolate intermediate and can suppress

the rate and weak acid additives are ineffective proton transfer catalysts.

Shi et al. expanded on their earlier mechanistic work using TPP and p-nitrophenol (2.1)
(Scheme 2.1c).3* They reported that the enolate intermediate was formed with TPP and MVK
in the absence of phenol. Upon addition of 2.1, the putative phosphonium butanone (TPP-
PB) was formed in a 3:1 ratio with the free phosphine. The phosphonium aldol adduct prior

to elimination was also observed in this report.

Zipse et al. demonstrated that a subcatalytic amount of a protic additive accelerated the rate,
but superstoichiometric equivalents of the additive are suppressive (Scheme 2.1d).%
Conversion of the model substrate (NTs-Im-3) to the aza-MBH adduct (NTs-MBH-3) was
monitored by *H NMR spectroscopy to determine the effect on the reaction rate for different
equivalents of 2.1. In CDCls, the acid additive enhanced the rate of reaction up to 10 mol%,
while increasing the loading beyond 10 mol% resulted in a decrease in rate. Complete

structure elucidation demonstrated that the parasitic intermediate (i.e. unproductive
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intermediate) was the phosphonium butanone TPP-PB. At higher loadings of 2.1, the
equilibrium between the reactive enolate TPP-PE and inert ketone tautomer TPP-PB shifted
towards the ketone suppressing reactivity. Under catalytic conditions, the enolate TPP-PE and
ketone TPP-PB rapidly interconvert, but at a higher Brgnsted acid loading, the equilibrium

favours the formation of the stable phosphonium butanone ketone.

All of the literature precedents involving bifunctional or monofunctional phosphine catalysts
demonstrate a strong acid additive such as benzoic acid (BzOH) quenches the reactive enolate
and promotes ketone formation (Scheme 2.1).3%3> This is in direct contrast to the switch-on
effect of BzOH in our trifunctional system.363% In this chapter, the role of BzOH in the

trifunctional catalysis is investigated by taking a structural approach.

2.1.4 Specific aims
The nature and activation of the lowest energy intermediate in our trifunctional catalysis are
currently undetermined. In this chapter, several aspects of the ground state intermediate, a
phosphonium benzoate ketone identified by 2D NMR spectroscopy, are probed. The aims of
this chapter are to:
e Characterise the ground state in our trifunctional organocatalysis by 2D NMR
spectroscopy;
e Examine the role of the phosphonium benzoate ketone in the trifunctional catalysis;
e Construct an ensemble solution structure by conformational analysis using JRES
spectroscopy and quantitative 2D NOESY experiments.
Addressing these aims will allow us, for the first time, to propose a mechanism by which the
phosphonium benzoate ketone can be activated for catalysis.
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2.2, Results and Discussion
In this section, the formation and structural analysis of a new ground state intermediate for
the prototype trifunctional organocatalyst TF-1- a phosphonium benzoate ketone (PBK) TF-1-
PBK, will be discussed (Scheme 2.2). After the initial identification (Section 2.2.1) and kinetic
analysis for its catalytic relevance (Section 2.2.2), a solution structure model for TF-1-PBK was
constructed (Section 2.2.3). Further NOE experiments revealed the constrained but dynamic
nature of this ion-pair (Section 2.2.4), from which a proton-shuttling mechanism could be
formulated. Computational analysis, in collaboration with the group of Dr Hans Senn
(University of Glasgow), was performed to assess the relative stabilities of the tautomers of
this proton-shuttling ion-pair (Section 2.2.5). In summary (Section 2.2.6), the intricate details
of how proton transfer across different tautomeric form of TF-1-PBK are proposed to

illustrate an expanded reactive network for the aza-MBH reaction.

How is this intermediate
activated for proficient

Slow and racemic catalysis?
catalysis '
H MVK BzOH
HO — HO O@ - ® HO O
T———
@
\ N\
“PPh PP P/\)lg
2 Ph; Ph, BzO
TF-1 TF-1-PE TF-1-PBK

Scheme 2.2. Key question in this chapter concerns activation of TF-1-PBK.

2.2.1 Identification of a new reaction intermediate, the phosphonium benzoate
ketone
A sample of TF-1 dissolved in CD,Cl, (Figure 2.1a) was mixed with 2.0 equivalents of MVK and
no new intermediates (i.e. a potential phosphonium enolate) were observed in the 'H NMR

spectrum (Figure 2.1b). However, upon addition of 1.05 equivalents of BzOH, the colourless
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solution turned bright yellow and 'H and 3P NMR spectroscopy determined the conversion

of TF-1 to a new intermediate (Figure 2.1c)

Figure 2.1. 'H NMR spectra (600 MHz, CD,Cl,) for a) TF-1 b) TF-1 and MVK ¢) TF-1, MVK and
BzOH (TF-1-PBK) with an insert of the 3P NMR spectrum.

A new signal in the 3P NMR at 28.50 ppm, along with the diminished peak at -12.37 ppm for
TF-1 indicate the formation of a phosphonium centre (Figure 2.1c). Three new signals were
observed in the aliphatic region between 2.0-3.3 ppm with a ratio of 1:2:1 of the 'H NMR
spectrum is constituent with two overlapping AM systems of a phosphonium butanone. This
is the protonated enolate that has tautomerized to its keto form and is consistent with prior
reports of phosphonium ketones in the MBH reaction.3?3> The proportion of TF-1-PBK to free

catalyst (TF-1) was measured by integrating the two sets of methylene benzylic protons and
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determined to be 4.12:1. This PBK is, therefore, a new ground state intermediate formed from
TF-1 with BzOH and MVK. Formation of the PBK proceeds via an initial Michael addition to
generate the enolate TF-1-PE. The PBK TF-1-PBK is then generated by BzOH protonating the

enolate and subsequent keto-enol tautomerisation (Scheme 2.3).

HO HO HO
N/\© 0 N/\© BzOH induced N/\©
- < protonation of <
H Vj\ _ H enolate H
- @ T

1,4-Michael o) e}

“PPh, Addition \?/\é(k HOBz @\SD/\/[{
Phy TN« BzO Ph;

TF-1 ~ TF-1-PE TF-1-PBK

Trifunctional catalyst Trifunctional enolate Trifunctional phosphonium

benzoate ketone

Scheme 2.3. Formation of TF-1-PBK via protonation of TF-1-PE.

2D heteronuclear NMR spectroscopy provided further connectivity details for the
phosphonium benzoate ketone (TF-1-PBK). The four diastereotopic methylene protons of the
ABXY phosphonium butanone system were confirmed by H-13C phase-edited HSQC within
the 2.0-3.3 ppm range (Figure 2.2a). The two sets of diastereotopic protons were correlated
to two different carbon environments in the HSQC spectrum; 1) Cp: 15.2 ppm (d, Ycp= 55 Hz)
and 2) Cy: 36.9 ppm. The a- and B-proton were assigned using the Jcp coupling constant
observed for Cg. The through-bond relationship between H, and the PBK carbonyl were
established by *H-13C HMBC (Figure 2.2b). The carbonyl of the butanone displayed long-range
C-P coupling constant at 203.6 ppm (3Jcp= 12 Hz). These structural details were utilised in the

subsequent kinetic and mechanistic studies.

Complete structure elucidation was performed by 2D NMR spectroscopy. The TF-PBK

structure is broken up into the following substructures: the two phenyl substituents (pro-R
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and pro-S), P-naphthalene, N-naphthalene, the phosphonium butanone arm, and the phenol
arm. Complete structural assignments for TF-1-PBK (Figure 2.2c) and second generation
catalyst PBK TF-2-PBK (Figure 2.2d) were performed using a combination of 2D NMR
experiments (HSQC, HMBC, H2BC, COSY and NOESY) at 5 °C. Key structural HMBC and NOE
correlations can be seen in Table 2.1, complete structure elucidation and annotated spectra

can be seen in the Experimental Section 2.3.2 Proportion of PBK and structure elucidation).

Complete annotation was performed by 2D NMR spectroscopy (HSQC, HMBC, COSY, NOESY).
Furthermore, spin systems were consolidated using HMBC experiments to complete the
annotation of TF-1-PBK. HMBC correlations to the heteroatom bound carbons (C-2’ for N-
naphthalene or C-2 for P-naphthalene) identified the two naphthalene units. For TF-1-PBK
the spin systems for two prochiral phenyl substituents were identified, one upfield shifted
(6.89 ppm (2H), 7.12 ppm (2H), 7.37 ppm (1H)) and one downfield shifted (7.58-7.70 ppm
(5H)). NOEs from the upfield shifted spin system to the N-naphthalene indicated n-it stacking
between the phenyl and the N-naphthalene. No NOEs originated from the downfield shifted
phenyl substituent to the N-naphthalene indicating that it is orientated “outward” into the
solvent. The upfield shifted spin system was assigned to the Pro-R and the downfield system

to Pro-S phenyl substituents. These assignments and NOEs are collected in Table 2.1.

The PBK is the ground state intermediate for the trifunctional organocatalyst with BzOH,
which is consistent with the existing NMR studies (Section 2.1.3 Existing NMR-based
investigations of the MBH reaction).323> The next set of questions relates to the generality of
the PBK as the general ground state for different catalysts and if the proportion of the PBK

correlates with reactivity in the presence of BzOH for different catalysts.
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Figure 2.2. a) Phase edited *H-'3C HSQC (600 MHz, CD,Cl>). b) *H-13C HMBC NMR spectrum
(600 MHz, CD,Cl;) expansion of TF-1-PBK at 278 K. c) Assignment map for TF-1-PBK, key
structural HMBC correlations are shown in blue. The benzoate is not shown for clarity. d) TF-
2-PBK as the model system for refinement of the butanone motif.
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Table 2.1. Selected NOEs and correlations.

Proton HMBC
- S - S - Distance /A2
H-8’ 5.77 C-10° 126.6 H-(R)1 3.28
C-6 121.7 H-7 3.41
Cc-1 110.7
H-17 4.36 C-15 1247 H-11/H-14 2.68
Cc-2 146.0 H-3 2.32
H-p’ 4.49
NH 3.23
H-17 4.25 C-15 1248 H-11/-H14 2.56
Cc-2 146.0 H-3 2.63
N-H 3.05
H-3 7.53 C-10 136.6 H-(R)1 3.00
C-1 145.2 H-(S)1 3.09
N-H  4.80 - - H-p’ 3.10
H-(R)1 3.53
H-3 3.62
H-(S)1 3.97
H-Me 1.78 C-a 36.9 H-11/H-14 4.64
H-12 4.07
H-13 3.79

a) Determined from quantitative 2D NOESY with the H-4'—H-5’ NOE used as the calibrant (2.48 A).

The equilibrium between the phosphine and PBK was measured for seven catalysts at two

temperatures (10 °C and 20 °C) by *H NMR spectroscopy (600 MHz) to examine if the extent

of the PBK formation may be relevant to catalysis. The PBK was formed for three trifunctional

catalysts (TF-1-3), two bifunctional controls (BF-1 and BF-2), MAP and MOP (Figure 2.3).
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Figure 2.3. The proportion of the PBK relative to free phosphine at 10 °C and 20 °C.

The PBK was the ground state intermediate for all three trifunctional catalysts, BF-2 and MOP.
The proportion of PBK at 10 °C as measured by *H NMR spectroscopy (600 MHz) ranged from
45 t+ 3% for BF-1 to 96 + 3% for MOP. For all seven catalysts, the proportion of the
thermodynamically more stable PBK was lower at 20 °C (38 + 1% to 89 + 4%). For trifunctional
organocatalysts, TF-1-3, the proportion of the PBK was affected by the acidity of the phenol
motif. More acidic phenol may form a stronger hydrogen bond that can transfer the proton
to the developing enolate, stabilising the intermediate as the PBK. The highest proportion of
PBK observed out of the three was for TF-3. The proportion of PBK for TF-2 was lower than
that for TF-1, which was somewhat unexpected for an acidic phenol. In this instance, the steric

hindrance from the ortho- t-butyl substituent may diminish the stability of the PBK.
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The bifunctional control BF-2 without an amino group (87 + 5%) has a comparable proportion
of ketone as TF-1 (83 + 6%). However, the bifunctional control BF-1 (without a phenol) has a
significantly lower proportion of the PBK (45 + 3%). This is consistent with the role of the
acidic phenol in stabilisation of the trifunctional PBK via H-bonding. BF-1 and MAP both lack
the phenolic proton and have near-identical proportions of the ketone supporting the phenol
H-bonding role. In summary, the PBK is the ground state intermediate, and its proportion is
increased by the presence of the phenol Brgnsted acid. Activation of the PBK ground state to

yield the nucleophilic enolate is the first critical step for trifunctional catalysts.

2.2.2 The PBK is a catalytically relevant intermediate in the trifunctional catalysis
The initial rates (up to 30% conversion in 40 min) for the test reaction between (E)-N-(4-
bromobenzylidene)-4-methylbenzenesulfonamide (NTs-Im-1) and MVK catalysed by TF-1 at
room temperature demonstrated a clear rate acceleration in the presence of BzOH (Figure
2.43). The rate with BzOH was nearly 4-fold higher than without BzOHs moreover, the
reaction shifts from a racemic variant to an enantioselective one (87% ee). A different, faster
and enantioselective pathway emerges only in the presence of BzOH that outcompetes the
background enolate pathway (Figure 2.4b). BzOH causes a mechanistic shift from a slow,
racemic pathway through TF-1-PE (Pathway 1) to a fast and enantioselective mechanism

through TF-1-PBK (Pathway 2).
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Figure 2.4. a) The initial rate for TF-1 without (pathway 1) and BzOH (pathway 2). b) Shift in
mechanism induced by key intermediates for Pathway 1 (TF-1-PE) and Pathway 2 (TF-1-PBK).

TF-1-PBK

The generality of this rate effect of BzOH was investigated further in bifunctional and
trifunctional systems. A panel of seven catalysts, three trifunctional catalysts (TF-1-3) and
four bifunctional controls (BF-1 BF-2, MAP and MOP), were first screened using the same test

aza-MBH reaction (Figure 2.5) between NTs-Im-1 and MVK at room temperature.
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Figure 2.5. a) Conversion and enantioselectivity determined for trifunctional organocatalysts
through the PBK pathway, b) Conversion and enantioselectivity determined for bifunctional
catalysts through the PE pathway.

BzOH accelerates the rate of reaction for catalysts containing an amine motif (TF-1-3, MAP,
BF-1). No conversion was observed for trifunctional catalysts without BzOH, but a concurrent

elevation of rate and asymmetry was observed for all trifunctional catalysts with BzOH (Figure
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2.5a). The most proficient catalysis in the presence of BzOH was observed for TF-2 (37%
conversion in 30 min, 89% ee). BzOH has a more complex effect on catalysts without the
amine motif (BF-2 and MOP) affecting either rate or enantioselectivity independently. For BF-
2, the enantioselectivity decreases from 72% to 48% with BzOH. The reaction rate is heavily
suppressed (10-fold reduction) for the bifunctional catalyst MOP (Figure 2.5b). It is only the
trifunctional system in which both rate and asymmetry are concurrently elevated. The ground
state trifunctional PBK (i.e. TF-1-PBK), unlike MOP-PBK, is the gateway to fast and
enantioselective catalysis via a distinctly different pathway accessible by TF-1-PE. There is one

key question: how is TF-1-PBK activated to access this new pathway?

In summary, three distinct catalytic profiles are apparent; 1) concurrent asymmetric induction
and rate elevation (trifunctional organocatalysts TF-1-3, BF-1); 2) suppression of rate and no
change in ee (MOP); 3) slight suppression of rate and decrease in ee (BF-2). The extent of PBK
formation is not correlated to the rate of the reaction, and a distinction is made between
stabilisation and activation. MOP has the greatest degree of ketone formation with BzOH,
and activation of the PBK to generate the nucleophile is sluggish. Thermodynamic stability of
the MOP-PBK causes rate suppression with little change in enantioselectivity as the reaction
still proceeds through the enolate mechanism (Figure 2.5b). MOP-PBK is, therefore, a
parasitic intermediate. Contrast to this, there is no correlation between the proportion of
ketone formation and the rate of the aza-MBH reaction for trifunctional catalysts. Activation
of trifunctional PBKs is facile, and the reaction proceeds through a new pathway that is

distinct from the conventional pathway driven by the racemic enolate.
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While proton abstraction of the PBK intermediate is necessary in both the bifunctional (MOP)
and trifunctional system to reclaim the nucleophilic enolate, the unusual rate elevation in the
trifunctional case indicates new roles of the benzoate conjugate base that are inaccessible to
the bifunctional system (Figure 2.5a). The benzoate conjugate base opens a new mechanism
that is different from the non-enantioselective background enolate mechanism. How the

benzoate counter-ion activates the trifunctional PBK became the next question.

2.2.3 Solution structure analysis of trifunctional PBK
A solution-phase model for the trifunctional PBK was developed using 2D NMR spectroscopy
to address how the benzoate counter-ion may open an alternate mechanism that is unique
to the trifunctional system but not bifunctional (i.e. MOP). In this case, characterisation by 2D
NMR spectroscopy is advantageous to a crystal structure given the dynamic nature of PBK
tautomerisation. Two catalysts, TF-1 and TF-2, were used to form two PBKs, TF-1-PBK and TF-
2-PBK. The TF-2-PBK aliphatic protons were baseline-resolved and so were amenable to
refining the structural model of the phosphonium butanone motif. The structural model was
constructed from the following investigations (Scheme 2.4): 1) phosphonium geometry by
NOE-refined molecular dynamics, 2) conformational analysis of the butanone arm, 3)
rotational features of the phenol motif by molecular dynamic; 4) the benzoate motion by 13C

selective NOESY.
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Scheme 2.4. Key structural features and methods of analysis.

Accessible conformations identified by unconstrained molecular dynamics were refined using
quantitative NOEs (Section 2.2.3.1). The prochirality and conformation of the phosphonium
butanone were determined by a conformational analysis combining homonuclear JRES and
selective 1D and 2D NOESY experiments (Section 2.2.3.2). The dynamics of the phenol
rotation were examined by molecular mechanics (Section 2.2.3). From the structural model,
a detailed view of the PBK activation and the role of the benzoate conjugate base was then

proposed (Section 2.2.3.4).

2.2.3.1 The overall phosphonium geometry promotes proton transfer

Unconstrained molecular dynamics generated a library of structures for the global

conformation of the PBK, which were grouped into four clusters based on the dihedral angle
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C-1-C-2—P—-C(R)6 as shown in Figure 2.6a. Further details regarding the molecular dynamics

can be found in the experimental.

Four major clusters were identified with a preference for Cluster 3 identified by the
Boltzmann distribution (Figure 2.6b,c). In this geometry, a hydrogen bond can develop
between the carbonyl and phenol (Figure 2.6¢). A secondary interaction between the pro-(R)
phenyl substituent and N-naphthalene by n-rt stacking adds additional stabilisation to the
geometry, making it the thermodynamically favoured geometry for the phosphonium. Cluster
1, 2 and 4 are higher in energy and lesser contributors to the dynamics of the system, but

more importantly, hydrogen bonding is disfavoured.

Key structural distances were extracted from the lowest energy conformation in cluster 3 and
compared to quantitative NOE values for TF-1-PBK (Figure 2.6c). Three key intramolecular
distances were identified; H-8'-H-(R)1-5, NH-H-[3’, H-4’-H[}’. Details regarding optimisation
of 2D NOESY parameters are the in experimental with intermolecular distances extracted in
Table 2.1. The thermodynamically favourable geometry identified as cluster 3 was consistent
with experimental NOEs and has two key aspects concerning stabilisation and activation of
TF-1-PBK. Firstly, the geometry predisposes the development of a hydrogen bond from the
phenol to the butanone carbonyl, which activates the LUMO of the PBK carbonyl initiating
activation by tautomerisation. Hydrogen bonding from the phenol to the enolate in TF-1-PE

is also critical for stabilisation prior to proton transfer to yield TF-1-PBK.
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Figure 2.6. a) Structural model of the lowest energy structure from Cluster 3 with dihedral
angle C-1-C-2-P-C(R)6. b) Dihedral angle plot highlighting identified clusters. c)
Representative structures and distances for Cluster 1-4 with the key cluster 3 shown in more
detail.
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2.2.3.2 The conformation of the phosphonium butanone is primed for proton
transfer
The conformational model for the phosphonium butanone arm was refined by extracting the
3Jcp and 3Jun coupling constants, measured using 2D homonuclear J-Resolved experiments. All
aliphatic protons were baseline resolved for TF-2-PBK in CDCls.. The J-Resolved experiment
was performed at 10 °C to suppress dimerisation of MVK via the Rauhut—Currier reaction and
increase peak resolution (Figure 2E.10). The key coupling constants were extracted for a-
protons (Hu2.37 and Hq2.95) and B-protons (Hp2.82 and Hpa.43) and compared to models for the
thermodynamically favoured staggered conformation of the phosphonium butanone (Table
2.2).

Table 2.2. Coupling Constant and dihedral angle for the phosphonium butanone.

3Jxx / Hz

) 2 3(7R)
2.82 ppm -37 ppm
) ’ Ha

2.82 ppm
(R) Hﬂ 3.4(3F:))pm
Scalar Coupling = Expt.2 H, H-4eem ('S')'u
2.3(7RF)>pm +p Hg 2.9§>Sgpm “eepem e)
Model 1° Model 2P
Ha2.37—Hp2.82 4.68 2.3 2.3
Ho2.37—Hp3.43 10.17 10.16 2.3 2.3
Ho2.95—Hp2.82 9.71 10.26 2.3 2.3
Ho2.95—Hp3.43 5.81 23 10.26 2.3
P-CO 12.9 16.8 3.6 3.6

a) Coupling constants extracted from homonuclear JRES experiments (3Jun) and 3C NMR spectrum (3Jcp). b) The
two protons Hs 43 and H,.g5 are highlighted in all models for clarity.

The phosphonium butanone was not freely rotating; instead, there was a bias towards a
specific butanone conformation. Coupling constants suggests there is an anti-periplanar
relationship between C=0—-P and a synclinal relationship between Hq.2.37 and Hp.2 82. and either
an anti-periplanar He2.95 and Hp3.43; Ha.237 and Hp3.43 were either anti-periplanar (180°) or

periplanar (0°). Both conformations satisfy the experimental coupling constants; however,
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steric repulsions are minimised with an anti-periplanar conformation which enforces a

staggered rather than eclipsed conformation (Table 2.2, Model 1).

Extraction of dihedral angles from the 3Jcp coupling constant between phosphorous and the

carbonyl carbon is unreliable because the majority of 3Jcp coupling constants and Karplus

equations reported are for phosphates or phosphonates.?®#! The large size of the coupling

constant (3Jcp= 12 Hz) suggests that the phosphorous and carbon atoms have either a

periplanar or anti-periplanar geometry. An anti-periplanar

geometry enforces the

thermodynamically favourable staggered geometry (Figure 2.7a). Proton assignments and

absolute configuration of the butanone could not be determined by the coupling constants

alone, NOE analysis was employed to determine the prochirality of the butanone alkyl

protons (Section 2.3.6 and 2.3.7).

a o ©)
2.82 ppm 2.82 ppm O
B Ly 3dbopm Iun= 9.71 Hz Hp {345 JHH 10.17 Hz
H, B 6= 180° H, p 6= 180"
(R) (R)
237ppm TP He 2.gésgpm 237ppm TP H, 2.9gsgpm
(S) (S)
2.82 ppm O 2.82 ppmH O
B H 343ppm 3J,= 4.68 Hz B H 343ppm 3Juy=5.81 Hz
H, p 0= 46° H, 6= 36"
(R) (R)
237ppm P Hg 2.gésépm 237ppm tp  Hg 2.9ésp);pm
b)

the formation of a
hydrogen bond

Hydrogen bonding
activates proton
transfer for PBK

activation

2-3(7R;Pm§ P Hy 2.9ésgpm
Figure 2.7. a) Conformation of the phosphonium butanone and associated dihedral angles. b)
Staggered geometry of the phosphonium butanone favours hydrogen bonding.

Phosphonium butanone
conformation favours
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Rotation is restricted for the phosphonium butanone and the Pro-(R) and Pro-(S) B-protons
would give rise to different NOEs; therefore, NOE analysis can be used to assign the
prochirality of the butanone protons. From the coupling constant analysis, the relationship
between protons could be assigned, i.e. anti-periplanar or synclinal. The model developed
from the coupling constant analysis predicts that pro-(S) B proton would show a larger NOE
to the pro-R phenyl. The NOE between Hg.2.s2 and the Pro-R phenyl was larger than Hgss3in
the quantitative 2D NOESY for TF-2-PBK (Figure 2E.12). Consequently, Hp-2.s2 proton was
assigned to the Pro-(S) 3 proton (Figure 2E.12). This was validated with a 1D selective NOESY
demonstrating that a larger NOE was observed for Hp22 (1.6%, Figure 2E.13b) than Hpz.a3
(0.79%, Figure 2E.13a). The anti-periplanar relationship between Hg.2.82 and H2.95 establishes

the latter as the Pro-(S) a-proton.

In summary, the complete conformational analysis determined the prochirality of the
butanone protons and the overall conformation of the phosphonium butanone. Alternate
staggered conformations do not satisfy the experimental coupling constants and NOEs and
eclipsed conformations are thermodynamically unfavourable. The absolute configurations for
the butanone protons of TF-2-PBK are:

e Ho237—Pro-(R) ® Hg2.95—Pro-(S)

L] HBz,gz— PFO-(S) L] H 3.43 — PFO—(R)
p

Conformational bias towards a staggered ketone promotes the activation of the PBK ground
state and hinders elimination of MVK via retro-Michael addition (Figure 2.7b). The carbonyl
of a model ketone (2-butanone) favours eclipsed conformations with substituents (i.e. CO

eclipsed with the C-3—C-4 bond).*? In this instance, conformational preference of the C=0
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bond accelerates the tautomerisation of the PBK by the formation of a hydrogen bond
between the carbonyl oxygen and the phenolic hydrogen which templates the proton transfer
(Figure 2.7b). This component of the structural work contributes to understanding the
atypical reaction profile of the trifunctional organocatalyst, and importantly, why the phenol
motif is critical. The phenol hydrogen bond stabilises the observed conformation and is a
precursor to proton transfer that activates the ground state intermediate for C—C bond

formation.

Phenol acidity activates proficiency for trifunctional organocatalysis by increasing the rate of
tautomerisation and proton transfer for the PBK. TF-1-PBK, as the general model for the
trifunctional intermediate, is not a parasitic intermediate due to the conformational bias of
butanone that accelerates proton transfer within the PBK. The next crucial question relates
to the cooperativity between the phenol and the butanone motif for activating proton

transfer in the PBK intermediate.

2.2.3.3 Phenol Conformations
The dynamic movements of the phenol arm were examined by molecular mechanics. The
conformations identified were clustered based on the dihedral angle through N-C17-C15-C16
(Figure 2.8a). The phenol adopts one of three main conformations (Figure 2.8b); cluster 1
where the phenol was partially eclipsed with H-17 and H17’, cluster 2 where the N-C-17 bond
has rotated, cluster 3 where H-14 is eclipsed with H-17 and H17’. Cluster 2 was identified as
the greatest contributor to the population (45%). Moreover, cluster 2 includes a structure
with the shortest distance between the OH and carbonyl (2.80 A) enables hydrogen bonding

interactions to develop. Moreover, 33 structures in cluster 2 were identified with OH-O
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distance less than 4.25 A, while only six such structures were identified in Cluster 1 and none
in Cluster 3. The dynamics of the phenol rotation suggest that Cluster 2 is the major

contributor for activation of the PBK ground state.

Figure 2.8. a) Clustered structures identified from molecular dynamics. b) Representative
structures for the identified structures.

2.2.3.4 The PBK is an ion-pair with dynamic proton transfer
The solution-phase model developed demonstrates the effect of the different motifs in
activating the PBK via proton transfer. The remaining question relates to the position of the
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benzoate conjugate base in the ground state PBK structure. The spatial positioning of the
benzoate in the ground state was determined by a 3D HSQC-NOESY NMR experiment using

13C¢-BzOH (Figure 2.9).

Figure 2.9. 3D HSQC-NOESY spectrum acquired displaying (a) aromatic and (b) aliphatic region
for TF-1-PBK with 3C¢-BzOH at 298 K.
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Figure 2.10. a) NOEs observed for TF-1-PBK at 298 K. b) The active position the benzoate
adopts to initiate proton motion.

NOEs to the P naphthalene (H-3, H-4 and H-5) and the phenyl substituent (H-(R)1, H(-R)2, H-
(5)1) suggest that the average position of the benzoate is close to the phosphonium and the
butanone (Figure 2.10a). This is unsurprising as the coloumbic attraction between the
phosphonium and benzoate would be the determining factor for the benzoate global position
in the ground state. No NOEs were observed from the para-position of the benzoate to the
PBK, indicating that the carboxylate is oriented towards the butanone motif. The resting
position of the benzoate is dynamic, and it is free to diffuse around the phosphonium. These
dynamics are important as they provide the flexibility to position the benzoate close to the
butanone to deprotonate He.pro(r) to yield TF-1-PE.BzOH (Figure 2.10b).
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The conformational bias of the ketone and steric bulk of the Pro-(S) phenyl disfavours
deprotonation of Ha.pro(s) Over He.pro(r). Following deprotonation, the coloumbic attraction is
diminished and the benzoate can migrate away from the phosphonium, likely guided by weak
acid/base interaction between BzOH and the amine Brgnsted base, such that the imine

substrate can then approach the nucleophilic enolate.

These structural studies in Sections 2.2.3.1-2.2.3.4 demonstrate the critical features that
contribute towards the activation and atypical reactivity of TF-1-PBK. The structural features
of TF-1-PBK cooperate to activate the ground state intermediate and initiate proficient
catalysis. Activation of the PBK is orchestrated by the cooperative action of the benzoate
counter-ion and phenol motif. Hydrogen bonding by the phenol acts as a pre-proton transfer
intermediate (TF-1-PBK’) to accelerate the rate of proton transfer from the a-position. From

this data, a model for activation of the PBK by proton motion is shown in Figure 2.11.

Nucleophilic addition of TF-1 to MVK vyields TF-1-PE. Protonation and rapid tautomerisation
yield the ground state TF-1-PBK. A hydrogen bond from the phenol to the ketone carbonyl
coordinates the activation of TF-1-PBK and the concomitant proton abstraction. A distinction
is made between TF-1-PBK, the ground state, and TF-1-PBK’, the pre-proton transfer
intermediate. The latter is the activated form of the PBK with a proton network established
between the benzoate, ketone and phenol. This intermediate then converts to TF-1-PE.BzOH,

which is primed for C—C bond formation and proton transfer.
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Figure 2.11. Activation of TF-1-PBK by proton transfer.

In summary, the PBK can be considered as an ion-pair with dynamic proton motion, rather
than strictly a H-bonding activated intermediate. The benzoate counterion must be spatially
organised to deprotonate an a-proton of the phosphonium butanone to enable subsequent
H-bonding assisted proton transfer for activating PBK. BzOH may then migrate towards the
amine, enabling the approach of the imine substrate. The PBK is primed for proton transfer
as a constrained ion-pair with a coloumbic attraction between the benzoate and
phosphonium. Most importantly, the constrained and coordinated motion of the benzoate

conjugate base and phenol is essential to the activation of the PBK.

2.2.4 Computational analysis of the TF-1-PBK proton shuttle
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The experimental data suggest a continuous H-bonding assisted proton transfer within the
PBK ion-pair. Four additional tautomeric forms are therefore possible for PBK after
deprotonation: TF-1-PBK.BzOH, TF-1-PE.BzOH’, TF-1-PE.BzO, TF-1-PE.BzOH (Figure 2.12a).
The intermediates TF-1-PE.BzO, TF-1-PE.BzZOH and TF-1-PE.BzOH’ are all possible
nucleophiles for the C—C bond formation. The energy of these intermediates was calculated
at the TPSS-D3(BJ)/def2-SVP/COSMO level of theory in collaboration with the group of Dr
Hans Martin Senn at the University of Glasgow (Figure 2.12b). a-CH activation of TF-1-PBK is
analogous to the enzymatic a-CH activation observed in KSI. In the case of TF-1-PBK, the
benzoate counter-ion acts as the general base and the phenol acts as the general acid. Unlike
KSI where the a-CH activation enables the formation of a B-CH bond, for TF-1-PBK proton

motion activates C—C bond formation (Figure 2.12c).

Following proton abstraction from TF-1-PBK phosphonium butanone, the intermediate
rapidly interconverts between the various tautomers of the PBK. All tautomers are accessible
at room temperatures except for TF-1-PE.BzO (72.7 kiJ/mol). Proton transfer from the phenol
to enolate is rapid with the enol form TF-1-PE.BzOH’ (21.2 kJ/mol) lower in energy than the
enolate TF-1-PE.BzOH (29.1 kJ/mol). Rapid interconversion of the tautomers enables the
proton to move quickly around the stationary points (amine, phenol, carbonyl and benzoate).
Unlike a standard enolate that is typically stabilised by H-bonding interactions, the proton
motion embedded in the PBK expands a singular point of stabilisation into multiple protic
forms in rapid equilibrium, which can be thought of as a proton bond dispersed into multiple

donor-acceptor points.
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Figure 2.12. a) The NMR observable tautomer TF-1-PBK is a gateway to different tautomeric
forms of the PBK. b) Energies calculated for the TF-1-PBK tautomers c) TF-1-PBK as a KSI mimic.

Activation of the trifunctional PBK coincides with rate-coupled asymmetric catalysis due to

the emergent properties of this proton motion. The dynamics of the system actively promote
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geometries and conformations that are conducive to establishing the proton network. This
network can then initiate an alternate mechanism that is not possible in the case of the
standard enolate pathway without BzOH. Moreover, this motion is guided by the position of
the stationary sites that cannot be replicated by simple bifunctional catalysts. As such, the TF-
1-PBK is not a parasitic intermediate; it enables the formation of the proton transfer network
that in turn activates proficient catalysis. How the proton transfer network enables proficient

catalysis is the subject of Chapter 3 and 4.

2.2.5 Conclusion: Proton motion-based activation of the PBK for an expanded aza-
MBH mechanism
In this chapter, the new ground state intermediate PBK in the trifunctional organocatalysed
aza-MBH reaction was characterised using a combination of 2D NMR spectroscopy and
computational methods. The activation of this intermediate was shown to depend upon the
conformational preferences directed by the different motifs. Unlike bifunctional catalysts for
the aza-MBH that proceed through an H-bond stabilised enolate intermediate as the reactive
species for the C-C bond formation, the trifunctional system here, activated by BzOH,
proceeds through a PBK intermediate with internally configured proton motion that allows
the PBK to be activated as an enol for the C-C bond formation. The catalytic role of phosphine
for nucleophilic activation, which is the case for the bifunctional, enolate-driven pathway, is
relegated to nucleophilic initiation to form the new PBK ground state upon addition of BzOH.
The catalytic pathway forward from the PBK is kinetically superior to that of the background
enolate pathway. Thus, the role of BzOH in this trifunctional catalysis is expansionary,
allowing the reaction space to enlarge laterally to include a new mode of activation for

enhanced catalytic proficiency.
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2.3. Experimental
2.3.1 Materials and Methods

Toluene and THF were distilled from sodium/benzophenone immediately before use. All
other reagents were purchased from Sigma-Aldrich Castle Hill. Unless specified, all
commercially available reagents were used without further purification. Dichloromethane
was distilled from calcium hydride. All air and moisture sensitive reactions were performed
under a nitrogen atmosphere. Reactions were magnetically stirred and monitored by thin-
layer chromatography (TLC) using silica gel 60 F254 aluminium pre-coated plates from Merck
(0.25 mm). Flash column chromatography was performed on silica gel (60 A, 0.06-0.2 mm,
400 mesh from Scharlau). 3C¢-Benzoic acid was purchased from Sapphire Bioscience and
recrystallised from distilled water before use.

All *H, 13C and 2D NMR experiments were performed on either a Bruker AVIIIHD 400 MHz
NMR Spectrometer equipped with a BBFO SmartProbe (5mm) or DRX600 NMR spectrometer
equipped with a TXI (5 mm) Cryoprobe. Chemical shifts were reported in ppm using residual
CHClI3 (6w; 7.26 ppm, &¢; 77.16 ppm) as an internal reference. All 2D NMR experiments were
run with quadrature detection and a relaxation delay of 1-3 s. High power 1H /2 pulses were
determined to be ~9.5 ms, and 3C high power /2 pulse was 11.05 ms, and a low power pulse
of 65 ms was used for GARP4 decoupling. Gradient pulses were delivered along the z-axis
using a 100 step sine program. Heteronuclear single quantum coherence (HSQC) experiments
were optimised for a Lcy coupling of 145 Hz and HMBC spectra for a coupling of 20 Hz, using
145 Hz to suppress YJcn couplings. HSQC experiments were performed using the hsqcetgpsi or
hsqcedetgpsp.3 (phase-edited HSQC) pulse program, and HMBC experiments were
performed using the hmbcgplpndgf pulse program. HSQC spectra were processed (m/2

shifted sine bell squared in both dimensions) phase sensitive and HMBC (sine squared in both
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dimensions) with magnitude calculation in F1. 13C spectra were acquired using the UDEFT
sequence. NOESY experiments were performed using the noesygpphzs pulse program with a
mixing time of 400 ms. All spectra were processed using Bruker TOPSPIN 3.5pl7. J-Resolved
experiments were performed using the jresqf pulse program. Specific details regarding 2D
NMR experiments will be outlined below. Trifunctional organocatalyst were prepared

following the literature procedure.36-39

2.3.2 Proportion of PBK and structure elucidation
Catalyst (10 mmol) was dissolved in CD,Cl, and a 'H NMR spectrum (600 MHz, core
temperature 20 °C). MVK (20 mmol) was added and a spectrum collected before addition of
BzOH (10 mmol). The NMR tube was inverted and mixed before injecting into the
spectrometer, the sample shimmed and *H NMR spectrum collected. The sample was left to
reach equilibrium and the proportion of the PBK measured. The temperature was lowered to
10 °C and the proportion of the PBK was measured. The proportion of PBK can be seen in

Supplementary Table 1. A model spectrum at 10 °C is shown in Figure 2E.1.
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Table 1E.1. Proportion PBK for selected catalysts at 10 °C and 20 °C.

HO
N N
TF-1

TF-2 Br

HO  tBu
N

MeO HO
H/\© o/\© n—H
I'g ig Y
BF-1 BF-2 MAP

HO F
TF-3  Br
-E/OH

MOP

Proportion PBK? /%

Catalyst 10°C 20°C
1 2 3 Average 1 2 3 Average
TF-1 80 78 90 8316 78 72 71 7413
TF-2 61 56 54 57+4 51 55 53 53+2
TF-3 93 87 93 91+3 8 8 85 85+1
BF-1 42 46 46 45+3 37 37 39 38x1
BF-2 93 86 83 87+5 88 82 79 83+5
MAP 46 46 44 45+1 4 46 41 44 +2
MOP 95 95 100 96+3 94 86 87 8914

a) Determined by 'H NMR spectroscopy (600 MHz, CD,Cl5).

Figure 2E.1. Model Spectra showing the proportion of TF-1-PBK at 10 °C.
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Complete structure elucidation by 2D NMR spectroscopy can be seen below for TF-1-PBK

Hr)3

Figure 2E.2. Peak assignment map for TF-1-PBK.

1H NMR (600 MHz, CD,Cls, 8): 1.79 (s, 3H, Ka), 2.10 (m, 1H, H-a’), 2.48 (m, 2H, H-B’), 2.52 (m,
2H, H-at), 3.21 (m, 1H, H-B), 4.23 (d, 1H, H-17’, J= 13.5 Hz), 4.39 (d, 1H, H-17, J= 13.5 Hz), 4.80
(b, 1H, NH), 5.77 (d, 1H, H-8, J= 8.5 Hz), 6.44 (t, 1H, H-7’, J= 8.5 Hz), 6.61 (t, 1H, H13, J= 7.3 Hz),
6.92 (m, 1H, H-6'), 6.93 (m, 2H, H-(R)1), 6.95 (m, 1H, H-12), 7.11 (m, 4H, H-14, H-11, H-(R)2),
7.37 (m, 2H, H-3’ H-8), 7.40 (m, 1H, H-(R)3), 7.41 (m, 1H, H-7), 7.55 (dd, 1H, H-3, J= 8.8, 12.0
Hz), 7.61 (m, 2H, H-(S)1), 7.62 (1H, d, H-5), 7.66 (m, 4H, H-(S)2, H-(S)3, H-6), 7.90 (d, 1H, H-4")
7.4 (d, 1H, H-5, J= 8.2 Hz), 8.02 (dd, 1H, H-4, J= 8.8, 3.0 Hz).

13C NMR (125 MHz, CD,Cly, 8): 15.2 (d,Yep=54.9 Hz, C-at), 29.5 (C-Ka), 36.9 (C-B), 45.2 (C-17),
110.8 (d, 3Jep= 5.1 Hz, C-1), 113.9 (C-3’), 117.1 (C-11), 117.7 (d, Ycp= 85.2 Hz, C-(R)6), 118.5
(C-13), 119.1 (d, Ycp= 87.5 Hz, C-(5)6), 119.2 (d, YUcp= 87.6 Hz, C-2), 121.7 (C-6"), 122.5 (C-8'),
124.8 (C-15), 126.7 (C-10’), 126.9 (C-7’), 127.1 (C-8), 128.3 (C-5’), 129.0 (C-7), 129.1 (C-5) 129.1
(C-3), 129.2 (C12), 129.9 (d, 3Jep= 12.6 Hz, C-(R)2), 130.5 (d, 3Jcp= 12.9 Hz, C-4), 130.5 (C-14),
130.7 (C-6), 130.9 (d, 3Jcp=12.4 Hz, C-(5)2), 132.1 (C-&’), 132.4 (d, Jep= 9.5 Hz, C-(R)1), 133.4
(C-9'), 133.9 (d, 3Jep=12.7, Hz, C-9), 134.1 (d, Zcp= 9.0 Hz, C-(S)1), 134.1 (C-(R)3), 134.9 (C-(5)3),
136.7 (C-10), 145.2 (d, 2Jcp= 9.8 Hz, C-1), 146.0 (C-2’), 157.8 (C-16), 203.6 (d, 3Jcp=12.5 Hz, C-
K3).

31p NMR (100 MHz, CD,Cly, 8): 28.5
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Figure 2E.3 *H NMR spectrum (600 MHz, CD,Cl,) for TF-1-PBK. a) Aromatic region and b)
aliphatic region.
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Figure 2E.4. 13C NMR spectrum (150 MHz, CD,Cl,) for TF-1-PBK covering the spectral range a)
140-210 ppm, b) 126-138 ppm, c) 110-125 ppm, d) 18.80-50 ppm.
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Figure 2E.5. HSQC spectrum of the aromatic region for TF-1-PBK in CDCl,.
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Figure 2E.6 a) Complete COSY Spectrum (600 MHz, CD,Cl,) for TF-1-PBK. b) Expansion of the
aromatic region (6.80-7.10 ppm) of TF-1-PBK.
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Figure 2E.7. a) Complete HMBC Spectrum (600 MHz, CD,Cl,) for TF-1-PBK. b) Expansion of
the aromatic region (*H: 7.50-8.20 ppm; 13C: 126-136 ppm) of TF-1-PBK. c) Expansion of the
aromatic region (*H: 6.80-7.50 ppm; 13C: 126-136 ppm) of TF-1-PBK.
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Figure 2E.8. 2D NOESY spectrum (400 ms mixing time, 600 MHz, CD,Cl,) for TF-1-PBK covering
a) the aromatic region and b) aliphatic region.
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Table 2.3. Quantitative NOE values for TF-1-PBK used for constrained molecular dynamics

Atoms Distance /A  Atoms Distance /A  Atoms Distance /A
H-(S)1-H-3 2.55-3.11 H-17-H-3’ 2.2-2.9 H-B—H-B1 3.08-3.76
H-(R)2—H-7’ 3.7-4.52 H-17'-H-3’ 2.34-2.86 H-B-H-A1l 3.00-3.60
H-(R)2—H-7’ 3.11-3.81 H-17'-H-B1  2.41-2.95 H-B-H-17 3.60-4.40
H-(R)1-H-3 2.82-3.81 H-3’-NH 3.26-3.98 H-Me—-H-13 4.26-5.20
H-(R)1-H-(S)1  3.16-4.07  H-14-H-Bn 2.41-2.95  H-g'=H-3  3.70-4.40
H-(S)1-NH 3.74-4.56 H-14-H-Bn’ 2.30-2.82 H-o'-H-A1 3.10-3.70
H-3-H-8’ 3.94-4.82 H-B-NH 2.80-3.40 BzOo-NH 4.49-5.49
H-8-H-8’ 3.0-3.8 H-B—H-3’ 3.8-4.6 BzOo-CH 4.49-5.59
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Figure 2E.9. Key correlations for TF-1-PBK determined by 2D NMR spectroscopy, spin
systems are shown in blue.

2.3.3 Initial Rates
A dry NMR tube charged with (E)-N-(4-bromobenzylidene)-4-methylbenzenesulfonamide (20
mg, 59 umol) was added catalyst (TPP or TF-1)(10 mol%, 5.9 umol) and additive (BzOH and/or
phenol) (10 mol%, 5.9 umol). CD,Cl, was added to make a final concentration of imine 0.15
M, and the mixture heated gently to ensure all of the imine substrate had completely
dissolved. Methyl vinyl ketone (168 umol, 3 equiv) was added and the sample immediately

analysed by *H NMR spectroscopy. Spectra were collected every minute until 20% conversion
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of the imine substrate by 'H NMR spectroscopy. Conversion was then plotted as a function of

time for phosphine catalysed reactions with or without an acid additive.

2.3.4 Molecular Dynamics
Molecular dynamics were performed using MOE 2015.10. The MMFF94x forcefield was
utilised and parameterised with the dichloromethane dielectric constant (8.93).
Conformational searches were performed using LowModeMD without NOE constraints.
10000 iterations were performed with a limit of 100 rejections and 10000 conformations.
Energy minimisation was performed for each structure generated using an RMS gradient of
0.005 and an iteration limit of 500. A 20 kcal mol! energy window was searched with RMSD
0.05. Conformations were identified and clustered based on the dihedral angle C-1-C-2—P*—

C-(R)6.

Constrained dynamics were performed with NOEs extracted 2D quantitative NOESY
experiments with an allowance of + 10% (see section 2.3.6 for details regarding 2D NOESY

experiments).

2.3.5 Homonuclear J-Resolved Spectroscopy
To a sample of TF-2 (8 mg, 11.5 umol) in CDClz was added freshly recrystallised BzOH (1.5 mg,
11.5 umol, 1 equiv) and the sample analysed by 'H NMR. The temperature was cooled to 278
K, and methyl vinyl ketone (2.2 mg, 31 umol, 2.7 equiv) was added and the sample allowed
to equilibrate at 278 K. A 'H NMR spectrum was collected (Figure 2E.10) before a 2D
homonuclear J-Resolved (jresqf) experiment was performed on the spectral window 0-5.8
ppm (Figure 2E.11). The spectrum was magnitude multiplied, tilted, symmetrised and rows
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extracted for the methylene protons Ha2.37ppm, Hp2.82ppm, Ho2.95ppm and Hpsz.43ppm. 2Jun for Hg and
Hp were measured and the corresponding dihedral angles determined using the Karplus
equation (Eq 1):

(Eq. 1)
The Karplus equation (Eq. 2) was solved for the P-C-C-C(O) dihedral for the measured coupling

constant (3Jec(0)=12.88 Hz):

(Eq. 2)

Figure 2E.10. 'H NMR spectrum (600 MHz, CDCls) for the phosphonium butanone of TF-2-
PBK performed at (a) 278 K and (b) 298 K. The Rauhut-Currier side-product is annotated in

(b).
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Figure 2E.11. a) Homonuclear J-Resolved experiment (600 MHz, CDCls, 278 K) showing
expansions for aliphatic protons b) Hgz.43 ¢) Ha2.95 d) Hp2.82 €) Ha2.37.

93



2.3.6 2D Quantitative NOESY
To a sample of TF-2 (8 mg, 11.5 umol) in CDClz was added freshly recrystallised BzOH (1.5 mg,
11.5 umol, 1 eq) and the sample analysed by *H NMR. The temperature was cooled to 278 K,
and methyl vinyl ketone (2.2 mg, 31 umol, 2.7 eq) was added and the sample allowed to
equilibrate at 278 K. A 'H NMR spectrum was collected of TF-2-PBK before a 2D NOESY
(noesygpphzs) experiment was performed on the spectral window 0-10 ppm (Figure 2E.12)
using mixing time of 400 ms. The strength of the gradient pulse was adjusted to 11.6% using

the Bruker zs_setup pulse program. Equation (3) below was used to convert NOEs to distances

7’

(NOEy,/_ys' * ns) (3)
Dx-y = Dua'—ps’ ( NOE 1/
x-y

Where Dyy is the intermolecular distance, Du.4-ns distance between H-4—-H-5 (2.48 A),

NOEH4-n-5 is the H-4’—H-5’ NOE, ns is number of spins, NOE,., is the x-y NOE.
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Figure 2E.12. TF-2-PBK 2D NOESY spectrum (600 MHz, CDCls, 278 K) with key NOEs annotated.

2.3.7 1D Selective NOESY
To a sample of TF-2 (8 mg, 11.5 umol) in CDClz was added freshly recrystallised BzOH (1.5 mg,
11.5 umol, 1 eq) and the sample analysed by *H NMR. The temperature was cooled to 278 K,
and methyl vinyl ketone (2.2 mg, 31 umol, 2.7 eq) was added and the sample allowed to

equilibrate at 278 K. A *H NMR spectrum was collected of TF-2-PBK before a series of 1D
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(irradiating 3.43 ppm (2048 Hz), 2.82 ppm (1692 Hz)) selective NOESY (selnogp) were

performed using a 400 ms mixing time and 1024 scans (Figure 2E.13).

Figure 2E.13. a) TF-2-PBK 'H NMR spectrum (600 MHz, CD,Cl;). b) 1D Selective NOESY
spectrum from irradiation of H-f3 (3.34 ppm). c) 1D Selective NOESY spectrum from irradiation
of H-B’ (2.82 ppm).
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2.3.8 3D HSQC-NOESY
To a sample of TF-1 (8 mg, 14.3 umol) in CD2Cl, was added freshly recrystallised *3Cs-BzOH
(1.75 mg, 14.3 umol, 1 eq) and the sample analysed by 'H NMR. MVK (2.71 mg, 38.6 umol,
2.7 eq) was added and the sample allowed to equilibrate at room temperature. A 13C-selective

NOESY (hsqcgpnowgx33d) was then performed with 400 ms mixing time and optimised YJcy

value of 150 Hz. The spectrum was processed in Topspin 3.6.1.

97



2.3.9 Pulse Programs

Figure 2E.14. Pulse program (hmbcgplpndqf) for 2D HMBC experiments.

Figure 2E.15. Pulse Program (hsqcedetgpsp.3) for phase-edited HSQC.#*4
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Figure 2E.16. Pulse Program (noesygpphzs) for quantitative 2D NOESY experiments.

Figure 2E.17. Pulse program (cosygpppqf) for 2D COSY experiments.

46-48
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Figure 2E.18. Pulse program (jresqf) for 2D homonuclear J-Resolved experiments.

Figure 2E.19. Pulse program (hsqcgpnowgx33d) for 3D HSQC-NOESY experiments.44 49-51
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Chapter 3

Conjugative Catalysis from an aza-MBH

Proton Shuttle
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3.1 Introduction

3.1.1 Additives improve catalytic proficiency
Additives have been used extensively in organocatalytic'? and organometallic reactions® to
enhance proficiency by either improving selectivity or altering the reaction mechanism.”®
Additives commonly used in organocatalytic reactions include; Brgnsted acids, Brgnsted
bases, inorganic salts, alcohols and phenols, molecular sieves, water and thioureas.? A classic
example is the addition of water in proline-catalysed aldol reactions.%1? Water facilitates
proton transfer for activation of the aldehyde and hydrolysis of the imine to regenerate the
catalyst.13> Other additives can deoligomerise organometallic structures to release the
active monomeric species. Basic additives can regenerate the catalyst by eliminating the
product faster, while Brgnsted acid additives are typically used to stabilise key intermediates
along the reaction coordinate. Deconvoluting the additive effect on catalytic reactions,
however, can be difficult sometimes due to the multi-step nature of most reactions, although
significant attention has been mainly given particularly to acid additives given their wide

range of applications.%1% 16

3.1.2 Acid additives exhibit versatile roles in catalysis
Acid additives are widely utilised in organocatalysis in a variety of different reactions. In many
instances, an achiral acid is added to assist a chiral catalyst. Acid additives have a prominent
role in iminium!’, enamine!® and asymmetric counterion-directed catalysis!® mediated
reactions. Chiral phosphoric acids are also common additives in a diverse array of
transformations.?%23 The acid additive can also achieve its effect through a combination of
orbital activation and steric directing through its conjugate base or counterion. A seminal

example is MacMillan’s Diels—Alder reaction between cinnamaldehyde derivatives and
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cyclopentadiene catalyst by a chiral amine salt.?* Proficiency was achieved by LUMO-lowering
activation of the o,p-unsaturated aldehydes through the formation of an iminium ion.
Essentially, the acid additive facilitates reversible iminium formation that enables covalent
activation and cycling of a chiral auxiliary in situ. Some level of counterion effect from the acid
additive on stereo- and enantioselectivity was demonstrated for the imidazolidinone salt (3.1)
in a 1,3-dipolar cycloaddition between crotonaldehyde (3.2) and nitrones (3.3) to afford
isoxazolidines (3.4) (Table 3.1).2> The acid additive HCI provided the best enantioselectivity
(95% ee, Table 3.1, entry 1), while in the case of TFA, the rate of reaction was accelerated (80
h vs 108 h) but enantioselectivity was noticeably diminished (86% ee, Table 3.1, entry 3). The
highest selectivity for endo-3.4 over exo-3.4 was achieved with HBr as an additive.

Table 3.1. Effect of the Brgnsted Acid co-catalyst on the Dipolar Cycloaddition between
Crotonaldehyde (3.2) and Nitrones (3.3).

e) /
HX N
e . %
N Bn, Bn,
@ H N—O N—O
Bn.%W_~o 3.1 ‘l\e'"" e
Me” X-CHO N= "Ph > pp’ Ph
3.2 60 20 mol%, -10 °C CHO CHO
' 33 CH3NO—H,0 endo-3.4 exo0-3.4
Entry HXco-catalyst Time/h  Yield/% endo:exo ee (endo) /%
1 HCI 108 70 88:12 95
2 TfOH 101 88 89:11 90
3 TFA 80 65 72:28 86
4 HBr 80 77 94:6 93
5 HCIO4 80 86 94:6 90

In some cases, acid additives may confer diastereo- or enantioselectivity but at the cost of the
reaction rate. Jacobsen et al. reported an asymmetric Povarov reaction between N-aryl imines
(3.5) and electron-rich olefins (3.6) to form tetrahydroquinolines (3.7), which can be catalyzed
by triflic acid via imine protonation (Scheme 3.1).2¢ Chiral additives, containing multidentate

H-bond donors (urea, thiourea, and sulfinamide; 3.8) and steric-directing groups, can bind to
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both the triflate counterion and protonated imine in a specific orientation, enabling high facial
selectivity (up to 98% ee). However, the bulky environment from a chiral additive invariably
decelerates, rather than accelerates, the reaction rate in the true sense of catalysis. This
illustrates the common difficulty in asymmetric catalysis in which rate acceleration and
asymmetric induction often are not achieved in congruence, unless the desired asymmetric
pathway is selectively activated, rather than inducing asymmetric induction from the least

decelerated pathway by steric hinderance.

R .
z/ catalyst (10 mol%), z | 14 examples O
X NBSA (5 mol%) X~ 45-73% yield J .
+q\ > HN FsC N :
H

N Toluene, 5A MS, 90-98% ee H o
J -60°C10-30°C, 48-96 h pp (1.4-4.2:1 dr) HN.®.0
Ph” “H X 38 $
35 3.6 3.7 \ t-By
//T R 26 |
RPN <_7 crRos 7 ]  cRsod Z / RPN
3.6a HCR N 3 6a
B S .
Ph 0  Krac=0.407 + Koo= gooo + Keat™ kea= 0.086 % Ph 0
0.004 M1 51 Ph)LH Z(I)oo ML Ph 0.003 M1 st
3.7 3.5¢TFSA 03.8 3.7

Scheme 3.1. The povarov reaction catalysed by a chiral thiourea 3.8.

Melchiorre et al. reported acid additives dictating the stereochemical outcome of a
diastereodivergent asymmetric Sulfa-Michael additions of thiols (3.9) to a-branched enone
(3.10) to yield B-thioether ketones (3.11) using a cinchona alkaloid catalyst (3.12)(Scheme
3.2).?’ The chiral catalyst has modest selectivity for the syn diastereomer (5:1 dr) with modest
enantioselectivity (65% ee). Chiral and achiral acid additives cause modest rate elevation
alongside substantial increases in the stereoselectivity (up to 98% ee). By switching the acid
additive from achiral 2-fluorobenzoic acid to the chiral phosphoric acid 3.13, the sense of the
catalyst’s diastereoselectivity could be altered, enabling access to either diastereomer with

high enantiopurity. The change in diastereoselectivity was attributed to different
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conformations of the ground state structure for the protonated cinchona alkaloid with

different counterions.

2-FC4H,CO,H Ph/\
Ph7S0 D s0 mome) 315 Gomosy P73
b
N N /@/\H‘\ M
(3R,4S)-3.11 (3R,4R)-3.11

79% yield 77% yield

5.1:1dr 5.7:1dr
88% ee \ /, 99% ee
/ “OH
3.13

Scheme 3.2. Diastereodivergent Sulfa-Michael addition of thiols to a.-branched enones.

3.1.3 Acid additive effects in the aza-MBH reaction
Acid additives have a profound impact on the aza-MBH reaction in a highly condition-
dependent manner.?®3! In the absence of protic additives, the proton transfer and
elimination step is the rate determining step. Protic species shift the rate-determining step to
the Aldol addition.3% 323> Typically, for bifunctional systems, strongly protic additives suppress

reactivity through the formation of the inactive ketone tautomer.

Zhu et al. reported a derivatised B-ICD-amide catalyst (3.14) for an aza-MBH reaction
between NTs-Im-4 and MVK, the stereoselectivity of which could be inverted by addition of
B-naphthol (Scheme 3.3).3¢ Without B-naphthol, the yield of the aza-MBH adduct is moderate
(58%), and the (R)-enantiomer is isolated in high excess (89% ee). Addition of B-naphthol
increased the yield (>99%) and yielded the (S)-enantiomer with excellent enantioselectivity
(96%). The author's proposed that in light of the inversion, the proton transfer was the

stereodetermining step.
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ArO,S. o

NH O ,

N S02AT 314 (10 mol%) TN

| N — N
/©)\H DMF/MeCN (1:1), -30 °C

(R)-NTs-MBH-4
58%, 89% ee X
NTs-Im-4 3.14

. 3.14 (10 mol%) ArO,S.

B-naphthol (10 mol%) NH-Q O
0] CH,Cl,, -50 °C M X= H
\)j\ \<N
MVK (S)-NTs-MBH-4 5 O

99%, 96% ee | g

Scheme 3.3. aza-MBH catalysed by -ICD-amide catalyst 3.14.

Chen et al. reported an asymmetric aza-MBH with ketimine (3.16) and acrolein (3.15)
catalysed by B-ICD (10 mol%) and (R)-BINOL (10 mol%) at -40°C in THF (Scheme 3.4).%’
Without (R)-BINOL, the aza-MBH adduct (3.17) was isolated with 89% yield and 64% ee.
Addition of (R)-BINOL did not lead to a significant change in the reaction rate (89% v.s 91%)
but a significant improvement in the asymmetric induction (64% vs 90% ee). B-ICD and (R)-

BINOL may self-assemble in solution by hydrogen bonding to promote asymmetric activation.

NTs B-ICD (10 mol%)  TsHN, ,CO,Et TN

o (R)-BINOL (10 mol%) £ __CHO N___ N

THE, -40 °C, 48 h
315 Ar Ar OH

3.16 3.17 .
With (R)-BINOL (without) pIcb d
Yield: 91% (89%)
ee: 90% (64%)

Scheme 3.4. The aza-MBH reaction catalysed by -ICD with improved enantioselectivity in the
presence of (R)-BINOL.

Acid additives are not always conducive to the MBH reaction. Lu et al. reported bifunctional
phosphine-thiourea catalysts (3.18) for the MBH reaction between methyl acrylate (3.19) and

aromatic aldehydes (3.20)(Scheme 3.5)*® In THF, the catalyst 3.18 vyielded the p-
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nitrobenzaldehyde MBH adduct (3.21) with 92% yield and 87% ee. The reaction was the most
proficient without any additives. Phenol addition caused a decrease in yield (84%), and
asymmetric induction (77% ee), and BzOH heavily suppressed the reaction (37% yield) due to
the formation of the inactive ketone tautomer (See Chapter 2 Section 2.1.3 for discussion of

parasitic intermediates in the MBH reaction).

o} OH O
o 3.18 (10 mol%)
\)]\ + /©)LH Additive (10 mol%)
OMe THF, 1t, 24 h, 4A MS
319 O,N O,N
: 3.20 3.21
F OTBS No additive Phenol (10 mol%)
S Yield: 92% Yield: 84%
JJ\ ee: 87% ee: 77%
NN
PPh, BzOH (10 mol%) MeOH (10 mol%)
318 Yield: 37% Yield: 93%
: ee: 85% ee: 84%

Scheme 3.5. aza-MBH catalysed by 3.18 with different protic additives.

Zhong et al. reported an acid-activated substituted calix[4]arene catalyst (3.22) for the aza-
MBH reaction (Scheme 3.6).3° Reactions between the model substrate NTs-Im-5 and MVK in
the absence of a Brgnsted acid were slow (100 h) and the aza-MBH adduct NTs-MBH-5
isolated in a low yield (20%). Acid additives improved the rate (4 h) and yield (88%) with

benzoic acid identified as the most effective additive (4 h).

( )
t-Bu t-But-Bu Bu
N/TS NHTsO
o | 3.22 10 mol%)
\)I\ + H BzOH (10 mol%)
A L
MVK THF, rt, 24 h, 4A MS
NTS-Im-5 NTs-MBH-5

With BzOH (without) 3.22
Time: 4 h (100 h)
Yield: 88% (20%)

Scheme 3.6. acid-activated aza-MBH catalysed by 3.22 and benzoic acid.

Ve
\
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Shi et al. reported the effect of benzoic acid on a chiral thiourea-phosphine bifunctional
organocatalyst 3.23 for the aza-MBH reaction between methyl vinyl ketone and aryl NTs
imines NTs-Im-6.%° Without any acid additive, the yield and enantioselectivity are low (Table
3.2, Entry 1). All protic additives resulted in rate enhancement, with benzoic acid (Table 3.2,
Entry 3) being the most significant in increasing both the yield (96%) and enantioselectivity
(87% ee). This joint rise of rate and enantioselectivity was observed for other carboxylic acids
such as formic acid and 2-iodobenzoic acid however at a less pronounced level. The
mechanism of this activated catalysis was not investigated but hypothesised to require proton
transfer mediated by the acid additive.

Table 3.2. Effect of various additives for the aza-MBH catalysed by 3.23.

3.21 (10 mol%) T i s, PN
. moi% S< N
0 W™ Additive (10 mol9%) NH O OO R
+ .
\)l\ ©)LH o 1on > ©/\’H‘\
MVK e PPh,
NTs-Im-6 NTs-MBH-6 393
\ J
Entry Additive Yield/ %? ee/ %°
L ) 12 16
2 HCOH 30 cc
3 BzOH 9% g7
4 2-1-C¢HaCOH 41 26
p-nitrophenol 32 17

U

a) Isolated Yields. b) Determined by chiral HPLC analysis.

3.1.4 Acid additives in acid switchable trifunctional organocatalysis
In our group’s initial report on trifunctional organocatalysts for the aza-MBH reaction, we
demonstrated that an acid additive was pivotal for rate-coupled asymmetric catalysis. A small
acid screen for the aza-MBH reaction with the prototype trifunctional organocatalyst TF-1
was reported (Table 3.3)* The highest rate and enantioselectivity for the model aza-MBH

reaction of NTs-Im-1 and MVK was observed with benzoic acid (Conversion: >95%, ee: 92%,
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Table 3.3, Entry 3). Rate acceleration was observed for acetic and phosphoric acid (Table 3.3,
Entry 2 and 5); however, the sense of the asymmetric induction was inverted. A bulkier acid
additive, such as 2-naphthoic acid, lowered the enantioselectivity to 75% (Table 3.3, Entry 10).
No conversion was observed for strong acid additives such as 3,5-dinitrobenzoic acid (Table

3.3, Entry 7) or 3.5-dimethoxybenzoic acid (Table 3.3, Entry 8).

Table 3.3. Effect of acid additives on trifunctional organocatalysis.

- 0,
O ey W g
+
\)j\ /©)LH CH,Cl,, 4A MS, : m‘\
MVK Br Br
NTs-Im-1 NTs-MBH-1

Entry Additive Time/ h Conversion/ %2 ee/ %°

1 - 3 10 rac
2 Acetic acid 3 20 -60°¢
3 BzOH 3 >95 92

4 p-F-CeHsCO2H 5.5 57 77

5 Phosphoric acid (H3POa4) 2 31 —28°
6 0-F-CsH4CO2H 3 7 n.d.
7 m-(NO3),-C¢H3CO2H 3.5 <5 n.d.
8 m-(Me0);-CsHsCO2H 3.5 <5 n.d.
9 1-naphthoic acid 15 92 72

10 2-naphthoic acid 15 >95 75

a) Determined by 'H NMR spectroscopy. b) Determined by chiral HPLC analysis. c) opposite enantiomer observed.
As outlined in Chapter 2, the addition of benzoic acid leads to the formation of a new ground
state intermediate PBK that is an unusual ion pair with the conjugate base benzoate
constrained by amine Bronsted base and phosphonium centre to maintain perpetual proton
shuttling between the tautomeric forms of the PBK. This structural model for the first time
suggests that dynamic proton motion is important for catalytic activation and also opens the
next set of questions on how the benzoic acid additive may control asymmetric induction

along with the rate promotion.

115



The first question is whether there is some generality to this proficiency control. This question
can be answered by examining the switch-on effects of differently substituted benzoic acids
and other acids to establish a structure-reactivity relationship (SRR) for identifying
contributing factors. The next question is then on how the trifunctional catalysts with
different internal Brgnsted acidities, due to substitution on the phenol ring, respond to the
acid additive to identify other contributing factors underlying PBK activation for rate
enhancement. This question can be answered by experimentally assessing the acidity of the
a.C-H of the PBK. The third and final question will be on how the carbon-carbon formation
and proton-transfer-elimination step respond to the acid additive for asymmetric induction.
This is the most difficult question because the reactive intermediate after carbon-carbon
bond formation cannot be readily observed for structural characterisation. Indirectly, some
insight may be derived by using various imine substrates to probe the final steps (C—C bond

formation and proton transfer) of this reaction.

3.1.5 Specific aims
The effect of benzoic acid on C—C bond formation and proton transfer will be investigated in
this chapter using a combination of kinetics, deuterium incorporation studies and reaction
screening. The specific aims of this chapter are:
e Establishing a structure reactivity relationship (SRR) for various benzoic acid-type

and other additives on catalytic proficiency
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e Measuring the relative efficiencies of acid activation for various bifunctional and
trifunctional catalysts

e Determining the response profile to the acid additive for a few selected substrates.

3.2 Results and Discussion
In this chapter, the cooperativity between the benzoate conjugate base and the phosphonium
ketone is investigated using a combination of various acid additives, deuterium incorporation
kinetics and different imine substrates. This is intended to validate the structural model for
PBK activation and provide some understanding as to how C—C bond formation and proton
transfer elimination may be facilitated by the acid additive (Scheme 3.7). The C-C bond
formation and proton transfer are nominally presented as two discrete steps; in the course
of this chapter, it will be shown that the C—C bond formation and proton transfer are

concerted in the case of proficient trifunctional catalysis.

H

_N
g HO O
Bss

Ph, BzO
TF-1-PBK

Observeable Tautomer

O (@] —_—
@
P/\)j\
Ph, BzOH
TF-1-PK.BzOH

]

-~
H
HO OH
@
\P/\)\

Ph, BzO

| TF-1-PE.BzO

\(E?/\/\

O OH

®

N

O~ AN
Ph, BzOH

TF-1-PE.BzOH’

[
Y

C/ X

HO 0O

Ph, BzOH

TF-1-PE.BzOH __|

C-C bond
formation
—>

How does the proton motion

embedded in the tautomeric

forms of TF-1-PBK activate
C-C bond formation

Scheme 3.7. Tautomeric forms of TF-1-PBK activate C—C bond formation.

3.2.1 Benzoic acid protonation state is critical for different stages of the reaction

The initial report on the trifunctional system detailed a limited acid screen.*! In light of this,

acids were screened covering three broad and overlapping groups to construct a SRR; 1)
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substituted benzoic acids (Figure 3.1a), 2) sterically demanding acids (Figure 3.1b), and 3) low
pKs aromatic acids (Figure 3.1c). Substituted benzoic acids with electron withdrawing (Br, I, F,
-NO3) and donating (Me, -OH, -OMe) substituents were screened with a model substrate for
the aza-MBH reaction between NT-Im-1 and MVK, and the conversion and enantioselectivity

were determined after 3 hours (Table 3.4).

Figure 3.1. Comparison of the acid additive on rate and ee of the TF-1 catalysed aza-MBH
reaction with a) substituted benzoic acids, b) hindered aromatic acids and 3) low pK, aromatic
acids.
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Table 3.4. Effect of the acid additive on catalytic proficiency.

NTs o TF-1 (10 mol%) NHTSO
/©)LH + RCO;H (10 mo%) /©)\’(k
Br MVK CH,Cl,, 4A MS, rt Br
NTs-Im-1 NTs-MBH-1
Entry Acid pKa Conversion® /% Hydrolysis*® /% ee‘/%
1 4-0OH-CeH4CO2H 4.55 91 6 81
2 3-Me-CgHaCO2H 4.24 73 4 87
3 BzOH 4.20 77 16 87
4 2-naphthoic acid 4.16 58 4 88
5 4-F-CsH4CO2H 4.15 56 10 85
6 3,5-(0Me);,-C¢H3sCOH  3.97 43 8 29
7 1-naphthoic acid 3.67 43 9 85
8 2-F-Ce¢H4COzH 3.57 24 2 51
9 2-1-CeH4CO2H 2.96 13 1 80
10 Phenylphosphinic acid 2.92 17 3 -24
11 2-OH-CeH4COZH 2.77 6 1 -14
12 3,5-(NO)2-CsH3CO,H 2.67 18 9 -31
13 CeFs-COzH 2.05 5 2 -28

a) Determined by 'H NMR spectroscopy. b) Hydrolysis of NTs-Im-1 to the corresponding aldehyde c) Determined
by chiral HPLC analysis.

Different catalytic profiles were observed for the three different groups of acids. Group 1
acids (substituted benzoic acids, Figure 3.1a) demonstrate a general trend. As the acidity
increased, the rate of reaction decreased, while enantioselectivity was generally high for less
acidic additives. Complete conversion was achieved with 4-hydroxybenzoic acid (Table 3.4,
Entry 1) whereas only 13% conversion was observed for 2-iodobenzoic acid (Table 3.4, Entry
9) after 3 hours. For bulkier acids (Group 2, Figure 3.1b), the catalytic outcomes seem more
complex. The conversion levels for naphthoic acids (Table 3.4, Entries 4 and 7) were consistent
with their pK, values (lower pKa, lower conversion) with the ee values unaffected by the size
of the acid. The case of 3,5-dimethoxybenzoic acid (Table 3.4, Entry 6 )is interesting as the
level of asymmetric induction for this additive is significantly lower than acids with

comparable pK,, suggesting that the size of the substituents may interfere with the

119



positioning of the acid which adversely affects both the rate and enantioselectivity. Finally,
Group 3 acids (low pKa) are characterised by reduced rates of reaction and low
enantioselectivity (Table 3.4, Entries 10-13). The conjugate base is insufficiently basic to

deprotonate the PBK preventing tautomerisation; as a result, the conversion is poor.

The acid screening suggests that the acid additive was not limited to activation of the
phosphonium benzoate ketone but has a role in the stereodetermining step. For acids with
nominally higher pKs values, the ee of the reaction was consistently higher (80% — 87% ee),
although there were two exceptions (3,5-OMe= 29% ee, Table 3.4, Entry 6; 2-F=51% ee, Table
3.4, Entry 8) possibly due to steric or stereoelectronic reasons. No deleterious effects were
observed for 3-methylbenzoic acid (87% ee, Table 3.4, Entry 2). The proton transfer
elimination is involved in the stereodetermining step; consequently, the steric bulk of 3,5-
dimethoxybenzoic acid may alter the orientation of the acid in the stereodetermining step.
For stronger acids, the degree of asymmetric induction is small (-15— -31 % ee), and the
configuration of the MBH adduct is inverted. Essentially, as the ability of the conjugate base
of the acid for transferring protons is more and more diminished, the effect of the acid
additive on the catalysis becomes less prominent. The reaction then proceeds through
primarily via the less organised enolate pathway (e.g. comparable to the case of catalysis

without the acid additive) that is slow and low in enantioselectivity.

In summary, benzoic acid and benzoate are involved in different elementary steps during the
aza-MBH reaction. The inverse relationship between additive acidity and reaction rate is
consistent with the structural model that the benzoate base can deprotonate the a.C-H of TF-
1-PBK, yielding a nucleophilic enol TF-1-PE.BzOH. This enol intermediate differs from TF-1-PE
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(e.g. in the case of catalysis without an acid additive that forms the standard enolate via
nucleophilic activation rather than base activation) in that TF-1-PE.BzOH is primed for proton
transfer, while a standard enolate in typically bifunctional catalysis is stabilised by H-bonding
(Scheme 3.8a). Rapid proton motion in TF-1-PE.BzOH is mediated by the phenol with
concurrent deprotonation by benzoate (Scheme 3.8b). This novel proton transfer network,
connected by the acid and base motifs to establish a low barrier proton transfer pathway (TF-
1-PE.BzOH), rather than a conventional rigid H-bonding framework, for enolate stabilisation.
This perpetual proton transfer network is essential in activating the ground state TF-1-PBK
and primes the following electron exchange in the C—C bond formation via the enol

intermediate (TF-1-PE.BzOH) that is inaccessible for bifunctional catalysts (Scheme 3.8c,d). 42
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Scheme 3.8. a) Tautomers of TF-1-PBK highlighting the key tautomers for C-C bond formation.
b) TF-1-PE and TF-1-PBK are in equilibrium in the presence of BzOH, but tautomersiation
yields the nucleophilic enol TF-1-PE.BzOH. c) The trifunctional enol and enolate pathways are
distinct. d) BzOH does not activate the enol pathway causing rate suppression for MOP.
3.2.2 Proton abstraction: Establishing the proton transfer network

Benzoic acid does not confer catalytic proficiency without cooperativity from the internal
Brgnsted acid motif (phenol) on the trifunctional organocatalyst.*® As the phenol becomes
more acidic, the proficiency increases first and then becomes diminished. The substantial rate
enhancement for TF-2 (15 min vs 3 hours) is slightly diminished by increasing the phenol
acidity further in TF-6 (57% conversion at 15 min). Furthermore, there is a strict preference

for the spatial position of the phenol for optimal rate elevation (Scheme 3.9). The Brgnsted

acid (phenol) in the 2-position (i.e. TF-1) is active with congruent rate elevation and
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asymmetric induction through the PBK pathway. Moving the phenol to the 3-position (i.e. TF-
5) sharply decreases the rate with a modest decrease in asymmetric induction. The position

and acidity of the phenol are critical for an effective proton transfer pathway to emerge.*

NTS Cat. (10 mol%) NHTSO
BzOH (10 mol%)
AN H t X
R X > R
= MVK CH,Cl,, 4A MS, 1t =
NTs-Im-6-7 NTs-MBH-6-7
Br N02
/N‘ /N\ /N‘ /N‘
H H H H
HO OH HO t-Bu HO t-Bu
N N N \
PPh, TF-1 PPh, TF-5 PPh, TF-2 PPh, TF-6
R= m-N02 R= p-NOZ R= m-N02 R= p-NOZ R= p-NOz
(NTs-Im-6) (NTs-Im-7) (NTs-Im-6) (NTs-Im-7) (NTs-Im-7)
Time: 3 h Time: 3 h Time: 15 h Time: 15 min Time: 15 min
Conv.: >95% Conv.: >95% Conv.: >95% Conv.: 91% Conv.: 57%
ee: 82% ee: 80% ee: 77% ee: 82% ee: 87%
Activated proton Ineffective proton Most effective Effective (but diminished)
transfer transfer proton transfer proton transfer

Scheme 3.9. The phenol position and acidity influences proficiency.

In Chapter 2, no correlation was found between catalytic proficiency and the proportion of
the PBK formation relative to the starting phosphine catalyst upon benzoic acid addition,
suggesting that the activation of this new ground state is kinetically based. Following
deprotonation of the a.C-H of TF-1-PBK, the enol TF-1-PE.BzOH can proceed down one of four
pathways: 1) tautomerisation back to the PBK, 2) retro-Michael addition for recycling catalyst
without the proton transfer, 3) C-C bond formation and 4) dissociation of BzOH to TF-1-PE

(Scheme 3.10).
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Scheme 3.10. Pathways accessible to TF-1-PE.BzOH.

In the absence of the imine substrate following deprotonation of a.C-H, there is competition
between pathway 1 and pathway 2; the equilibrium between these two dictates the
proficiency of the PBK intermediate for catalysis. The tautomers of TF-1-PE.BzOH are
partitioned into two groups; 1) the nucleophilic enol (shown in its observable keto form TF-1-
PBK, Scheme 3.10) in which benzoic acid is bound closely to facilitate the proton transfer
network and 2) the unstabilised enolate TF-1-PE in which benzoic acid is loosely held or freely
dissociates from the complex (pathway 4). The unstabilised enolate TF-1-PE can also form a
C-C bond (pathway 5) but this pathway is significantly slower. These dynamic structures

rapidly interconvert until the arrival of the substrate to form a C—C bond (pathway 3).

The phenol has a critical role in forming the proton transfer network by donating a hydrogen

bond to the enolate TF-1-PE. The acidity of the phenol is not only crucial to the stability of the
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enolate but also the tautomerisation rate of the enol back to TF-1-PBK. If the enolate is not
stabilised upon a.C-H deprotonation by the conjugate base benzoate, then the unproductive
retro-Michael elimination pathway (Pathway 2) leading to TF-1 may become dominant. Active
proton transfer between phenol Brgnsted acid and enolate would diminish the impact of the
competing retro-Michael elimination (Pathway 1). Therefore, assessing the relative extent of
the retro-Michael elimination would provide some indication of the robustness of the proton

transfer network contained within the PBK.

The rate of the retro-Michael elimination was measured by *H NMR (600 MHz, CD,Cl,, 293 K)
using a panel of deuterated trifunctional (d>-TF-1, d>-TF-2, d>-TF-3) and bifunctional
organocatalysts (d-BF-1, d-BF-2, d>-MAP, d-MOP), deuterated benzoic acid (BzOD) and MVK.
For the prototype trifunctional organocatalyst d-TF-1, in the presence of BzOD, protonation
of TF-1-PE proceeds with deuteration at the aC to yield d-TF-1-PBK. Retro-Michael
elimination will then proceed with the formation of d-MVK that can be measured as a
decrease in the integral of the substituted vinylic proton (Hc: 6.28-6.35 ppm) relative to the
terminal protons (Hs: 6.20 ppm and Ha: 5.92 ppm) (Figure 3.2a). Therefore, ratios of
deuterium incorporation into the aC-H of MVK, relative to that of TF-1, in a model reaction
catalysed by trifunctional and bifunctional organocatalysts were measured (Figure 3.2a).
Further details regarding deuteration and optimisation of *H NMR acquisition can be found in

Section 3.3.2 Deuteration Studies).
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Figure 3.2. a) Formation of d-MVK and relative rate constants for deuterium incorporation
for a panel of catalysts. b) Catalytic profiles for aza-MBH reaction.

The proton transfer network is accelerated by more acidic phenols, and the rate of retro-
Michael elimination decreases for more proficient catalysts. Substituted phenols with
electron withdrawing groups, such as TF-2 (k= 0.75) and TF-3 (k.= 0.90), presented slower
rates of retro-Michael elimination than the prototype TF-1 (k.= 1.00). This trend is correlated
to the catalytic proficiency of the trifunctional organocatalysts (Figure 3.2b). The deuterium

incorporation profile suggests that the PBK activation by proton transfer requires
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cooperativity between the phenol Bronsted acid and BzOH. As the proton transfer network
becomes more competitive (i.e. TF-2>TF-3>TF-1), the measured rate of the retro-Michael
addition (deuterium incorporation) decreases. As such, the rate of retro-Michel addition is

slower for more proficient trifunctional catalysts.

For bifunctional controls, BF-2 (k.= 1.64) and BF-1 (k.= 2.76), the retro-Michael elimination
pathway is, as expected, more dominant than that for TF-1 (k.= 1.00) or the other
trifunctional organocatalysts. The methoxy control BF-1 is unable to form an H-bond to
facilitate the proton transfer, and the lack of the amino group (BF-2) diminishes benzoic acid
association. Both the Brgnsted acid (phenol) and the Brgnsted base (NH) are therefore
required for more active proton transfer, and the lack of either one leads to more prominent

elimination of MVK.

For bifunctional catalysts MOP (k.= 2.88) and MAP (k=1.51), the retro-Michael elimination
pathway is also more dominant than that for the trifunctional organocatalysts. Rapid
elimination for the case of MOP may be the result of an unfavourable partition between non-
H-bonded and H-bonded geometries. The high rate of elimination suggests non-hydrogen
bonded geometry is favoured, contributing to the rapid elimination of MVK from MOP-PBK
to yield the free phosphine MOP. Furthermore, the hydrogen bonding from the MOP phenol
can stabilise the MOP enolate but is not able to promote cooperative proton transfer for the
PBK. The mode of proton transfer activation is ablated for this catalyst, rendering this PBK
inactive and parasitic. MAP, on the other hand, can form a Brgnsted acid-base complex.
Dissociation of benzoic acid is diminished, which promotes protonation and tautomerisation

back to the PBK and reduces the extent of the retro-Michael elimination.
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In summary, the deuterium incorporation investigation reveals cooperativity in activating
proton transfer between the phenol Brgnsted acid, amine Brgnsted base, and BzOH, which is
consistent with the proton shuttle ion pair structural model. The Bronsted amine provides a
binding site for benzoic acid following deprotonation of the phosphonium butanone. This
binding site is destabilised for sterically demanding acids. Protonation of the amine by benzoic
acid can initiate proton transfer from the amine to phenol and phenol to enolate. The spatial
organisation of the different motifs enables this proton transfer network to function. Thus,
the novel characteristics of the trifunctional organocatalyst are a result of an active proton
transfer network enabled by the conformational geometry, dynamics and spatial organisation

of the various motifs that gives rise to the nucleophilic enol (TF-1-PE.BzOH).

3.2.3 Conjugative catalysis is achieved with recognition of the cognate proton
transfer pathway by the substrate
The next set of questions relate to how the activation of the new ground state PBK by a
cooperative proton transfer network, between the trifunctional catalyst, the enone substrate
MVK, and the additive BzOH, configures into the rate and stereo-determining steps (e.g. C-C
bond formation and proton-transfer-elimination). Our earlier demonstration that the aldol
addition was the rate determining step** was confirmed with a large inverse secondary KIE
observed for o-deuterated benzaldimine (ku/ko= 0.80)(See Section 3.3.3 Measuring
secondary kinetic isotope effect for more details). Rate acceleration with a-D-NTs-MBH-1
confirms that in the rate-determining-step the imine substrate changes geometry from sp? to
sp? (i.e. the Aldol addition). How the proton transfer network is established after the carbon-
carbon bond formation to confer the final proton-transfer-elimination event is likely to be
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dependent on the substituent on the aldimine that will need to help stabilise the developing
negative charge on the imine nitrogen and also coordinate the next proton transfer events

with the nucleophilic enol (Scheme 3.11a).

A test aza-MBH reaction was examined using TF-1, MVK, and BzOH in the presence of either
a carbaldimine (NBoc-Im-1) or sulfonyl aldimine (NTs-Im-3 and NMs-Im-1) substrate as the
electrophile (Scheme 3.11b). Sulfonyl or carbamoyl substituents have different charge
stabilisation capacity for reacting with the nucleophilic enol.** For example, during C—C bond
formation, the carbamoyl substituent of the carbaldimine has a higher capacity to stabilise
the developing negative charge than the sulfonyl-substituted imine (Scheme 3.11a). For the
former the intermediate is stable and proton transfer is not required, while for sulfonyl-
substituted substrates the intermediate is less stable and proton transfer is required to ratify

the electron exchange of the Aldol-type addition.

First and foremost, BzOH elicited distinct catalysis switching profiles for NBoc-Im-1 and
sulfonylaldimines (NTs-Im-3 and NMs-Im-1). The response to acid activation for the
trifunctional organocatalyst TF-1 was only observed when the imine substrate possessed a
sulfonyl substituent (NTs-Im-3 and NMs-Im-1). The PBK-mediated pathway via the
nucleophilic enol was 3-fold faster than the conventional enolate pathway for imine NMs-Im-
1, and the sense of the asymmetric induction switched from -40% ee without acid to 67% ee
with BzOH. NMs-Im-1, similar to the tosyl-substituted imine NTs-Im-3, requires BzOH for
enhanced catalytic proficiency. However, the decreased electrophilicity of the mesyl
substrate decreases the rate of reaction relative to that of the tosyl substrate. On the contrary,

the catalysis with the carbamoyl-substituted imine NBoc-Im-1 does not respond to the acid
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additive. The MBH product NBoc-MBH-1 are formed through the conventional enolate

mechanism and do not require acid additives to initiate proficiency.
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Scheme 3.11. a) Role of the protecting group in the stabilisation of the aldol adduct. b)
Catalysis data for different protecting groups on the substrate.

The enolate (TF-1-PE) and nucleophilic enol (TF-1-PE.BzOH) give rise to two distinct catalytic
modes, subjugative and conjugative (Scheme 3.12). The conventional enolate mechanism is
in the subjugative mode wherein the trifunctional catalyst is the dominant contributor to rate
and enantioselectivity. Carboaldimine (N-Boc-Im-1) adopts the subjugative mode via TF-1-PE
for C-C bond formation (Scheme 3.12, red pathway). The aldol adduct with a carbamoyl group
stabilises the aldolate intermediate, negating the need for a rapid proton transfer to occur.

On the contrary, tosyl substrates adopt the conjugative mode via the nucleophilic enol
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(Scheme 3.12, blue pathway). Unlike subjugative catalysis, in the conjugative mode of
catalysis, catalyst (TF-1) and cofactor (BzOH) cooperate to establish the cognate proton
transfer pathway for proficient catalysis. The trifunctional catalyst alone cannot prescribe the
conjugative mode, rather- it provides the chiral blueprint to establish a proton network that
emerges, in the presence of a cognate imine substrate, to enable C—C bond formation. The
nucleophilic enol is only operational if the substrate is capable of recognising the nucleophilic
enol’s proton motion and extend the proton-transfer network during the C-C bond formation.
Critically, the conjugative mode couples the C-C formation to proton transfer, allowing

concurrent enhancement of rate and asymmetric induction.
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Scheme 3.12. Substrate-directed catalytic emergence for TF-1-PE and TF-1-PE.BzOH.

Two possible proton transfer mechanisms in the conjugative mode to the aldolate (TF-1-Al’)
are possible; 1) direct protonation of the sulfonamide by benzoic acid (Figure 3.3a) and 2)
cooperative protonation of the sulfonamide with a catalyst-acid complex (Figure 3.3b). Retro-

Michael elimination and deuterium incorporation studies (Section 3.2.2 above) supports
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conjugative catalysis mediated by the acid-catalyst complex with phenol assisting in proton
transfer to form the stable C—C bond and yield TF-1-Al (Figure 3.3c). The conformation of TF-
1-Al"in the TS for proton transfer to TF-1-Al adopts the proton motion facilitating C—C bond
formation (Figure 3.3d). Asymmetric induction is lower for sterically demanding acids, such
as 3,5-dimethoxybenzoic acid or ortho-substituted acid. Additionally, phenol-bearing
catalysts yield more proficient catalysis suggesting that the BzOH-amine-phenol proton
shuttle is the major contributor. Cooperativity of chemical motifs activates the conjugative
mode for proton transfer. The specificity of the conjugative mode (nucleophilic enol,
protonation by the proton-transfer network) outcompetes the subjugative pathways
(conventional enolate, direct protonation by benzoic acid) to enable rate-coupled asymmetric

catalysis.
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Figure 3.3. Possible proton transfer pathways. a) Direct Protonation by benzoic acid. b)
Cooperative protonation mediated by BzOH-catalyst complex. c) Formation of the TF-1-Al
intermediate. d) The structural model for TF-1-Al" show the conformation amenable to proton
transfer.

3.2.4 Conclusion
In this chapter, a new mechanism of conjugative catalysis enabled by emergent proton
transfer between the initial catalyst (TF-1), additive (BzOH), and substrates (MVK and
sulfonylimine) was outlined in a model aza-MBH reaction. The trifunctional catalyst alone is
not able to prescribe this conjugative catalysis, as the proton transfer network is organised
by the acid additive and extendable only by a cognate substrate for the key carbon-carbon

bond formation to proceed and subsequent proton-transfer-elimination step to ensue. In the
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case of sulfonyl imines, conjugative catalysis outcompetes the subjugative pathway (enolate

driven, based on H-bonding) via organised proton motion.

The structural model from Chapter 2 is consistent with the acid additive effects examined in
this chapter. It appears that the conjugative base of the additive BzOH is integral to all steps,
with its constraint motion allowing a proton transfer network to persist over the entire
reaction coordinate. The BzOH additive effectively expands the aza-MBH reaction paradigm
in which both the conjugative and subjugative pathways are in equilibrium. Cooperativity
between the substrate and the counterion are required to select for the proficient conjugative
catalysis and shift the mechanism to the conjugative mode in the expanded reaction space.
In the next chapter, the characteristics of the imine substrates will be examined in further

details to assessing the scope of limits of this conjugative catalysis (Scheme 3.13).

Conventional Reaction Space Expanded Reaction Space
No BzOH + BzOH
Imine Imine
P+ Ps P + Ps Pr + *
e A= =
1Al TF-1-Al TF-1-Al
TF-1-A Enap 4
Imine : >\Imine Imin?e( )\Imine Imin;/< )\Imine
BzOH
TF-1-PE TF-1-PE ————W»— TE.1-PBK 7
Chap 3
MVKUMVK MVKUMVK P Chap 2
TF-1 TF1
MVK MVK

Scheme 3.13. BzOH activates a new mechanism for the trifunctional organocatalysed aza-
MBH reaction.
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3.3 Experimental
3.3.1 Material and methods

Toluene and THF were distilled from sodium/benzophenone immediately before use. All
other reagents were purchased from Sigma-Aldrich Castle Hill. Unless specified, all
commercially available reagents were used without further purification. Dichloromethane
was distilled from calcium hydride. All air and moisture sensitive reactions were performed
under a nitrogen atmosphere. Reactions were magnetically stirred and monitored by thin-
layer chromatography (TLC) using silica gel 60 F254 aluminium pre-coated plates from Merck
(0.25 mm). Flash column chromatography was performed on silica gel (60 A, 0.06-0.2 mm,
400 mesh from Scharlau).

All *H, 13C and 2D NMR experiments were performed on either a Bruker AVIIIHD 400 MHz
NMR Spectrometer equipped with a BBFO SmartProbe (5mm) or DRX600 NMR spectrometer
equipped with a TXI (5 mm) Cryoprobe. Chemical shifts were reported in ppm using residual
CHClI3 (6k; 7.26 ppm, &¢; 77.16 ppm) as an internal reference. All 2D NMR experiments were
run with quadrature detection and a relaxation delay of 1-3 s. High power 1H /2 pulses were
determined to be ~9.5 ms, and 13C high power /2 pulse was 11.05 ms, and a low power pulse
of 65 ms was used for GARP4 decoupling. Gradient pulses were delivered along the z-axis
using a 100 step sine program. Heteronuclear single quantum coherence (HSQC) experiments
were optimised for a Lcy coupling of 145 Hz and HMBC spectra for a coupling of 20 Hz, using
145 Hz to suppress YJcn couplings. HSQC experiments were performed using the hsqcetgpsi or
hsqcedetgpsp.3 (phase-edited HSQC) pulse program, and HMBC experiments were
performed using the hmbcgplpndgf pulse program. HSQC spectra were processed (m/2
shifted sine bell squared in both dimensions) phase sensitive and HMBC (sine squared in both

dimensions) with magnitude calculation in F1. 13C spectra were acquired using the UDEFT
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sequence. NOESY experiments were performed using the noesygpphzs pulse program with a
mixing time of 400 ms. All spectra were processed using Bruker TOPSPIN 3.5pl7. Trifunctional

organocatalyst were prepared following the literature procedure.*- 46-48

3.3.1 Acid screen

NTs o TF-1 (10 mol%) NHTsO
RCO,H (10 mol%) /©)\’(U\
HY \)j\
N >
Br/©)L MVK CH,Cl,, 4A MS, rt Br
NTs-Im-1 NTs-MBH-1

Scheme 3E.1. Acid screen for model aza-MBH between NTs-Im-1 and MVK by TF-1.

TF-1 (1.37 mg, 2.4 umol, 10 mol%) and acid (2.4 umol, 10 mol%) in anhydrous CH,Cl, was
added to a flame-dried 2 mL vial charged with a stir bar and 4A MS. NTs-Im-1 (8.28 mg, 24
pmol) was added in CH,Cl; and the volatiles removed by nitrogen blow down. Anhydrous
CH2Cl, (150 uL) was added and the vials sonicated to ensure complete dissolution of the
reagents. MVK (5.15 mg, 73 umol, 3 equiv) was added and the reaction stirred vigorously in
a 25 °C sand bath for 3 hours. The volatiles were removed in vacuo and the crude material
was analysed by *H NMR spectroscopy to determine conversion and chiral HPLC to determine

enantioselectivity.
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3.3.2 Deuteration Studies

3.3.2.1 Preparation of d-Benzoic acid (BzOD)

0 o)
D,O
O)LOH %; dOD
BzOH BzOD

Scheme 3E.2. Deuteration of benzoic acid by D,0
Under an inert atmosphere, benzoic acid (500 mg) was recrystallised twice from D,0 and
dried extensively under high vacuum. d-Benzoic acid (450 mg) was stored in a desiccator

under an inert atmosphere and used within two days of preparation.

3.3.2.2 General Procedure for Deuteration of trifunctional organocatalysts

R? R?
/N\ /N\
H D
HO Rl BzOD (5 mol%) DO Rl
o
N D,0:MeOD:CDCI N
PPh 2 3 PPh
2 (2:10:20) :
TF-1, R1=R?=H 40°C, 3 h d,-TF-1, R*=R*=H
TF-2, R= t-Bu, R?=Br d,-TF-2, R1=t-Bu, R?=Br
TF-3, R'=F, R>=Br d,-TF-3, Rl= F, R?=Br

Scheme 3E.3 Deuteration of trifunctional organocatalysts

Organocatalysts (18.0 umol) was added to a flame dried 1.5 mL vial charged with a stir bar.
Freshly prepared d-Benzoic acid (0.90 umol, 5 mol%) was added in CDCls (200 pL) and the
vessel was purged six times with Argon. MeOD-d, (100 pL) and D,0 (20 pL) were added and
the mixture heated at 40 °C with stirring for 3 hours. After 3 hours the solvent was removed
under reduced pressure at 50 °C. The residue was redissolved in CDClz (100 pL) and the
solvent removed under reduced pressure five times to remove residual MeOD-ds (100 uL)

and D;0. This procedure yielded deuteration of the organocatalyst exchangeable protons of

137



approximately 85% (deuteration of both OD and ND)(Table 3E.1 for full extent of deuteration).

The dry residue was handled under inert conditions and used immediately.

Table 3E.1. Proportions of exchangeable protons deuterated.

Catalyst Extent of deuteration%
1 2 3
TF-1° 80 90 85
TF-2° 85 90 85
TF-3° 90 90 90
BF-1°¢ 70 83 60
BF-2¢ 90 90 85
MAP® 60 60 60
MOP 95 80 70

a) As measured by *H NMR (600 MHz, CD,Cl). b) Deuteration of NH and OH. c) Deuteration of NH d) Deuteration
of OH. e) Deuteration of NH,

Figure 3E.1. Characteristic deuteration of TF-1 with 5 mol% BzOD in CDCl; (600 MHz)

3.3.2.3 General Procedure for measuring rate of retro-Michael Elimination
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Scheme 3E.4. Deuteration and elimination of d-MVK.

The deuterated catalyst was dissolved in CD,Cl, under an Argon atmosphere and transferred
to an NMR tube washed with CDCls and dried under reduced pressure. Freshly prepared d-
Benzoic acid was added till a 1:1 ratio with catalyst was obtained as measured by *H NMR
(600 MHz). Methyl Benzoate (1 equiv) was added as an internal standard. The temperature
of the bore was then lowered to 283 K and MVK (5 equiv) was added in one portion. The tube
was inverted to ensure thorough mixing before reinjecting into the spectrometer and
allowing ketone-phosphine equilibrium to be reached. After the equilibrium was reached in
10 minutes, the temperature was raised to 293 K and *H NMR spectra were acquired every
45 seconds for 1 hour. The spectra were then analysed in TopSpin 3.2 with the concentration
of ketone and d-MVK determined for each time point. The concentration of d-MVK was
determined by measuring the integrals of the three vinylic protons of methyl vinyl ketone.
These experiments were performed in triplicate for each catalyst and the second order rate
constant calculated (Table 3E.2).

Table 3E.2. Summary of the second order rate constant for the elimination of d-MVK.

Catalyst  kobs (second order) kobs (standardised)?

TF-1 6.81E-02 100%
TF-2 5.13E-02 75%
TF-3 6.13E-02 90%
BF-1 1.88E-01 276%
BF-2 1.12E-01 164%
MAP 1.02E-01 151%
MOP 2.08E-01 306%

a) Standardised to the elimination of TF-1.
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3.3.3 Measuring secondary kinetic isotope effect
For secondary KIE (2° KIE) analysis,**? a-d-NTs-Im-1 was prepared using literature reports

from p-bromobenzoic acid.>3

IVIQSO(;| LiAID OHD PCC
OH #» — D —>»
/@)L A on /©)L THF 0 °C-rt /@X CH,ClI,, rt, 15 min
Quant. 66% Br 75%
3.2 2 3.25

NH,SO,p-Tol
D —>»
Si(OEt),, 120 c

on, 80%
o-d-NTs-Im-1

Scheme 3E.5. Synthesis of a-d-NTs-Im-1

Methyl 4-Bromobenzoate (3.24)

4-bromobenzoic acid (3.23, 1.00 g, 4.76 mmol) was refluxed in methanol (5 mL) and conc.
H2S04 (250 pL, 5 mol%) overnight. The mixture was cooled to room temperature and carefully
neutralized with NaHCOs. The reaction was diluted with water (5 mL) and extracted three
times with EtOAc (20 mL) and the organic extracted washed with brine. The organic phase
was dried over sodium sulfate and the solvent removed under reduced pressure to afford the
pure methyl ester 3.24 (1.02 g, 100%), which was used without further purification. *H NMR

(400 MHz, CDCl3, 6): 7.91 (d, J= 8.5 Hz, 2H), 7.59 (d, J= 8.5 Hz, 2H), 3.03 (s, 3H).

d2-4-bromobenzylalcohol (3.25)
3.24 (430 mg, 2.05 mmol) in THF (8.2 mL) was cooled to -20 °C and LiAID4 (42.99 mg, 1.02
mmol) was added in small portions over 10 mins under a nitrogen atmosphere and the

reaction was warmed to room temperature. After 1 hour the reaction was cooled to 0 °C and
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carefully quenched with 1 M HCI. The volatiles were removed in vacuo and the residue
resuspended in EtOAc (30 mL). The organic phase was washed with water (10 mL) and brine.
The organic phase was dried over sodium sulfate and the solvent removed under reduced
pressure. The crude alcohol was purified by flash chromatography (15% EtOAc: Hexane) to
afford pure 3.25 (255 mg, 66%). 'H NMR (400 MHz, CDCls, 8): 7.49 (d, J= 8.4 Hz, 2H), 7.25 d,

J=8.4 Hz, 2H), 1.68 (bs, 1H).

ad-4-bromobenzyaldehyde (3.26)

The deuterated alcohol 3.25 (250 mg, 1.32 mmol) was suspended in DCM (12 mL) and PCC
(430 mg, 2 mmol) was added in small portions over 10 mins under a nitrogen atmosphere.
After 15 minutes, the reaction had reached by completion as determined by TLC.
The reaction was cooled to 0 °C and carefully quenched with 1 M HCI. The reaction was diluted
with DCM (20 mL) and filtered through a bed of celite. The solvent removed under reduced
pressure and the crude aldehyde was dry loaded with celite and purified by flash
chromatography (5% EtOAc: Hexane) to afford pure 3.26 (200 mg, 75%). *H NMR (400 MHz,

CDCls, 8): 7.76 (d, J= 8.4 Hz, 2H), 7.74 (d, J= 8.4 Hz, 2H).

(E)-N-((4-bromophenyl)methylene-d)-4-methylbenzenesulfonamide (o.-d-NTs-Im-1)

Deuterated aldehyde (3.26) (175 mg, 0.94 mmol) and p-toluenesulfonamide (164 mg, 0.96
mmol) were suspended in Si(OEt)s (587 mg, 2.82 mmol) in a sealed tube under a nitrogen
atmosphere. The reaction was heated at 130 °C overnight before cooling the room
temperature. The precipitated crude benzaldimine (a-d-NTs-Im-1) was recrystallized from

EtOAc: Hexane to afford the pure benzaldimine (a-d-NTs-Im-1) (252 mg, 78%). *H NMR (400
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MHz, CDCls, 8): 7.89 (d, J= 8.0 Hz, 2H), 7.79 (d, J= 8.6Hz, 2H), 7.60 (d, J= 8.6 Hz, 2H), 7.36 (d,

J=8.0 Hz, 2H), 2.45 (s, 3H).

3.3.3.2 Measuring inverse secondary KIE

N,Ts
o) | TF-2 (10 mol%) NHTSO
\)]\ . D/H BzOH (10 mol%)
> D/H
MVK Br CD,Cl,, 1t
Koyr= 0.80 Br
(1:1 D/H) pH= 0. NTs-MBH-1
NTs-Im-1

Scheme 3E.6. Reaction to perform 2° KIE analysis of the acid-regulated aza-MBH.

To a 1:1 mixture of a-d-NTs-MBH-1 (12.43 mg, 0.04 mmol) and NTs-MBH-1 (12.43 mg, 0.04
mmol) in CD,Cl; was added catalyst TF-2 (0.008 mmol, 10 mol%), and benzoic acid (0.97 mg,
0.008 mmol, 10 mol%). Methyl vinyl ketone (7.71 mg, 0.11 mmol) was added and the reaction
monitored by *H NMR spectroscopy (600 MHz) with a 4 s relaxation delay. 4 scans were
performed for each experiment with a 60 s delay between experiments. The reaction was
monitored until the reaction had reached 20% conversion, as determined by the ratio
between the imine proton and benzylic proton of the aza-MBH product. The amount of
deuterated substrate was determined by subtracting the integral of the benzylic proton (5.20

ppm) from the vinyl proton (6.08 ppm).
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Figure 3E.1. a) 'H NMR spectrum (600 MHz, CD,Cl,, 298 K) of the crude reaction mixture with
o-d-NTs-Im-1- and a-d-NTs-Im-1 catalysed by TF-2. b) 'H NMR expansion (4.90-6.60 ppm)
highlighting the key proton 5.21 ppm (NTs-MBH-1) and 6.10 ppm (a-d-NTs-MBH-1, NTs-
MBH-1).
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3.3.4 Preparation of imine substrates

3.3.4.1 General procedure for preparation of N-Ms protected imines (N-Ms-Im-1)

0] N,MS

NH,Ms, TiCly, NEt3
RT CH,Cl,, 0°C-1t, 16 h oL
4

R=4-CI: NMs-Im-1

Scheme 3E.7 TiCls catalysed mesyl imine formation.

In a 100 mL round bottom flask charged with a stir bar was added methanesulfonamide (3.15
mmol, 1 equiv), DCM (25 mL), aldehyde (3.31 mmol, 1.05 equiv) and NEts (1.5 mL, 3.5 equiv).
The solution was stirred and cooled to 0 °C. A freshly prepared solution of TiClsin anhydrous
CH,Cl; (1 M, 3.5 mL, 1.1 equiv) was added dropwise over 15 mins. The solution was allowed
to slowly warm to room temperature over 2 hours and stirred for 16 hours. The crude mixture
was filtered through a pad of celite, and the celite was washed three times with DCM before
evaporating the solvent under reduced pressure. Anhydrous toluene (20 mL) was added, and
the solution refluxed for 2 hours. The mixture was filtered through celite, washed three times
with DCM and solvent evaporated under reduced pressure to afford analytically pure N-Mesyl

protected imines which was used without further purification.

A

NMs-Im-1
(E)-N-(4-chlorobenzylidene)methanesulfonamide (NMs-Im-1)

1H NMR (400 MHz, CDCls, 8): 8.99 (s, 1H), 7.89 (d, J= 8.4 Hz, 2H), 7.51 (d, J= 8.4 Hz), 3.13 (s,
3H)

13C NMR (100 MHz, CDCls, 8): 170.4, 141.9, 132.5, 130.7, 129.9, 40.4.

MS (ESI): 279.1 [M+2-PrOH+H]
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3.3.4.2 General procedure for N-Boc imine (NBoc-Im-1)

.Boc .Boc
O HN N
NHZCO2R, NaSOoAT Cs,CO4
AN S —_— > AN
RS H H,0, MeOH, H,COH R SOAT ch,Cly, it 1h gL H
= rt, 3 days Z =
R= 4-Cl: NBoc-sulfone-1 R=4-Cl: NBoc-Im-1

Scheme 3E.8. Preparation of N-Boc substrates via sulfones.

To a 50 mL round bottom flask charged with a stirring bar was added aldehyde (4 mmol),
carbamate (2.67 mmol, 0.67 equiv) and p-toluenesulfinic acid sodium salt (8 mmol, 2 equiv).
A solvent mixture of water (6 mL), methanol (3 mL) and formic acid (2 mL) were added, and
the mixture sonicated until material had dissolved. The reaction was stirred at room
temperature for three days before collecting the precipitate and washing with water and cold
ether. The crude material was then triturated with ether to yield analytically pure carbamate
sulfone.

The sulfone was dissolved in freshly distilled DCM, and anhydrous Cs,COs (10 equiv) was
added. The reaction was vigorously stirred for 45 minutes before filtering the heterogeneous
mixture through celite. The precipitate was washed three times with DCM and filtrate

concentrated under reduced pressure to afford analytically pure carbamate imines.

Boc.
NH

2
>
o
cl

NBoc-sulfone-1
tert-butyl ((4-chlorophenyl)(tosyl)methyl)carbamate (NBoc-sulfone-1)

1H NMR (400 MHz, CDCls, 8): 7.77 (d, J= 8.1 Hz, 2H), 7.38 (m, 4H), 7.34 (d, J= 8.1 Hz, 2H), 5.86
Hz (1H, J= 10.6 Hz, 1H), 5.71 (b, 1H), 2.43 (s, 3H), 1.26 (s, 9H).

13C NMR (100 MHz, CDCl3, 8): 153.59, 145.35, 136.07, 133.62, 130.31, 229.87, 129.59, 129.02,
128.73,81.42,73.31, 28.04, 21.74

MS (ESI): 240.1 [M+H-Ts]
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NBoc-Im-1
tert-butyl (E)-(4-chlorobenzylidene)carbamate (NBoc-Im-1)

1H NMR (400 MHz, CDCls, 8): 8.82 (s, 1H), 7.84 (d, J= 8.5 Hz, 2H), 7.44 (d, J= 8.5 Hz, 2H), 1.58
(s, 9H).
13C NMR (CDCl3, 100 MHz, §): 168.4, 162.5, 139.9, 132.6, 131.4, 129.4, 82.6, 28.0

MS (ESI): 240.1 [M+H]

3.3.4.3 General procedure for aza-MBH reaction.
Catalyst (2.5 pumol), imine (25 pumol) and benzoic acid (2.5 umol) were combined in a 1.5 mL
Teflon capped vial with 4A molecular sieves. MVK (75 pmol) was added to the mixture and
the reaction diluted to a total volume of 200 pL. Aliquots of the reaction mixture were taken
and volatiles removed via nitrogen blow down. The residue was redissolved in CDClsz to

determine conversion to product and analysed by chiral HPLC.

Ms.

Joan

NMs-MBH-1
N-(1-(4-chlorophenyl)-2-methylene-3-oxobutyl)methanesulfonamide (NMs-MBH-1)

1H NMR (100 MHz, CDCls, 8): 7.27 (m ,4H), 6.28 (s, 1H), 6.15 (s, 1H), 5.71 (d, J= 9.0 Hz, 1H),
5.43 (d, J= 9.0 Hz, 1H), 2.87 (s, 3H), 2.33 (s, 3H)

13C NMR (100 MHz, CDCls, 8): 6 199.0, 147.3, 137.9, 133.9, 129.3, 129.0, 128.7, 128.1, 58.4,
41.9, 26.7

MS (ESI): 333.1 [M+ 2Na-H]

Chiral HPLC: 60:40 Hex/2-PrOH, Whelk-01 Column, RT1 15.50 min, RT, 18.00 min
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NBoc-MBH-1
tert-butyl (1-(4-chlorophenyl)-2-methylene-3-oxobutyl)carbamate (NBoc-MBH-1)

14 NMR (400 MHz, CDCls, §): 7.26 (d, J= 8.0 Hz, 2H), 7.19 (d, J= 8.0 Hz, 2H), 6.22 (s, 1H), 6.12
(s, 1H), 5.59 (d, J= 8.6 Hz), 5.54 (br, 1H), 2.30 (s, 3H), 1.44 (s, 9H).

13C NMR (100 MHz, CDCl3, 8): 199.0, 155.1, 147.6, 139.0, 133.4, 133.2, 130.2, 128.5, 127.6,
80.1, 55.9, 28.5, 26.7.

MS (ESI): 254.1 [M-t-Bu], 193.1 [M-NHBoc]

Chiral HPLC: Mobile Phase 75:25 Hex/2-PrOH, Chiralpak AD-H column RT1: 15.6 min, RT2: 16.5
min.
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Chapter 4

Scope of the Trifunctional Conjugative

Catalysis in the aza-MBH Model System
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4.1 Introduction
In this chapter, the conjugative catalysis mode outlined in Chapter 3 will be tested with new
heterocyclic substrates. Substrate bearing nitrogens are challenging due to potential
interference from additional Brgnsted base motifs with proton transfer unless the proton

motion can be specified with high fidelity in the proton transfer network.

4.1.1 Nitrogen Heterocycles in organocatalysis
Nitrogen heterocycles are one of the most abundant epitopes in small molecule drugs.? In
particular, pyridine heterocycles not only are common pharmaceutical moieties,>> but also
are used as catalysts, because of the basicity of the pyridinyl nitrogen and its involvement in
proton shuttling, hydrogen bonding or metal chelation.® For example, chelation to transition
metals can provide a chiral environment around the metal centre.”® As an organocatalytic
motif, pyridine motifs can function as a nucleophile!***, or hydrogen bond donors as the
pyridinium salt.?®17 Pyridines also enable fundamental processes such as proton transfer in

low-barrier H-bonds to be studied.'®

Due to the different functional roles of pyridines employing them as substrates, rather than
catalysts, can be challenging. For example, pyridine carboxaldehyde, and carbaldimines are
under-represented as substrates in hydrogen-bond activated organocatalytic reactions due
to the capacity of the pyridinyl nitrogen can hijack stereospecific proton transfer eroding
stereoselectivity.1®2! In light of the mechanistic work presented in Chapter 2 and 3 of this
thesis, the next interesting question is if and how an emergent proton transfer network can

be established for heterocyclic substrates with complex characteristics.
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4.1.2 Pyridine carboxaldehyde as aza-MBH substrates.
Pyridinyl substrates are underrepresented in the enantioselective MBH and aza-MBH reaction.
This is somewhat surprising given the potential utility of MBH adducts in pharmaceutical
synthesis.?>2* Below reports of asymmetric catalysis with 2-pyridinyl and 3-pyridinyl

substrates will be outlined.

4.1.2.1 2-carboxypyridine substrates
Adolfsson et al. published the first report of a racemic in situ aza-MBH with 2-
pyridinecarboxaldehyde (Figure 4.1).2> To suppress the formation of the undesired MBH
adduct, the pyridinyl aldimine was formed over 24 hours before adding methyl acrylate. The
reaction was catalysed with La(OTf)s and 3-hydroxyquinuclidine (3-HQD) with 4A MS. The aza-
MBH adduct was isolated with 83% yield as well as the MBH adduct as a minor product (7%).
Substituting La(OTf)s for Ti(Oi-Pr)s improved the isolated yield for the aza-MBH reaction to
92%.26 Immediate addition of methyl acrylate decreased the yield of the aza-MBH adduct
(80%). An enantioselective variant was reported with B-ICD employed as the chiral catalyst.?’

However, the enantioselectivity of the reaction was only moderate (50% ee).

( N\ N\
o H.
R X @]
| N
N
OH N — | N OMe
YA zN
3-HQD (15 mol%) OH 4.1
La(OTf)3 (2 mol% X= NTS X= NTs
N(HszS)S(Z(L equiv)) Time: 24 h B-ICD (15 m°|0/g) Time: 48 h
CPrOH. 1t Yield: 83% Ti(Oi-Pr)4 (2 mol%) Yield: 95%
: ee: rac NHTs (1 equiv) ee: 50%
L ) L THF, rt y

Figure 4.1. 2-Pyridine aza-MBH adducts and catalysts used for the transformation.
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2-pyridinecarboxaldehyde has also been used in a racemic MBH reaction as a part of a
multistep synthesis of quinolines.?® Jgrgensen et al. reported an indirect method for
preparation of chiral aza-MBH adducts from racemic MBH trichloroacetimidates (Scheme
4.1).%° Racemic MBH adducts (4.2) were prepared and transformed with DBU and 4.3 into O-
allylic trichloroacetimidates (4.4). A [1,3]-sigmatropic rearrangement of acetimidate 4.4 by
[DHQD].PHAL yielded the trichloacetamide aza-MBH adduct 4.5 with 64% yield and 87% ee.
The procedure yields the aza-MBH adduct with high enantiopurity, but the need for an
indirect methodology demonstrates that this is a challenging class of substrate for the aza-

MBH reaction.

CCly
OH O
DBU (0.2eq) HN™ O O
X OMe + N=—CCl; ——— 5
| _N 4.3 0°C-rt,2h | . OMe
_N
4.2 4.4
N
ccl N=N
AL : »/ PHQD—{ _ H—DHQD
[DHQD],PHAL (0.1eq) 0P NH O =
1,4-dioxane, 40 °C, 2 d | R OMe
_N [DHQD],PHAL
45 )

Scheme 4.1. Indirect synthesis of aza-MBH adducts by [1,3]-sigmatropic rearrangement.

4.1.2.3 3-Pyridine carboxaldehyde
The initial report of a racemic 3-pyridinyl aza-MBH adduct was from the corresponding MBH
acetate and DABCO via Sn2’ substitution.3® Gajda et al. reported the formation of racemic N-
Boc aza-MBH adducts from the corresponding N-Boc sulfone in low yields (51%) over five
days.3! Zhong et al. reported a substituted calix[4]arene phosphine organocatalyst 3.22 which

required benzoic acid (BzOH) to enhance the rate of a racemic aza-MBH reaction of a variety
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of substituted aryl N-Ts benzaldimines including a pyridinyl adduct (NTsPyr-MBH-1).32 In 2015,
the Zhong group reported a derivatised ferrocene bifunctional organocatalyst 4.6.3 The
reaction was dependent upon the addition of BzOH to achieve high yields of NTsPyr-MBH-1

(81%), but the enantioselectivity was poor (31%).

N\ ( N\
“—NHAC
NHTsO & NHTsO
="~Ppph,
| N Fle | =
7 s
N S N
NTsPyr-MBH-1 NTsPyr-MBH-1
3.22 (10 mol%) Tie 2 h 4.6 (10 mol%) Time: 22 h
BzOH (10 mol%) Vield: 83% BzOH (10mol%)  violq: 8196
. CH,Cl,, 40 °C J || CHLChyrt ee:31%

Figure 4.2. 3-pyridine NTs aza-MBH adducts (NTsPyr-MBH-1) and the catalysts used for the
transformation.

4.1.3 Proton motion specificity in conjugative catalysis
In Chapter 3, conjugative catalysis for a model aza-MBH reaction involving organised proton
transfer between the acid additive (BzOH) and a cognate sulfonyl imine substrate was
outlined. In the conjugative mode, the trifunctional catalyst, substrates and counterion
together facilitate fast and enantioselective proton transfer for catalytic proficiency. In this
chapter, the specificity of the cognate proton transfer process will be examined by testing
additional heterocyclic substrates for the aza-MBH reaction. Conjugative catalysis is highly
selective based on cooperativity between motifs so may be more tolerant of H-bond donors
or acceptors such as pyridine containing substrates. Additional proton stationary sites
(Brgnsted base) from the pyridinyl nitrogen may not perturb the generation and deployment

of the cooperative proton network if their positions are not spatially aligned.
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2- and 3-substituted pyridines are examined next as they could potentially influence the
conjugative proton transfer pathway and challenge the specificity of the proton motion
(Scheme 4.2). The pyridinyl nitrogen in the 3-position may be unable to act as an intermediary
in proton transfer catalysis as it is further removed from the bond formation site. Conversely,
if the pyridinyl nitrogen is in the 2-position proton transfer may interfere with the cognate
proton transfer pathway and decrease the enantioselectivity due to the proximity between

the nitrogen and sulfonamidate.

able to catalyse

unarlglt?J r:Ot r(élérl]t;lgrse proton transfer Ts
p H----N© O

SR Yo gl

Compatible with conjugative proton shuttle? Subversion of the proton transfer mechanism?
Scheme 4.2. Potential effects of the pyridine nitrogen base on proton-transfer catalysis.

4.1.4 Specific aims
The specific aims of this chapter are:
e Prepare a series of 2- and 3-pyridinyl substrates for the aza-MBH reaction;
e Determine if the position of the substrate Brgnsted base interferes with proton
motion;

e Establish if the conjugative mode is adoptable for new pyridine substrates.

4.2 Results and Discussion
In this chapter, first a milder method for preparation of pyridinyl substrates was developed.
Next, the effect of the pyridinyl nitrogen Brgnsted base on trifunctional catalysis was
determined. Finally, the catalytic profile for 3-pyridine substrates with different acids and

loading was determined.
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4.2.1 Synthesis of pyridine substrates
Preparation of N-Ts pyridinyl aldimine substrates NTsPyr-Im-1—-6 (Scheme 4.3) using methods
for the aryl analogues proved unsuccessful due to facile polymerisation of the aldehyde and
degradation via the Cannizzaro reaction. In addition, hydrolysis of the imine product was
more pronounced due to hydroxide generated in situ by the pyridinyl Brgnsted base with
water, and molecular sieves were ineffective in preventing this hydrolysis. Reactions were
then performed with a Dean-Stark apparatus under an inert atmosphere in refluxing toluene
using p-toluenesulfonic acid (1 mol%) as a catalyst. Complete conversion for the model
aldehyde, 3-pyridinecarboxaldehyde (Pyr-Ald-1) to the imine NTsPyr-Im-1, was elicited in 24
hours with an isolated yield of 85% after recrystallisation from EtOAc/hexane. This method

was successful for a range of halogen-substituted 3-pyridinecarboxaldehydes (Scheme 4.3).

N“T  R=H, NTs-Pyr-Im-1
. 9 NH,Ts (1.1 eq) 4 | R= 2-F, NTs-Pyr-Im-2
5 N y ——— 500N H R=2-Cl, NTs-Pyr-Im-3
RL p-TSA (1 mol%) R—¢ \ _ R= 6-F, NTs-Pyr-Im-4
s\ z Tol, A, 24 h R= 6-Cl, NTs-Pyr-Im-5
VI Ald-1-6 NTsPyr—Im-1—6 R= 6-Br, NTs-Pyr-Im-6
y 6 examples

Scheme 4.3. Synthesis of substituted 3-pyridinecarboxaldimines.

The preparation of 2-pyridinyl carbaldimine was more difficult than 3-pyridinyl carbaldimine.
Optimised conditions identified for 3-formyl pyridines resulted in an isolated yield of NTsPyr-
Im-8 below 10% due to the formation of a bis-sulfonamide side-product 4.7 (Scheme 4.4) and
polymerisation. After formation of NTsPyr-Im-8, the pyridinyl nitrogen can promote
formation of 4.7 by catalysing proton transfer for the addition of a second equivalent of p-

toluenesulfonamide to prevent the tetrahedral intermediate from collapsing, (Scheme 4.4).
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3 7 3 Nl/TS HN/TS
;NLH NH,Ts (1.2 equiv) ;MH NH
s AN Tol, A, 4 h LN | _N Ts
6 6
Pyr-Ald-7-8 R=5-Br, NTs-Pyr-lm-7 L J Br
R= 6-Br, NTs-Pyr-Im-8 4.7

Scheme 4.4. Formation of the bis-sulfonamide product.

More mild reaction conditions were screened to minimise the formation of 4.7, including
lowering the reaction temperature from 100 °C to 60 °C, adding excess 4A MS and using
aldehyde in excess (1.05 equiv). At 60 °C, the bis-sulfonamide side-product 4.7 was still the
major product, while lowering the temperature further to 40 °C with excess 4A MS yielded

the 2-pyridinyl NTs imine NTsPyr-Im-7 and NTsPyr-Im-8 without the formation of 4.7.

4.2.2 Profile of catalyst response to BzOH activation using a representative pyridinyl
imine substrate
The model pyridinyl substrates NTsPyr-Im-1, was first employed to determine if the pyridinyl
imine substrates were capable of recognising and accessing the conjugative catalysis by
proficient proton transfer pathway. Bifunctional and trifunctional organocatalysts were

screened to determine the effect of BzOH on the catalysis of the model substrate (Table 4.1).
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Table 4.1. Effect of BzZOH on catalysis for a series of catalysts.

~Is Ts<
N Cat. (10 mol%) NH O
Q | BzOH (10 mol%)
\)]\ | N H | N
P CH,Cl,, 42 MS, rt P
N N
MVK NTsPyr-Im-1 NTsPyr-MBH-1
) BzOH (10 mol%) BzOH (0 mol%)
Entry Catalyst Time/m Conversion®/%  ee /%° Conversion?/%  ee /%"
1 TF-1 30 34 89 3 nd
2 TF-2 30 62 88 nd nd
3 TF-3 30 62 84 13 (>95%)¢ nd (30)¢
4 BF-2 30 11 57 16 89
5 MAP 30 22 41 11 rac
6 MOP 30 8 78 90 82
7 TPP-Phenol 30 90 rac >95 rac

a) Determined by *H NMR spectroscopy b) Determined by chiral HPLC c) determined after 24 hours

Consistent with the trifunctional proton transfer model developed for aromatic substrates
(Chapter 2 and 3), catalysis proceeds through the conjugative mode for trifunctional
organocatalysts for NTsPyr-Im-1 (Table 4.1, Entries 1-3), suggesting the enolate pathway in
the subjugative mode was ineffective for 3-pyridinyl substrates. Without BzOH (the
subjugative mode), TF-2 is unable to catalyse the aza-MBH reaction (Table 4.1, Entry 2),
addition of BzOH induces the conjugative mode and concurrent elevation of rate (62%
conversion after 30 min) and ee (88% ee). Complete conversion for NTsPyr-Im-1 was observed
with TPP and phenol within 30 minutes in the absence of acid (Table 4.1, Entry 7) with a
modest decrease in rate with BzOH (90% conversion). A similar catalytic profile was observed
for MAP, with the addition of BzOH doubling the rate of reaction and elevating the level of

asymmetric induction (41% ee)(Table 4.1, Entry 5).

Bifunctional catalyst MOP proceeded with high rates without acid (Table 4.1, Entry 6), and

BzOH addition led to a 10-fold decrease in the rate of reaction while the level of
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enantioselectivity was consistent between the reaction with (78% ee) and without acid (82%
ee). This is a clear example of the conventional enolate pathway operating in the subjugative
mode, and the rate reduction induced by BzOH is a result of the parasitic MOP-PBK (Chapter
2). Mild suppression of the reactive pathway was also observed upon addition of BzOH to the
amine bifunctional control BF-2 (Table 4.1, Entry 4), intriguingly enantioselectivity decreased
significantly from 89% to 57%. One possible explanation is that in the absence of a proton-
transfer network, bifunctional BF-2 adopts the subjugative mode of catalysis via H-bonding.
BzOH shifts the mechanism from the subjugative to a proton transfer network. The
underdeveloped network likely lacks the amine stationary point for proton transfer, thus

decreasing the enantioselectivity.

Congruent elevation of rate and asymmetric induction for NTsPyr-Im-1 is the most efficient
for amine-containing catalysts TF-1-TF-3 with BzOH (Table 4.1, Entries 1-3), proceeding
through the PBK-mediated proton transfer pathway. The conventional trifunctional enolate
mechanism (reactions without BzOH), were ineffective for all trifunctional organocatalysts TF-
1-TF-3. For catalyst TF-3 after 24 hours without BzOH, the conventional enolate pathway
reached complete conversion with poor asymmetric induction (30% ee, Table 4.1, Entry 3).
BzOH activated the cognate conjugative catalysis for the pyridinyl substrate NTsPyr-Im-1
resulting in consistent elevation of rate and ee for the trifunctional systems. The high rate and
excellent level of asymmetric induction (78-89% ee) are consistent with the mechanistic
model derived for the aromatic substrates. The spatial organisation of the proton transfer
network was specific enough to tolerate the substrate’s additional protonation site. Catalyst
TF-2 was identified as the most proficient catalyst for the 3-pyridinyl substrate NTsPyr-Im-1

and was employed to examine the scope of the 3-pyridinyl and 2-pyridinyl substrates.
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4.2.3 Effect of the nitrogen (Brgnsted base) position on deploying the proton shuttle

The effect of the pyridinyl nitrogen on the proton transfer mechanism was examined using

the most proficient catalyst TF-2 in a model aza-MBH reaction with MVK and 2- and 3-

pyridinyl N-Ts aldimines. 3-pyridinyl substrates were analysed after 30 minutes for conversion

and enantioselectivity and 2-pyridinyl substrates after 1 hour (Table 4.2).

Table 4.2. Conversion and enantioselectivity for pyridine substrates catalysed by TF-2.

O 1
N QL

Xy N-=Ts

TF-2 (10 mol%)
BzOH (10 mol%)

|
R

MVK  X= 3-Pyr: NTsPyr-Im-1-6
X= 2-Pyr: MTsPyr-Im-7-8

'

CH,Cl,, 4A MS, rt

N

e

X HN—Ts
“

X= 3-Pyr: NTsPyr-MBH-1-6
X= 2-Pyr: MTsPyr-MBH-7—-8

. . BzOH (10 mol%) BzOH (0 mol%)
Ent Pyrid R T
iy yridine 'M® ~Conversion® ee®  Conversion® ee®
H (NTsPyr- c
1 MBH-1) 30 62 88 nd nd
2-F (NTsPyr- c
2 MBH-2) 30 33 60 nd nd
Ts< 2-Cl  (NTsPyr- nd°
NH
3 S;ﬁ)y MBH-3) 30 30 70 nd
R— 6-F  (NTsPyr- ndc
4 L A MBH-4) 30 63 82 nd
6-Cl  (NTsPyr- nd°¢
5 MBH-5) 30 62 91 nd
6-Br  (NTsPyr- nd°¢
6 MEH-6) 30 64 84 nd
Ts
“NH 5-Br  (NTsPyr-
3
7 . /\(‘Y MBH-7) 60 >95 50 50 50
R_'
1
s LN 6-Br  (NTsPyr-
8 . MBH-8) 60 90 43 25 30

a) As determined by *H NMR spectroscopy. b) As determined by chiral HPLC. See Appendix for more
details regarding mobile phase, flow rate and column. c) <5% conversion as determined by *H NMR
spectroscopy.
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For both the 3-pyridinyl and 2-pyridinyl substrates, BzZOH was able to activate proton transfer
for conjugative catalysis. Without BzOH, there was no conversion for 3-pyridinyl substrates
(NTsPyr-Im-1-6) over thirty minutes with TF-2 (Table 4.2, Entries 1-6), while the addition of
BzOH led to moderate to good enantioselectivities (60—-91%) with conversions ranging from
30-64% over 30 minutes. Substituents at the 2-position on 3-pyridinyl substrates (NTsPyr-Im-
2-3) likely invoked steric clashing with the phenol motif, lowering the rate and
enantioselectivity (2-F (NTsPyr-MBH-2)= 60% ee; 2-Cl (NTsPyr-MBH-3)= 70% ee; Table 4.2,
Entries 2 and 3). Substitution at the 6-position (NTsPyr-lm-4-6) appeared to be well tolerated
with good conversions (62-64%) and enantioselectivity (82—91% ee) (Table 4.2, Entries 4-6).

The catalytic profile for NTsPyr-lm-1-6 parallels aryl tosyl aldimines (Chapter 3).

For the 2-pyridinyl substrates (NTsPyr-Im-7-8), the conventional enolate mechanism
appeared to be more active compared to 3-pyridinyl substrates (Table 4.2, Entries 7 and 8).
Asymmetric induction for NTsPyr-MBH-7 was identical with and without BzOH (ee= 50%),
however with BzOH, the reaction rate became significantly faster (Table 4.2, Entry 7). Likewise,
for NTsPyr-MBH-8, the enantioselectivities with or without BzOH are similar (Table 4.2, Entry
8). These substrates are the first examples of the trifunctional catalytic system where the
subjugative mode of catalysis is the dominant pathway. Significant levels of conversion and
enantioselectivities could be observed for N-tosyl aldimines via the conventional enolate
intermediate without BzOH activation. The origin of the 2-pyridinyl reactivity is unclear. With
BzOH, protonation of the pyridinyl nitrogen (Brgnsted base) by BzOH yields a pyridinium
conjugate acid as proton transfer intermediate that significantly accelerates the reaction
without changing the level or sense of the asymmetric induction, likely by directing proton

transfer to either diastereomer of the aldol adduct (Scheme 4.5a). Steric clashing between
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the catalyst BINAP scaffold and the tosyl group is the key factor for the observed
stereoselectivity of the reaction. Moreover, the protonation of the pyridinyl nitrogen may
assist in stabilisation of the sulfonamide negative charge. In the absence of the additive, the
pyridine base may also catalyse the proton transfer by shuttling the proton from the phenol

to the sulfonamide (Scheme 4.5b).

TS T

HO HO o)
© 0Bz BzO, ) OH
TSN----H |;|----NTs TsN-~ \
® ®
H N\ 9 N\ H H N\
H |l | H H |l
= P 4
Favoured Proton Disfavoured Substrate catalysed
Transfer Proton Transfer proton transfer

Scheme 4.5. Proton transfer catalysed by the pyridine nitrogen base a) with acid and b)
without acid.

In summary, 3-pyridinyl N-tosyl imines are able to adopt the conjugative catalysis mode in the
presence of BzOH while 2-pyridinyl analogues are unable to and can proceed through the
subjugative pathway. This confirms the initial hypothesis that the position of the additional
Brgnsted base on the substrate can only be tolerated if it is not in a position to interfere with
organized proton transfer. The specificity of the proton transfer network can be disrupted if

the additional Brgnsted base can orchestrate alternate proton transfer pathways.

To further test how the stability of the pyridinyl aldolate can alter the activity of the
conventional subjugative catalysis (enolate formation) in competition with the BzOH
activated conjugative catalysis (nucleophilic enol formation), carbamoyl-substituted, 2- or 3-
pyridinyl imines were prepared and subjected to a model aza-MBH reaction with MVK and

TF-2 (Scheme 4.6). The profile for pyridinyl carbamates parallels aryl carbamates. For the 3-
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pyridinyl N-Boc imine NBoc-Im-2, BzOH addition exhibited no influence on the rate nor
enantioselectivity (Scheme 4.6, NBoc-MBH-2). Likewise, for the 2-pyridinyl analogue, no
change in conversion or ee occurs with the addition of BzOH (Scheme 4.6, NBoc-MBH-3).
Unlike the N-tosyl case, where C—C bond formation and proton transfer are organised by
BzOH to become likely concerted in conjugative catalysis, the N-carbamoyl imines are only
able to proceed via subjugative catalysis by forming the stabilised aldolate. In addition, this
confirms the conjugative mode requires the cooperative action of catalyst (with the

appropriate geometry), co-factor and substrate.

BC\H 0 BC\H 0
® [
Nig r ~N
NBoc-MBH-2 NBoc-MBH-3
With BzOH: 41% (1 h), 65% ee With BzOH, 56% (1 h), 60% ee
no BzOH: 44% (1 h), 65% ee no BzOH: 45% (1 h), 60% ee

Scheme 4.6. Effect of the substrate protecting group on reaction outcome for TF-1.

4.2.4 Effect of the acid additive on catalytic proficiency for 3-pyridinyl imine
substrates
In Chapter 3, it was shown that the identity and acidity of the acid additive influences the
tautomerisation of the PBK and proton transfer in conjugative catalysis. Both aryl and 3-
pyridinyl N-tosyl imine substrates require BzOH for proficient catalysis, therefore a range of
acid additives, covering three broad groups of aromatic acids (substituted (Group 1), sterically
hindered (Group 2) and lower pK, (Group 3)), were tested to determine the effect of the acid
additive on rate and enantioselectivity for TF-1 catalysed reactions. Conversion and
enantioselectivity were determined after 90 mins for the aza-MBH reaction between model

substrate NTsPyr-Im-1 and MVK (Figure 4.3 and Table 4.3).
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Figure 4.3. Effect of the acid additive on rate and ee of the TF-1 catalysed aza-MBH reaction
with a) substituted BzOHs, b) hindered aromatic acids and 3) low pK, aromatic acids.

Table 4.3. Effect of the acid additive on catalytic proficiency for model pyridine substrates.

NTs o TF-1 (10 m0|o/lo) NHTsO
RCO,H (10 mol%
Oy S oy
NG CH,Cl,, 4A MS, 1t NG

NTsPyr-im-1 MVK NTsPyr-MBH-1
Entry Acid pKa  Conversion? /% ee® /%
1 4-0OH-CeH4CO2H 4.55 100 86
2 3-Me-CsH4CO2H 4.24 90 89
3 BzOH 4.20 82 89
4 2-naphthoic acid 4.16 74 76
5 4-F-CsHsCO2H 4.15 44 38
6 3,5-(0OMe),-CsH3CO,H  3.97 35 -14
7 1-naphthoic acid 3.67 74 86
8 2-F-CeH4CO2H 3.57 32 41
9 2-1-C¢HsCO2H 2.96 22 55
10 2-OH-CgH4CO2H 2.77 5 0
11 3,5-(NO;)»-CeH3COH  2.67 6 -14
12 CeFs-CO2H 2.05 5 0

a) Determined by *H NMR spectroscopy. Note: no hydrolysis was observed in these reactions. b) Determined by
chiral HPLC analysis.
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Across the three different groups (substituted acids (Group 1; Figure 4.3a), sterically hindered
acids (Group 2; Figure 4.3b), lower pK;, acids (Group 3; Figure 4.3c), NTsPyr-Im-1 responded
to acid additives with a similar profile to that for benzaldimines (NTs-Im-1, Chapter 3, Figure
3.1). The rate of reaction decreases as the acidity of the additive increases (Figure 4.3c, Table
4.3) as stronger acids become more suppressive of tautomerisation of the PBK. Moreover,
the pyridinyl Brgnsted base is unable to substitute for benzoate and catalyse tautomerisation
of these PBK. The high reactivity of pyridinyl substrates towards the aza-MBH reaction is due

to the activating effect of the electron deficient pyridinyl ring.

Close analogues of BzOH (Group 1 acids; Figure 4.3a) are highly effective in catalysis activation
as the enantioselectivity and rate of reaction are coupled to a greater extent than the case
for the aryl imines. For acids such as BzOH and 2-naphthoic acid (with pK, above 3), the
enantioselectivity was generally excellent (76-89% ee). Rate and enantioselectivity decrease
simultaneously as the strength of the acid additive increases (Table 4.3). For sterically more
demanding BzOH acids (Figure 4.3b), 1-naphthoic (Table 4.3, Entry 7; 74% conversion) and 2-
naphthoic acid (Table 4.3, Entry 4; 74% conversion) appear highly effective on catalysis
activation whereas 3,5-dimethoxyBzOH proceeds with sluggish conversion (35%) and poor
enantioselectivity (-14% ee). This profile parallels that for benzaldimines suggesting pyridinyl

substrates may proceed through a similar mechanistic pathway by conjugative catalysis.

At this point, it is unclear whether the proficient conjugative catalysis involves a 1:1
stoichiometric relationship between trifunctional organocatalyst and BzOH or if excess acid
would facilitate additional roles. By altering the loading of BzOH, insight can be gained into

the nature of the trifunctional proton transfer pathway. For a model aza-MBH reaction with
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TF-1 (10 mol%), MVK, and NTsPyr-Im-1, the loading BzOH was altered from 0-20 mol% and

the effect on enantioselectivity and conversion was measured in 30 min. (Figure 4.4, Table

4.4).
NTs o TF-1 (10 mol%) NHTsO
BzOH (0-20 mol%)
XY H t A
NG CH,Cl,, 4A MS, rt N
NTsPyr-im-1 MVK NTsPyr-MBH-1
100+
| |
80+ . » m ee/%
60 . e Conversion /%
X
404 ® .
¢ [ J
| °
20 °
O.; || 1 1 1 1
0 5 10 15 20 25

BzOH /mol%

Figure 4.4. Effect of BzOH loading on catalytic proficiency for model substrate NTsPyr-Im-1.

Table 4.4. Effect of BzOH loading on catalytic proficiency for model substrate NTsPyr-Im-1.

NTs o BTOF'__']_ E)lozglm(y?g/ NHTsO
z —20 mol%
NG CH,Cl,, 4A MS, rt NG
NTsPyr-im-1 MVK NTsPyr-MBH-1

Entry BzOH/mol%  Conversion? /% ee’/ %

1 0 7 rac
2 2.5 16 42
3 5 23 62
4 10 34 89
5 15 33 81
6 20 29 79

a) Determined by *H NMR spectroscopy after 30 mins. b) Determined by chiral HPLC analysis.

Rate and enantioselectivity increased simultaneously as the loading of BzOH increased. Rate

and enantioselectivity increased to a maximum for a 1:1 ratio between the catalyst TF-1 and
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BzOH (Table 4.4, Entry 4); higher loading of BzOH caused no further elevation. BzOH loading
as low as 2.5 mol% (25% with respect to TF-1) doubles the rate compared to the reaction
without acid and has a lower level of asymmetric induction (42%; Table 4.4, Entry 2).
Increasing the equivalents of BzZOH above 10 mol% (1:1 ratio to TF-1) causes minimal changes
in the rate (Table 4.4, Entry 5-6) but a large decrease in the enantioselectivity of the reaction.
The hypothesised proton transfer network is supported by the response to the amount of the
acid additive (Figure 4.5). With a substoichiometric amount of BzOH, the asymmetric
induction is lower due to a decrease in the proportion of substrates proceeding through
conjugative pathway facilitated by the proton-transfer network. With superstoichiometric
amounts of BzOH, non-specific protonation of the aldolate occurs alongside the stereospecific

protonation via the proton-transfer pathway.

BzOH-Amine-Phenol
Proton Shuttle

BzO-H_
/N‘
HN
Pre-Proton Transfer H/%
Complex .
- - NTs N
BzO-H, \g/\’Qi;:COMe Y
A UIP A
H.. NHTs

o \ BzOH-Amine / \® COMe
H/_--Oe Proton Shuttle ID/\’dP:Ar
® Phst™ L
\P/\/\ BzO-H_ e

Ph,

Figure 4.5. Proton transfer network mediated by the cooperative action of chemical motifs.
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4.2.5 Conclusion
In this chapter, 3-pyridinyl N-tosyl imine substrates, analogous to their aryl counterparts, are
shown to be effective substrates for conjugative catalysis in the aza-MBH reaction. These
substrates require BzOH to organize the proton transfer network to achieve high rates and
enantioselectivities. The conjugative mode of catalysis is only accessible for 3-pyridinyl N-
tosyl imines substrates. N-Boc and 2-pyridinyl N-tosyl imines proceed through the subjugative
mode of catalysis via the conventional enolate-driven pathway. The proton transfer network
in this mode of conjugative catalysis is shown to tolerate additional proton stationary points
(e.g. an additional Bronsted base) as long as it is not in close proximity. In the next chapter,
the question of if this mode of catalysis could be utilised in organising a kinetically
differentiated reaction network will be explored. In particular, the asymmetric potential of
this proton network-based catalysis for chirality propagation will be investigated in an

asymmetric aza-MBH-Soai ripple reaction.

172



4.3 Experimental
4.3.1 Materials and Methods

Toluene and THF were distilled from sodium/benzophenone immediately before use. All
other reagents were purchased from Sigma-Aldrich Castle Hill. Unless specified, all
commercially available reagents were used without further purification. Dichloromethane
was distilled from calcium hydride. All air and moisture sensitive reactions were performed
under a nitrogen atmosphere. Reactions were magnetically stirred and monitored by thin-
layer chromatography (TLC) using silica gel 60 F254 aluminium pre-coated plates from Merck
(0.25 mm). Flash column chromatography was performed on silica gel (60 A, 0.06-0.2 mm,
400 mesh from Scharlau).

All *H, 13C and 2D NMR experiments were performed on either a Bruker AVIIIHD 400 MHz
NMR Spectrometer equipped with a BBFO SmartProbe (5mm) or DRX600 NMR spectrometer
equipped with a TXI (5 mm) Cryoprobe. Chemical shifts were reported in ppm using residual
CHClI3 (6w; 7.26 ppm, &¢; 77.16 ppm) as an internal reference. All 2D NMR experiments were
run with quadrature detection and a relaxation delay of 1-3 s. High power 1H /2 pulses were
determined to be ~9.5 ms, and 13C high power /2 pulse was 11.05 ms, and a low power pulse
of 65 ms was used for GARP4 decoupling. Gradient pulses were delivered along the z-axis
using a 100 step sine program. Heteronuclear single quantum coherence (HSQC) experiments
were optimised for a Lcy coupling of 145 Hz and HMBC spectra for a coupling of 20 Hz, using
145 Hz to suppress YJcn couplings. HSQC experiments were performed using the hsqcetgpsi or
hsqcedetgpsp.3 (phase-edited HSQC) pulse program, and HMBC experiments were
performed using the hmbcgplpndgf pulse program. HSQC spectra were processed (m/2
shifted sine bell squared in both dimensions) phase sensitive and HMBC (sine squared in both

dimensions) with magnitude calculation in F1. 13C spectra were acquired using the UDEFT
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sequence. NOESY experiments were performed using the noesygpphzs pulse program with a
mixing time of 400 ms. All spectra were processed using Bruker TOPSPIN 3.5pl7. Trifunctional

organocatalyst were prepared following the literature procedure.3*3’

4.3.2 Synthesis of imine

4.3.2.1 General Procedure for NTs 3-pyridine carbaldimines (NTsPyr-Im-1-6)

N“T  R=H, NTs-Pyr-Im-1
. 9 NH,Ts (1.1 eq) ! R= 2-F, NTs-Pyr-Im-2
5 AN H ——————> 50N H R= 2-Cl, NTs-Pyr-Im-3
RN p-TSA (1 mol%e) R—g \ . R= 6-F, NTs-Pyr-Im-4
6 KN/ 2 Tol, A, 24 h R= 6-Cl, NTs-Pyr-Im-5
R= 6-Br, NTs-Pyr-Im-6

NTsPyr-Im-1—6
6 examples

Scheme 4E.1. Synthesis of 3-Pyridine substrates NTsPyr-Im-1-6.

Pyr-Ald-1-6

To a flame dried round bottom flask charged with a stir bar was added aldehyde (10 mmol),
p-toluenesulfonamide (11.0 mmol) and a p-toluenesulfonic acid (0.010 mmol). Anhydrous
toluene (10 mL) was added, a Dean-Stark apparatus was attached, and the reaction was
placed under an inert atmosphere. The mixture was refluxed for 24 hours and the solvent was
then removed under reduced pressure to afford the crude N-Tosyl protected imines (NTsPyr-

Im-1-6) which were recrystallised from ethyl acetate-hexane to yield analytically pure imine.
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N
|
z H
o |
N
NTsPyr-Im-1

(E)-4-methyl-N-(pyridin-3-yImethylene)benzenesulfonamide (NTsPyr-Im-1)

1H NMR (400 MHz, CDCls, 8): 9.09 (s, 1H), 9.05 (s, 1H), 8.81 (d, J= 4.9 Hz, 1H), 8.27 (d, J= 4.9
Hz, 1H), 7.89 (d, J= 4.9 Hz, 2H), 7.44 (dd, J= 7.9, 4.9 Hz, 2H), 7.37 (d, J= 8.0 Hz, 2H), 2.45 (s, 3H).

13C NMR (100 MHz, CDCl3, 8): 167.7, 155.2, 153.1, 145.2, 137.0, 134.6, 130.1, 128.4, 124.2,
21.82.

MS (ESI): 261.1 [M+H]

N,Ts
|
z H
o |
N F
NTsPyr-Im-2

(E)-N-((2-fluoropyridin-3-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im-2)

'H NMR (400 MHz, CDCl3, 3): 9.25 (s, 1H), 8.50 (ddd, J=9.1, 7.4, 1.9 Hz, 1H), 8.45 (ddd, J= 4.8,
2.1,0.9 Hz, 1H), 7.89 (d, J= 8.3 Hz, 2H), 7.37 (d, J= 8.3 Hz, 2H), 7.33 (m, 1H).

13C NMR (100 MHz, CDCls, 8): 163.8 (d, 248.6 Hz), 162.6 (d, 1.2 Hz), 154.1, 153.9, 140.3 (2.1
Hz), 134.2, 130.1, 128.6, 126.6, 122.5 (d, 4.4 Hz), 115.8, 115.3, 21.9

MS (ESI): 279.0 [M+H]

N,Ts
|
z H
o |
N Cl
NTsPyr-Im-3

(E)-N-((2-chloropyridin-3-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im-3)

1H NMR (400 MHz, CDCls, §): 9.41 (s, 1H), 8.58 (dd, J= 4.7, 1.9 Hz, 1H), 8.46 (dd, J= 7.8 Hz, 1.9
Hz, 1H), 7.90 (d, J= 8.3 Hz, 2H), 7.37 (m, 3H), 2.46 (s, 3H)

13C NMR (100 MHz, CDCls, 8): 165.90, 154.7, 154.6, 145.4, 138.9, 134.1, 130.1, 128.6, 126.9,
123.2,21.8

MS (ESI): 295.0 [M+H]
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N
|
z H
|
F N
NTsPyr-Im-4

(E)-N-((6-fluoropyridin-3-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im-4)
IHNMR (400 MHz, CDCls, 8): 9.09 (d, J= 1.8 Hz, 1H), 8.84 (dd, J= 1.4 Hz, 1H), 8.67 (d, J= 2.8 Hz.
1H), 7.98 (ddd, J= 8.4 Hz, 2.8 Hz, 1.7 Hz, 1H), 7.89 (d, J= 8.4 Hz, 2H), 7.37 (d, J= 8.4 Hz, 2H),
2.45 (1H, s)

13C NMR (100 MHz, CDCls, 8): 166.2 (d, J= 2.2 Hz), 159.5 (d, J= 260.5 Hz), 149.0 (d, J= 4.3 Hz),
145.5,144.2, 143.9, 134.2, 130.1, 128.5, 122.3 (d, J= 19.1 Hz), 21.9

MS (ESI): 279.0 [M+H]

N,Ts
|
z H
|
Cl N
NTsPyr-Im-5

(E)-N-((6-chlororopyridin-3-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im-5)

1H NMR (400 MHz, CDCls, 8): 9.05 (s, 1H), 8.81 (d, J= 2.1 Hz, 1H), 8.22 (dd, J= 8.4, 2.4 Hz, 1H),
7.88 (d, J= 8.3 Hz, 2H), 7.46 (d, J= 8.4 Hz, 2H), 7.36 (d, J= 8.4 Hz, 2H), 2.45 (s, 3H).

13C NMR (100 MHz, CDCl3, 3): 166.2, 157.5, 153.2, 145.4, 139.1, 134.4, 130.1, 128.4, 127.4,
125.3,21.8

MS (ESI): 295 [M+H]

N,Ts
I
= H
|
Br N
NTsPyr-Im-6

(E)-N-((6-bromopyridin-3-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im-6)

14 NMR (400 MHz, CDCls, 8): 8 9.05 (s, 1H), 8.77 (d, J= 2.2 Hz, 1H), 8.10 (dd, J= 8.3, 2.4 Hz, 1H),
7.87 (d, J=8.3 Hz, 1H), 7.62 (d, J= 8.3 Hz, 2H), 7.36 (d, J= 8.3 Hz, 2H), 2.45 (s, 3H).

13C NMR (100 MHz, CDCls, 8): 166.4, 153.3, 148.8, 145.4, 138.5, 134.3, 130.1, 129.1, 128.4,

127.7, 21.8.

MS (ESI):338.9 [M+H], 340.9 [M+H]
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4.3.2.2 General Procedure for NTs 2-pyridine carbaldimines

o N,Ts
3 3 [
4/\)LH NH,Ts (0.95 eq) 4/\)\H
R_' > R—
1 N ]
5\; Tol, 4A MS, 40 °C, 4 h 5\67'\'
Pyr-Ald-7-8 R=5-Br, NTs-Pyr-Im-7

R= 6-Br, NTs-Pyr-Im-8
Scheme 4E.2. Synthesis of 2-Pyridine substrates (NTs-Pyr-Im-7-8).

To a flame dried round bottom flask charged with a stir bar was added aldehyde (10 mmol)
and p-toluenesulfonamide (9.5 mmol) and 4A MS. Anhydrous, degassed toluene (10 mL) was
added and the reaction was placed under an inert atmosphere. The mixture was vigorously
stirred at 40 °C and monitored by H NMR spectroscopy. After complete consumption of the
sulfonamide, the reaction was passed through a pad of celite. The pad was washed
extensively with ethyl acetate and the solvent removed in vacuo to afford the crude N-Tosyl
protected imines which were recrystallised from ethyl acetate-hexane to yield analytically

pure imine.

N
Br\

NTsPyr-Im-7
(E)-N-((5-bromopyridin-2-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im-7)

1H NMR (400 MHz, CDCls, 8): 8.94 (s, 1H), 8.81 (d, J= 2.0 Hz, 1H), 8.04 (d, J= 8.4 Hz, 1H), 7.95
(dd, J= 8.4, 2.1 Hz, 1H,), 7.88 (d, J= 8.3 Hz, 2H), 7.37 (d, J= 8.3 Hz, 2H), 2. 45 (s, 3H).

13C NMR (100 MHz, CDCl3, 3): 169.1, 151.9, 149.8, 145.4, 139.8, 133.9, 130.1, 128.7, 126.1,
125.0, 21.8

MS (ESI): 338.9 [M+H], 340.9 [M+H]
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(E)-N-((6-bromopyridin-2-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im-8)

1H NMR (400 MHz, CDCls, 8): 8.89 (s, 1H), 8.16 (dd, J= 6.9, 1.6 Hz, 1H), 7.89 (d, J= 7.9 Hz, 2H),
7.69 (m, 2H), 7.39 (d, J= 7.9 Hz, 2H), 2.45 (s, 2H).

13C NMR (CDCl3, 100 MHz) & 168.5. 153.4. 145.5. 142.6, 139.3, 133.5, 132.8, 130.2, 128.8,
122.8, 21.8.

MS (ESI): 338.9 [M+H], 340.9 [M+H]

4.3.2.3 General Procedure for NBoc pyridine carbaldimines

/\ O NHzBOC, Na.S()ZIA\r> /\ HN_BOC CSZCOB /\ N_BOC
R /;—/{ H,0, MeOH, H,COH R 5~ CHCl 1h R 3~
X~ H r, 4h X7 SO,Ar X~ H
X= 3-Pyr, R= H NBoc-sulfone-1 X=3-Pyr, R=H NBoc-Im-1

X= 2-Pyr, R= 5-Br NBoc-sulfone-2 X= 2-Pyr, R=5-Br NBoc-Im-2
Scheme 4E.3. Synthesis of NBoc protected imines.

To a 50 mL round bottom flask charged with a stirring bar was added aldehyde (4 mmol),
carbamate (2.67 mmol, 0.67 equiv) and toluenesulfinic acid sodium salt (8 mmol, 2 equiv). A
solvent mixture of water (6 mL), methanol (3 mL) and formic acid (2 mL) was added and the
mixture sonicated until material had dissolved. The reaction was stirred at room temperature
for 4 hours before collecting the precipitate and washing with water and cold ether. The crude

material was then triturated with ether to yield analytically pure carbamate sulfone.

The sulfone was dissolved in freshly distilled DCM and anhydrous Cs,CO3 (10 equiv) was added.

The reaction was vigorously stirred for 45 minutes before filtering the heterogeneous mixture
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through celite. The precipitate was washed three times with DCM and filtrate concentrated

under reduced pressure to afford analytically pure carbamate imines.

Boc.

NBoc-sulfone-2
tert-butyl (pyridin-3-yl(tosyl)methyl)carbamate (NBoc-sulfone-2)

1H NMR (400 MHz, CDCls, 8): 8.86 (s, 2H), 7.85 (d, J= 7.9 Hz, 1H), 7.83 (d, J= 7.8 Hz, 2H), 7.34
(m 3H), 6.26 (d, J= 10.8 Hz, 1H), 5.96 (d, J= 10.8 Hz, 1H), 2.42 (s, 3H), 1.25 (s, 9H)

13C NMR (100 MHz, CDCl3, 8): 8 153.7, 150.8, 150.1, 145.6, 136.5, 133.3, 129.8, 129.6, 126.7,
123.6, 81.5,72.1, 28.1, 21.8

MS (ESI): 363.1 [M+H]

.Boc
N
|
=z H
o |
N
NBoc-Im-2

tert-butyl (E)-(pyridin-3-ylmethylene)carbamate (NBoc-Im-2)

1H NMR (400 MHz, CDCls, 8): 8.99 (d, J= 1.8 Hz, 1H), 8.86 (s, 1H), 8.74 (dd, J= 4.8, 1.7 Hz, 1H),
8.25 (dt, J= 7.9, 1.9 Hz, 1H), 7.39 (dd, J= 7.9 Hz, 4.8 Hz, 1H) 1.57 (s, 9H).

13C NMR (100 MHz, CDCls, 8): 166.8, 162.1, 154.0, 152.3, 135.9, 129.9, 124.0, 82.9, 27.9

MS (ESI): 207.1 [M+H]
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NBoc-sulfone-3
tert-butyl ((5-bromopyridin-2-yl)(tosyl)methyl)carbamate (NBoc-sulfone-3)
14 NMR (400 MHz, CDCls, 8): 8.67 (d, J= 1.9 Hz, 1H), 7.90 (dd, J= 8.3, 2.3 Hz, 1H), 7.78 (d, J=
8.2 Hz, 2H), 7.53 (d, J= 8.2 Hz, 1H), 7.33 (d, J= 8.0 Hz, 2H), 7.72 (d, J= 9.4 Hz, 1H), 5.96 (d, J=
9.4 Hz, 1H), 2.43 (s, 3H), 1.26 (s, 9H).

13C NMR (100 MHz, CDCl3, 3): 153.7, 150.8, 146.8, 145.4, 139.4, 133.4, 130.0, 129.8, 126.7,
122.1,81,74.2,28.4,28.1, 21.2

MS (ESI): 339 [M-Boc]

.Boc
N
|
z I H
N
Br X
NBoc-Im-3

tert-butyl (E)-((5-bromopyridin-2-yl)methylene)carbamate (NBoc-Im-3)

'H NMR (400 MHz, CDCls, 8): 8.76 (m 1H), 8.74 (s, 1H), 8.03 (d, J= 8.4 Hz, 1H), 7.93 (dd, J= 8.4,
2.3 Hz, 1H), 1.58 (s, 9H)

13C NMR (100 MHz, CDCls, 8): 167.7, 161.8, 151.4, 139.6, 129.9, 124.8, 123.6, 83.2, 28.0

MS (ESI): 285 [M+H]

4.3.3 General procedures for catalysis

4.3.3.1 Pyridine aza-MBH
Trifunctional catalyst (2.4 umol, 10 mol%) and BzOH (2.4 umol, 10 mol%) in anhydrous CH,Cl
was added to a flame-dried 2 mL vial charged with a stir bar and 4A MS. PGPyr-Im-1 (24 umol)
was added in CHCl, and the volatiles removed by nitrogen blow down. Anhydrous CH,Cl,
(150 pL) was added and the vials sonicated to ensure complete dissolution of the reagents.

Methyl vinyl ketone (5.15 mg, 73 umol, 3 equiv) was added and the reaction stirred vigorously
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in a 25 °C sand bath for 3 hours. The volatiles were removed in vacuo and the crude material
was analysed by 'H NMR spectroscopy to determine conversion and chiral HPLC to determine

enantioselectivity

NTsPyr-MBH-1
4-methyl-N-(2-methylene-3-oxo-1-(pyridin-3-yl)butyl)benzenesulfonamide (NTsPyr-MBH-1)

1H NMR (400 MHz, CDCls, 8): 8.41 (dd, J= 4.8 Hz, 1.4 Hz, 1H), 8.30 (d, J= 2.7 Hz, 1H), 7.64 (d,
J=8.3 Hz, 2H), 7.53 (dt, J= 7.8, 1.6 Hz, 1H), 7.23 (d, J= 8.3 Hz, 2H), 7.14 (dd, J= 7.8 Hz, 4.8 Hz,
1H), 6.13 (s, 1H), 6.10 (s, 1H), 6.07 (d, J= 8.6 Hz, 1H), 2.40 (s, 3H), 2.16 (s, 3H).

13C NMR (CDCl3, 100 MHz) & 198.9, 148.9, 148.2, 145.7, 143.8, 137.5, 134.8, 134.3, 129.8,
129.3,127.3,123.4,57.4, 26.3, 21.6.

MS (ESI): 331.1 [M+ H]

Chiral HPLC: 80:20 Hex/2-PrOH (0.7 mL min), Chiralpak AD-H, RT;1 36.40 min, RT2 38.54 min

Ts<
NH O

N
| ~
N F
NTsPyr-MBH-2
N-(1-(2-fluoropyridin-3-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide (NTsPyr-
MBH-2)

1H NMR (400 MHz, CDCls, 8): 8.01 (dt, J= 4.8, 1.5 Hz, 1H) 7.76 (ddd, J=9.7, 7.8, 1.9 Hz, 1H),7.63
(d, J= 8.3 Hz 2H), 7.19 (d, J= 8.1 Hz, 2H), 7.04 (ddd, J= 7.4, 4.9, 1.8 Hz, 1H), 6.14 (s ,1H), 6.10 (s,
1H), 5.40 (br, 1H), 2.37 (s, 3H), 2.17 (s, 3H)

13C NMR (100 MHz, CDCl3, 8): 199.2, 146.8, 146.6, 144.4, 143.8, 140.0, 139.9, 137.4, 129.8,
129.7,127.2,121.6, 121.5,121.4, 121.2, 54.2, 26.3, 21.6

MS (ESI): 349.1 [M+ H]

Chiral HPLC: 80:20 Hex/2-PrOH (0.7 mL mint), Chiralpak AD-H Column, RT1: 21.46 min, RTz:
25.49 min
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NTsPyr-MBH-3

N-(1-(2-chloropyridin-3-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide (NTsPyr-
MBH-3)

1H NMR (400 MHz, CDCls, 8): 8.19 (dd, J= 4.7, 1.9 Hz, 1H), 7.76 (dd, J= 7.9, 1.9 Hz, 1H), 7.61 (d,
J= 8.3 Hz, 2H), 7.17 (d, J= 8.3 Hz, 2H), 7.08 (dd, J= 7.7, 4.7 Hz, 1H), 6.16 (s, 1H), 6.00 (b, 1H),
5.53 (d, J= 9.2 Hz, 1H), 2.36 (s, 2H), 2.19 (s, 3H)

13C NMR (100 MHz, CDCl3, 8): 199.3, 149.5, 148.7, 143.9, 143.8, 138.5, 137.2, 132.9, 130.9,
129.7,127.3,122.6, 56.5, 26.5, 21.6.

MS (ESI): 365.1 [M+ H]

Chiral HPLC: 80:20 Hex/2-PrOH (0.7 mL mint), Chiralpak AD-H Column, RT1: 21.46 min, RTz:
25.49 min

Ts.

NTsPyr-MBH-4
N-(1-(6-fluoropyridin-3-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide (NTsPyr-
MBH-4)

1H NMR (400 MHz, CDCls, 8): 8.26 (m, 1H), 8.14 (m, 1H), 7.26 (d, J= 8.0 Hz, 2H), 7.24 (m, 3H),
6.10 (m, 3H), 5.29 (d, J= 9.3 Hz, 1H), 2.40 (s, 3H), 2.16 (s, 3H).

13C NMR (100 MHz, CDCl3, 3): 198.8, 160.6, 158.1, 145.4, 143.96, 143.8 (d, 4 Hz), 137.4, 137.4,
137.1, 136.8, 129.8, 129.7, 127.3, 121.3 (d, 19.3 Hz), 57.0, 26.3, 21.6.

MS (ESI): 349.1 [M+ H]

Chiral HPLC: 80:20 Hex/2-PrOH (0.7 mL mint), Chiralpak AD-H Column, RT1: 27.35 min, RTz:
30.13 min
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NTsPyr-MBH-5
N-(1-(6-chloropyridin-3-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide (NTsPyr-
MBH-5)

1H NMR (400 MHz, CDCls, 8): 8.07 (d, J= 2.6 Hz, 1H), 7.62 (d, J= 8.2 Hz, 2H), 7.50 (dd, J= 8.3,
2.5 Hz, 1H), 7.23 (d, J= 8.1 Hz, 2H), 7.15 (d, J= 8.3 Hz, 1H), 6.12 (s, 1H), 6.08 (s, 1H), 5.99 (b,
1H), 5.26 (d, J= 9.3 Hz, 1H), 2.41 (s, 3H), 2.16 (s, 3H).

13C NMR (100 MHz, CDCl3, 8): 198.9, 150.8, 147.9, 145.4, 143.9, 137.4, 137.2, 133.8, 129.8,
129.7,127.3,124.1,57.2, 29.8, 26.3, 21.7.

MS (ESI): 365.1 [M+ H]

Chiral HPLC: 80:20 Hex/2-PrOH (0.7 mL mint), Chiralpak AD-H Column, RT1: 29.70 min, RTz:
39.11 min

Ts<

NTsPyr-MBH-6
N-(1-(6-bromopyridin-3-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide (NTsPyr-
MBH-6)

1H NMR (400 MHz, CDCls, §): 8.06 (d, J= 2.4 Hz, 1H), 7.61 (d, J= 8.2 Hz, 2H, 7.40 (dd, J= 7.2, 2.5
Hz, 1H), 7.23 (d, J= 8.1 Hz, 2H), 6.12 (s, 1H), 6.08 (s, 1H), 5.97 (m, 1H), 5.24 (d, J= 9.2 Hz, 2H),
2.41 (s, 3H), 2.16 (s, 3H)

13C NMR (100 MHz, CDCl3, 3): 198.9, 148.6, 145.4, 141.3, 137.3, 136.9, 134.3, 129.8, 129.6,
127.9,127.3, 56.9, 26.3, 21.7.

MS (ESI): 408.9 [M+ H] 410.9 [M+H]

Chiral HPLC: 80:20 Hex/2-PrOH (0.7 mL mint), Chiralpak AD-H Column, RT1: 26.94 min, RTz:
34.84 min

183



Br
NTsPyr-MBH-7
N-(1-(5-bromopyridin-2-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide (NTsPyr-
MBH-7)

1H NMR (400 MHz, CDCls, 8): 8.44 (d, J= 2.0 Hz, 1H), 7.64 (m, 3H), 7.20 (m, 3H), 6.34 (d, J= 8.7
Hz, 1H), 6.11 (s, 1H), 6.09 (s, 1H), 5.39 (d, J= 8.7 Hz, 1H), 2.40 (s, 3H), 2.33 (s, 3H).

13C NMR (100 MHz, CDCl3, 3): 198.8, 156.2, 149.8, 146.6, 143.5, 139.3, 137.3, 129.6, 128.7,
127.3,123.7,119.5, 27.5, 26.2, 21.6.

MS (ESI): 408.9 [M+ H] 410.9 [M+H]

Chiral HPLC: 80:20 Hex/2-PrOH (0.7 mL mint), Chiralpak AD-H Column, RT1: 23.84 min, RTz:
24.80 min

Tse<
NH O

A

N

Br
NTsPyr-MBH-8
N-(1-(6-bromopyridin-2-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide (NTsPyr-
MBH-8)

'H NMR (400 MHz, CDCl3, 8): 7.62 (d, J= 8.3 Hz, 2H), 7.34 (dd, J= 8.3 Hz, 1H), 7.21 (m, 4H), 6.26
(d, J=8.9 Hz, 1H), 6.10 (s, 1H), 6.09 (s, 1H), 5.39 (d, J= 8.9 Hz, 1H), 2.36 (s, 3H), 2.23 (s, 3H).
13C NMR (100 MHz, CDCl3, 3): 198.8, 158.9, 146.3, 143.5, 141.2, 138.9, 137.2, 129.5, 128.8,
127.3,126.9,121.2,57.3, 26.2, 21.6

MS (ESI): 408.9 [M+ H] 410.9 [M+H]

Chiral HPLC: 85:15 Hex/2-PrOH (0.7 mL mint), Chiralpak AD-H Column, RT1: 24.79 min, RTz:
29.24 min
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NBoc-MBH-2
tert-butyl (2-methylene-3-oxo-1-(pyridin-3-yl)butyl)carbamate (NBoc-MBH-2)

1H NMR (400 MHz, CDCls, 8): 8.48 (d, J= 1.4 Hz, 1H), 8.46 (dd, J= 4.8, 1.4 Hz), 7.60 (dd, J= 7.9,
3.8 Hz), 7.21 (dd, J= 7.9, 4.8 Hz, 1H), 6.26 (s, 1H), 6.18 (s, 1H), 5.65 (m, 2H), 2.31 (s, 3H), 1.43
(s, 9H).

13C NMR (100 MHz, CDCl3, 3): 198.9, 155.1, 148.7, 148.3, 147.0, 136.1, 134.2, 128.3, 123.4,
80.,54.7, 28.4, 26.6.

MS (ESI): 277.1 [M+ H]

Chiral HPLC: 80:20 Hex/2-PrOH (0.7 mL mint), Chiralpak AD-H Column, RT1: 10.83 min, RTz:
14.21 min

Boc.
NH O

| A
N
Br Z
NBoc-MBH-3

tert-butyl (1-(5-bromopyridin-2-yl)-2-methylene-3-oxobutyl)carbamate (NBoc-MBH-3)

14 NMR (400 MHz, CDCls, 8): 8.17 (d, J= 2.5 Hz, 1H), 7.42 (dd, J= 8.3, 2.6 Hz, 1H), 7.33 (d, J=
8.2 Hz, 2H), 6.21 (s, 1H), 6.13 (s, 1H), 5.93 (b, 1H), 5.53 (d, J= 8.9 Hz, 1H), 2.25 (s, 3H), 1.37 (s,
9H).

13C NMR (100 MHz, CDCl3, 8): 198.9, 155.0, 148.6, 146.6, 140.9, 136.9, 135.8, 128.8, 127.8,
80.4,54.3, 28.4, 26.5

MS (ESI): 355.0 [M+ H] 357.0 [M+H]

Chiral HPLC: 85:15 Hex/2-PrOH (0.7 mL min!), Chiralpak AD-H Column, RT1: 8.93 min, RTz:
9.93 min
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4.3.3.2 Acid screen

NTs TF-1 (10 mol%) NHTsO

o RCO,H (10 mol%)
A H T 2 R
(j)( A ~ |
z CH,Cl,, 4A MS, rt z
N N
NTsPyr-im-1 MVK NTsPyr-MBH-1

Scheme 4E.4. Acid screen for NTsPyr-Im-1 with TF-1.

TF-1 (1.37 mg, 2.4 pumol, 10 mol%) and acid (2.4 umol, 10 mol%) in anhydrous CH,Cl, was
added to a flame-dried 2 mL vial charged with a stir bar and 4A MS. NTsPyr-Im-1 (8.28 mg, 24
pmol) was added in CH,Cl; and the volatiles removed by nitrogen blow down. Anhydrous
CH2Cl, (150 uL) was added and the vials sonicated to ensure complete dissolution of the
reagents. Methyl vinyl ketone (5.15 mg, 73 umol, 3 equiv) was added and the reaction stirred
vigorously in a 25 °C sand bath for 3 hours. The volatiles were removed in vacuo and the crude
material was analysed by *H NMR spectroscopy to determine conversion and chiral HPLC to

determine enantioselectivity
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Chapter 5

Propagation of Chirality via an aza-MBH-Soai

Asymmetric Ripple
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5.1 Introduction

5.1.1 A suprareaction network by continuous chiral propagation
The current paradigm for chemical reactivity organisation focuses on molecular connections
between different cycles or pathways to achieve specific bond formation events. For example,
a conjoined reaction pathway will have two separate but concurrent cycles with one species
acting as a focal point for the two cycles.!® The success of this type of reaction network is
measured by its endpoint, defined by the level of conversion of starting materials to typically
one desired end product (Scheme 5.1a). If a single product outcome is not the target (e.g.
prebiotic reaction cycles without elaborate reaction engineering or knowledge of a desired
product), then reaction cycles can be connected in a sequential manner (Scheme 5.1b). In
such cases, the connectivity manifests as how well the entire chemical information produced

in the first cycle is being incorporated productively in the 2" cycle (red arrow, Scheme 5.1b).

a) b)

Cyclel Cycle?2

¢ Cycle 2

(P+[W1+W2+ ...Wn])

concurrent cycles connected sequential cycles connected
by one molecular entry point (1) no single molecular connection
typically one product, P, as the desirable end point the next cycle is engendered by the previous one
with W, _, as undesirables/wastes propagation as the desirable end point (red arrow) with

no preferred single product
Scheme 5.1. a) Conjoined reaction pathway yielding a single product. b) Sequential
reactions cycles

If a reaction network were to continue, then factors that promote information propagation
rather than endpoint conversions would be of primary importance. The Soai reaction

illuminates a mechanism by which chiral information is propagated from an initial point of
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chirality via asymmetric autocatalysis and is an excellent propagative component to explore
a new paradigm of continuous and propagative reaction network.*®> However, the Soai
reaction initiates homochirality transfer mode with little growth in chemical diversity (i.e. only
one chiral entity at the end). This raises the next question of how another reaction component
may integrate with the Soai reaction to begin to construct a propagative reaction network in

which both chirality and chemical diversity can expand.

5.1.2 Chirality propagation by the asymmetric autocatalytic Soai reaction

5.1.2.1 Known chiral initiators for the Soai reaction
Unlike its limited substrate scope, the Soai reaction can be initiated by a variety of chiral
compounds with proficient asymmetric autocatalysis. Many different scaffolds have been
used to initiate chiral information transfer including organic molecules, circularly polarised
light-mediated photoequilibrium®”’, inorganic and organic crystals®', isotopically labelled
substrates?’. A significant amount of attention has been given to isotopically chiral initiators,
amino acids, helicenes, amines and simple building blocks. The absolute configuration of the
resulting chiral pyrimidine alkanol is dependent upon the initiator. However, it is not possible
to predict the absolute configuration of the alkanol based upon the absolute configuration of
structurally similar substrates. A selection of organic initiators organised by compound class

can be seen in Scheme 5.2,
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Scheme 5.2. Chiral Initiators for the Soai reaction with the configuration of 5.2 shown.

As aforementioned, the configuration of the alkanol cannot be predicted by the configuration
of the initiator. This is best demonstrated by three separate case studies involving amino acids,

helicene derivates and glycidyl ethers. As expected in all cases, each pair of enantiomers

195



transfer the opposite sense of chirality to the alkanol product — however, different amino
acids with the same configuration yield different configurations.?! For example, L-tyrosine
((S)-5.12) induces (R)-configuration while L-phenylaniline ((S)-5.11) induces (S). Likewise, L-
alanine ((5)-5.13) and L-serine ((5)-5.14) induce (S)-configuration, whereas L-cysteine ((S)-
5.15) yields the (R)-enantiomer. Helicene analogues 5.16-5.19 demonstrated the same
phenomenon; the unsubstituted helicene (P)-5.16 and quinoline derivate (P)-5.17 yields the
(S)-enantiomer whereas isoquinoline (P)-5.18 induces the (R)-enantiomer.??23 Finally, glycidyl
ethers 5.29-5.34 display no consistent trend in the configuration of the alkanol. Phenyl ((S)-
5.29), trityl ((S)-5.31) and TBDMS ((S)-5.32) ethers induce the (S)-enantiomer, while methyl
((S)-5.30), benzyl ((5)-5.33) and isopropyl acetate ((S)-5.34) analogues yield the (R)

enantiomer.?

The configuration of the pyrimidinyl alkanol has also been shown to be affected by the
temperature for a series of para-substituted phenylethanol derivates ((5)-5.20). All substrates
yielded (S)-5.2 at room temperature with high degrees of enantio excess (75-90% ee).
However, upon cooling to —44 °C, the sense of asymmetry induction inverted and (R)-5.2 was
isolated in lower enantiopurity (25-54% ee). Unexpected temperature dependence and
unpredictable configurations between analogous substrates underline the mechanistic

complexity of the reaction.

The Soai reaction is a useful model system to explore how an initial kinetic differentiation
between a racemic and asymmetric pathway can propagate heterochirality transfer as a
precursor for homochirality. In principle, a chiral initiator does not have to be a single type of

chiral compound. It is possible that an asymmetric catalytic reaction product mixture could
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be used to initiate the Soai amplification reaction. In this type of reaction network, the Soai
chirality propagation is used as a read-out for gauging the level of information integrity within
the system. However, replacing a simple chiral initiator with the entire chemical outputs of
an asymmetric reaction means that many competitive pathways can potentially derail the
Soai propagation. The next section summaries significant mechanistic findings on the likely

complexes in the Soai reaction that give rise to chiral amplification.

5.1.2.1 Complexes in the Soai reaction for chirality amplification
Determining the mechanism by which high levels of asymmetry are induced independently of
initial chiral purity is a complex question. The mechanism of the Soai chiral amplification has
been extensively reviewed and over the past decade, the mechanism chiral amplification in
the Soai reaction has been debated by several groups..'> 2> A summary of the key mechanistic

investigations can be seen in Table 5.1.

The mechanistic investigations into the Soai have focused upon identifying the nature of the
active catalyst. Initially, the reactive catalyst form of 5.36 was proposed to be a homochiral
dimer?® which was proposed to be a bimetallic dimer with N,O complexation.?’ Blackmond
and Brown demonstrated that the rate of reaction was proportion to the ee of the
autocatalyst 5.35.2” The homo- and heterochiral dimers of 5.36 were characterised by *H and

2D NMR spectroscopy and the two complexes were shown to interconvert rapidly.2®
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Table 5.1. Key mechanistic investigations of the asymmetric autocatalytic Soai reaction.

Author Year Catalyst Methods Key findings
OH
N Reaction can roceed through
26 Nl/ﬁ/H/ HPLC of initial ) P g
Soai 2001 )\ z monomeric or dimeric catalyst.
R™ °N rates .. . e
55 Origin of chiral amplification unclear.
R= CCt-Bu
OH Reaction with racemic catalyst proceeds
at exactly half the rate of enantiopure.
Blackmond N7 Reaction y' . P .
and Brown?’ 2001 PP microcalorimetry Catalyst is a macrocyclic homochiral
Me”™ N bimetallic dimer (N, O chelation).
5.35 Heterochiral dimer is unreactive.
High concentration of the homochiral
N . dimer is required for catalysis.
Buhse?® 2003 Kinetic modelling q y

OH
Blackmond N
5003 I/j/H/
30
and Buono Me)\N/
5.35

Soai!

Brown?®

Brown3?

Schiafiino and
Ercolani®?

Blackmond
and Brown3*

Blackmond
and Brown¥®

2003

2003

2007

2008

2010

2012

OH
N
L -
R N
5.2

R= CCt-Bu
OH

NT

)I\/

R™ 'N

5.36
R= CCSiMe,

OH
Nﬁ/H/
|
R)\N/

5.36
R= CCSiMe,

OH
N
)I\ Z
Me N

5.35

OH
N
A 2
R N

5.37
R= CC-adamantyl

OH
N/%/
l
R)\N/

5.37
R= CC-adamantyl

Reaction
microcalorimetry

Kinetic analysis

H and 2D NMR
spectroscopy

DFT and 2D NMR
spectroscopy

DFT

Kinetic analysis

2D NMR
spectroscopy

Autocatalysis and chiral amplification are
the results of the entire scheme.
Mechanism is different at higher loading
of  i-Pr.Zn.  Pre-complexation  of
organozinc to aldehyde which can
interact with the homochiral dimer in a
tetrameric TS.

Asymmetric amplification arises from
heterochiral trimers being significantly
more stable than homochiral dimers.

i-PrZn binds to pyrimidine nitrogen not
the carbonyl. Homo- and heterochiral
dimer rapidly interconvert and structures
are different. Heterochiral dimer has an
internal plane of symmetry.

Sterics of the isopropyl group favour the
formation of a square-macrocycle-
square tetramer.

Chirality transfer is achieved by a
hexamer. Isopropyl group and the y-
pyrimidinic nitrogen biases the complex
towards anti-arrangement which
propagates chirality.

Maximum rate observed at 36-42%
substrate conversion. Induction period is
shorter at low temperature. Supports
higher order oligomers propagate
chirality.

A transient zinc acetal intermediate is
observed as the reaction initiates
comprised of three pyrimidine units.
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Significant kinetic modelling was performed based on the dimer model. However, the kinetics
and amplification of the reaction could not be accurately modelled.?® As such, higher order-
oligomers were considered.3? 3¢ The high fidelity of the reaction was proposed to be the
results of a hexameric transition state, generated from the homochiral dimers, involving two
equivalents of alkanol, aldehyde and organozinc reagent.3® The pyrimidinyl nitrogen plays a
key role in complexing the zinc reagent which also drives enantiobias due to the steric bulk of
the isopropyl group.?? This model predicts that the homochiral complex of 5.38 directs the
addition of the isopropyl group through an anti-conformation.32 Over the past decade. The
mechanistic understanding has matured, however, the exact nature of the intermediate in

chirality transfer is unclear.

5.1.3 Building an aza-MBH-Soai reaction system
The aza-MBH reaction and Soai reaction both provide excellent model systems to explore
origins of catalytic proficiency by coordinated proton transfer and how this can be expanded

into a chiral propagation network, or an “asymmetric ripple” (Scheme 5.3).

( )
Asymmetric Ripple

Soai

Encounter with a cognate
MBH acid allows selective
partition of chemical space
to construct sequenced
reaction network with one
chirality origin

acid

Starting from a conjugative MBH pathway to produce the substrate
and chirality prescriber for priming the amplificative Soai pathway
. J

Scheme 5.3. Propagation of MBH reaction into the Soai space.
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In Chapters 2, 3 and 4 the details of the enantioselective proton transfer network that gives
rise to regulated catalysis for the trifunctional system in the aza-MBH model system was
enumerated. In this expanded MBH reaction space (i.e. the conjugative catalysis mode),
proficient catalysis emerges when networked proton motion can be recognised by the
cognate substrate. In the absence of this recognition (i.e. subjugative catalysis), the reaction
proceeds through slow and conventional pathway without chiral information transfer.
Consequently, this kinetic differentiation by proton motion recognition of two substrates
makes this aza-MBH reaction an interesting precursor to Soai amplification. In this case, this
kinetically differentiated MBH reaction is not merely an initiator but may engender the
appropriate temporal sequencing for the Soai amplification to propagate the heterochirality

transfer to achieve concurrent expansion of chirality and chemical diversity.

5.1.4 Specific aims
The specific aims of this chapter are:
e Develop a robust and high yielding synthesis of Soai aldehydes;
e Measure the Soai amplification outcomes with enantiopure aza-MBH adducts;
e Demonstrate the Soai amplification with crude aza-MBH reaction mixtures containing
the aza-MBH adduct as the major constituent;
e Demonstrate the role of the BzOH additive on the Soai amplification initiated with

crude aza-MBH reaction mixtures .
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5.2 Results and discussion
The investigation begins first with optimising a scalable and robust synthesis of Soai aldehyde
substrates via Barbier-type lithium-halogen exchange. Next, the capacity for isolated
enantioenriched aza-MBH adducts in initiating the Soai reaction was examined before the
eventual demonstration of how the conjugative aza-MBH catalysis is more efficiently

propagated by the Soai into an asymmetric ripple.

5.2.1 Development of a more robust synthesis of Soai Aldehydes

a) —
/
t-Bu/ Br
5.38 Pd(PPhy)4(0) (1.7 mol%) Néj/ n-BuLi (1.05 equiv) Néj/
+ Cul (3.4 mol%) > EtOCHO (1.50 equiv) >
> / N - L. // N
N;j,Br THF, NHi-Pr, (4 equiv) g, THF, -95°C BU
| 0°Coln

Ay

5.39

CHO

n-BuLi (1.05 equiv)

b) |
- / N H
N/TBrEtOCHO (1.50 equiv) N|/ﬁ/CHO+ NI T . Nl/ﬁ/ S, Nl/ﬁ/
|
PP _OE ° ~ ~ P P
A THF, -95°C X, A A A
5.1 541 " ° 5.42 5.43

R
5.40
R= CCt-Bu
| S o)
c) DMF (12 equiv) N® Py u P
o) POCl; (3 equiv) [ 7 T2Crh H,NTTNH,  H.N_ _N_
Br\)j\ S > _N& HBr > \“/ |
OH 0°C-90°C,5h 1 H,0 HO 124h s o
5.44 o~ 5.46
5.45

5.38 (1.5-2.0 equiv), CuTC (2.0 equiv) NZ CHO
Acetlc acid Pd(OAc), (1 mol%), PPhs (1 mol%) /)/
S
110°C, 3 Tocan )\ MeCN, 110 °C (uW), 20-30 min /\ N
t-Bu
5.47 51

Scheme 5.4. a) Synthesis of substrates for the Soai Reaction via lithium-halogen exchange. B)
Side-product from the lithium-halogen exchange. c) Alternate synthesis by desulfurative cross
coupling.

The typical synthetic route for a Soai-type pyrimidine aldehyde consists of two steps from

commercially available 5-bromo-2-iodopyrmidine (5.39); 1) Sonagoshira cross-coupling 2)
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lithium-halogen exchange and quench with a formyl group donor (Scheme 5.4a). The
Sonagoshira cross-coupling is robust, proceeding with high yields (>90%) and low catalyst
loading (1.7 mol%) for a wide range of alkynes. The lithium-halogen exchange is less robust,
proceeding in yields below 60% due to; dimerisation (5.41); amination (dimethylamine by-
product mediated)(5.42); and protonation (adventitious water)(5.43) (Scheme 5.4b).
Hintermann et al. developed a desulfarative cross-coupling from mercapto aldehyde 5.47 in
yields up to 86% for a variety of alkyne substrates (Scheme 5.4c).3” The four-step synthesis
begins from bromoacetic acid 5.44 by converting it to the Arnold salt 5.45 via a Vilsmeier—
Haack reaction.®® Addition of thiourea yields 5.46 which can undergo acid catalysed ring
closure to yield thiol 5.47. While this is a successful route, it is significantly longer than the
lithium-halogen exchange route. Consequently, a more robust method for installation of the

formyl group was explored using Barbier-type conditions.

Under Barbier-type conditions, the lithiate is formed in the presence of the electrophile (ethyl
formate (EtOCHO) or DMF).39-4! This in situ approach limits unproductive side reactions from
occurring by immediately quenching the aryl lithiate as it is formed. Crude yields, of 5.43 and
the major side product 5.1, and isolated yields for Barbier-type formylation of pyrimidine 5.40

with EtOCHO and DMF are summarised in Table 5.2 (Entries 2-5).
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Table 5.2. Barbier-type formylation of pyrimidine 5.40.

NZ Br n-BuLi (X equiv) NP CHO NZ H
| Electrophile (X equivL | |
N \N + \N
/\ Z /\
u t-Bu

N THF, -95 °C
t-Bu t-B
5.40 5.1 5.43
Entry Scale /mg  Electrophile Crude Yields® /% Isolated Yield 5.1 /%
5.43 5.1

1b 1000 EtOCHO (1.2 equiv) <5 >95 42

2¢ 500 EtOCHO (1.0 equiv) <5 62 58

3¢ 500 DMF (1.0 equiv) <5 >95 22

44 1000 EtOCHO (1.2 equiv) 16 79 72

5¢ 3000 EtOCHO (1.5 equiv) 10 90 82

a) Yield as determined by *H NMR spectroscopy b) 1.05 equiv n-Buli, 1.20 equiv EtOCHO preforming the
heteroaryl lithiate. c) 1.0 equiv n-Buli, 1.0 equiv Electrophile, d) 1.20 equiv n-Buli and EtOCHO, e) 1.50 equiv n-
BuLi and EtOCHO.

Barbier-type conditions with EtOCHO resulted in an improved but modest isolated yield for
5.1 (58%) with recovery of starting material 5.40 (31%, Table 5.2, Entry 3). Isolated yields
when quenching with DMF (22%, Table 5.2, Entry 3) and the standard approach to the lithium-
halogen exchange with ethyl formate (42%, Table 5.2, Entry 1) was significantly lower than
Barbier-type conditions. Increasing the equivalents of n-BuLi and the EtOCHO to 1.2 and 1.5
increased the isolated yield of 5.1 to 72% and 82% respectively (Table 5.2, Entries 4 and 5).

The operationally robust Barbier-type conditions yielded 5.1 in the highest reported yields.

5.2.2 Enantioenriched aza-MBH adducts as chiral initiators for the Soai reaction
Initial control experiments were performed to determine if asymmetric autocatalysis was
reproducible using known initiators (proline and phenylalanine) and the methodology
outlined in the introduction (for more information see 5.4.3.2 Soai Reaction— Method A in the
experimental).*? In brief, pyrimidine alkanol 5.2 generated during Reaction 1 was used
without purification in the second reaction as the chiral initiator. Due to the small scale of the

first reaction (<2mg) the enantioselectivity cannot be reliably measured. This process is
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repeated for a total of four reactions per replicate for each chiral initiator. The absolute
configuration of 5.2 catalysed by D-proline and L-phenylalanine is the (S) enantiomer and L-
proline and D-phenylalanine yield the (R) enantiomer.*> These configurations were used to

assign the stereochemistry of the enantiomers detected by chiral HPLC. The results of these

control experiments are summarised in Figure 5.1.
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L 5
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Reaction 2 60 4.0 -54 3.3 -63 3.3 57 3.7
Reaction 3 86 13.2 -80 8.8 -88 16.2 85 125
Reaction 4 90 19.2 -92 24.5 -93 28.1 91 20.3
Ts Ts Ts Ts
NH O NH O NH O NH O
Y O Y v
| |
Z 7~ L/ 7~
Br N Br N R)\N R)\N
NTsPyr-MBH-6 (88% ee) NTsPyr-MBH-6 (rac) 5.48 (72% ee) 5.48 (rac)
Config 5.2: (S) Config 5.2: (S) Config 5.2: (S) Config 5.2: (S)
ee /% er ee /% er ee /% er ee /% er
Reaction 2 42 25 -2 1.0 32 1.9 -1.4 1.0
Reaction 3 77 7.6 2 1.0 75 6.9 22 1.6
Reaction 4 90 18.9 41 24 90 18.4 68 5.3
R=CCt-Bu R=CCt-Bu

Figure 5.1. Enantioselectivity for control chiral initiators.

Control experiments for the four known chiral initiators successfully activated autocatalytic
chiral amplification and were consistent with published data.*? Chirality of D-Proline was

transferred to the Soai product with modest stereoselectivity in the second reaction (60% ee),
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which further amplified to give a total ee of 90% in the fourth reaction. Likewise, L-proline
conferred the opposite sense of asymmetry and amplified from an ee of -54% in the second
reaction to -92%. Furthermore, the control reactions of phenylalanine amplified from modest

ee (D=-63%; L= 58%) to excellent ee in the fourth reaction (D=-93%; L= 91%).

Pyrimidyl substrate have previously been reported for the MBH reaction by Soai et al. and in
light of this the N-tosyl imine of 5.1 was prepared and successfully catalysed as as a substrate
for the aza-MBH reaction. *3 Isolated MBH adducts, NTsPyr-MBH-6 (87% ee and racemic) and
5.48 (78% ee and racemic), were successful in initiating the Soai reaction. Chiral pyridine
initiator NTsPyr-MBH-6 produced an ee of 42% ee in the second reaction, which increased
further to 77% and 90% in the third and fourth reactions, respectively. Initially, little chiral
initiation was observed for racemic adduct NTsPyr-MBH-6 in the second (-2% ee) and third
amplification rounds (2% ee) before a moderate amplification outcome in the fourth reaction

(41% ee).

Pyrimidine initiator 5.48 (72% ee) was also an effective initiator, with chiral amplification of
32% ee in the second round to 90% ee in the fourth round. The racemic adduct 5.48 was less
effective as a chiral inducer. No enantioenrichment was observed for the second reaction (-
1.4% ee) before modest increases for the third (22% ee) and fourth reaction (68% ee). Both
sets of experiments demonstrate that isolated aza-MBH adducts are capable of acting as a
chiral inducing agent for the Soai reaction. More importantly, the single-point chiral
information stored by the catalyst can be transferred through the aza-MBH adduct. For this

system, chirality is only transmitted via the cognate proton transfer network.
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Seeking to determine the effectiveness of the initiators, an alternate method for the Soai
amplification was developed, for more details see 5.4.3.3 Soai Reaction— Method B in the
experimental section. In this method, the initiator was used as a 10 mol% additive, and the

reaction was sampled after 2 hours (Figure 5.2).

Figure 5.2. Comparison of methodology for the Soai reaction.

For Method B, the scale of the first reaction increases from 2 mg to 8 mg allowing for the
reaction to be sampled after the first reaction so the chirality transfer from the initiator can
be directly measured. Control experiments with L-Proline (>99.95% ee) were performed in
triplicate to demonstrate that this method would reproduce the expected chiral amplification
outcomes (Figure 5.3). Chirality transfer is efficient in the first reaction and can be assessed
for each round of chiral transfer amplification. L-Proline successfully induced asymmetry in
the first reaction with an ee of -50 + 7% amplifying to excellent levels of enantiopurity by the

third reaction (-95 + 1% ee).
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Reaction 1

. OH 10 mol%
0 i-PryZn (2 eq) roduct
Initiator (10 mol%) progu
N“ | H ) NZ | * used as
o o catalyst in
/\\N Toluene, 0°C, 2 h /\\N subsequent
z Z reactions
t-Bu t-Bu
5.1 5.2
|
Replicate 1 Replicate 2 Replicate 3
L-Proline L-Proline L-Proline
Config 5.2: (R) Config 5.2: (R) Config 5.2: (R)
L-Proline J eerop  er ee/%  er ee/%  er
Reaction 1 -58 3.75 -48 2.91 -45 2.59
Reaction 2 -90 18.24 -87 14.48 -88 15.29
Reaction 3 -96 48.60 -96 48.47 -94 32.73
Ts Ts Ts
NH O NH O NH O
oY oY Gy
|
Z 7~ 7z
Br 'N Br N R)\N
NTsPyr-MBH-6 (88% ee) NTsPyr-MBH-6 (rac) 5.48 (72% ee)
Config 5.2: (S) Config 5.2: (S) Config 5.2: (S)
ee/ % er eel % er eel/ % er
Reaction1l 134 1.30+0.18 rac 1.00 11+1 1.24 +0.051
Reaction2 72+2 6.15+0.72 8+2 1.18+0.076 61+7 453+ 1.68
Reaction3 83+2 1069+195 31+3 192+0.19 704 5.80+1.54
R= CCt-Bu

Figure 5.3. Asymmetric amplification of 5.1 using alternate methodology with L-Proline and
isolate aza-MBH adducts.

Chiral MBH adducts NTsPyr-MBH-6 (12 + 4% ee; 1 + 1 er) and 5.48 (11 + 1% ee; 1 + 0.30 er)
initiated asymmetric amplification with a modest induction observed in the first reaction. This
propagated to excellent enantioselectivities over three reactions (NTsPyr-MBH-6= 83 + 2%
ee; 5.48= 70 t 4% ee). For chirality to amplify quickly , there must be an initial imbalance to

propagate. Induction with the racemic adduct was diminished, the degree of asymmetric
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induction in the final reaction was significantly lower (30 £ 3% ee) than the enantioenriched

counterparts.

5.2.3 A proton-shuttle driven aza-MBH reaction as a chiral initiator for the Soai
reaction

a)
N Slow, racemic aza-
H MBH reaction 0
HO
; Chiral information NYJ\H
7

\pphz N/Ts transfer is supressed )l\
A o
TF-1 R H 51
1 BzOH Chiral aza-MBH
reaction mixture is the
Soai chiral source
N OH
H Conjugative aza-
HO o MBH cycle Soai chiral )NI\ N
mediated by propagation P
\(;)/\)]6 proton-transfer R™ 'N
Ph, BzO 5.2
TF-1-PBK
TF-1-PBK generates Chiral infromation transferred
the chiral aza-MBH by the proton propagated Soai
adduct and is recycled Reaction
b) Integrity of chirality transfer can be
measured by the radius of the ripple
indicating the er after Soai amplfication
Subjugative Catalysis Conjugative Catalysis

BzOH

v

BzOH activates the
conjugative mode which
enlarges the asymmetric

ripple

Cycle 2

Scheme 5.5. a) Reaction cycles connect the aza-MBH and Soai. b) The size of the asymmetric
ripple is a measure of the integrity of chirality transfer indicating the er outcome of the Soai
reaction.

In the conjugative catalysis mode of the aza-MBH reaction, substrate recognition of the
proton motion embedded in TF-1-PBK leads to proficient chirality transfer for enabling the
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subsequent Soai reaction (Scheme 5.5a). In the subjugative mode (reactions without BzOH),
the chiral information of the trifunctional catalyst is not transferred to the MBH product, thus
reducing the chiral information propagation via the Soai reaction (Scheme 5.5b, ripple on the
left). In the conjugative mode, the asymmetric aza-MBH reaction with BzOH is highly
proficient and may result in faster chiral amplification in the Soai reaction (e.g. larger er ratios
after the same number of amplification rounds represented by a larger radius of the ripple)
Scheme 5.5b, ripple on the right). However, having both the initial chiral catalyst and its chiral
progeny, the aza-MBH product, in the same Soai reaction may or may not lead to synergistic

chirality amplification.

o i-PryZn (2 equiv) OH
z MBH Reaction z A
N | H System (10 mol%) N |
\N o > \N
// Toluene,0°C, 2 h //
t-Bu t-Bu
Chiral Amplification 5.1 5.2
Ts<
Ts NH O
TF-1 (5 mol%)
\)l\ /(j)‘\ BzOH (0-5 mol%) | A
~
CH,Cl,, 4A MS, 1t g~
NTsPyr Im-6 NTsPyr-MBH-6
Reaction System 1 Reaction System 2 Reaction System 3 Reaction System 4
“Conjugative mode” “Subjugative mode” “TF-1-PBK only” “TF-1-PE only”
TF-1 TF-1 TF-1 TF-1
(5 mol%) N’Ts (5 mol%) N’Ts (5 mol%) (5 mol%)
BzOH ! MVK ! BzOH MVK
(5 mol%) | N H  (2equiv) | N H (5 mol%) (2 equiv)
Z Z
MVK Br” N Br” "N MVK
(2 equiv) NTsPyr-Im-6 NTsPyr-Im-6 (2 equiv)
eel/ % er eel/ % er eel/ % er eel/ % er
Reaction 1 15+5 13+0.1 64 1.1+0.9 2+1 1.1+0.0 3x1 1.06 £ 0.0
Reaction 2 72+2 6.1+0.5 48+ 8 29+0.6 62+ 12 46+05 62 +17 5.05+2.4
Reaction 3 87+2 141+138 -75+5 72+19 82+4 10.8+34 836 11.6+4.2

Figure 5.4. Soai reactions initiated by various modes of the aza-MBH catalysis.

The conjugate aza-MBH reaction was found to achieve the greatest amplification of chirality
in the first round of chiral amplification (15 + 5% ee; Figure 5.4, reaction system 1). In the

absence of BzOH (subjugative catalysis)(Figure 5.4, reaction system 2), the configuration of
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the Soai amplification was inverted with reduced ee (-6 + 4% ee). After three rounds of
asymmetric amplification, the conjugative aza-MBH reaction (reaction system 1) yielded the
adduct 5.2 in high enantiopurity (87 + 2% ee) while reaction system 2 (subjugative aza-MBH
reaction) yielded 5.2 with -75 + 5% ee. Trifunctional catalysts alone as the PBK (TF-1-PBK,
reaction system 3) or PE (TF-1-PE, reaction system 4) are also capable of inducing chirality in
the Soai reaction. With two chiral sources (both trifunctional catalyst and the aza-MBH adduct
NTsPyr-MBH-6 in reaction system 1) present, the sense of the Soai asymmetry remained the

same as that for reaction system 3 and 4.

5.2.4 A kinetically differentiated MBH reaction for engendering the Soai reaction
In the MBH reaction space, aldehydes and imine are both legitimate substrates. The aldehyde
5.1, however, is unreactive in the conjugative mode for the MBH reaction while the
corresponding imine 5.49 is reactive. BzOH allows kinetic differentiation of substrate in the
conjugative aza-MBH catalysis, which the leaves the aldehyde substrate for the subsequent
Soai reaction. This would then represent a kinetically differentiated aza-MBH-Soai reaction

ripple, rather than another cascade reaction sequence.

Two sets of reaction systems were developed to examine the effect of the conjugative and
subjugative modes on chirality propagation via the Soai reaction (Figure 5.5). The first set of
reaction systems examines the effect of the conjugative and subjugative mode on chirality
propagation for a model aza-MBH reaction with 5.49 (reaction systems 1-2) and MBH with
5.1 (reaction systems 3—4). In the second set of reaction systems (reaction systems 5-9), the
effect of the conjugative mode enabling kinetic differentiation of imine and aldehyde

substrates is exploited to demonstrate that the conjugative mode gives rise to the largest
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asymmetric ripple. A greater degree of asymmetric amplification in the Soai reaction was
induced by the catalysis in the conjugative mode with the largest degree of chirality transfer
was observed for a competitive reaction between the imine substrates 5.49 and aldehyde 5.1

(reaction system 6, 90 £ 1% ee).

a) Kinetic Differentiation of cognate substrate : Chiral Amplification
XH O o Zn(i-Pr), (2 equiv) OH
0 NTS  MVK (3 equiv) ! P aza-MBH Reaction y
TF-1 (5 mol%) X ¢ N | H  system (10 mol%) N | *
N H+ N H )\ _ : )\\ —_— ~
/]I\ _ )I\ P CH,Cly, 4A MS N rRTON Toluene,0°C,2h  R™ 'N
R N R N H
X=0(5.2), NTs (5.48) .
5.1 5.49 R= .CCL.BU 5.2
Reaction System 1 Reaction System 2 Reaction System 3 Reaction System 4
Conjugative aza-MBH Subjugative aza-MBH Conjugative MBH Subjugative MBH
TF-1 BzOH TF-1 TF-1 BzOH TF-1
(5 mol%) (5 mol%) (5 mol%) (5 mol%) (5 mol%) (5 mol%)
5.49 5.49 5.1 5.1
X=NTs (1.0 equiv) X=NTs (1.0 equiv) X=0 (1.0 equiv) X=0 (1.0 equiv)
ee/ % er ee/ % er ee/ % er ee/ % er
Reaction 1 14+2 1.3+0.0 7T+2 1.1+0.0 21+1 15+0.0 4+2 1.1+01
Reaction2  61+14 49+22 13+2 1.3+0.1 59+7 4.0+£0.8 34+9 21+04
Reaction 3 87+5 15.1+5.7 65+9 49+13 86 +2 13.3+1.9 82+6 109+35
Reaction System 5 Reaction System 6 Reaction System 7 Reaction System 8 Reaction System 9
Cognate Substrate Cognate Substrate Cognate Substrate Cognate Substrate Cognate Substrate
TF-1 TF-1 BzOH TF-1 BzOH TF-1 BzOH TF-1 BzOH
(5 mol%) (5 mol%) (5 mol%) (5 mol%) (5 mol%) (5 mol%) (5 mol%) (5 mol%) (5 mol%)
5.49; X= NTs (1.0 equiv) 5.49; X= NTs (1.0 equiv) 5.49; X=NTs (1.0 equiv) 5.49; X=NTs (1.0 equiv) 5.49; X= NTs (1.0 equiv)
5.1; X= 0 (1.0 equiv) 5.1; X= 0 (1.0 equiv) 5.1; X= O (5.0 equiv) 5.1; X= O (10.0 equiv) 5.1; X= O (25.0 equiv)
eel % er ee/ % er ee/ % er ee/ % er eel % er
Reaction 1 2+1 1.0+0.2 61 1.1+0.0 2+5 11+0.1 8+5 11+01 4+2 1.1+0.0
Reaction 2 25+7 1.7+13 59+3 3.9+04 61+8 43+1.1 65+ 13 53+2.0 34+9 25+0.6
Reaction 3 75+4 73+42 90+1 183+ 1.7 83+4 10.8+3.4 84 +10 15.3+135 82+6 12.6+9.4
b) System5:er=7.3 System 6 : er = 18.3 System 7 : er =10.8 System 8 : er = 15.3 System 9 :er = 12.6

Figure 5.5. a) Proton-transfer temporal sequenced aza-MBH-Soai reaction. b) Size of the
asymmetric ripple induced by proton transfer.

BzOH was integral in increasing the size of the asymmetric ripple for the aza-MBH (Reaction
System 1 and 2) and MBH (Reaction System 3 and 4) induced reaction systems. The
conjugative proton transfer pathway induced by BzOH increases the extent of chiral
amplification (reaction system 1; 87 + 5% ee) compared to the subjugative pathway (reaction

system 2; 65 + 9% ee). In the cases of reaction system 3 (86 + 2% ee) and 4 (82 + 6% ee), there
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is no difference between the subjugative and conjugative pathway, consequently, there is no
difference in the final degree of asymmetric induction. There is no conversion of 5.1 to the
MBH adduct as it is an incompatible substrate for the trifunctional organocatalysed reaction.
The increase in the number of chemical entities induced by benzoic acid in reaction system 3
does not cause a decrease in the size of the asymmetric ripple. This model system
demonstrates that increased chemical complexity does not hinder chemical information

transfer.

BzOH differentiated the imine and aldehyde substrates enabling greater chiral amplification
for five competition experiments (reaction systems 5-9). Chirality was amplified for all
systems, however, the conjugative mode (i.e. reactions with BzOH) was required for higher
degrees of asymmetry (up to 90 + 1% ee). The greatest amplification was observed for the
conjugative reaction system 6 (1.0 equiv 5.1, 90 + 1% ee). While the lowest degree of chirality
transfer was observed in the subjugative-mode reaction system (reaction system 5, 75 + 4%
ee). Initial aldehyde loading is only detrimental to asymmetric induction when in large excess

(25 equiv 5.1, reaction system 9).

In many instances of organic reactions, diversity is undesirable as the focus is on isolating a
single compound in high yields and purity. This approach is not conducive to developing
complex systems that possibly start from a wide range of chemical reactions and mixtures.
This model reaction network demonstrates that complexity can be instrumental in
transforming chemical information with chiral integrity. The reaction systems 5 and 6
demonstrate the importance of chemical diversity and highlight how an additional chemical

entity (BzOH with an additional proton source) can activate new pathways (kinetic
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differentiation of substrates) to facilitate a larger asymmetric ripple. Thus is shown that

expansion of chiral information and chemical diversity is achievable concurrently.

5.3 Conclusion
Chiral information is an essential component for the initiation and propagation of life. Proton
transfer, a ubiquitous process, provides a basis by which complex reaction mixtures are
partitioned into select pathways. Proton transfer offers a method by which two analogous
molecules can be directed towards two different pathways. This kinetic differentiation
strategy is able to partition the reactivities of an imine and aldehyde substrate in the
conjugative mode of an asymmetric aza-MBH reaction, which then allowed a temporally
sequenced aza-MBH-Soai ripple to proceed. In this simple model system, a single catalyst
molecule translates chirality 20 molecules of the aza-MBH adduct which propagates into
20000 molecules of Soai pyrimidine alkanol. This enhancement of both chirality
(heterochirality transfer) and chemical diversity is a useful mechanism in exploring

expansionary chiral information propagation..
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5.4 Experimental

5.4.1 Materials and methods
5-bromo-2-iodopyrimidine, 3,3-dimethyl-1-butyne and diisopropylamine were purchased
from Oakwood Chemicals and used without further purification.
Tetrakis(triphenylphosphine)palladium (0) (PdPPhs)s (0)) was prepared following the known
literature procedure reported by Coulson immediately before use.** Copper lodide was
purified as previously reported before use.* n-butyllithium (2 M in hexane) was purchased
from Sigma Aldrich and titrated against menthol/1,10-phenanthroline in THF immediately
before use. Zni-Pr, was purchased from Sigma Aldrich and titrated against LiCl/l, in anhydrous
THF before use. Toluene and THF were distilled from sodium/benzophenone immediately
before use. All other reagents were purchased from Sigma-Aldrich Castle Hill. Unless specified,
all commercially available reagents were used without further purification. Dichloromethane
was distilled from calcium hydride. All air and moisture sensitive reactions were performed
under a nitrogen atmosphere. Reactions were magnetically stirred and monitored by thin-
layer chromatography (TLC) using silica gel 60 F254 aluminium pre-coated plates from Merck
(0.25 mm). Flash column chromatography was performed on silica gel (60 A, 0.06-0.2 mm,

400 mesh from Scharlau).

All *H, 13C and 2D NMR experiments were performed on either a Bruker AVIIIHD 400 MHz
NMR Spectrometer equipped with a BBFO SmartProbe (5mm) or DRX600 NMR spectrometer
equipped with a TXI (5 mm) Cryoprobe. Chemical shifts were reported in ppm using residual
CHClI3 (6w; 7.26 ppm, &¢; 77.16 ppm) as an internal reference. All 2D NMR experiments were
run with quadrature detection and a relaxation delay of 1-3 s. High power 1H /2 pulses were

determined to be ~9.5 ms, and 13C high power /2 pulse was 11.05 ms, and a low power pulse
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of 65 ms was used for GARP4 decoupling. Gradient pulses were delivered along the z-axis
using a 100 step sine program. Heteronuclear single quantum coherence (HSQC) experiments
were optimised for a Ly coupling of 145 Hz and HMBC spectra for a coupling of 20 Hz, using
145 Hz to suppress YJcn couplings. HSQC experiments were performed using the hsqcetgpsi or
hsqcedetgpsp.3 (phase-edited HSQC) pulse program, and HMBC experiments were
performed using the hmbcgplpndgf pulse program. HSQC spectra were processed (m/2
shifted sine bell squared in both dimensions) phase sensitive and HMBC (sine squared in both
dimensions) with magnitude calculation in F1. 13C spectra were acquired using the UDEFT
sequence. NOESY experiments were performed using the noesygpphzs pulse program with a
mixing time of 400 ms. All spectra were processed using Bruker TOPSPIN 3.5pl7. Trifunctional

organocatalyst were prepared following the literature procedure.*4°

5.4.2 Synthesis of Soai Aldehydes via Lithium Halogen Exchange

5.4.2.1 Sonagoshira cross-coupling

g Pd(PPh3)y(0) (1.7 mol%)

_ t-Bu
NG Br N7 2
= NZ Cul (3.4 mol%) |
// + | > + ~ |
t-Bu )\\ THF, NHi-Pr, (4 equiv) N = N
t-Bu
5.46

N FZ
5.4

N
5.38 0°C, o/n t-Bu
5.39 0

Scheme 5E.1. Preparation of 5.40 by Sonagoshira cross-coupling

5-Bromo-2-iodopyrimidine (5.39, 3.00 g, 10.53 mmol), Pd(PPh3)4(0) (206.87 mg, 0.18 mmol),
copper iodide (68.19 mg, 0.38 mmol) were added to a flame dried 50 mL Schlenk flask and
placed under an Ar atmosphere. Freshly distilled THF (17 mL) and diisopropylamine (5.90 mL,

42.1 mmol, 4 equiv) were added at 0 °C. The mixture was then degassed (freeze-pump-

thawed before adding 3,3-dimethyl-1-butyne (5.38, 1.35 mL, 11.05 mmol, 1.05 equiv) over 30
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mins at 0 °C. The reaction was stirred vigorously overnight at 0 °C and monitored by *H NMR.
Upon complete consumption of starting material, the reaction was poured through a pad of
celite, and the filter cake washed extensively with EtOAc. The filtrate was concentrated in
vacuo and the crude product resuspended in celite and ethyl acetate. The crude was then
purified by flash chromatography (5-10% EtOAc/Hexane) to afford 5.40 as a white powder
(2.51g,95.6%). 'H NMR (400MHz, CDCl3 &): 8.73 (s, 2H), 1.37 (s, 9H); *3C NMR (100MHz, CDCl;
6): 188.4,158.4, 156.6, 126.4, 103.3, 79.2, 30.4, 28.4

The purified material was then recrystallised from heptane to remove the bisalkylation

product (5.46).

5.4.2.2 Lithium Halogen Exchange and trapping with Ethyl Formate

NZ Br i) n-BuLi (1.05 equiv) NP CHO
| i) EtOCHO (1.50 equiv) |
S > N
/\N THF, -95 °C /\ N
t-Bu
5.40

t-Bu
5.1

Scheme 5E.2. Preparation of 5.1 by Lithium-halogen exchange and formylation.

Pyrimidine bromide 5.40 (2.0 g, 8.36 mmol) was transferred to a 250 mL flame-dried Schlenk
flask charged with a stir bar, and complexed water was removed with toluene by azeotropic
distillation under reduced pressure. The dry material was then melted under an inert
atmosphere to remove trace water. After cooling to room temperature, the flask was placed
under an Ar atmosphere, and freshly distilled THF (85 mL) was added. The mixture was stirred
vigorously and then cooled to -95 °C (N2(l)/hexane) and this temperature was maintained
throughout the reaction. n-Buli (1.8 M in hexanes, 4.88 mL) was then added over 20 minutes

via a syringe pump. The dark orange mixture was then stirred for 5 minutes before adding
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ethyl formate (1.02 mL, 12.5 mmol, 1.5 equiv) in THF (5 mL) over 10 minutes via a syringe
pump. The reaction was stirred at -95 °C for a further 10 minutes before adding HCI (2 M in
Et,0, 4.4 mL) via a syringe pump over 10 minutes. The reaction was warmed to room
temperature, and the THF removed in vacuo. The residue was resuspended with EtOAc (50
mL) and washed with NaHCOs3 (3 x 25 mL), brine (25 mL) and dried over sodium sulphate. The
crude material was suspended in celite and purified by flash chromatography (5-15% EtOAc:
Hexane). Fractions containing product were collected and reduced in vacuo to afford a yellow
solid. This was transferred to a 100 mL Schlenk flask, and the aldehyde product was purified
by sublimation under reduced pressure to afford 5.1 as a white powder (727 mg, 46%).
Spectroscopic data was consistent with the literature reports.3” The product could also be

recrystallised from boiling heptane.

5.4.2.3 Formylation via Barbier-type conditions.

NZ Br n-BuLi (1.50 equiv) NZ CHO
:ﬁtﬂ/ Ebcnophne(LSOeqqu :AtH/
/\ N THF, -95°C /\ N
t-Bu
5.40

t-Bu
5.1

Scheme 5E.3. Preparation of 5.1 by Barbier-type formylation.

Pyrimidine bromide 20 (3.14 g, 13.14 mmol) was transferred to a 250 mL flame-dried Schlenk
flask charged with a stir bar, and complexed water was removed with toluene by azeotropic
distillation under reduced pressure. The dry material was then melted under an inert
atmosphere to remove trace water. After cooling to room temperature, the flask was placed
under an Ar atmosphere, and freshly distilled THF (130 mL) was added. Ethyl formate (1.50
mL, 18.40 mmol, 1.4 equiv) was added, and the reaction was cooled to -95 °C (Nx(I)/Hexane).
n-BulLi (2.5 M in hexanes, 7.36 mL) was then added dropwise over 10 minutes. The dark
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orange mixture was then stirred for 10 minutes before quenching with acetic acid (2.1 mL,
36.80 mmol, 2.8 equiv). The reaction was warmed to room temperature before adding water
(20 mL) and removing the volatiles in vacuo. The residue was resuspended in ether (75 mL)
and carefully quenched with NaHCOs;. Water (50 mL) was added, and the aqueous layer was
extracted with ether (3 x 30 mL). The combined organic layers were washed with brine (25
mL) and dried over sodium sulphate. The crude material was suspended in celite and purified
by flash chromatography (5-25% EtOAc: Hexane) to afford pyrimidine aldehyde 5.1 (2.02 g,
82%) which contained trace reductive debromination side product. The material was further
purified by recrystallisation from ethyl acetate/hexane. Spectroscopic data was consistent
with the literature reports.?’
5.4.2.4 Data for compound 5.48 and 5.49
Compound 5.49 was prepared using the general procedure for 3-pyridine carbaldimines

established in Chapter 4.

N,Ts
|
N“ | H
N
/\ N
t-Bu
5.49

(E)-N-((2-(3,3-dimethylbut-1-yn-1-yl)pyrimidin-5-yl)methylene)-4-
methylbenzenesulfonamide (5.49)

1H NMR (400 MHz, CDCls, 8): 9.12 (s, 2H), 9.03 (s, 1H), 7.90 (d, J= 8.3 Hz, 2H), 7.38, (d, J= 8.3
Hz, 2H), 2.46 (s, 3H), 1.39 (s, 9H).

13C NMR (100 MHz, CDCl3, 3): 164.5, 159.0, 156.7, 145.6, 134.1, 130.2, 128.6, 124.1, 103.8,
30.3, 28.4,21.9

MS (ESI): 342.1 [M+ H]
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5.48
N-(1-(2-(3,3-dimethylbut-1-yn-1-yl)pyrimidin-5-yl)-2-methylene-3-oxobutyl)-4-
methylbenzenesulfonamide (5.48)

1H NMR (400 MHz, CDCls, 8): 8.41 (s, 2H), 7.63 (d, J= 8.3, 2H), 7.24 (d, J= 8.3 Hz, 2H), 6.16 (s,
1H), 6.13 (s, 1H), 5.82 (d, J= 9.5 Hz, 1H), 5.23 (d, J= 9.5 Hz, 1H), 2.42 (s, 3H), 2.18 (s, 3H), 1.35
(s, 9H).

13C NMR (100 MHz, CDCl3, 3): 198.8, 155.5, 144.8, 144.2, 137.3, 130.4, 130.1, 129.9, 127.3,
98.6, 56.2, 30.5, 28.0, 26.3, 21.7.

MS (ESI): 412 [M+ H]

Chiral HPLC: 60:40 Hex/2-PrOH (0.7 mL mint), Whelk-01 Column, RT1: 21.4 min, RT,: 24.86
min
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5.4.3 Soai Reaction
All glassware used for Soai amplification reaction was performed with new and unused
disposable 4 mL vials. Vails and stir bars for the reaction were washed with 6.0 M nitric,
distilled water and ethanol (99.95%). Vials and stir bars were stored in a 120 °C oven overnight
before use. Gastight disposable syringes and needles were used and disposed of after

sampling each reaction to ensure no contamination between different conditions.

5.4.3.1 Preparation of Racemic Standard

CHO o
N~ z
/\:Nj/ i-PrMgClI (1.05 equiv) NW

= : S

/ _ o N
CBu THF, -20 °C /\

t-Bu
51 5.2

Scheme 5E.4. Preparation of racemic 5.2

5.1 (25 mg, 0.13 mmol) was dissolved in THF (1.3 mL) and cooled to -20 °C. i-PrMgCl (1 M in
Et,0, 139 pL, 1.05 equiv) was added dropwise over 5 minutes. The reaction was stirred for 10
minutes, allowed to warm to room temperature, and carefully quenched with NH4Cl (200 pL).
THF was removed in vacuo and the residue resuspended in EtOAc (15 mL). The reaction was
washed with NaHCO3 (3 x 10 mL), water (2 x 1 mL) and then dried over sodium sulfate. The
solvent was removed in vacuo, and the crude product was purified by flash chromatography
(20% EtOAc: Hexane) to afford 5.2 as a white solid (17 mg, 55%). Spectroscopic data was

consistent with the literature.’®
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5.2
1-(2-(3,3-dimethylbut-1-yn-1-yl)pyrimidin-5-yl)-2-methylpropan-1-ol (5.2)

1H NMR (400 MHz, CDCls, 8): 8.62 (s, 2H), 4.51 (d, J= 6.1 Hz), 1.97 (m, 1H), 1.37 (s, 9H), 0.95
(d, J= 6.7 Hz, 3H), 0.87 (d, J= 6.7 Hz, 3H).

13C NMR (100 MHz, CDCls, 8): 155.7, 153.3,134.4,97.9, 78.5, 75.3, 35.3, 30.5, 27.9, 18.5, 17.5.
MS (ESI): m/z, need to do [M+ H]

Chiral HPLC: 95:5 Hex/2-PrOH (0.7 mL mint), Chiralpak AD-H Column, RT;: 13.12 min, RTz:
14.63 min

5.4.3.2 Soai Reaction— Method A

20 mol% 5.2
Reaction 1
% Zn(i-Pr), (2 equiv) OH ificati ,/" Zn(i-Pr); (2 equi
z Initiator (100 mol%) A Autoamplification 5.1
N | H - N | Reactions 2—4 :
NS ° NS
/N Toluene, 0 °C, 2 h /\N

- t-Bu
t-Bu 5.1 59

20 mol% product used
as catalyst in
subsequent reactions

Scheme 5E.5. The Soai reaction using Method A.

Reaction 1— Chiral Initiation

The chiral initiator (0.01 mmol, 1 equiv) was added to a flame-dried 4 mL vial, and the vessel
was purged 8 times with Ar. Toluene (100 plL) was added, and the mixture was stirred for
cooled to 0 °C before adding Zni-Pr, (90 uL, 0.05 mmol, 5 equiv) dropwise over 2 minutes. The
reaction was stirred for a further 5 minutes before adding a solution of 5.1 in toluene (2.00
mg, 0.01 mmol, 1 equiv, 500 pL) over 30 minutes and then left to stir overnight at 0 °C.

Reaction 2-4 — Chiral Propagation
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Toluene (150 pL) and Zni-Pr; (94 pL, 0.86 mmol, 2 equiv) were added before dropwise
addition of 5.1 in toluene (8.00 mg, 0.043 mmol, 1 equiv, 320 pL). The reaction was stirred for
three hours at 0 °C before removing an aliquot of the reaction (840 L) and adding toluene
(450 L), Zni-Prz (191 pL, 0.17 mmol, 2 equiv) and a solution of 5.1 in toluene (16.21 mg, 0.086
mmol, 1 equiv, 430 pL). The reaction was stirred for one hour at 0 °C before removing an
aliquot of the reaction (1.30 mL) and adding toluene (450 L), Zni-Pr; (144 pL, 0.13 mmol, 2
equiv) and a solution of 5.1 in toluene (12.16 mg, 0.065 mmol, 1 equiv, 484 uL). Reactions
were quenched with the slow addition of HCI (1M, 3 equiv) and then careful addition of
NaHCOs (sat., 9 equiv). The aqueous phase was extracted with DCM (5 x 10 mL) and the
organic phase dried over sodium sulphate. The combined organic phase was reduced in vacuo

and crude 5.2 analysed by chiral HPLC.

5.4.3.3 Soai Reaction— Method B

20 mol% 5.2
Reaction 1
Zn(i-Pr), (2 equiv
Q Zn(i-Pr), (2.3 equiv) oH R Vo LR
Initiator (10 mol%) z Autoamplification 51
N~ | H > N | * Reactions 2—4 :
X Toluene, 0°C, 2 h N

B /\N j /\N
- -Bu
t-Bu 51 50

20 mol% product used
as catalyst in
subsequent reactions

Scheme 5E.6. The Soai reaction using Method B.

Reaction 1— Chirality Initiation

The chiral initiator (4 umol) in a flame-dried, 4 mL vial charged with a stir bar was dissolved
in anhydrous toluene (1.00 mL) and placed under an inert atmosphere. The reaction was
cooled to 0 °C and Zni-Pr; (1M in toluene, 100 uL, 2.3 equiv) was added dropwise, and the

reaction was stirred vigorously for 30 minutes. Aldehyde 5.1 (8.00 mg, 0.043 mmol) was
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dissolved in toluene (575 pL) and added dropwise over 2 minutes. The reaction was then
stirred for 2 hours before removing an aliquot and quenching with 2-propanol (2 mL). The

guenched reaction was evaporated to dryness, resuspended in 2-propanol (2 mL), filtered and

analysed by chiral HPLC.

Reaction 2 and 3 — Chiral Propagation

To the remaining reaction mixture was added toluene (600 pL), and Zni-Pr, (1M in toluene,
100 pL, 2.3 equiv) was added dropwise and stirred for 10 minutes. A toluene solution of
aldehyde 5.1 (8.00 mg, 0.043 mmol, 575 pL) was dissolved in toluene (575 pL) and added
dropwise over 2 minutes. The reaction was stirred for one hour, and an aliquot was removed
and quenched with 2-propanol (2 mL). The solvent was evaporated to dryness, resuspended
in 2-propanol (2 mL), filtered and analysed by chiral HPLC. The remaining unquenched
reaction mixture was used to repeat the reaction at the same scale (toluene (600 uL), Zni-Pr;

(IMin toluene, 100 pL, 2.3 equiv) and aldehyde 5.1 in toluene (8.00 mg, 0.043 mmol, 575 uL).
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Conclusions and Future Directions
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6.1 Conclusions
This thesis began with the initial aim of addressing the mechanism complexity of the acid-
regulated trifunctional organocatalysed aza-MBH reaction. In this thesis, the effect of proton
motion in a model proton transfer reaction (aza-MBH) has been demonstrated. The chapters
within this thesis have demonstrated that proton motion is the basis behind the activation of
ground state PBK and is essential for C—C bond formation. In this thesis, an asymmetric ripple
in the Soai reaction has been employed as a method of reading the chemical output of a

system.

In chapter two, a solution structure model of TF-1-PBK was developed by 2D NMR and
molecular mechanics. It was shown that unlike bifunctional PBK (i.e. MOP-PBK), that TF-1-
PBK is not a parasitic intermediate. Proton motion, facilitated by the conformational bias of
TF-1-PBK and embedded within the tautomeric forms of TF-1-PBK, activates the ground state

for C—C bond formation.

In chapter three, the role of the acid additive in trifunctional catalysis was investigated. A
structure-reactivity relationship (SRR) demonstrated that the nature and identity of the acid
additive can dictate the activation of TF-1-PBK and directs proton transfer to the aldolate (TF-
1-Al"). The acid additive also accelerates proton motion in the trifunctional PBKs (TF-1-3)
contributing to a slower elimination of MVK (deuterium incorporation kinetics). Finally, the
role of BzOH in expanding the aza-MBH reaction into a new paradigm with conjugative and

subjugative pathways was shown with a set of substrates with different protecting groups.
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In chapter four, new heterocyclic substrates (pyridines) for the aza-MBH were prepared and
tested to identify the scope of the trifunctional conjugative mode. 3-pyridine substrates were
compliant with the conjugative mode of catalysis while 2-pyridine substrates can only adopt

an asymmetric subjugative mode.

In chapter five, an asymmetric ripple connecting the aza-MBH and Soai reaction was
developed. A more robust synthesis of the Soai aldehyde 5.1 was developed using Barbier-
type conditions and ethyl formate. The size of the asymmetric ripple in the Soai reaction was
also shown to be dependent upon the addition of benzoic acid (and adoption of the

conjugative mode of trifunctional catalysis).

6.2 Future Directions
The model trifunctional system has demonstrated the role of proton motion and how it can
be utilised for catalytic proficiency. From the mechanistic model developed in this work
further developments to the catalytic system can be rationally designed to expand further
into a different reaction space. Additionally, new catalysts for other model reactions can be

developed based upon the dynamics of proton transfer.

In relation to the aza-MBH reaction, there is opportunity to explore new heteroaryl substrates
includes furans and pyrroles. In addition, the scope of heteroaryl aldehyde substrates and
their capacity to facilitate proton transfer can be investigated. Furthermore, the substrate
scope of carbamoyl imine can be expanded further to identify if the mechanism can be shifted
to the conjugative mode. Likewise, the effect of the different aza-MBH adducts (different

protecting groups, aryl vs heteroaryl) on the asymmetric ripple in the Soai reaction can also
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be explored. Finally, the capacity of proton transfer to propagate chirality can be explored in
other model systems. This is of particular relevance to prebiotic chemistry and is an avenue

that can be explored further.
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IVIBH=-7) c++vereeneeneeneene ettt A-90

N-(1-(6-bromopyridin-2-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide (NTsPyr-

IVIBH=-8) «+++evereestentent ettt A-94
tert-butyl (1-(4-chlorophenyl)-2-methylene-3-oxobutyl)carbamate (NBoc-MBH-1) -++-------- A-98
tert-butyl (2-methylene-3-oxo-1-(pyridin-3-yl)butyl)carbamate (NBoc-MBH-2)-----+------+- A-102

tert-butyl (1-(5-bromopyridin-2-yl)-2-methylene-3-oxobutyl)carbamate (NBoc-MBH-3) -A-106

N-(1-(2-(3,3-dimethylbut-1-yn-1-yl)pyrimidin-5-yl)-2-methylene-3-oxobutyl)-4-
methylbenzenesulfonamide (5_48) ................................................................................... A-110

1-(2-(3,3-dimethylbut-1-yn-1-yl)pyrimidin-5-yl)-2-methylpropan-1-ol (5.2):«---seeeeeeeeeee A-114
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A.1 Catalyst Spectra and assignments.

A.1.1 Catalyst TF-1

Hr)s

Figure A.1 Assignment map for TF-1

1H NMR (600 MHz, CD2Cls, 8): 3.51 (s, 1H, NH), 3.76-3.79 (dd, 1H, H17), 4.01-4.04 (dd, 1H, H-
17’) 6.65 (d, J= 8.2 Hz, 1H, H-11), 6.76-6.79 (m, 2H, H-13, H-8'), 6.88 (d, J= 7.7 Hz, H-14), 7.02-
7.06 (m, 2H, H-(R)1/5), 7.07-7.11 (m, 2H, H-12, H-7’), 7.17-7.23 (m, 3H, H-8, H-(R)2/B4), 7.23-
7.27 (m, 5H, H-3’, H-(S)1/5, H6’, H-(R)3), 7.32-7.37 (m, 3H, H-7, H-(S)2/A4), 7.37-7.40 (m, 1H,
H-(5)3), 7.40-7.43 (dd, 1H, H-3), 7.52-7.56 (m, 1H, H-6), 7.80-7.83 (d, 1H, H-5) 7.89-7.92 (d,
1H, H-4') 7.92-7.97 (m, 2H, H-4, H-5), 8.03 (b, 1H, OH).

13C NMR (100 MHz, CD1Cl,, 8): 45.5 (C-17), 115.5 (C-3’), 116.6 (C-11), 120.0 (C-13), 120.6 (C-
13), 120.5-120.6 (d, J=8.41 Hz C-1’) 120.4 (C15, C6-'), 125.0 (C-8’), 126.0 (C-8), 126.9 (C-7),
127.5 (C-7), 127.6 (C-6), 128.2 (C-5), 128.5-128.6 (C-5, C-14, C-(5)2/4, C-(R)3) 128.9 (C-9’, C-
12), 129.1 (d, C-4), 129.2 (C-(R)2/4), 129.3 (C-(S)3), 130.1 (C-4’), 130.6 (C-3), 133.2 (d, C-9),
133.5 (d, C-(5)1/5), 133.9 (C-10°), 134.3 (d, C-(R)1/5), 134.6 (C10), 137.2 (d, C-(R)6/(S)6), 137.4
(dd, C-2), 140.6 (d, C-1), 143.7 (C-2’), 157.0 (C-16).

31p NMR (162 MHz, CD,Cly, 8): -12.37.
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Figure A.2 *H NMR spectrum (600 MHz, CD>Cl,) for TF-1.

Figure A.3 *H NMR spectrum (600 MHz, CD»Cl) of the aromatic region for TF-1.
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Figure A.4 13C NMR spectrum (600 MHz, CD,Cl) of the aromatic region for TF-1.

Figure A.5 13C NMR spectrum (600 MHz, CD,Cl) of the aromatic region for TF-1.
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Figure A.6 3P NMR spectrum (167 MHz, CD,Cl,) for TF-1.
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Figure A.7 *H-"C HSQC spectrum (600 MHz, CD,Cl;) for TF-1.

Figure A.8 *H-'3C HSQC spectrum (600 MHz, CD,Cl,) of the aromatic region for TF-1.
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Figure A.9 'H-'3C HMBC spectrum (600 MHz, CD,Cl,) for TF-1.

Figure A.10 *H-"*C HMBC spectrum (600 MHz, CD,Cl,) of the aromatic region for TF-1.
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Figure A.11 'H-'H COSY spectrum (600 MHz, CD,Cl,) for TF-1.

Figure A.12 'H-'H HSQC spectrum (600 MHz, CD,Cl) of the aromatic region for TF-1.
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A.1.2 Partial assignments for the phosphonium butanone for PBK

TF-2-PBK

Figure A.13 TF-2-PBK partial assignment map for the PBK

'H NMR (600 MHz, CDCl3, 8): 1.89 (s, 3H, H-Me), 2.34 (m, 1H ,H-a.), 2.82 (m, 1H ,H-B), 2.95
(m, 1H ,H-a), 3.43 (m, 1H ,H-B’).

1H NMR (600 MHz, CD,Cl, 3): 1.85 (s, 3H, H-Me), 2.36 (m, 1H ,H-a), 2.67 (m, 1H ,H-B), 2.82
(m, 1H ,H-a), 3.35 (m, 1H ,H-f’).

Figure A.14 'H NMR spectrum (600 MHz, CD,Cl,) of phosphonium butanone for TF-2-PBK

TF-3-PBK

Figure A.15 TF-3-PBK partial assignment map for the PBK
'H NMR (600 MHz, CD,Cl, 3): 1.82 (s, 3H, H-Me), 1.95 (m, 1H ,H-a), 2.28 (m, 1H ,H-B), 2.38
(m, 1H ,H-a), 3.21 (m, 1H ,H-B’).
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Figure A.16 'H NMR spectrum (600 MHz, CDCl,) of phosphonium butanone for TF-3-PBK
é\/leo
BzO
N\
H

BF-1-PBK
Figure A.17 BF-1-PBK partial assignment map for the PBK
1H NMR (600 MHz, CD,Cl,, 3): 1.90 (s, 3H, H-Me), 2.06 (m, 1H ,H-a), 2.45 (m, 1H ,H-B), 2.63
(m, 1H ,H-a), 3.16 (m, 1H ,H-B’).
HO

BF-2-PBK
Figure A.18 BF-2-PBK partial assignment map for the PBK
'H NMR (600 MHz, CD,Cl, 3): 1.89 (s, 3H, H-Me), 2.20 (m, 1H ,H-a), 2.63 (m, 1H ,H-B), 2.96
(m, 1H ,H-a), 3.52 (m, 1H ,H-f’).

BzOe

MOP-PBK
Figure A.19 MOP-PBK partial assignment map for the PBK
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'H NMR (600 MHz, CD2Cl2, 8): 2.02 (s, 3H, H-Me), 2.49 (m, 1H ,H-a), 3.01 (m, 1H ,H-B), 3.10
(m, 1H ,H-o’), 3.45 (m, 1H ,H-B’).

BzOe

MAP-PBK
Figure A.20 MAP-PBK partial assignment map for the PBK
1H NMR (600 MHz, CD,Cl,, 3): 1.90 (s, 3H, H-Me), 2.38 (m, 1H ,H-a), 2.71 (m, 2H ,H-B, H-o'),
3.26 (m, 1H ,H-f’).
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A.2 1H NMR, 13C NMR and Chiral HPLC Traces for substrates in Chapter 3, 4 and 5.

NMs-Im-1
(E)-N-(4-chlorobenzylidene)methanesulfonamide (NMs-Im-1)

1H NMR (400 MHz, CDCls, 8): 8.99 (s, 1H), 7.89 (d, J= 8.4 Hz, 2H), 7.51 (d, J= 8.4 Hz), 3.13 (s,
3H)

13C NMR (100 MHz, CDCls, 8): 170.4, 141.9, 132.5, 130.7, 129.9, 40.4.

MS (ESI): 279.1 [M+IsoProp+H]
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Figure A.21 'H NMR spectrum (400 MHz, CDCls) for NMs-Im-1.
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Figure A.22. 3C NMR spectrum (100 MHz, CDCl3) for NMs-Im-1.
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(E)-4-methyl-N-(pyridin-3-ylmethylene)benzenesulfonamide (NTsPyr-Im1)
14 NMR (400 MHz, CDCls, 8): 9.09 (s, 1H), 9.05 (s, 1H), 8.81 (d, J= 4.9 Hz, 1H), 8.27 (d, J= 4.9
Hz, 1H), 7.89 (d, J= 4.9 Hz, 2H), 7.44 (dd, J= 7.9, 4.9 Hz, 2H), 7.37 (d, J= 8.0 Hz, 2H), 2.45 (s,
3H).

13C NMR (100 MHz, CDCls, 8): 167.7, 155.2, 153.1, 145.2, 137.0, 134.6, 130.1, 128.4, 124.2,
21.82.

MS (ESI): 261.1 [M+H]

A-16



N
I
z H
o |
N
NTsPyr-im-1

Figure A.23 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-Im1.
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Figure A.24 3C NMR spectrum (100 MHz, CDCl3) for NTsPyr-Im1.
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(E)-N-((2-fluoropyridin-3-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im2)

1H NMR (400 MHz, CDCls, §): 9.25 (s, 1H), 8.50 (ddd, J= 9.1, 7.4, 1.9 Hz, 1H), 8.45 (ddd, J=
4.8,2.1,0.9 Hz, 1H), 7.89 (d, J= 8.3 Hz, 2H), 7.37 (d, J= 8.3 Hz, 2H), 7.33 (m, 1H).

13C NMR (100 MHz, CDCls, 8): 163.8 (d, 248.6 Hz), 162.6 (d, 1.2 Hz), 154.1, 153.9, 140.3 (2.1
Hz), 134.2, 130.1, 128.6, 126.6, 122.5 (d, 4.4 Hz), 115.8, 115.3, 21.9

MS (ESI): 279 [M+H]
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Figure A.25 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-Im2.
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Figure A.26 3C NMR spectrum (100 MHz, CDCl3) for NTsPyr-Im2.
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(E)-N-((2-chloropyridin-3-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-
Im3)
14 NMR (400 MHz, CDCls, 8): 9.41 (s, 1H), 8.58 (dd, J= 4.7, 1.9 Hz, 1H), 8.46 (dd, J= 7.8 Hz,
1.9 Hz, 1H), 7.90 (d, J= 8.3 Hz, 2H), 7.37 (m, 3H), 2.46 (s, 3H)

13C NMR (100 MHz, CDCls, 8): 165.90, 154.7, 154.6, 145.4, 138.9, 134.1, 130.1, 128.6, 126.9,
123.2,21.8

MS (ESI): 295 [M+H]
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Figure A.27 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-Im3.
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Figure A.28 3C NMR spectrum (100 MHz, CDCl3) for NTsPyr-Im3.
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(E)-N-((6-fluoropyridin-3-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im4)
IHNMR (400 MHz, CDCls, 8): 9.09 (d, J= 1.8 Hz, 1H), 8.84 (dd, J= 1.4 Hz, 1H), 8.67 (d, J= 2.8
Hz. 1H), 7.98 (ddd, J= 8.4 Hz, 2.8 Hz, 1.7 Hz, 1H), 7.89 (d, J= 8.4 Hz, 2H), 7.37 (d, J= 8.4 Hz,
2H), 2.45 (1H, s)

13C NMR (100 MHz, CDCls, 8): 166.2 (d, J= 2.2 Hz), 159.5 (d, J= 260.5 Hz), 149.0 (d, J= 4.3 Hz),
145.5,144.2,143.9, 134.2, 130.1, 128.5, 122.3 (d, /= 19.1 Hz), 21.9

MS (ESI): 279 [M+H], 311 [M+CH3OH+H]
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Figure A.29 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-Im4.
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Figure A.30 '3C NMR spectrum (100 MHz, CDCl3) for NTsPyr-Im4.
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(E)-N-((6-chlororopyridin-3-yl)methylene)-4-methylbenzenesulfonamide = (NTsPyr-
Im5)

1H NMR (400 MHz, CDCls, §): 9.05 (s, 1H), 8.81 (d, J= 2.1 Hz, 1H), 8.22 (dd, J= 8.4, 2.4 Hz, 1H),
7.88 (d, J= 8.3 Hz, 2H), 7.46 (d, J= 8.4 Hz, 2H), 7.36 (d, J= 8.4 Hz, 2H), 2.45 (s, 3H).

13C NMR (100 MHz, CDCls, 8): 166.2, 157.5, 153.2, 145.4, 139.1, 134.4, 130.1, 128.4, 127.4,
125.3,21.8

MS (ESI): 295 [M+H]
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Figure A.31 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-Im5.
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Figure A.32 13C NMR spectrum (100 MHz, CDCl3) for NTsPyr-Im5.
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(E)-N-((6-bromopyridin-3-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im6)
14 NMR (400 MHz, CDCls, 8): 8 9.05 (s, 1H), 8.77 (d, J= 2.2 Hz, 1H), 8.10 (dd, J= 8.3, 2.4 Hz,
1H), 7.87 (d, J= 8.3 Hz, 1H), 7.62 (d, J= 8.3 Hz, 2H), 7.36 (d, J= 8.3 Hz, 2H), 2.45 (s, 3H).
13C NMR (100 MHz, CDCls, 8): 166.4, 153.3, 148.8, 145.4, 138.5, 134.3, 130.1, 129.1, 128.4,

127.7, 21.8.

MS (ESI): 338.9 [M+H], 340.9 [M+H]
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Figure A.33 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-Im6.
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Figure A.34 3C NMR spectrum (100 MHz, CDCl3) for NTsPyr-Imé.
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(E)-N-((5-bromopyridin-2-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im7)

1H NMR (400 MHz, CDCls, 8): 8.94 (s, 1H), 8.81 (d, J= 2.0 Hz, 1H), 8.04 (d, J= 8.4 Hz, 1H), 7.95
(dd, J= 8.4, 2.1 Hz, 1H,), 7.88 (d, J= 8.3 Hz, 2H), 7.37 (d, J= 8.3 Hz, 2H), 2. 45 (s, 3H).

13C NMR (100 MHz, CDCls, 8): 169.1, 151.9, 149.8, 145.4, 139.8, 133.9, 130.1, 128.7, 126.1,
125.0, 21.8

MS (ESI): 338.9 [M+H], 340.9 [M+H]
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Figure A.35 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-Im7.
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Figure A.36 3C NMR spectrum (100 MHz, CDCl3) for NTsPyr-Im7.

N
Br\

NTsPyr-Im-7
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(E)-N-((6-bromopyridin-2-yl)methylene)-4-methylbenzenesulfonamide (NTsPyr-Im8)

1H NMR (400 MHz, CDCls, §): 8.89 (s, 1H), 8.16 (dd, J= 6.9, 1.6 Hz, 1H), 7.89 (d, J= 7.9 Hz, 2H),
7.69 (m, 2H), 7.39 (d, J= 7.9 Hz, 2H), 2.45 (s, 2H).

13C NMR (CDCl3, 100 MHz) 8 168.5. 153.4. 145.5. 142.6, 139.3, 133.5, 132.8, 130.2, 128.8,
122.8, 21.8.

MS (ESI): 338.9 [M+H], 340.9 [M+H]
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Figure A.37 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-Im8.
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Figure A.38 13C NMR spectrum (100 MHz, CDCl3) for NTsPyr-Im8.
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5.49
(E)-N-((2-(3,3-dimethylbut-1-yn-1-yl)pyrimidin-5-yl)methylene)-4-

methylbenzenesulfonamide (5.49)

1H NMR (400 MHz, CDCls, §): 9.12 (s, 2H), 9.03 (s, 1H), 7.90 (d, J= 8.3 Hz, 2H), 7.38, (d, J= 8.3
Hz, 2H), 2.46 (s, 3H), 1.39 (s, 9H).

13C NMR (100 MHz, CDCls, 8): 164.5, 159.0, 156.7, 145.6, 134.1, 130.2, 128.6, 124.1, 103.8,
30.3, 28.4, 21.9

MS (ESI): 342.1 [M+H]
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Figure A.39 'H NMR spectrum (400 MHz, CDCls) for 5.49.
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Figure A.40 13C NMR spectrum (100 MHz, CDCls) for 5.49.

A-42



NBoc-sulfone-1
tert-butyl ((4-chlorophenyl)(tosyl)methyl)carbamate (NBoc-sulfone-1)

1H NMR (400 MHz, CDCls, §): 7.77 (d, J= 8.1 Hz, 2H), 7.38 (m, 4H), 7.34 (d, J= 8.1 Hz, 2H),

5.86 Hz (1H, J= 10.6 Hz, 1H), 5.71 (b, 1H), 2.43 (s, 3H), 1.26 (s, 9H).

13C NMR (100 MHz, CDCls, 8): 153.59, 145.35, 136.07, 133.62, 130.31, 229.87, 129.59,
129.02, 128.73, 81.42, 73.31, 28.04, 21.74

MS (ESI): 240.1 [M-Ts]
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NBoc-sulfone-1

Figure A.41 'H NMR spectrum (400 MHz, CDCls) for NBoc-sulfone-1.
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NBoc-sulfone-1

Figure A.42 'H NMR spectrum (400 MHz, CDCls) for NBoc-sulfone-1.
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NBoc-Im-1
tert-butyl (E)-(4-chlorobenzylidene)carbamate (NBoc-Im1)

1H NMR (400 MHz, CDCls, 8): 8.82 (s, 1H), 7.84 (d, J= 8.5 Hz, 2H), 7.44 (d, J= 8.5 Hz, 2H), 1.58
(s, 9H).
13C NMR (CDCls, 100 MHz) & 168.4, 162.5, 139.9, 132.6, 131.4, 129.4, 82.6, 28.0

MS (ESI): 240.1 [M+H]
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NBoc-Im-1

Figure A.43 'H NMR spectrum (400 MHz, CDCls) for NBoc-Im1.
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NBoc-Im-1

Figure A.44 3C NMR spectrum (100 MHz, CDCls) for NBoc-Im1.
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NBoc-sulfone-2
tert-butyl (pyridin-3-yl(tosyl)methyl)carbamate (NBoc-sulfone-2)

1H NMR (400 MHz, CDCls, §): 8.86 (s, 2H), 7.85 (d, J= 7.9 Hz, 1H), 7.83 (d, J= 7.8 Hz, 2H), 7.34
(m 3H), 6.26 (d, J= 10.8 Hz, 1H), 5.96 (d, J= 10.8 Hz, 1H), 2.42 (s, 3H), 1.25 (s, 9H)

13C NMR (100 MHz, CDCls, 8): 4 153.7, 150.8, 150.1, 145.6, 136.5, 133.3, 129.8, 129.6, 126.7,
123.6, 81.5,72.1, 28.1, 21.8

MS (ESI): 363.1 [M+H]
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NBoc-sulfone-2

Figure A.45 'H NMR spectrum (400 MHz, CDCls) for NBoc-sulfone-2.
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NBoc-sulfone-2

Figure A.46 3C NMR spectrum (100 MHz, CDCls) for NBoc-sulfone-2.

A-51



N
|
z H
o |
N
NBoc-Im-2

tert-butyl (E)-(pyridin-3-ylmethylene)carbamate (NBoc-Im2)

14 NMR (400 MHz, CDCls, §): 8.99 (d, J= 1.8 Hz, 1H), 8.86 (s, 1H), 8.74 (dd, J= 4.8, 1.7 Hz, 1H),
8.25 (dt, J= 7.9, 1.9 Hz, 1H), 7.39 (dd, J= 7.9 Hz, 4.8 Hz, 1H) 1.57 (s, 9H).

13C NMR (100 MHz, CDCls, 8): 166.8, 162.1, 154.0, 152.3, 135.9, 129.9, 124.0, 82.9, 27.9

MS (ESI): 207.1 [M+H]
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Figure A.47 *H NMR spectrum (400 MHz, CDCls) for NBoc-Im2.
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Figure A.48 13C NMR spectrum (100 MHz, CDCls) for NBoc-Im2.
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NBoc-sulfone-3
tert-butyl ((5-bromopyridin-2-yl)(tosyl)methyl)carbamate (NBoc-sulfone-3)
14 NMR (400 MHz, CDCls, 8): 8.67 (d, J= 1.9 Hz, 1H), 7.90 (dd, J= 8.3, 2.3 Hz, 1H), 7.78 (d, J=
8.2 Hz, 2H), 7.53 (d, J= 8.2 Hz, 1H), 7.33 (d, J= 8.0 Hz, 2H), 7.72 (d, J= 9.4 Hz, 1H), 5.96 (d, J=
9.4 Hz, 1H), 2.43 (s, 3H), 1.26 (s, 9H).

13C NMR (100 MHz, CDCls, 8): 153.7, 150.8, 146.8, 145.4, 139.4, 133.4, 130.0, 129.8, 126.7,
122.1,81,74.2,28.4,28.1, 21.2

MS (ESI): 339 [M-Boc]
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NBoc-sulfone-3

Figure A.49 'H NMR spectrum (400 MHz, CDCls) for NBoc-sulfone-3
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NBoc-sulfone-3

Figure A.50 3C NMR spectrum (100 MHz, CDCls) for NBoc-sulfone-3.
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tert-butyl (E)-((5-bromopyridin-2-yl)methylene)carbamate (NBoc-Im3)

1H NMR (400 MHz, CDCls, 8): 8.76 (m 1H), 8.74 (s, 1H), 8.03 (d, J= 8.4 Hz, 1H), 7.93 (dd, J=
8.4, 2.3 Hz, 1H), 1.58 (s, 9H)

13C NMR (100 MHz, CDCls, 8): 167.7, 161.8, 151.4, 139.6, 129.9, 124.8, 123.6, 83.2, 28.0

MS (ESI): 285 [M+H]

A-58



N
|
z I H
N
Br X
NBoc-Im-3

Figure A.51 'H NMR spectrum (400 MHz, CDCls) for NBoc-Im3
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Figure A.52 13C NMR spectrum (100 MHz, CDCls) for NBoc-Im3.
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NMs-MBH-1
N-(1-(4-chlorophenyl)-2-methylene-3-oxobutyl)methanesulfonamide (NMs-MBH-1)

1H NMR (100 MHz, CDCls, §): 7.27 (m ,4H), 6.28 (s, 1H), 6.15 (s, 1H), 5.71 (d, J= 9.0 Hz, 1H),
5.43 (d, J= 9.0 Hz, 1H), 2.87 (s, 3H), 2.33 (s, 3H).

13C NMR (100 MHz, CDCls, 8): 6 199.0, 147.3,137.9, 133.9, 129.3, 129.0, 128.7, 128.1, 58.4,
41.9, 26.7

MS (ESI): 333.1 [M+2Na-H]

Chiral HPLC: 60:40 Hex/i-PrOH, Whelk-01 Column, RT1 15.50 min, RT, 18.00 min
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NMs-MBH-1

Figure A.53 'H NMR spectrum (400 MHz, CDCls) for NMs-MBH-1.-
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Figure A.54 13C NMR spectrum (100 MHz, CDCls3) for NMs-MBH-1.
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NTsPyr-MBH-1
4-methyl-N-(2-methylene-3-oxo-1-(pyridin-3-yl)butyl)benzenesulfonamide
(NTsPyr-MBH-1)
14 NMR (400 MHz, CDCls, 8): 8.41 (dd, J= 4.8 Hz, 1.4 Hz, 1H), 8.30 (d, J= 2.7 Hz, 1H), 7.64 (d,
J=8.3 Hz, 2H), 7.53 (dt, J=7.8, 1.6 Hz, 1H), 7.23 (d, J= 8.3 Hz, 2H), 7.14 (dd, J= 7.8 Hz, 4.8 Hz,
1H), 6.13 (s, 1H), 6.10 (s, 1H), 6.07 (d, J= 8.6 Hz, 1H), 2.40 (s, 3H), 2.16 (s, 3H).

13C NMR (CDCl3, 100 MHz) § 198.9, 148.9, 148.2, 145.7, 143.8, 137.5, 134.8, 134.3, 129.8,
129.3,127.3,123.4,57.4, 26.3, 21.6.

MS (ESI): 331.1 [M+ H]

Chiral HPLC: 80:20 Hex/i-PrOH, Chiralpak AD-H, RT1 36.40 min, RT2 38.54 min
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NTsPyr-MBH-1

Figure A.55 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-MBH-1.
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NTsPyr-MBH-1

Figure A.56 3C NMR spectrum (100 MHz, CDCls) for NTsPyr-MBH-1.
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NTsPyr-MBH-2
N-(1-(2-fluoropyridin-3-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide
(NTsPyr-MBH-2)
14 NMR (400 MHz, CDCls, 8): 8.01 (dt, J= 4.8, 1.5 Hz, 1H) 7.76 (ddd, J= 9.7, 7.8, 1.9 Hz,
1H),7.63 (d, J= 8.3 Hz 2H), 7.19 (d, J= 8.1 Hz, 2H), 7.04 (ddd, J= 7.4, 4.9, 1.8 Hz, 1H), 6.14 (s
,1H), 6.10 (s, 1H), 5.40 (br, 1H), 2.37 (s, 3H), 2.17 (s, 3H)

13C NMR (100 MHz, CDCls, 8): 199.2, 146.8, 146.6, 144.4, 143.8, 140.0, 139.9, 137.4, 129.8,
129.7,127.2,121.6, 121.5, 121.4, 121.2, 54.2, 26.3, 21.6

MS (ESI): 349.1 [M+ H]

Chiral HPLC: 80:20 Hex/i-PrOH, Chiralpak AD-H Column, RT1: 21.46 min, RT2: 25.49 min
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Figure A.57 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-MBH-2.
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Figure A.58 3C NMR spectrum (100 MHz, CDCls) for NTsPyr-MBH-2.
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NTsPyr-MBH-3
N-(1-(2-chloropyridin-3-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide
(NTsPyr-MBH-3)

1H NMR (400 MHz, CDCls, §): 8.19 (dd, J= 4.7, 1.9 Hz, 1H), 7.76 (dd, J= 7.9, 1.9 Hz, 1H), 7.61
(d, J= 8.3 Hz, 2H), 7.17 (d, J= 8.3 Hz, 2H), 7.08 (dd, J= 7.7, 4.7 Hz, 1H), 6.16 (s, 1H), 6.00 (b,
1H), 5.53 (d, J= 9.2 Hz, 1H), 2.36 (s, 2H), 2.19 (s, 3H)

13C NMR (100 MHz, CDCls, 8): 199.3, 149.5, 148.7, 143.9, 143.8, 138.5, 137.2, 132.9, 130.9,
129.7,127.3,122.6, 56.5, 26.5, 21.6.

MS (ESI): 365.1 [M+ H]

Chiral HPLC: 80:20 Hex/i-PrOH, Chiralpak AD-H Column, RT1: 21.46 min, RT2: 25.49 min

Figure A.59 CD Spectra for isolated enantiomers for NTsPyr-MBH-3 a) First eluting
enantiomer. b) Second eluting enantiomer. c) Comparison of CD traces for (R)- and (S)-
NTsPyr-MBH-3. d) Comparison of NTsPyr-MBH-3 with (R)-NTs-MBH-5 adducts.
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Figure A.60 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-MBH-3.

A-74



N™ “Cl
NTsPyr-MBH-3

Figure A.61 '3C NMR spectrum (100 MHz, CDCls) for NTsPyr-MBH-3.

A-75



Racemic HPLC Trace

200 -| % - 200
| 3 y I
150 1 z E }150
2 100{ “\ . }100
‘ I
| | | ,
50 -| ““ I L 50
| | || |
“ \‘\ } \« I
0 ,ggu__uk‘_w__,w_._%\ | ’\# | : 0
0 0 20 30 40 s0 e 10 80
Minutes
4: 220 nm, 4 nm Results
Pk # Retention Time Area Area %
1 28.780 4617709 49.70
2 37.712 4673817 50.30
Totals
9291526 100.00
Chiral HPLC Trace
] [ 0 R
| \ & i
600 - ‘ & - 600
400—? ‘ “‘ o o ;400
: | S AT
| AT
] ‘ | g | i
200 1 ‘ | N I 200
1 | | \‘ ™ || f
; | | ‘h‘ \‘ ‘\ | - B -
R /‘“\ \‘m“‘w‘““ ‘\ H\ “ ~\/‘ \‘ "/\‘ " \‘ ;
07: AN AN B AV VL Y NS BV, ‘ ‘ F 0
0 5 10 15 20 25 30 0 a5
Minutes
4: 220 nm, 4 nm Results
Pk # Retention Time Area Area %
1 31.448 2877294 12.09
2 40.932 20911963 87.91
Totals
23789257 100.00

A-76

mAu

mAu



NTsPyr-MBH-4
N-(1-(6-fluoropyridin-3-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide
(NTsPyr-MBH-4)

1H NMR (400 MHz, CDCls, §): 8.26 (m, 1H), 8.14 (m, 1H), 7.26 (d, J= 8.0 Hz, 2H), 7.24 (m, 3H),
6.10 (m, 3H), 5.29 (d, J= 9.3 Hz, 1H), 2.40 (s, 3H), 2.16 (s, 3H).

13C NMR (100 MHz, CDCls, 8): 198.8, 160.6, 158.1, 145.4, 143.96, 143.8 (d, 4 Hz), 137.4,
137.4,137.1,136.8, 129.8, 129.7, 127.3, 121.3 (d, 19.3 Hz), 57.0, 26.3, 21.6.

MS (ESI): 349.1 [M+ H]

Chiral HPLC: 80:20 Hex/i-PrOH (0.7 mL min), Chiralpak AD-H Column, RT1: 27.35 min, RT3:
30.13 min
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NTsPyr-MBH-4

Figure A.62 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-MBH-4.
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NTsPyr-MBH-4

Figure A.63 '3C NMR spectrum (100 MHz, CDCls) for NTsPyr-MBH-4.
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NTsPyr-MBH-5
N-(1-(6-chloropyridin-3-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide
(NTsPyr-MBH-5)
14 NMR (400 MHz, CDCls, 8): 8.07 (d, J= 2.6 Hz, 1H), 7.62 (d, J= 8.2 Hz, 2H), 7.50 (dd, J= 8.3,
2.5 Hz, 1H), 7.23 (d, J= 8.1 Hz, 2H), 7.15 (d, J= 8.3 Hz, 1H), 6.12 (s, 1H), 6.08 (s, 1H), 5.99 (b,
1H), 5.26 (d, J= 9.3 Hz, 1H), 2.41 (s, 3H), 2.16 (s, 3H).

13C NMR (100 MHz, CDCls, 8): 198.9, 150.8, 147.9, 145.4, 143.9, 137.4, 137.2, 133.8, 129.8,
129.7,127.3,124.1,57.2, 29.8, 26.3, 21.7.

MS (ESI): 365.1 [M+ H]

Chiral HPLC: 80:20 Hex/i-PrOH (0.7 mL min), Chiralpak AD-H Column, RT1: 29.70 min, RT3:
39.11 min

Figure A.64 CD Spectra for isolated enantiomers for NTsPyr-MBH-5 a) First eluting
enantiomer. b) Second eluting enantiomer. c¢) Comparison of CD traces for (R)- and (S)-
NTsPyr-MBH-5. d) Comparison of NTsPyr-MBH-5 with (R)-NTs-MBH-3 adducts.

A-81



NTsPyr-MBH-5

Figure A.65 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-MBH-5.
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Figure A.66 3C NMR spectrum (100 MHz, CDCls) for NTsPyr-MBH-5.
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NTsPyr-MBH-6
N-(1-(6-bromopyridin-3-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide
(NTsPyr-MBH-6)

1H NMR (400 MHz, CDCls, §): 8.06 (d, J= 2.4 Hz, 1H), 7.61 (d, J= 8.2 Hz, 2H, 7.40 (dd, J= 7.2,
2.5 Hz, 1H), 7.23 (d, J= 8.1 Hz, 2H), 6.12 (s, 1H), 6.08 (s, 1H), 5.97 (m, 1H), 5.24 (d, J= 9.2 Hz,
2H), 2.41 (s, 3H), 2.16 (s, 3H)

13C NMR (100 MHz, CDCls, 8): 198.9, 148.6, 145.4, 141.3, 137.3, 136.9, 134.3, 129.8, 129.6,
127.9,127.3, 56.9, 26.3, 21.7.

MS (ESI): 408.9 [M+ H], 410.9 [M+H]

Chiral HPLC: 80:20 Hex/i-PrOH (0.7 mL min), Chiralpak AD-H Column, RT1: 26.94 min, RT,:
34.84 min
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NTsPyr-MBH-6

Figure A.67 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-MBH-6.
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NTsPyr-MBH-6

Figure A.68 3C NMR spectrum (100 MHz, CDCls) for NTsPyr-MBH-6.
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NTsPyr-MBH-7
N-(1-(5-bromopyridin-2-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide

(NTsPyr-MBH-7)

1H NMR (400 MHz, CDCls, §): 8.44 (d, J= 2.0 Hz, 1H), 7.64 (m, 3H), 7.20 (m, 3H), 6.34 (d, J=
8.7 Hz, 1H), 6.11 (s, 1H), 6.09 (s, 1H), 5.39 (d, J= 8.7 Hz, 1H), 2.40 (s, 3H), 2.33 (s, 3H).

13C NMR (100 MHz, CDCls, 8): 198.8, 156.2, 149.8, 146.6, 143.5,139.3, 137.3, 129.6, 128.7,
127.3,123.7,119.5, 27.5, 26.2, 21.6.

MS (ESI): 409.0 [M+ H], 411.0 [M+H]

Chiral HPLC: 80:20 Hex/i-PrOH (0.7 mL min), Chiralpak AD-H Column, RT1: 23.84 min, RT3:
24.80 min
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Figure A.69 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-MBH-12.
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Figure A.70 3C NMR spectrum (100 MHz, CDCls) for NTsPyr-MBH-12.
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Br
NTsPyr-MBH-8
N-(1-(6-bromopyridin-2-yl)-2-methylene-3-oxobutyl)-4-methylbenzenesulfonamide
(NTsPyr-MBH-8)

1H NMR (400 MHz, CDCls, 8): 7.62 (d, J= 8.3 Hz, 2H), 7.34 (dd, J= 8.3 Hz, 1H), 7.21 (m, 4H),
6.26 (d, J= 8.9 Hz, 1H), 6.10 (s, 1H), 6.09 (s, 1H), 5.39 (d, J= 8.9 Hz, 1H), 2.36 (s, 3H), 2.23 (s,
3H).

13C NMR (100 MHz, CDCls, 8): 198.8, 158.9, 146.3, 143.5, 141.2, 138.9, 137.2, 129.5, 128.8,
127.3,126.9,121.2,57.3, 26.2, 21.6

MS (ESI): 408.9 [M+ H], 410.9 [M+H]

Chiral HPLC: 85:15 Hex/i-PrOH (0.7 mL min!), Chiralpak AD-H Column, RT1: 24.79 min, RT3:
29.24 min
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Figure A.71 'H NMR spectrum (400 MHz, CDCls) for NTsPyr-MBH-8.
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Figure A.72 13C NMR spectrum (100 MHz, CDCls) for NTsPyr-MBH-8.
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NBoc-MBH-1
tert-butyl (1-(4-chlorophenyl)-2-methylene-3-oxobutyl)carbamate (NBoc-MBH-1)

1H NMR (400 MHz, CDCls, 8): 7.26 (d, J= 8.0 Hz, 2H), 7.19 (d, J= 8.0 Hz, 2H), 6.22 (s, 1H), 6.12
(s, 1H), 5.59 (d, J= 8.6 Hz), 5.54 (br, 1H), 2.30 (s, 3H), 1.44 (s, 9H).

13C NMR (100 MHz, CDCls, 8): 199.0, 155.1, 147.6, 139.0, 133.4, 133.2, 130.2, 128.5, 127.6,
80.1, 55.9, 28.5, 26.7.

MS (ESI): 254.1 [M- t-Bu], 193.1 [M- NHBoc]

Chiral HPLC: Mobile Phase 75:25 Hex/i-PrOH, Chiralpak AD-H column RT;: 15.6 min, RTa:
16.5 min.

A-97



NBoc-MBH-1

Figure A.73 'H NMR spectrum (400 MHz, CDCls) for NBoc-MBH-1
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NBoc-MBH-1

Figure A.74 3C NMR spectrum (100 MHz, CDCls) for NBoc-MBH-1

A-99



mAu

Racemic HPLC Trace

mAu

1000 1000
750 - N g L 750
500; “; CT\I ;500

| b I
||
, o b
250 -| A “‘ “ 250
| A L :
04 / \MA\‘J“ \\‘L \ o
0.0 - ‘2.‘5 - ‘5.‘0 - ‘7.‘5 ‘ ‘10‘.0‘ o ‘12‘.5‘ 15‘.0‘ 17‘.5 ‘20‘.0‘ o ‘22‘.5‘ o ‘257.0
Minutes
4: 220 nm, 4 nm Results
Pk # Retention Time Area Area %
1 15.672 10072981 48.36
2 16.700 10757342 51.64
Totals
20830323 100.00
Chiral HPLC Trace

4000 1 9 4000

3000; § ;3000

2000 1 i I ézooo

’ T g
3 ;
1000 f \u—) \‘ “‘ ? 1000

N ‘A_ \“ \\ P

] \ N\ N E

0- ~F 0
0 ‘ ‘ é 10 ‘ ‘ ‘ ‘ 1‘5 ‘ ‘ ‘ ‘ 26 2‘5 30
Minutes
4: 220 nm, 4 nm Results

Pk # Retention Time Area Area %

1 15.540 5792228 13.31

2 16.492 37722116 86.69

Totals

43516284 100.00

A-100

mAu

mAu



NBoc-MBH-2
tert-butyl (2-methylene-3-oxo-1-(pyridin-3-yl)butyl)carbamate (NBoc-MBH-2)

1H NMR (400 MHz, CDCls, 8): 8.48 (d, J= 1.4 Hz, 1H), 8.46 (dd, J= 4.8, 1.4 Hz), 7.60 (dd, J= 7.9,
3.8 Hz), 7.21 (dd, J= 7.9, 4.8 Hz, 1H), 6.26 (s, 1H), 6.18 (s, 1H), 5.65 (m, 2H), 2.31 (s, 3H), 1.43
(s, 9H).

13C NMR (100 MHz, CDCls, 8): 198.9, 155.1, 148.7, 148.3, 147.0, 136.1, 134.2, 128.3, 123 .4,
80.,54.7, 28.4, 26.6.

MS (ESI): 277.1 [M+ H]

Chiral HPLC: 80:20 Hex/i-PrOH (0.7 mL min), Chiralpak AD-H Column, RT1: 10.83 min, RT3:
14.211 min
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NBoc-MBH-2

Figure A.75 'H NMR spectrum (400 MHz, CDCls) for NBoc-MBH-2
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NBoc-MBH-2

Figure A.76 3C NMR spectrum (100 MHz, CDCl;) for NBoc-MBH-2
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Br
NBoc-MBH-3
tert-butyl  (1-(5-bromopyridin-2-yl)-2-methylene-3-oxobutyl)carbamate  (NBoc-
MBH-3)

1H NMR (400 MHz, CDCls, 8): 8.17 (d, J= 2.5 Hz, 1H), 7.42 (dd, J= 8.3, 2.6 Hz, 1H), 7.33 (d, J=
8.2 Hz, 2H), 6.21 (s, 1H), 6.13 (s, 1H), 5.93 (b, 1H), 5.53 (d, J= 8.9 Hz, 1H), 2.25 (s, 3H), 1.37 (s,
9H).

13C NMR (100 MHz, CDCls, 8): 198.9, 155.0, 148.6, 146.6, 140.9, 136.9, 135.8, 128.8, 127.8,
80.4,54.3, 28.4, 26.5

MS (ESI): 355 [M+H], 357 [M+H]

Chiral HPLC: 80:20 Hex/i-PrOH (0.7 mL min), Chiralpak AD-H Column, RT1: 10.83 min, RT3:
14.211 min
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NBoc-MBH-3

Figure A.77 'H NMR spectrum (400 MHz, CDCls) for NBoc-MBH-3

A-106



NBoc-MBH-3

Figure A.78 13C NMR spectrum (100 MHz, CDCl;) for NBoc-MBH-3
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5.48
N-(1-(2-(3,3-dimethylbut-1-yn-1-yl)pyrimidin-5-yl)-2-methylene-3-oxobutyl)-4-

methylbenzenesulfonamide (5.48)
14 NMR (400 MHz, CDCls, 8): 8.41 (s, 2H), 7.63 (d, J= 8.3, 2H), 7.24 (d, J= 8.3 Hz, 2H), 6.16 (s,
1H), 6.13 (s, 1H), 5.82 (d, J= 9.5 Hz, 1H), 5.23 (d, J= 9.5 Hz, 1H), 2.42 (s, 3H), 2.18 (s, 3H), 1.35

(s, 9H).

13C NMR (100 MHz, CDCls, 8): 198.8, 155.5, 144.8, 144.2, 137.3, 130.4, 130.1, 129.9, 127.3,
98.6, 56.2, 30.5, 28.0, 26.3, 21.7.

MS (ESI): 412 [M+ H]

Chiral HPLC: 60:40 Hex/i-PrOH (0.7 mL min!), Whelk-01 Column, RT1: 21.4 min, RT,: 24.86
min

A-109



Figure A.79 'H NMR spectrum (400 MHz, CDCls) for 5.49.
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Figure A.80 13C NMR spectrum (100 MHz, CDCls) for 5.49.
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5.2
1-(2-(3,3-dimethylbut-1-yn-1-yl)pyrimidin-5-yl)-2-methylpropan-1-ol (5.2)

'H NMR (400 MHz, CDCl3, 8): 8.62 (s, 2H), 4.51 (d, J= 6.1 Hz), 1.97 (m, 1H), 1.37 (s, 9H), 0.95
(d, J= 6.7 Hz, 3H), 0.87 (d, J= 6.7 Hz, 3H).

13C NMR (100 MHz, CDCls, 8): 155.7, 153.3, 134.4, 97.9, 78.5, 75.3, 35.3, 30.5, 27.9, 18.5,
17.5.

MS (ESI): 187 [M+H-i-Pr]

Chiral HPLC: 95:5 Hex/i-PrOH (0.7 mL min‘?), Chiralpal AD-H Column, RT1: 13.12 min, RT2:
14.63 min
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Figure A.81 'H NMR spectrum (400 MHz, CDCls) for 5.2.
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Figure A.82 13C NMR spectrum (100 MHz, CDCls) for 5.2.
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