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Abstract

Conjugate addition reactions with organometallic reagents have been extensively
utilised in the synthesis of a wide range of diverse molecules. Despite this, certain
phenomena regarding the mechanistic pathway of the reaction remain unexplored. As
such, challenges associated with certain synthetic transformations involving this class
of reaction require extensive research to expand our understanding on a molecular

level and implement this understanding in a functional capacity.

Here we present studies involving the elucidation of the mechanistic pathway for
copper-catalysed conjugate reactions of organoaluminium reagents. This involved
detailed kinetic studies concerning the formation of an active complex between an a,3-
unsaturated enone and triethylaluminium, its involvement in the formation of a
proposed transition state for the conjugate addition reaction and discovering the
stoichiometry of this transition state.

Additionally, the development of a methodology towards the enantioselective copper-
catalysed conjugate addition of organoaluminium reagents to quinolone substrates
was performed in efforts to access a series of diverse, biologically-active scaffolds.
The primary aim was to perform addition with alkyl- and alkenylaluminium reagents to
these quinolone substrates; these would afford novel products which have not been

synthesised with existing methodology.
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SECTION 1

KINETIC STUDIES OF COPPER-
CATALYSED CONJUGATE ADDITION
REACTION WITH ORGANOALUMINIUM
REAGENTS

This work has been published in a peer-reviewed journal:

“Kinetic Analysis of Copper(l)/Feringa-Phosphoramidite Catalysed AlEt; 1,4-Addition

to Cyclohex-2-en-1-one”

Willcox, D., Nouch, R., Kingsbury, A., Robinson, D., Carey, J., Brough, S., Woodward,
S., ACS Catal. 2017, 7, 6901



1.1 Introduction

1.1.1 Introduction to Conjugate Addition Chemistry

Conjugate addition chemistry was originally discovered by Michael and co-workers in
1887.1 This discovery was based on an observation he made concerning a reaction
performed three years earlier by Conrad et al. which afforded triethyl cyclopropane-
1,1,2-tricarboxylate 4 (Scheme 1).2

(0]
o
J Br
2
Conrad (Sy2) 0 0
Et0,C\ @ N
Yons AO%OA
EtO,C
/\o o) Br
1
R 0
yLo/\ /\o)f\'(o\/
Br
3 ~~0"o 0
. 4
Michael o ONa
(Conjugate Addition)
- /\0 Z 0/\

/\O o Br

Scheme 1 Conrad and Michael’s synthetic routes and proposed mechanistic pathways

for the formation of compound 4

The reaction of ethyl 2,3-dibromopropionate 2 with sodium diethyl malonate salt 1
proceeded as expected via Sn2 displacement of the primary alkyl bromide followed by
a second Sn2 displacement of the secondary alkyl bromide on the adjacent carbon
atom; the subsequent ring closure formed compound 4 as predicted. Michael's
observation was that the same product was afforded when ethyl 2-bromoacrylate 3
was incorporated in the reaction in place of the dibromide. Michael’s rationale was that
a different mechanistic pathway must be followed for this reaction based on the
conjugated system within compound 3. The reaction of an enolate species with the
conjugated a,B-unsaturated enone system now bears his name; it represents the first
example of a reaction within the broader conjugate addition — or 1,4-addition — reaction

class.
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Naturally, numerous developments and modifications were made to this reaction; as
well as enolate nucleophiles, a wide range of heteroatomic and organometallic
nucleophiles were also available for similar transformations. As such, the scope for
this reaction increased at an astonishing rate and the array of novel molecules now
available via this methodology expanded exponentially over the following years. This
was further accentuated by the facile synthetic incorporation of the necessary
functional group required for this reaction accompanied by its existence in various

compounds in nature.
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1.1.2 Organometallic Reagents in Conjugate Addition Chemistry

While enolates used in Michael addition reactions are popular nucleophiles due to their
capacity for forming carbon-carbon bonds, organometallic reagents can also carry out
this process and function as a more variable source of alkyl, alkenyl, alkynyl and aryl
nucleophiles. The initial syntheses and subsequent development of these reagents
occurred over a time period during which Michael’s discovery was made with the
discovery and utilisation of organozinc, organoaluminium, organoindium and
organomagnesium reagents by various researchers.®>® The primary issue that was
encountered for this transformation was the regioselectivity of the reaction between

the a,B-unsaturated enone and the organometallic reagent (Figure 1).

/\Zn/\ Alet3|3 —Mgl
Frankland 1848 Hallwachs 1859 Barbier 1899
Prepared from heating Prepared from heating First implementation of an

ethyl iodide and zinc ethyl iodide and aluminium  organomagnesium reagent in
a synthetic transformation

Figure 1 Preparation and utilisation of organometallic reagents

Kharasch and co-workers found that the incorporation of various Lewis acids within
the reaction between methylmagnesium bromide and isophorone 5 drastically affected
the yields of the isolated products as well as the proportions of the products afforded

(Table 1).7
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MeMgBr (1 equiv.)

0 Metal additive (1 equiv.) 1 o
>
Et,0O, 10 °C-r.t. overnight
5 6 7

Table 1 Kharasch et al. yields of afforded products for metal-catalysed Grignard

additions to isophorone 5

o Yield of 6 (%) Yield of 7 (%)
Entry Metal additive

(1,2-addition) (1,4-addition)

1 None 43 =

2 NiCl> 23 5

3 AgCl 35 -

4 CrCls 27 -

5 VCl, 57 -

6 MnCl, 29 -

7 CuCl - 83

Addition of a stoichiometric amount of copper () chloride to the reaction mixture saw
a shift in the regioselectivity of the nucleophilic addition (Entry 7, Table 1); where no
conversion to compound 7 via 1,4-addition was observed in the majority of examples
and only negligible conversion in this manner for a select few cases, 1,4-addition
overwhelmingly predominated with a copper catalyst. Further investigations by Gilman
and co-workers led to the discovery of organocuprates; these alkylcopper species
were softer nucleophiles and the transmetalation of hydrocarbon functional groups
from a pre-existing organometallic species to catalytic copper enabled consistent
regioselective 1,4-addition to a,B-unsaturated enones.® Consequently, these reagents
have also been implemented in this class of reaction with remarkable success,

highlighted in many reviews describing their reactivity.®

The prochiral nature of the reactive centre for conjugate addition chemistry within the
a,B-unsaturated enone functional group lends itself to the development of methodology
towards enantioselective elaboration of these molecules. The first example of this

transformation was conducted by Lippard and co-workers in 1990 where successful

13



addition of n-butylmagnesium chloride to 2-cyclohexenone 8 was performed

enantioselectively forming (S)-3-n-butylcyclohexanone 9 in 74% ee (Scheme 2).1°

nBuMgX (1.2 equiv.)
Ph,tBuSiCl (1.9 equiv.)
HMPA (1.9 equiv.)
CuBr.SMe; (3.7 mol%)
L* (3.8 mol%)

>
THF, -78 °C, 30 min.

9
53% yield
74% ee

»41 -Np
N\
Li

~ N
O
)"/1-Np

L*
10

Scheme 2 Lippard et al. the first enantioselective metal catalysed conjugate addition

reaction

Numerous examples of complementary enantioselective adaptations to this reaction

with differing substrates, organometallics, copper catalysts and ligands have been

performed in the wake of this discovery, highlighting not only the versatility of the

reaction itself, but the breadth in application for a range of different reagents. 2-

Cyclohexenone 8 is a commonly used substrate for the study of enantioselective

conjugate additions of organometallics, with many different classes of organometallic

reagents used for its successful enantioselective elaboration (Scheme 3).11-13
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o Conjugate addition o
>
R
8 Enantioenriched
derivatives

e
1 OO

Feringa et al. (2003): R = Et
Solid-supported ligand 12

ZnEt,, Cu(OTf),, 12, PhMe, —30 °C
85-99% yield, 65-84% ee (over 4 runs)

g

RGN NN e
VAL -
,P—N N—P\
(o] >< Ilu-< (o)
2-Np Ph Ph
13 15
14
Woodward, Alexakis et al. (2005): R = Me Feringa et al. (2004): R = Ph
Optimised addition of organoaluminium First successful enantioselective
reagents addition of a diarylzinc reagent
AlMes, Cu(TC), 14, Et,0, -30 °C ZnPh,, Cu(OTf),, 16, PhMe, —60 °C
64% yield, 97% ee 100% conversion, 94% ee

Scheme 3 Examples of successful enantioselective conjugate additions with
organometallic reagents; blue circle in compound 12 represents solid supported

reagent

While the reaction itself has been implemented on many occasions affording desirable
enantioenriched derivatives of compound 8 amongst countless others, knowledge
regarding the reaction on a kinetic level has not been studied in great depth; only a
small number examples exist in the literature at the time this thesis was written. With
the growing number of successful developments to the methodology in this area,
research into the reaction itself and its mechanistic pathway may illuminate factors that
have previously inhibited the efficacy of the reaction whilst also elucidating aspects
that can improve the transformation. Continuing studies into copper catalysed

organometallic conjugate addition reactions — with which the described work is

15



associated — hope to elucidate certain phenomena regarding the reaction profile and
hence improve future reaction optimisations based on an established foundation of

research.
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1.1.3 Analysis of Catalytic Systems Using Copper Catalysts and Kinetic
Studies into Conjugate Addition Chemistry

Kinetic analysis of reactions is a heavily researched discipline; indeed, investigations
into optimising the method in which this research area is explored have been
examined, critically evaluated and developed to improve the quality of research.'* The
ability to dissect the minutiae of a reaction and deconstruct it such that each
fundamental step of a mechanism can be understood affords the possibility of
potentially boundless exploitation of the studied reaction. With developments in
computational studies and capabilities for the evaluation of theoretical molecular
ground states and transition states over the years, perceived axiomatic truths can be
reinforced, scrutinised or even debunked to the benefit of both the chemical and

scientific communities.

Developments in copper catalysis and the unceasing exploration of its potential lead
to the inevitable need to understand the complexities of the transformations. As such,
a vast array of different methodologies to decipher the mysteries of copper on both
structural and reactive levels have been performed to better comprehend its chemical
processes. Copper catalysed reactions using organometallics exhibit unique features
due to the nature of these reagents such as their intrinsic reductive properties or their
tendency to behave as Lewis acids. However, the sensitivity of these reagents to air,
moisture and heat means vigilance must be exercised to ensure their stability during
any undertaken analysis; this inhibits the scope of analytical methods available for
studying them, though studies can be both thorough in their exploration and fruitful in
the knowledge acquired.

The combination of organometallic reagents and stoichiometric copper salts is known
to form organocuprates, as described in the aforementioned work by Gilman, though
catalytic copper also encourages the same reactivity.® The use of copper appeals due
to its tolerance for a broad range of functional groups and demonstrably high regio-
and stereoselectivity of the reactions in which it is used. These features have made
this class of reagents highly popular in enantioselective carbon-carbon bond
formation.>® The interaction between organocuprates and various substrates will
affect the reactivity of these species; successful reactions require the binding of the
organocuprate species to a T-system within the substrate molecule. While these
transition states were believed to be short-lived as well as extremely sensitive to
external stimuli, isolation and characterisation of these systems has been successfully

performed. One notable example was the isolation and recrystallisation of a cuprate-

17



carbonyl 1-complex 18 of lithium dimethylcuprate and 9-fluorenone 17 by Ogle and
co-workers in 2013; while NMR spectroscopic studies suggested this structure existed
within the reaction mixture, its unusual stability facilitated the production of high quality

crystals enabling X-ray crystallographic data to be obtained (Figure 2).1’

Mea
o _ 1.957/
MechL| (THF)3Li\O Cu 1.934
' > 1852 Mep
THF, ~100 °C 0.0

17 18

Figure 2 Ogle et al. isolated cuprate-carbonyl T-complex

This was the first and only (as of the commencement of writing this thesis) example of
an isolated copper-carbonyl 1-complex; copper m-complexes with carbon-carbon
double bonds in conjugate addition reaction systems form the predominant number of
those that have been studied and described. Characterised examples showing
unequivocal evidence of copper-alkene binding of organocuprates have been
performed by Krause and co-workers; the first example used low temperature NMR
spectroscopic studies of *C-labelled enoates and 2-en-4-ynoates to analyse J-
coupling constants between atoms and elucidate the copper binding site (Figure 3).18

18



. OEt
t-Bu,Cu(CN)Li,

174 88 .\51/&0
> 10Z 1789
THF, -80 °C ‘,L,,C”\t_Bu/'-'v

19 20
Other examples:
OMe
49 54 N
Ph" ,'\\/gq >/:'\/ !

i 112
Cu_ Li Cul Li
% tBu NS % Twme” 3

21 22

Figure 3 Krause et al. copper-alkene binding of organocuprates; Jcc coupling

constants (in Hz) of 13C labelled compounds shown on respective bonds

The decrease in the J-coupling constant between C-2 and C-3 from approximately 70
Hz to approximately 50 Hz — indicative of a single bond between two sp?-hybridised
carbon atoms - in complexes 20, 21 and 22 accompanied by the lack of meaningful
change in any other J-coupling constants within the respective molecules are indicative
of co-ordination of the m-bond between the atoms to the copper centre. This was
particularly interesting in the examples of complexes 20 and 22 as it also implied
selective binding to the 1r-system at the alkene in preference to the adjacent alkyne
moiety; the proximal nature of the carbonyl group to the alkene is the most likely reason
for the selectivity over alkyne binding as it forms a transition state with considerably
reduced strain. Another observation that was made was the presence of two distinct
methyl-metal carbon species in the *C NMR spectrum of complex 22 at upfield
frequencies of —5.1 and —10.7 ppm; the former was expressed as a singlet whilst the
latter displayed a coupling constant of 2Jcc = 12 Hz to the labelled carbon atom at C-
3. The conclusion drawn from this is while two methyl groups are bound to the copper
atom in the cuprate species, only one of them is in close enough proximity for addition
to occur; this in itself was a momentous step in elucidating structural features of bound

organocuprates within reaction systems.

Krause’s second success develops on the hypotheses formulated in his first study;
dienone 23 was subjected to similar NMR spectroscopic studies in an effort to explain
why, in spite of clear evidence to suggest binding to the most proximal double bond in
the structure is preferable, 1,6-addition product 24 is formed in almost quantitative yield
(Figure 4).1°
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Me,Cu(CN)Li,
joe - D
o) THF-dg, —80 °C o) Me
23 24

79% yield
>99:<1:<1 1,6:1,4:1,2 selectivity

CUR2 - CuRz

Figure 4 Krause et al. 1,6-addition and proposed shuffling mechanism

The proposition made was a shuffling of the conjugated system so that the expected
intermediate is converted reversibly to a o-species which further rearranges to form
compound 24 on heating of the sample. Expectations for signals in the *C NMR
spectrum were for unambiguous evidence of a bound copper species as well as the
starting material and product peaks; the comparative stability of the intermediate
reinforces the notion that this TT-complex acts as a key intermediate for addition of
organocuprates to conjugated systems. Additionally, the o-species also acts as a
plausible Cu-(lll) intermediate in the reaction. Subsequent conjugate addition reaction
methodology has thus used this structure to rationalise similar reactions undergoing

this transformation.

The detection and characterisation of Cu-(lll) complexes has been achieved using a
variety of techniques. Numerous NMR spectroscopic studies attesting to the existence
of these species have been performed by Ogle and co-workers regarding cross-
coupling reactions involving copper as well as conjugate addition reactions; many
different complexes were synthesised and detected within the undertaken
experiments.?>%® Examples in which Cu-(lll) complexes were isolated and
characterised have also been achieved; Lee and co-workers successfully isolated
compound 25 — a trigonal bipyramidal complex — accompanied by extensive

computational analysis of the binding of different ligands to the copper centre (Figure

5).26
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TMS /Cl
S-cyi-s  TMS
® /s
Ph;P—=N=PPh; P
ﬂms
25

Figure 5 Stable isolable Cu"" complex isolated by Lee et al.

Further examples of isolated Cu-(lll) complexes include compound 26 by Doerrer et
al. as well as compound 27 by Ribas and co-workers; both of these complexes

demonstrate copper centres with square planar geometry (Figure 6).2728

~© - 1@
FsC CF,
|
C @Y ot P
0 0 i N—Cu"—N
(Lo J |
F3C CF3 B N |
26 27
Doerrer 2013 Ribas 2010

Figure 6 Isolated Cu"' complexes

The evidence provided in these bodies of work regarding Cu-(lll) species further
solidifies the notion that this oxidation state can exist within the conjugate addition
pathway, particularly with the results Ogle obtained. With this in mind, experimentally
derived mechanisms for this transformation incorporating this species at some stage
provide a logical platform from which to develop an understanding of the reaction co-

ordinate.

The solid foundations for kinetic studies to be performed were first explored by Noyori
and co-workers in 2000; preliminary kinetic studies on the addition of diethylzinc to 2-
cyclohexenone 8 were able to elucidate the order of the reaction with respect to the

catalyst and the organometallic reagent, both of which were first order (Scheme 4).2°
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ZnEt, (1 equiv.)
CuCN (0.5 mol%)
o PhSO,NHBn (0.5 mol%) o

>

PhMe, 0 °C, 1 h

8 11
>99% vyield
(<2% without sulfonamide)

Scheme 4 Noyori et al. reaction scheme for kinetic studies

This study was one of the first of its kind to attempt to unveil the route which conjugate
addition reactions follow as well as a rationalisation of its catalytic nature.
Unfortunately, only a rudimentary catalytic cycle was proposed based on the findings
of this study; further investigation was needed in order to identify the mechanistic
pathway (Figure 7). The cycle begins with the transmetalation of one of the alkyl groups
on the zinc atom to the copper catalyst bridged by the sulfonamide counteranion
forming the catalytic species. This is followed by co-ordination of the enone and a
second dialkylzinc species, addition of the alkyl group to the enone substrate and
subsequent elimination of the conjugate addition enolate product and reformation of
the original copper-zinc bridged catalytic species.
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ZnR2+
Kassoc
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Ar O \/

Bn. _S. Bnn-Sso
N0 Zn  CuzZnR
Zn Clu n 3
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Zn  CGuR
OZnR R "0znR
R R

Figure 7 Noyori et al. proposed catalytic cycle based on kinetic studies

Developing on the ideas postulated by Noyori, Schrader examined the role which
phosphorus-based ligands perform in the same conjugate addition reaction between
diethylzinc and 2-cyclohexenone 8.3° EPR spectra that were obtained for mixtures of
Cu(OTf),, diethylzinc and a collection of prolinamine based phosphorus-based ligands
synthesised for the project as well as others ubiquitous to the field showed the
formation of a diamagnetic copper centre over time signified by the disappearances of
signals in the spectra; this was believed to be the Cu-(l) species. Addition of the ligand
altered the signals, followed by formation of a diamagnetic species over time and
disappearance of all signals upon addition of the organometallic reagent. This Cu-(l)
species was subsequently used as a focal point around which the mechanistic studies

were performed.

In the resulting experimentation, GC analysis was used to show concentrations of the
product over the course of the reaction. This method showed the reaction exhibited
the same kinetic profile as suggested by Noyori with both the organometallic reagent
and copper-ligand species exhibiting first order kinetic behaviour; it also demonstrated
a clear effect based on the class of ligand used in the reaction where the reaction rate

can be affected by as much as two orders of magnitude based on the ligand structure.
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The synthesised ligand from Schrader’s research was compared with TADDOL and
BINOL based ligands. It should also be noted, however, that numerous issues can be
also be associated with Schrader’'s work. For example, the internal standard used
within the reaction mixture — compound 8 - is known to react with the zinc enolate
product from generated in the reaction. This is accompanied by the technical difficulties
faced during experimentation involving the failure to adequately quench the extracted
aliquot at low temperature. Consequently, further reaction within the aliquot resulting
in the generation of spurious results with poor reproducibility. Thus, the collected data,
although is able to be fitted to first order behaviour, could easily accommodate a wide

range of kinetic rate laws and even reactant orders.

With further evidence of the copper-alkene Tt-complex being seen in NMR
spectroscopic analysis of the reaction, the Cu-(lll) intermediate was suggested as an
intermediate through which the reaction pathway progressed via co-ordination of the
catalyst to enone 8 to form species | oxidative addition at the reactive centre on species
Il followed by reductive elimination to form the desired product species Il and
regenerate the Cu-(l) catalyst. The final reductive elimination of copper and
regeneration of the Cu-(l) catalyst was believed by Schrader to be the rate limiting step
in the conjugate addition reaction and was henceforth used to rationalise his
conclusions. This is based on literature precedent for preliminary kinetic studies

testifying in favour of this pathway for stoichiometric organocuprates (Figure 8).31:32
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Figure 8 Proposed catalytic cycle and rationale for Cu-(lll) intermediate during

conjugate addition process

The results obtained in these experiments, despite their deficiencies, became the
cornerstone for understanding the Kkinetic profile of copper catalysed conjugate
reactions and acted as a springboard for further investigation. Subsequent studies
used many of Schrader’s postulated ideas as foundations upon which to build and

develop new hypotheses regarding the reaction.

Following on from Schrader’'s work, Feringa and co-workers conducted profound
research into an analogous reaction using methylmagnesium bromide as the
organometallic reagent; despite the versatility and ubiquity of these reagents, research

into the kinetic profile of conjugate addition reactions involving organomagnesiums and
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other organometallic reagents apart from alkylzincs was conspicuous in its absence.*3
Air stable Josiphos-ligands 28 and 29 as well as TaniaPhos ligand 30 were used in
conjunction with copper bromide-dimethyl sulphide complex to elucidate structural

details of the pre-catalyst alongside its role within the catalytic cycle (Scheme 5).

MeMgX
o CuX o
P! ligand
R11H|\ —_— R!
*
R? Me” ~R?
R' = alkyl, OR, SR Spsc;(t.ros}c.:op/}c, g(;n;c_:tura)lc
2 _ and kinetic elucidation o
R®=alkyl, aryl reaction features
PR12 \N/ PPh2
¥ ~PR?,
Fe ¥ ~pph,
o’ Fe
<>
JosiPhos
28:R'=Cy; R?=Ph 30
29: R' = Ph; R? = Cy TaniaPhos

Scheme 5 Feringa et al. reaction scheme for kinetic studies

The effect of the solvent on the formation of the pre-catalyst was examined. X-ray
crystallographic data of material isolated from mixtures of the copper salt and Josiphos
ligand displayed clear structural differences: highly polar solvents favoured a
mononuclear complex structure 31, while halogenated and ethereal solvents —
generally more conducive to successful organometallic conjugate reactions — exhibited
a dinuclear structure 32 (Figure 9). Interconversion between the two structures was
also observed by Feringa and co-workers upon addition of a solvent different polarity

to either mixture.
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Figure 9 Solvent influence on ligand-copper complex structures

The structure of the pre-catalyst may have a monumental effect on the transformation
considering different solvent systems noticeably alter yield and enantioselectivity of
the reaction. As such, structural elucidation of the pre-catalyst gives potential insight
into the transition states for reaction to progress effectively. Oxidative electrochemical
studies gave further information regarding the redox properties of the complexes.
While room temperature studies could not provide conclusive evidence of the dinuclear
structure confirmed by X-ray crystallography, low temperature electrochemical studies
demonstrate two distinct single-electron Cu-(ll)-Cu-(l) processes at highly anodic

potentials further confirming the active dinuclear structure within solution.

An interesting observation was that although a severe reduction in enantioselectivity
was observed when chloride or iodide anions were used in place of bromide, the
alteration of the halide counteranion exhibited negligible effects on the redox reactions
related to Cu-(I)-Cu-(l) transitions. However, the effect of ligand variation was
noticeable and significant as different electronic properties of the ligand changed the
redox properties of the copper centre; this goes some way to explain the differing
specificity of copper catalysed conjugate addition reactions with respect to the ligand

incorporated in the reaction conditions.

Further investigation of the solvent effect showed a clear trend based on the co-

ordination properties of the solvent molecules; the conjugate addition reaction between
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3-octen-2-one 33 and methylmagnesium bromide was studies in various solvent

systems (Table 2).

MeMgBr
CuBr.SMe,
o] [28] o] OH
o LT
n-Bu  Solvent Me” “n-Bu n-Bu
33 1hoT8te 34 35
Table 2 Solvent effects on conjugate addition reaction
Entryd Solvent  Conversion (%) 34:35["] ee (%)L
1 CH.Cl; 88 86:14 92
2 PhMe 89 88:12 91
3 ‘BuOMe 90 97:3 96
4 Et.O 87 83:17 87
5 THF 65 2:98 2
6l CH.CI; 35 75:25 80
7t CHCI; 25 42:58 75

[al Reaction conditions: 0.35 M solution of 33, 1.5 equiv. MeMgBr, 5 mol% CuBr-28 complex,
=78 °C, 1 h. I®l Conversion and regioselectivity determined by GC. [¢l Determined by Chiral-GC
(Chirasil dex-CB column). 4 1 equiv. 1,4-dioxane added to reaction mixture prior to addition of

33. [l Me2Mg used in place of MeMgBr

Co-ordinating solvents such as THF and 1,4-dioxane (used as an additive, see Entry
6, Table 2) had a severely deleterious effect on not only the enantioselectivity of the
transformation, but also the regioselectivity. The shift in the position of the Schlenk
equilibrium for more co-ordinating solvents is well-documented.?*® The use of
dimethylmagnesium — the more populous structure in the position of the Schlenk
equilibrium in co-ordinating solvents — in place of methylmagnesium bromide
demonstrated the same reduction in enantio- and regioselectivity as those containing
THF and dioxane suggesting the active species in the transformation is the

monoalkylmagnesium halide rather than the dialkylmagnesium species (Figure 10).
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Co-ordinating solvents
(e.g. THF, Dioxane)

2 RMgBr — = MgR, + MgBr,

Non-co-ordinating solvents
(e.g. CH,ClI,, Hydrocarbons)

Figure 10 Schlenk equilibrium and solvent effects

NMR spectroscopic studies were able to elucidate details regarding the copper-ligand-
organometallic complex which is formed prior to the commencement of the conjugate
addition reaction. 3P NMR spectroscopic data for the copper-ligand complex 32 in the
absence of the organomagnesium reagent showed a 2Jpp coupling constant of 186 Hz;
this value decreased to 143 Hz upon addition of methylmagnesium bromide
suggesting a new species has been formed. The new species was identified as
compound 36 by *H NMR spectroscopy as a peak at —0.3 ppm (characteristic of CuMe
species) became visible in the spectrum; this peak size did not increase in excess
concentration of methylmagnesium bromide. When methyllithium was used in place of
the Grignard reagent, an alternative structure 37 was observed; decomplexation of the
ligand occurred at higher organometallic concentrations as the coupling between the
ligand phosphorus atoms disappeared and formation of lithium dimethylcuprate
dominated (Figure 11).

PC CuBr Cy> 3-octen-2-one
Y2 MeMgBr PL_ Me 33
g Cu _MgBr 1,4-1,2
PPh, — > p” BF — 9 : 4
F:e 'e Ph, 92% ee
28 36
CuBr 3-octen-2-one
P
CV2 el cu Ve 33 1442
%~ PPh, ——>  10:90
Fle 62% ee
28 37 < Same species formed with Me,Mg

Figure 11 Copper-ligand-organometallic structures and subsequent conjugate

addition reaction profiles

With this in mind, dimethylmagnesium was subjected to the same conditions.
Unsurprisingly, species 37 was formed. A further experiment where 3 equivalents of
additive 1,4-dioxane was incorporated to a sample containing species 36 led to

formation of species 37. This allowed the assumption to be made that the
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dialkylcuprate is not formed (or is sufficiently short-lived) during the pre-catalyst
formation and does not play a significant role in the conjugate addition reaction of

organomagnesium reagents.

Kinetic analysis was performed on the addition of ethylmagnesium bromide to methyl
crotonate 38 in CH.Cl, at =87 °C to form compound 39 (Scheme 6); enoates were
shown to undergo conjugate addition with greater enantioselectivity compared to
enones, while methylmagnesium bromide is known to perform poorly in conjugate
addition reactions with enoates.3® Varying concentrations of substrate, organometallic
and copper-ligand complex were used in the reactions to analyse their effect on the

reaction rate.

EtMgBr
CuBr

(o) 28 (o]

MeO)Hl — MeOJj\
*
Me CHyCI, Me~ "Et

1h,-78 °C

38 39

Scheme 6 Conjugate addition reaction used for kinetic evaluation

While side products formed during the reaction impeded accurate kinetic analysis of
varying substrate concentrations (formation of compound 41, Scheme 7), an increase
in reaction rate was observed at higher concentrations of compound 38. This trend
was also demonstrated by higher organometallic concentrations implying both play a

role in the rate-limiting step for the transformation.

EtMgBr
CuBr
o) 28 OMgBr +[38] o OMgBr
MeO)HL e MO —— >  MeO Z SoMe
* *
Me CHyCI, Me~ Et Me~ “Et
1h,-78 °C
38 40 41

Scheme 7 By-product 41 formed at high concentrations of enone 38

In the work of Feringa’s group, it is stated that the order with respect to the copper-
ligand complex is entirely dependent on the active species during the rate-limiting step.
While a large volume of research attests to the dinuclear species 32 being the most
populous in the model solvent, it does not necessarily play the key role in the
transformation. The molecularity of the transition state would have a direct effect on

the order of the reaction with respect to the copper-ligand complex; the dinuclear
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species should exhibit an order between one and two, while the order with respect to
the mononuclear species would be closer to one. Experimental results gave a value of
1.17 implying the mononuclear species 31 plays an active part in the rate-limiting step.
This was clarified when the characterised heterocomplex 42 comprising the dimer of
complexes with ligands 28 and 29 — prior to the organometallic induced dissociation —
was used for the transformation. The copper complex 44 with ligand 29 shows greater
conversion and enantioselectivity for the conjugate addition of the Grignard reagent
(69% vyield, 98% ee) compared to copper-ligand complex 43 with ligand 28 (4% vield,
72% ee) over the same timescale, so it stands to reason that if the mononuclear
species is the key component, dissociation of the dinuclear complex induced by the
organometallic reagent should occur and the product generated from the more active
mononuclear species ligand should be the major component of the resulting mixture.®
This was the perceived result of the reaction study giving further support to the

mononuclear species forming part of the active transition state.

The catalytic cycle proposed by Feringa incorporated all these observations (Figure
12). While it appears that 43 is the opposite enantiomer to 44, they actually differ in
chirality in terms of orientation of the methyl substituent and axially, so can be

considered to be configurational isomers.

Cy, Ph, Ph,
R Br RMgBr R S
ciu ci g BrMg  Cil
I p” Br “p . — > *Br p '
Fe Ph: Cy2 Fe Cy2 Fe
(RS) (S,R) (S,R)
42 43 44
Heterocomplex Complex from 28 Complex from 28
R OMgBr Poor in ACA Good in ACA
Z X
Br-._
P/ ~"MgBr RMgBr
P-Cu” | R, P
\ o r.d.s. Bng/ Cu
R - SBf P
X

CP\ /B"‘MgBr
p-Cu i

NGY o)
@X /VLX

Figure 12 Formation of mononuclear complex and its role in proposed catalytic cycle
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Dissociation of the stable dinuclear species 42 induced by the Grignard reagent forms
the active mononuclear species 44 which binds to the substrate in the same manner
as proposed by Schrader; the inactive species 43 is also formed but its inferior
performance precludes its incorporation in the catalytic cycle. The importance of the
magnesium bromide for reaction progression is due to its binding to the carbonyl
oxygen in the substrate which is also bound via a bridging halide to the copper centre;
without this, the active species for the enantioselective addition cannot be formed and
the background non-enantioselective addition dominates. Again, as Schrader also
inferred, oxidative addition of the copper at the B-position occurs forming the Cu-(lll)
species which subsequently reductively eliminates to reform the mononuclear species
44 and expels the conjugate addition product; 44 then re-enters the cycle and the

process repeats until complete consumption of the substrate has occurred.

The depth of research undertaken for this reaction meant further developments on
Schrader’s work could illuminate new features of the conjugate addition reaction of
alkylzinc reagents. Research to this effect was undertaken by Gschwind and co-
workers using NMR spectroscopic analysis of the reaction to elucidate new
phenomena; these included further evidence of the mono- and dinuclear species within
the reaction mixture, the geometry of the copper centres within the active complexes
and the deleterious effects of using co-ordinating solvents for alkylzinc reagents similar

to the conclusion reached by Feringa in his studies on organomagnesiums.3’-%!

NMR spectroscopic studies also managed, for the first time, to directly detect an
intermediate displaying direct transmetalation of the organic functionality from the
organometallic reagent to the catalyst and subsequently provide rationalisation for a
pre-catalyst complex 46 using chiral ligand 45 exhibiting [Cu2X;Ls] stoichiometry to

form active intermediate 47 (Scheme 8).42
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Scheme 8 Gschwind et al. formation of transmetalated “CuR” species analysed by

NMR spectroscopy

Upon addition of diethylzinc to pre-catalyst 46, *H,*'P HMBC experiments were able to
detect coupling between the ligand phosphorus atoms and the ethyl moiety via the
copper atom within the active transition state. While this long range coupling has
previously been visualised by Knochel and co-workers across palladium centres, the
high quadrupole moment of both ®3Cu and ®*Cu isotopes permits access to a relaxation
pathway for magnetisation.*®* Consequently, short relaxation times are exhibited which
lead to broad signals in the generated spectra. Despite this, the conducted
experiments allowed visualisation of magnetic interaction across the copper centre

accompanied by determination of the structure of the reactive intermediates.

Pulsed NMR signals were used to eradicate relaxation interference effects from the
perceived signals and leave only scalar coupling interactions in attempts to confirm the

identity of species 47 (Figure 13).
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Figure 13 Comparison between *H NMR and 1D *H, 3P HMBC spectra containing the

depicted reaction mixture

Chemical shift changes in signals between 0.8-0.3 ppm (representative of species 47)
were distinguishable from unchanged, high intensity signals assigned to non-specific
diethylzinc species; the low intensity signals represent the CuR species formed after
addition of the organometallic reagent to the copper-ligand complex. An unidentified
species seen in the *H NMR spectrum was not detectable in 2D 'H,3P HMBC spectra

and thus disregarded.

In the 2D spectrum, the 3P signals associated with species 47 were shifted upfield
with respect to the free copper-ligand complex in agreement with the analogous
observation made by Feringa for Grignard reagents.3? This was believed to be the first
description of detected transmetalation intermediates corroborating the existing

literature results of Schrader and Noyori.?%0

To elucidate the structure of the transmetalated species, a 1:1 enantiomeric mixture of
chiral ligand 45 was used in the reaction mixture. The idea behind this was an active
complex with only one ligand attached would provide an enantiomeric mixture of
complexes; the respective enantiomeric complexes would be indistinguishable in the
generated HMBC spectra. However, an active complex containing two or more ligands
would result in a clearly recognisable mixture of diastereomeric complexes. The
resultant spectra showed three new species which can be rationalised as the binding
of three ligands to the dinuclear copper system; different combinations of the

enantiomers give rise to four species and their respective enantiomers (Figure 14).
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Figure 14 Rationalisation for new signals in 1D H, 3P HMBC signals for the addition

of a 1:1 mixture of ligand stereoisomers

This research provides unmistakable evidence of a new transmetalation species
detected via utilisation of H,*'P HMBC spectroscopy, which is notable in its

circumvention of issues arising from the quadrupolar copper centre within the system.

The establishment of profound understanding for the conjugate addition mechanism
using organozinc and organomagnesium reagents endorses exploration into yet
untrialled organoaluminium reagents; research with these reagents can seek to unify
the theories across the range of organometallic reagents in conjugate addition
reactions whilst also providing opportunities to unveil novel hypotheses on the reaction

mechanism.
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1.2 Project Aims

A novel approach with unexplored organoaluminium reagents has significant potential
for the complete unravelling of the mysteries surrounding conjugate addition reactions
with organometallic reagents. Described in this chapter are efforts to this effect using
triethylaluminium and a copper (Il) acetate-phosphoramidite pre-catalyst complex
based on a ligand developed by Feringa and co-workers.** Similar to previous studies,
the substrate of choice was 2-cyclohexenone 8 due to the cyclic structure preventing
undesirable E-Z isomerisation of the alkene bond which binds to the copper centre in

the pre-catalyst prior to the conjugate addition reaction occurring (Scheme 9).

AlEt; (1 equiv.)
Cu(OTf), (up to 6.1 mol%)
O L*(upto 15.4 mol%) Q Lo O\P_N
> - /
0 |II||
Sl ve
(H;0" quench)
8 (R)-11 _
anti-16

Scheme 9 Copper-catalysed conjugate addition under kinetic evaluation

To achieve a complete understanding of the mechanistic pathway which the reaction
follows, repetition of the same conjugate addition reaction with varying reagent
concentrations would allow establishment of the reaction order with respect to those
reagents. The data collected could then be analysed — in parallel with computational
studies — to postulate transition state structures that rationalise the observed rate
stoichiometry. Finally, a catalytic cycle encompassing all of these features can be
devised attesting to what we believe to be the most accurate representation of the
reaction co-ordinate for the copper-catalysed conjugate addition of organoaluminium
reagents to 2-cyclohexenone 8.
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1.3 Results and Discussion

1.3.1 Methodology Development

Initial investigation into the kinetic behaviour of the reaction had been performed within
the group using a cryogenic sampling method devised by Krause and co-workers.*?
While this method was prudent for some of the fundamental understanding of the
reaction profile, the limited number of data points that could be collected from this form
of analysis prevented reliable reliable calculation of reaction order. The utilisation of a
Mettler-Toledo ReactlR™ 15 machine allowed in situ reaction analysis without the
need for extraction of aliquots for sampling (Figure 15). The IR signals were then
interpreted over a range of 1900-1500 cm™ between which it was expected the vco
signals relating to the starting material, product and co-ordinated intermediates would
reside.

Mettler-Toledo
ReactIR™ 15

Reagent addition probe
Sealed prior to Through seal
addition of it
organometallic

Reaction vessel
Lowered into
cooling bath prior
to addition of

organometallic

Reaction
mixture

Cooling bath
Set to the reaction
temperature (—40 °C)

/ and maintained for
\\,ﬁ duration of the reaction

Figure 15 Reaction setup for kinetic studies

With the reaction set-up established, analysis of the interaction between the substrate
and the organometallic reagent could be performed. The thought process behind this
experiment was to see whether a background reaction in which uncatalysed addition

of the organometallic to the substrate would occur. The absence of this reaction would
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imply that the copper species is vital for the transformation to commence. As such, a
titration experiment involving the sequential step-wise addition of portions of
triethylaluminium to the substrate was performed. The instantaneous evolution of an
increasing second peak at a lower frequency (1630 cm™) occurs proportionally to the
devolution of the original absorption peak for the starting material (1676 cm™) (Figure
16).

o AlEt; (up to 1.2 equiv.) AIEt3

>
Et,0, 40 °C

Figure 16 IR spectra generated during titration experiment for formation of Lewis acid-

base complex 48 from enone 8 and triethylaluminium

Upon quenching the reaction mixture after completion of the organometallic addition,
guantitative isolation of 2-cyclohexenone 8 was successfully performed. This implies
that the formation of a Lewis acid-base complex comprising the a,3-unsaturated enone
moiety and the organometallic reagent predominates. This species was shown to be
stable for approximately 30 minutes under an argon atmosphere at —40 °C while
background reactions (including uncatalysed conversion to the conjugate addition
product 11) were not observed. Varying the stoichiometry of the two reagents led to
the conclusion that a 1:1 complex 48 between the substrate and organometallic

reagent is formed.

An association equilibrium constant K for the formation of complex 48 could be derived

from the titration experiment based on the following equilibrium equation:
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K = [48] + [8][AIEts]

The presumption based on the formation of the 1:1 complex and the assumed
equivalent absorbance of radiation for both species 8 and 48 is that the terms [8] and
[AIEts] can both be described by [48] based on the following:

[8] = [8]rtor — [48]
[AIEts] = [AlIEts]roT — [48]

where both [8]ror and [AlEts]ror are initial concentrations of the respective reagents.

Expressing K based on these formulae gives the following equation:
K = [48] = ([8]ror — [48])([AlEts]ror — [48])

Rearrangement of this formula can be performed to form a soluble quadratic with [48]

as the undescribed term:
K[48]% + (- K[8]ror — K[AIEts]ror — 1)[48] + K[8]ror[AlEts]ror = 0
The values in this formula can be used in the quadratic formula as shown:
X = (-b % {b? - 4ac}”?) + 2a
where x = [48], a = K, b = (= K[8]ror — K[AlIEts]tor — 1) and ¢ = K[8]ror[AlEts]ror.

Since all terms must be positive, the solution to this formula based on the experimental
data gave an association constant K = 12.0(8) mol dm, which corresponds to a
binding energy AGeact at =40 °C of —4.8 £ 0.4 kJ mol™? (-1.1 £ 0.1 kcal mol?).

This data was further reinforced by complementary computational analysis of the
complex formation; CAM-B3LYP/6-31G(d,p) level DFT modelling was used to

calculate the free energy of reaction for the formation of the complex (Figure 17).
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Entry 1 Entry 2

o AIEt; O+/A'Et3' AIEt; EGAI .
H
SE @
—- 40°C - 40°C
8 E-48 Z-48

AG°(~40 °C)cyc = —11.9 kcal mol™ AG®°(—40 °C)cyc = —11.6 kcal mol™”

Entry 3 Entry 4
o Et20-AIEt3 - AIEts o Et,0-AlEt; Et;Al__,
" OEt, » *+OEt
-
~ 40°C - 40°C
8 E-48 8 Z-48
AG°(~40 °C)gyc = —6.4 kcal mol™ AG°(~40 °C)ggc = —6.1 kcal mol™

Figure 17 CAM-B3LYP/6-31G(d,p) calculated values for formation of Lewis acid-base

complex 48 from enone 8 and triethylaluminium

Whilst these values are noticeably different from those obtained from the experimental
analysis, the effects of solvation are ignored in these simplistic gas-phase
representations of the reaction. The significant increase in the calculated AGyeact UpON
incorporation of 1 equivalent of Et,O (see Entries 3 and 4, Figure 17) suggest the
effects of a solvent cage not replicable via the implemented level of computational

analysis would corroborate the experimental values.

A control experiment with pre-determined concentrations of all the reagents (deemed
suitable based on literature precedence) was performed; this initial experiment could
then be altered accordingly to achieve the prescribed aims (Scheme 10, Figure 18).
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Scheme 10 First reaction scrutinised for kinetic analysis
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Figure 18 Data collected from kinetic analysis where Ocx.a measures GC absorbance
of 48; the grey lines represent calculated concentrations of 48 ( ) and free

concentration of 8 ( )

The key observation that was made during this first experiment was the addition of 2-
cyclohexenone 8 to the solution of readily formed 48 in Et,O at —40 °C resulted in the
evolution of the peak representing the Lewis acid-base complex 48 (1676 cm™)
followed by another higher frequency peak relating to the conjugate addition product
11 rather than that of the non-complexed substrate; this is concordant with the
computational analysis regarding the complexation. Another noticeable trend was the

induction period upon addition of 2-cyclohexenone 8 prior to the steady first-order
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decay after approximately 300 seconds during which an increase in the absorbance
peak intensity of 48 was observed; as the reaction set-up involved pre-reduction of the
Cu-(ll) salt used in the reaction to the active Cu-(l) species via addition of the
organometallic reagent and a nominal latency period prior to addition of the substrate,
the induction period cannot be attributed to this reduction process. This phenomenon
had been previously described in the work of Noyori and co-workers and forms a
crucial part of the mechanistic pathway and the rationalisation of certain features within
the perceived transition state.?®

Further consideration of the original cryogenic sampling method and the results
gleaned from it illuminate an important feature of the reaction profile. This method
allowed the conversion of the starting material to the conjugate addition product to be
calculated as well as determination of the reaction enantioselectivity via gas
chromatography. The intensity of the absorbance peak related to the Lewis acid-base
complex 48 (See red line on the graph in Figure 18) can be plotted against the
substrate 8 concentration (See blue line in Figure 18) calculated in the cryogenic
sampling method; the complex 8 could not be isolated or characterised with the latter
method due to its instability outside the reaction conditions. Both lines show similar
first order decay with respect to substrate concentration, justifying the use of the
absorbance intensity for the kinetic evaluation of the reaction after calibration of the
ReactlR™ machine. While the kinetic data from the cryogenic sampling method
contained too few data points to allow reliable reaction order calculations in
comparison to the ReactlR™ analysis, it was successful in illuminating the induction
period also seen in the ReactlR™ results. The enantiomeric excess of the conjugate
addition products within the reaction mixture increases with time in the initial stages of
the reaction until a plateau is approached at a similar time to the maximum observed
absorbance in the ReactlR™ analysis (approximately 300 seconds); this plateau is
reached soon afterwards at 82% ee. This implies the existence of a non-
enantioselective background reaction which initially generates the racemic conjugate
addition product 11 which then acts as an initiator for the enantioselective

transformation and must play a part in the reaction progression.

Further information obtained from the cryogenic sampling method demonstrates a non-
linear effect with respect to the phosphoramidite ligand anti-16 used in the studies
(Table 3, Figure 19). Non-linear effects describe the disproportional change in

enantioselectivity of an asymmetric process with respect to altering the enantiomeric
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ratios of a chiral additive; a positive non-linear effect can be seen in the conjugate

addition reaction we were investigating.*®

o L (2 mol%)

) (o}
A . O (o} anll
Et,O, —40 °C S

(H30" quench)
8 (R)-11 16
Varying ee

AlEt; (1.2 equiv.)
Cu(OTf), (1 mol% o\
L= ,P—N

Table 3 Analysis of enantiomeric excess of 11 formed during conjugate addition

reaction compared to ligand enantiopurity used exhibiting slight positive non-linear

effect
Entry Ligand ee (%) ee of product 11 (%)

1 0 0
2 25 26
3 50 48
4 75 62
5 100 82
90

ee of product 11 (%)

0 20 40 B0 80 100
ee of ligand anti-16 (%)

Figure 19 Graphical representation of data from Table 3
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This suggests that a polynuclear complex containing multiple ligands forms part of the
transition state in the active species for the transformation. This accompanies the
induction period as another necessary component of the active transition state as well
as a form of guidance for the interpretation of subsequent results regarding reaction

order with respect to the ligand.
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1.3.2 Establishing the Rate Equation

By changing the concentrations of the reagents in the conjugate addition reaction in
turn whilst maintaining the concentrations of the other reagents, the reaction order with
respect to the independent variable could be determined (Table 4).

Cu(OTf),
“Et;Al anti-[16]
s 7‘"0* (Range of concentrations) 0
>
Etzo, —40 °C 'l///
(H;0" quench)
48 (R)-11

Table 4 Reagent concentration values and calculated first-order reaction rate

constants, ki, for respective entries

Entry  [48] (mM)&  [Cu] (mM) [L] (mM) ki (103 s?)
1 300 3.46 4.99 1.558(8)
2 232 3.18 4.88 1.94(3)
3 124 3.55 5.22 0.566(7)
4 40.4 3.13 4.76 0.240(4)
5 226 1.07 1.59 0.323(4)
6 217 1.96 3.06 0.490(5)
7 213 3.79 5.49 1.517(9)
8 218 6.10 8.82 4.33(9)
9 232 3.62 1.66 0.674(4)
10 254 3.55 3.54 1.066(5)
11 227 3.19 6.54 1.94(2)
12 227 3.36 11.7 2.76(3)"!
13 248 3.35 13.6 2.60(6)"!
14 220 3.42 15.4 1.63(6) [

2] Based on application of the equilibrium constant K for the formation of 48 from 8 and
triethylaluminium; initial concentrations of individual reagents differ from this value. ! Higher
[L]:[Cu] concentrations exhibited zero-order reaction kinetic behaviour; values within the table

represent a first-order fit of the collected results for direct comparison with the other entries
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The preliminary studies using the cryogenic sampling method permitted determination
of the reaction order with respect to the Lewis acid-base complex 48, which in itself
can be calculated for any given concentration of compound 8 and AlEt; as the
equilibrium constant for its formation has already been determined. The rapid
formation of this complex within the ReactiR™ analysis led to its implementation in the
postulated rate formula in place of independent substrate and organometallic variables
as well permitting the eradication of calibration processes to accommodate the
observed induction period (Scheme 11). To this effect, results for these experiments
begin after the prescribed induction period of 300 seconds.

AlEts
Cu(OTf), (IR Values used in
anti-16 Et3Al o final calculations o
O (Range of concentrations) o* collected after 300 s)
> ! ’
Et,0, -40 °C Et,0, -40 °C S
(Pre-stirred under Ar (Left until complete
atmosphere for 30 min. consumption of 48;
8 prior to addition of 8) 48 H5;0" quench) (R)-11

Scheme 11 Reaction scheme with description of data collection methodology

A range of 40-300 mmol concentrations of the complex were incorporated alongside
constant copper and ligand concentrations (See Entries 1-4, Table 4) (Figure 20).
Fitting the intensity of the absorbance of the Lewis acid-base complex 48 to its
concentration by using [48]oe™, In [48]o can be plotted against In ki. The data
demonstrates first-order behaviour for the consumption of 48 over the course of the
reaction which means that the conjugate addition reaction is best described as first

order with respect to [48].
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Figure 20 Derivation of reaction order with respect to [48]

To determine the order of the reaction with respect to the copper catalyst, the pre-

reduction of the copper (Il) acetate to a Cu-(l) species in the presence of the

organometallic reagent and the ligand needed to be considered; as such, post-

induction decay data could be collected based on the intensity of the absorbance peak

for the Lewis acid-base complex 48 using a consistent Cu:L molar ratio of 1:1.5 with

varying [Cu] between 1-6 mmol and a constant [48] of 220 mmol (£ 7 mmol) (See

Entries 5-8, Table 4) (Figure 21).
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Figure 21 Derivation of reaction order with respect to [Cu]
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Fitting the data in the same way as used for calculating the reaction order with respect
to [48], the slope of the line of best fit for the data points was 1.50 suggesting the
conjugate addition reaction after induction is complete is best described with a [Cu]'®

term.

The same method was used for ligand order calculations by varying [L], with fixed [Cu]
and [48] (See Entries 9-14, Table 4) (Figure 22).
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Figure 22 Derivation of reaction order with respect to [L]; separate trendlines for low
ligand concentration (blue) and high ligand concentration (green) used to distinguish
between expected reaction rate behaviour and reaction rates affected by observed

inhibition respectively

The immediately noticeable aspect of the data collected was the presence of two
seemingly distinct sections; the two lines of best fit could both be fitted in the same
way as previous attempts. The slope of the line of best fit for the lower ratios of [L]:[Cu]
(0.5 = [L] = 3.5) gave and average value of 0.67 across ReactlR™ and cryogenic
sampling methods (cryogenic methods returned a value of 0.60), suggesting the
conjugate addition reaction after induction is complete is best described with a [L]*¢’
term. However, a retardation process is observed at higher ratios of [L]:[Cu] ([L]:[Cu] >
3.5) with the reaction now exhibiting zero order kinetics. The slope of the line of best
fit for the inhibition process was -2.44. This retardation of the reaction suggests an
inactive transition state within the reaction mixture which precludes the
enantioselective transformation; this observation is vitally important to fully rationalise

the proposed mechanistic pathway.
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1.3.3 Proposal of the Mechanistic Pathway

Once the experimental data was collected by myself and two co-workers, Prof. Simon
Woodward manipulated the data to propose a mechanistic pathway taking the

following observations into consideration:

e The rate equation for the enantioselective conjugate addition reaction is rate «
[48][Cu]1.5[|_]0.67;

e The induction period prior to the first order consumption of the Lewis acid-base
48 involves the formation of the transition state and not the pre-reduction of the
Cu-(ll) catalyst to Cu-(l);

e The transition state must comprise a molecule of the conjugate addition product
11 - via non-enantioselective addition - due to the rise in enantioselectivity
during the induction period. This is corroborated by the consumption of 2-
cyclohexenone 8 shown in the cryogenic sampling studies during the induction
period despite maximum absorbance not having been reached for the Lewis-
acid base complex 48 in the ReactlR™ data. Furthermore, redosing of the
reaction mixture with compound 11 also leads to removal of the induction
period and higher enantioselectivity implying its involvement in the active
catalyst;

e The positive non-linear effect of the ligand enantiopurity implies a polynuclear
complex for the transition state containing more than one ligand molecule;

¢ A non-active inhibitory species causes retardation of the reaction at high [L].

The rate equation allowed us to postulate a transition state 49 for the rate determining
step with stoichiometry equal to double the observed values: Cusli33(8)2(AlEts)2
(Figure 23).
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Figure 23 Proposed transition state for the conjugate addition reaction incorporating
the enolate product 50 (= 8 + AlEts)

The key elements of transition state 49 account for many of the phenomena detected
during the experimental analysis. The incorporation of one molecule of the conjugate
addition product enolate with molecularity 50 = 8 + AlEt; (= 48) (See structure in red,
Figure 23) provides an explanation for the observed induction period; the formation of
transition state 49 relies on the presence of the enolate species for the enantioselective
process to commence. In the initial stages of the reaction, the concentration of
transition state 49 is very low and slow non-enantioselective conjugate addition occurs
forming a small amount of the enolate species 50; since the function of this species is
purely structural and its stereochemistry is inconsequential to the enantioselective
process, a low concentration of this species can accumulate in the reaction mixture
allowing transition state 49 to form and begin to catalyse the significantly faster
enantioselective process without significant deleterious effects to the enantiomeric
excess of the isolated product. The enolate product of that reaction can in turn catalyse
another enantioselective transformation by forming a subsequent transition state. The
enantioselective process subsequently predominates as the concentration of transition
state 50 increases with each successful addition leading to a rise in the enantiomeric
excess of the isolated product until a plateau is reached, as seen in the cryogenic

sampling studies.

The Cusli3s molecularity of the transition state can be rationalised by a shuttling

mechanism (Figure 24).
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Figure 24 Ligand shuttling mechanism to rationalise rate equation stoichiometry; o

indicated vacant binding site

The multiple binding sites for the ligand in the proposed transition state are non-
competitive and do not differ hugely energetically. They are, however, inequivalent in
their effect on rate acceleration of the enantioselective process; only when the ligand
sits in the co-ordination site proximal to the catalytic site (See structure 54, Figure 24)
does rate acceleration occur. In the structures where the ligand binding is not proximal
(both diastereomers of species 53), the ligand itself only performs a structural role and
does not accelerate the reaction. Due to rapid ligand exchange, the described
stoichiometry where one ligand is shared across the three sites equally can be
rationalised along with the positive non-linear effect observed in the cryogenic

sampling studies caused by ligand binding at the non-proximal sites.
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The ratios of the respective molecules within the transition states do not align with the
proposals made in the aforementioned works with organomagnesium (stoichiometry
of CuL(8)(EtMgBr) in Feringa’s studies)® and organozinc reagents (stoichiometries of
CuL(8)(ZnEty)2 in Schrader’s experimental studies and CuL3(8)(ZnEt;) in Gschwind’s
NMR spectroscopy proposal respectively).2>4? Gschwind’s results do attest to a trimer
55 more similar in structure to the unbound pre-catalyst 51 postulated in this analysis
of organoaluminium additions, though this was disregarded by the authors in favour of
CuyLs stoichiometry in their conclusions; this is due to Cu:L ratios of 1:1.5 maximising
the enantioselectivity for enantioselective conjugate addition reaction with organozinc
reagents (Figure 25).%’

T &
(o)
Cu \
cI” “cl L= P-N
I 0 wnn
Cu Cu
i~ TcI” L O
55
45

Figure 25 Gschwind et al. Postulated trimeric pre-catalyst structure

Conversely, the consistent high enantiomeric excess of the analogous
organoaluminium reaction at 82% ee at Cu:L ratios down to approximately 1:0.45 is
concordant with the CuslL13s composition we proposed for the transition state in the

rate limiting step as well as other structures formed in events leading to its formation.

The proposed mechanism for this transformation is described below (Scheme 12). It
includes two C,-symmetric pre-catalytic structures 56a and 56b whose structures were
confirmed computationally using the wB97X-D functional and Stuttgart-Bonn
pseudopotential and basis set for Cu with the 6-311G(d) basis set for all other atoms
and; these calculated structures further attest to the accumulation of racemic enolate

50 during the induction period.*647
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Scheme 12 Proposed reaction mechanism

An alternative transition state 58 containing two molecules of enone 8 was postulated

as it is kinetically equivalent with that which has been proposed (Figure 26).
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Figure 26 Discarded transition state proposal
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However, the experimental data is not consistent with this structure as the induction
period exhibits an initial increase in enantiomeric excess for the isolated product; this
would not occur if the achiral a,3-unsaturated enone was bound in place of the enolate
species 50 as all transformations would exhibit the same enantioselectivity and a
constant enantiomeric excess at all times in the reaction would be seen instead of
displaying an initial increase. As such, this structure was disregarded as a potential
resting state in the mechanistic pathway.

The inhibitory effects of high ligand concentration can be explained by the
accumulation of inactive species 57; the molecularity of the structure is also in
accordance with the observed [L]™2° order seen at high ligand concentrations in the
kinetic studies as five ligand molecules are competing with two molecules of 48 on the
copper trimer to prevent the formation of the active transition state 49. The bridging
ethyl unit in the structure is similar to a Cu(u-Me)Cu species detected by X-ray
crystallography as described by Steffen and co-workers.*8
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1.4 Conclusions

Kinetic analysis of the copper catalysed enantioselective conjugate addition reaction
between triethylaluminium and 2-cyclohexenone 8 in conjunction with a
phosphoramidite ligand anti-16 using both ReactlR™ analysis and cryogenic sampling
methods has successfully elucidated the order of reaction with respect to each

respective reagent:
Rate o [Cu]“S[L]°57[48]

The analysis also supported Gschwind’s hypothesis that one predominating copper-
ligand species was responsible for the rate limiting step in the enantioselective
transformation; the differing stoichiometry in the results acquired for the
organoaluminium reaction imply that this singular species is transition state 49 within

the reaction mechanistic pathway (Figure 27).

Et Et
\

_-Al
_0"" Eto

= Al H
\ \ Et ‘0
\ , Et

49

Singular transition state responsible for
conjugate addition reaction progression

Figure 27 Active transition state; formation of this structure is the rate-limiting step in

the catalytic cycle

The computationally confirmed pre-catalyst structures 56a and 56b exist in equilibrium;
the multiple binding sites in the trimeric structure account for both the order of the
reaction with respect to the ligand as well as the observed non-linear effects of the
ligand’s enantiomeric purity. The observed zero-order retardation occurs due to the
accumulation of species 57 at high ligand concentrations preventing the formation of

the active transition state.

The presence of the enolate structure 50 within the active transition state 49 accounts

for the induction period and initial low enantioselectivity of the isolated product. This
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also aids in the rationalisation of a previously inexplicable phenomenon regarding
copper catalysed enantioselective conjugate addition reactions of organoaluminium
reagents. Historically, the most active and selective catalyst contain Cu-(l) sources that
are very labile, such as tetrakis(acetonitrile)copper (1) tetrafluoroborate; the high lability
of these catalyst lends itself to enolate incorporation more readily than comparatively
less labile species. While this observation has been made repeatedly for this class of
reaction, these results are likely the first to provide an explicable reason for this
occurrence.
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1.5 Future Work

The results obtained for the analysis of the organoaluminium conjugate addition
reaction, contradictory to literature precedent as they appear, encourage like-for-like
investigation into the extensively studied analogous reaction with organozinc reagents
(Scheme 13).

ZnEt, Oe
Cu(OTf
o L*U( )2 o Q
L*= P-N
> (o] ol
Et,0, —40 °C “wy S

(H;0" quench)
8 (R)-11

anti-16

Scheme 13 Analogous research opportunity with organozinc reagents

The alternative approach adopted in this investigation using different analytical
techniques may illuminate previously undetected similar trends and features to the
organoaluminium addition. Initial attempts within the group have encountered
problems due to the poor solubility of the copper-ligand complex incorporating the
organozinc reagent in the model system for the organoaluminium addition, though this

does not preclude alterations such that these issues are avoided.

The ground-breaking nature of this discovery means further exploration of the reaction
may unveil more mysteries. With previous success having been achieved with NMR
spectroscopic analysis by Gschwind, Noyori and Feringa, experiments to this effect
may be able to confirm the structures generated by the computational analysis in these
studies.?%3%342 The structural features of the pre-catalyst structures 56a and 56b within
the mechanistic pathway could be potentially reinforced using both 3P NMR or the
'H,31P HMBC spectroscopy use by Gschwind (Figure 28).4?
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Figure 28 Potential *H, 3*P HMBC opportunity for coupling between ligand phosphorus

atom and hydrogen atom on ethyl component in active intermediate

Additionally, 3P NMR spectroscopy can also be used to detect the inactive species 57
responsible for the retardation at high [L] (Figure 29). This would also support the

discounted trimeric copper structure in Gschwind’s studies.*?
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Figure 29 Potential *H, 3P HMBC opportunity for coupling between ligand phosphorus

atom and hydrogen atom on ethyl component in inactive species
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SECTION 2

TOWARDS ENANTIOSELECTIVE
SYNTHESIS OF QUINOLONE
DERIVATIVES VIA COPPER-CATALYSED
CONJUGATE ADDITION OF
ORGANOALUMINIUM REAGENTS
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2.1 Introduction

2.1.1 Introduction to Quinolones

Quinolones are a group of broad-spectrum antibacterial drugs based on a bicyclic core
structure derived from 4(1H)-quinolone 58. The development of this class of
compounds as therapeutic agents for the treatment of bacterial infections was
triggered by the serendipitous discovery of Nalidixic acid 59 by Lesher and colleagues
in 1962 (Figure 30). Although it is not technically a quinolone due to the presence of a
nitrogen atom in the fused ring (making it a 1,8-naphthyridone), it and other molecules
with heteroatoms within their structures exhibit quinolone-like properties (i.e.
bactericidal activity); Nalidixic acid itself has since been used in the treatment of urinary
tract infections.*® In the years that have followed, research has been carried out to
elucidate the mechanism of action for quinolones accompanied by multiple reviews
discussing their implementation.5°->2 This has enabled access to the treatment of other
diseases such as respiratory, gastrointestinal, gynaecological, skin and soft tissue

diseases as well as antitumor medication and even topical pneumonia treatment.>*-58

58

Figure 30 4(1H)-Quinolone 58 bicyclic core on which quinolone drug molecules are
based and Nalidixic acid 59

Development of quinolone drugs has occurred in stages since the discovery of
Nalidixic acid; each generation of quinolone molecules contributes an additional
desirable property over previous compounds based on structural modifications and the
observed biological effects these changes induce. These include increased activity
against Staphylococcus aureus for third generation quinolones or the dual action of
fourth generation quinolones with DNA gyrase and topoisomerase IV which slows
down the development of resistance.®**® As such, certain structural features of the
derived compounds are shown to have specific, variable effects on the activity of the
quinolone (Figure 31).%° Indeed, the ubiquity of the incorporation of a fluorine atom in

the 6-position has led to an entire separate class of quinolone drugs — the
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fluorogquinolones — which make up the majority of quinolone drug molecules currently

in circulation.50:61

Controls gyrase  Controls potency, adds
and bacterial gram-positive activity
potency
R°||0 O
F&, 3
Controls potency ﬁ 4 | OH
spectrum and — PG
pharmacokinetics R7| T'x® N; R?
R1
Controls pharmacokinetics and Controls potency, some
anaerobe activity pharmacokinetic effects

Figure 31 Effects on quinolone drug activity from alterations to core quinolone

structure

The expanding range of treatments in which quinolone drugs can now be implemented
as well as the documented effects structural diversification have on the biological
activity of the molecules make the synthesis of quinolone derivatives an attractive
prospect for early stage drug discovery. The desirable structural features of the
quinolone core (low molecular weight, facile functional group incorporation and
modification etc.) mean fragment-based drug design around this core structure can

potentially uncover many opportunities for synthesising biologically active molecules.
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2.1.2 The Synthesis of Quinolones and Their Derivatives

Numerous methods for the synthesis of the quinolone core structure have been
devised over many decades. Many chemists have transformations attributed to them

which afford quinolone products from derivatives of aniline 61 (Figures 32 & 33).52-%7

(0]
(o] R2
OH fo)
2 NH
NH, R1”\/R [OH] AR
60 o o
Niementowski R2 Camps
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Figure 32 Selected fundamental routes to quinolones from aniline derivatives
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Figure 33 Staskun et al. adaptation of Knorr quinolone synthesis

Early routes to quinolones, such as those depicted in Figures 32 & 33, normally require
harsh conditions; this is due to the frequent need to disrupt the aromaticity of the
phenylene linker from the aniline-based reagent to undergo cyclisation, or to augment
reactivity of a functional group such as a carboxylic acid. As such, methodology has
been developed over the subsequent years to eradicate the need for such harsh
conditions; like early methods, aniline derivatives have also been used as starting
materials. Long and co-workers devised a transition metal free intramolecular oxidative

C(sp?)-H/C(sp®)-H coupling to form 2-aryl-4(1H)-quinolones (Scheme 14).58
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Scheme 14 Long et al. synthetic route to 2-aryl-4(1H)-quinolones via an oxidative

Mannich reaction

Oxidation of the amine to the imine by TEMPO occurs followed by nucleophilic addition
of the enolate formed at the ketone on the adjacent carbon atom on the arylidene
linker; subsequent in situ oxidation of the formed tetrahydroquinoline intermediate
formed the products in good to excellent yields. This route not only offered a
structurally diverse library of products, but also offers an alternative greener approach
to their synthesis utilising chemistry which manages to circumvent the need for toxic

reagents and potentially dangerous reaction conditions.

Yadav and his co-workers utilised ionic liquids as solvents in their milder method for
quinolone synthesis from aniline derivatives, Meldrum’s acid 64 and trimethyl
orthoformate 65 (Scheme 15).%°

R! 1. [BMIM]Br R'" 0O

R2 X O/ 40 °C, N, atm. R2

+ (@) (0} + )\ R —EE |
~N e
R3 NH, OMO o o 2. [BMIM]BF4/OTf R3 N
R4 80 °C, N, atm. rt H
64 65

5 examples

73-90% vyield

Scheme 15 Yadav et al. synthetic route to 2,3-unsubstituted-4(1H)-quinolones in
RTILs

This route, like that of Long and co-workers, offers a more environmentally friendly
alternative to the existing conditions. Reaction of Meldrum’s Acid 64 and trimethyl
orthoformate 65 forms a methoxymethylene intermediate to which aniline adds via
Michael addition; subsequent ring closure and decarboxylation forms the products in
good to excellent yields. Interestingly, the counteranion in the ionic liquid solvent has
a drastic effect on the reaction; the ring closure does not occur when bromide is
present, while total conversion to the desired product is observed when

tetrafluoroborate or trifluoromethanesulfonate are used.
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As well as aniline derivatives, the synthesis of quinolones from 2’-nitroacetophenone
derivatives developed by Koskinen and co-workers affords the quinolone product via
sequential installation of the unsaturated enone moiety followed by hydrogenation of
the nitro-substituent to the amine which undergoes an intramolecular Michael addition

to form the quinolone product (Scheme 16).7°

(0] 1. Me;NCH(OMe), (1 equiv.) (0]
N DMF, 100 °C, 1.5 h X
RE— > R
NO, 2. 10% Pd-C (0.1 equiv.) N
Cyclohexene (5 equiv.) 4 exampll:als

EtOH, reflux, 1 h 52-95% yield

Scheme 16 Koskinen et al. synthetic route to 4(1H)-quinolones from 2'-

nitroacetophenones

Other methods for affording quinolones have utilised transition metal catalysis and
cross-coupling reactions; more than one option exists regarding which bond can be
formed within the quinolone core mediated by the metal during the transformation, be
this the bond between the nitrogen atom and the arylidene linker, the carbon-carbon
double bond in the a,3-unsaturated enone moiety or the carbon-carbon bond between
the arylidene linker and the carbonyl moiety. Larhed and co-workers implemented a
one-pot carbonylative Sonogashira cross-coupling affording an extensive range of 2-

substituted quinolone compounds (Scheme 17).7t
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Scheme 17 Larhed et al. synthetic route to 2-substituted-4(1H)-quinolones via ynone

intermediates

The formation of two carbon-carbon bonds - firstly between the aryl ring and the carbon
atom from the carbon monoxide and subsequently between the newly formed carbonyl
moiety and the terminal carbon atom from the alkyne - affords an ynone intermediate;
this then undergoes a sequential intermolecular-intramolecular dual aza-Michael

addition cascade to form the quinolone product.

Buchwald and co-workers opted to form the phenylene carbon-nitrogen bond via a
copper catalysed cross-coupling reaction to form an acetanilide intermediate which
was then cyclised in a similar fashion to the Camps synthesis (Scheme 18, Figure
32).64,72

1. R"CONH,, Cul
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Scheme 18 Buchwald et al. synthetic route to 2-aryl-4(1H)-quinolones from o-

halophenones
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The first step of this two-step process affords the amide. The second step proceeds
via enolate formation and intramolecular nucleophilic condensation of the amide

forming the heterocyclic portion of the molecule.

As well as these methods, a cobalt(lll)-mediated C-H amidation has been devised by
Zhu and co-workers to form acetanilide derivatives which can then be cyclised under
acidic conditions to the desired quinolone products (Scheme 19, Figure 34).” The first
step involves the formation of the acetanilide intermediate which then undergoes
cyclisation via the familiar intramolecular Michael addition as seen in the work of
Koskinen and Larhed.”®"*

o o 1. Cp*Co(CO)l,, AgBF, o
/« (CH,Cl),, 80 °C, 12 h
e R | > [ ]
2 =N N~ 2.1.2NHCI N
R
| Reflux, 9 h or H

TMSOTf, NCy,Me

CH,Cl,, 0°C-1t, 2 h 11 examples

45-88% yield

Scheme 19 Zhu et al. synthetic route to 2,3-unsubstituted-4(1H)-quinolones via cobalt-

catalysed C-H amidation
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Figure 34 Propsed catalytic cycle for Co-(ll)-mediated C-H amidation

These examples are only a few from a voluminous repertoire of synthetic routes to
guinolone structures lending further credence to their desirability as small molecule
fragments. However, modifications to the aromatic core would give rise to a new set of
structurally diverse molecules; with such a wide array of research existing for fully sp?-
hybridised compounds, facile synthesis of sp3-hybridised derivatives represent a
challenge that could enable interaction with previously inaccessible biological targets
and their associated diseases. As such, research into the synthesis of these
compounds may elicit valuable outcomes for the furtherment of small molecule-based

drug discovery.
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2.1.3 General Synthetic Routes to Racemic and Enantioenriched sp?3-

Hybridised Quinolone Derivatives

One of the primary focuses of early stage drug discovery in recent years has been the
synthesis of structurally diverse novel molecules. Numerous methods exist to achieve
this goal such as combinatorial database generation, cheminformatics and high-
throughput screening; multiple reviews accompany these efforts attesting to their
importance in the development of compounds for therapeutic applications.’*"®
Academic interest has stretched as far as MacMillan and co-workers enacting
accelerated serendipity for the sole purpose of discovering molecular transformations
that could not otherwise have been designed; this has already yielded interesting

results and enabled access to novel compounds via an unconventional route.”

As previously mentioned, sp3-hybridised molecules are conspicuous in their scarcity
due to the popularity of two-dimensional molecules in previous decades. Incorporating
sp3-hybridisation into the quinolone structure would therefore provide a route to
attractive, structurally diverse molecules based on scaffolds derived from molecules
shown to have biological activity. Efforts, though success has been achieved, are not
well documented. Tepe and co-workers successfully synthesised two 2,3-dihydro-
4(1H)-quinolone compounds from N-aryl-B-lactams via an intramolecular Friedel-
Crafts acylation in a simple one-step procedure (Scheme 20).%°

0]
O TfOH (2eq.) X
A i
PhH, 0 °C - rt, 15 min. N
H
(X =F, Cl) X = F: 93%
Cl: 87%

Scheme 20 Tepe et al. synthetic route to dihydroquinolones from N-aryl-B-lactams

The original aim of the work within this manuscript was intramolecular Friedel-Crafts
acylations to form 3-amino-1-phenyl-1-propanone derivatives from unsubstituted 2-
azetidinone. Nevertheless, the two N-aryl-B-lactam starting materials implemented in
the reaction did undergo intramolecular cyclisation forming two 2,3-dihydro-4(1H)-

qguinolone derivatives.

Another route to the dihydroquinolone is an intramolecular aza-Michael addition, a
method used by both Su and Belfaitah (Scheme 21).8182
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o Su: Yb(OTf)3, 80 °C o

Solvent free
<O -
NH,“Ar Belfaitah: [bomim]BF,4 H Ar

150 °C, 2.5 h

Scheme 21 Su and Belfaitah’s intramolecular aza-Michael additions to form

dihydroquinolones

The method employed by Su involved activation of the enone via grinding of the
starting material and ytterbium (lll) trifluoromethanesulfonate charged silica gel
followed by elution over silica gel with no work-up required affording the products in
excellent yields of 75-98% across 15 examples and a broad range of functional group
tolerances. The results obtained by Belfaitah displayed similarly good yields of 70-95%
across 8 examples and a comparable range of functional group tolerances, whilst also

affording the desired products in a shorter timeframe.

Furthermore, in situ generation of the a,B-unsaturated enone followed by the
subsequent aza-Michael addition has successfully been performed by Yanada and

Saito enabling access to a wider variety of products (Scheme 22).83-8
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OH Yanada:
Bi(OTf)3 (5 mol%) 0
EtOH (5-10 eq.)

> No R+ Aryl, alkyl and dialky!

NH (CH,Cl),, 70 °C, 24-48 h A R>  tolerated for R! and R2
oo . Significant steric bulk
at reactive position

B - 6 examples
O R? 30-87% yield inhibits reaction:
_ formation of spirocycle
R' 1_R2_
’ (R"=R*=-(CHy)s")

NH

OJ\O/\

R Saito: o
Z R2CHO (1.2 eq.) R
SbF5*5MeOH (10 mol%) « Aryl tolerated for R’
Q\f ] > N~//rz  though alkyl is
J\ (CH,CI),, 90 °C, 3-46 h preferable
o o 020" - Alkyl and aryl
~ _ 7 examples tolerated for R?
o 25-94% yield « Significant steric bulk
R Up to 100:0 dr 4t reactive position

| inhibits reaction (R? =
NH RZ tBU)

OJ\O/\

Scheme 22 Saito and Yanada’s synthetic routes to dihydroquinolones via in situ

generation of the a,3-unsaturated enone intermediate

The methodology developed by Yanada et al. uses substrates that can be easily
accessed in two steps from readily available starting materials which undergo a novel
intramolecular Meyer-Schuster reaction to form the a,B-unsaturated enone
intermediate which goes on to afford the desired 2,3-dihydro-4(1H)-quinolone products
in moderate to excellent yields. The formation of the spirocyclic derivative proved
challenging with this chemistry, although the synthesis of this product had not
previously been reported. Saito et al. developed a one-pot metal-catalysed [2+2]
cycloaddition and cycloreversion to form differently substituted a,B-unsaturated enone
intermediates which undergo the analogous intramolecular Michael addition reaction.
The substitution pattern of these products gives rise to two stereocentres; although the
stereoselective variation of this reaction was not performed, diastereoselectivity was

observed for the majority of these transformations. Additionally, isolation of the enone
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intermediate followed by cyclisation of the purified product afforded the desired

products exhibiting similarly excellent yields and diastereoselectivity.

Park and co-workers were able to separate enantiomers via a diastereomeric
semioxamazide derivative (Scheme 23).8 The compound in question was shown to
be an effective ligand for 5-HTe serotonin receptors. Furthermore, the (S)-enantiomer
derivatives 66 and 67 showed lower ICso values than those pertaining to the (R)-
enantiomer derivatives 68 and 69, particularly in the case of 67 further suggesting
enantioselective 2,3-dihydro-4(1H)-quinolone derivatives would be good candidates
for drug discovery fragments.

0 0
H H
F/IH)5 O N
(FH) H,N” \H)LHJ\Ph (FIH)® N'Nm)LN/LPh
(FH) 'ﬂ > (F/H) N
S\§° o
[\
5

Separable diastereomers

-NR, = N N—
\/
Compound Structure ICs0
66 (S)-7-amino 17 nm
67 (S)-5-amino 7 nm 5
68 (R)}-7-amino 43 nm (NR/H)*0
69 (R)-5-amino 353 nm
(NRy/H) l;l

Scheme 23 Park et al. isolation of variably biologically active individual enantiomers

via diastereomeric separation

Whilst chiral resolutions are an effective way of acquiring enantiopure molecules, the
major drawback is the loss of 50% of the synthesised material; enantioselective routes
have also been devised. Akiyama used an intramolecular conjugate addition in which
enantioselectivity was obtained by using chiral phosphoric acid 70 derived from BINOL
as a Brgnsted acid organocatalyst (Scheme 24).8” This reaction was based on
previous research into organocatalysed route to dihydroquinolone derivatives by Yu,

Rueping and Lu.88-%
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\ 72
oo
Ar
70
o (10 mol%) (o)
Ar = -CgF5
>
NH, R PhH/Cyclohexane (1:1) N R
70°C,72h H

16 examples
64-100% yield
81-94% ee

Scheme 24 Akiyama et al. Brgnsted acid catalysed cyclisation of 2’-aminochalcones

The incorporated substituents at the chiral centre of the product (labelled R) were
substituted phenyl or heterocyclic in nature; the one exception was the tert-butyl
substituted derivative was successfully synthesised, albeit in a lower yield of 64% with
88% ee. The low enantioselectivity of the reaction with less sterically encumbered alkyl

substituents may explain the lack of these examples within those described in the
paper.

Pitchumani and co-workers were able to synthesise highly enantioenriched
dihydroquinolone derivatives in one-pot from 2’-aminoacetophenone 71 and selected
substituted benzaldehydes by using a solid-supported base catalyst based on [3-
cyclodextrin (Scheme 25).%1

o RCHO (1 eq.) (o)
Per-6-amino-B-cyclodextrin (1 eq.)
>
NH EtOH/H,0 (1:1) N R
2 -5°C,15h H
71 26 examples
18-99% vyield
69-99% ee

Scheme 25 Pitchumani et al. pseudo-Mannich cyclisation

The wide range of methodologies to these cores highlights their relevance in a
research capacity. However, the primary limitation is that many of the existing
syntheses, including those previously described, require incorporation of desired
functionality at an early stage. Late stage functionalisation of biologically relevant

molecules is preferable as a greater number of derivatives can be synthesised from a
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common intermediate. As such, methodology where derivatives are synthesised
directly from the extensively researched 4(1H)-quinolone core would be highly

desirable from a drug discovery standpoint.
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2.1.4 Synthetic Routes to Racemic and Enantioenriched sp3-Hybridised

Quinolone Derivatives Using Conjugate Addition Chemistry

One key structural feature of the 4(1H)-quinolone core is the a,B-unsaturated enone
moiety (Figure 35). This invites the use of conjugate addition chemistry to modify the
quinolone core and access structurally diverse molecules with sp3-hybridised carbon

atoms.
(0] (0]
Nu”
| —>
\ NN
R R

where Nu = alkyl, aryl, heteroatom

Figure 35 Nucleophilic conjugate addition to quinolone core

The potential for conjugate addition chemistry with organometallic reagents as a way
of elaborating these quinolone cores accompanied the popularity of quinolones over
the last few decades has led to its usage in the formation of 2-substituted
dihydroquinolone compounds as intermediates in the synthesis of other compounds;
one example involves the use of simple Grignard reagents. Hong and co-workers used
stoichiometric copper (l) iodide in conjunction with the organometallic reagent to yield
the desired products from 1-methyl-4(1H)-quinolone 72 as an intermediate towards the
synthesis of biologically active analogues of the natural product Wrightiadione
(Scheme 26).%2

ArCH,MgX (2 eq.)
o CuBr (2 eq.)

(o) (o) R
TMSCI (3 eq.) - @
R — . .
| Ar O '
N~  THF/CH,CI, (1:1) N N
| -78°C I I o)
72 13 examples Biologically active

41-89% yield Wrightiadone
derivatives

Scheme 26 Hong et al. conjugate addition of Grignard reagents to quinolone core 72

The addition of a stoichiometric cuprate to the a,B-unsaturated enone successfully
afforded the saturated derivative, which was oxidised to the unsaturated Wrightiadone

compound.

Conjugate addition of organomagnesium reagents to quinolone and 1,8-naphthyridone

cores such as compound 73 in the presence of catalytic copper (I) iodide was
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performed by Kiley and co-workers to form substituted derivatives 74a-c, a method
also used by Clémencin-Le Guillou and co-workers in their synthesis of similar cores
(Scheme 27).93%

F O O O o
F RMgBr (1 or 2 eq.) F
0~  CuBr (10-30 mol%) o
|
>
F i THF or Et,0, -70°C  F i R
73 R: -Me 74a - 66%

-CH=CH, 74b - 88%
-Ph 74c - 44%

Scheme 27 Kiely et al. conjugate addition of Grignard reagents to quinolone core 73

An interesting variation of the conjugate addition of organometallic reagents to these
guinolone cores was performed by Beifuss and co-workers in 2001 based on earlier
research conducted in their group (Scheme 28). The formation of a quinolinium
intermediate followed by addition of organotin reagents led to formation of similar
derivatives, though in a 1,2-addition rather than a 1,4-addition.®>° The reaction was

also successful on benzopyrylium and benzothiopyrylium derivatives.

o 1. TIPSOTf (1.3 eq.) o
R rt, 1 h R
| >
2. H,C=CHCH,SnBus; (1.3 eq.) X
X" 2 6-lutidine (1.3 eq.) _
CH,Cly, 0°C - 1t, 3 h _
X = NCO,Et, 80-91% yield
NCO,Bn, O, S

R =H, CO,Bn, Br

‘ @OTf OTIPS
R X

®,
X

Scheme 28 Beifuss et al. 1,2-addition of allyltributyltin to quinolinium intermediate

Although not strictly a conjugate addition reaction, this example elucidates an
alternative for the elaboration of quinolone cores. The addition of an allyl substituent
to this core is also unprecedented, implying alternatives to conventional organometallic

reagents may be more suitable for more challenging variants of this transformation.

Another conjugate addition to quinolone cores was performed by Streuff and co-

workers using a reductive umpolung strategy with activated alkenes (Scheme 29).%7
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U EWG

(5eq.)
(o) Cp,TiCl, (10 mol%) (o)
R’ Zn (2 eq.) 3 R'
EWG
R | > R
N NEt3*HCI (1.3 eq.) N2
TMSCI (1.5 eq.) l
Me/Bn THF, 35 °C, 24 h Me/Bn
TBAF quench EWG = CN, CO,R

41-91% yield
C2/C3 syn only
(for R' = Me, Ph)

Scheme 29 Streuff et al. umpolung reductive coupling between activated alkenes and
quinolone cores

The mechanism of this transformation has been postulated (Figure 36).

2 Cp,TiCl
T™S. pz 2

o
N
e L ZnCI2
+ZnCI2 -

2 [Cp,Ti"CI)
1]l
Zn, TMSCI
Ti-O silylation
catalyst regeneration

Ti'V Til ' "
0 ~

O
N
Al l? ||
Rl R" Rll
1l
NEt; TiV TilV Radical
(O lll combination
Protonation I
NEt;eHCI R Y

Rl Rll

Figure 36 Mechanism for Streuff et al. reductive coupling

The formation of a titanium-(lll) species via reduction of titanocene dichloride with
elemental zinc is followed by co-ordination of the nucleophile to the titanium-(lil)

species. Radical combination of this complex with the quinolone starting material leads
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to formation of the carbon-carbon bond, as seen in species |. Subsequent reductive
elimination of the titanium enolate Il with zinc and trimethylsilyl chloride reformed the
active catalyst and afforded the silyl enolate product IlI.

The choice to quench the reaction with tetrabutylammonium fluoride at low
temperatures facilitates kinetic control of the reaction and led to isolation of the desired
ketone product alone; further side reactions were observed when an alternative
guench with hydrochloric acid was used affording different products. Development of
methodology to this effect was continued in other examples of work by Bichovski.%®

Attempts at achieving diastereoselectivity for the addition to substituted quinolone
cores were successful, though the methodology could not be used effectively with
simpler substrates in conjunction with a chiral auxiliary (as shown in the conversion
from compound 75 to compound 76) to afford highly diastereoenriched products
(Scheme 30).%” Nominal diastereoselectivity was observed when pre-co-ordination of
the substrate with diethylaluminium chloride was performed, though the result was
deemed insufficient for further development.

Acrylonitrile (5 eq.)
Cp,TiCl, (10 mol%)

O o O o CN
Zn (2 eq.) kﬁ\
A~ — A
\—& NEtz*HCI (1.3 eq.) \—k_

Ph Lewis acid (1.5 eq.) h

P
75 THF, 35°C, 24 h 76
Lewis acid effect
TMSCI - 45%, 50:50 dr
AIEt,Cl - 33%, 62:38 dr

Scheme 30 Streuff et al. attempts to perform reaction diastereoselectively

Despite the precedents for racemic conjugate addition to quinolone cores, the literature
contains only a small number of successful enantioselective variants of this nature.
The first successful asymmetric conjugate addition to quinolones was performed by
Hayashi and co-workers in 2005 using arylzinc chlorides and a rhodium(l) catalyst
(Scheme 31).%°
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ArzZnCl (3 eq.)
[RhCI(C5Hy)5l5 (3.75 mol%)

o (R)-BINAP (8.2 mol%) Q
X TMSCI (3 eq.) X
R1— | » R—
Z N THF, 20 °C, 20 h Z N “Inr
CO,Bn CO,Bn

12 examples
72-100% vyield
86-99% ee
Scheme 31 Hayashi et al. conjugate addition of arylzinc chloride reagents to quinolone

cores

Excellent enantioselectivity was observed across the range of entries in this study,
though 2-methylphenyl chloride did exhibit slightly poorer enantioselectivity at 86% ee
implying a steric effect may exist. 4-Methoxyphenylzinc chloride was similarly less
enantioselective in comparison to nucleophiles bearing electron neutral or donating
substituents at 88% ee further suggesting an electronic effect from the nucleophile on
the transformation. Further examples would be needed to illuminate a more definitive
trend in this regard; a greater number of substrates trialled in the reaction would also
help to elucidate its effect on the reaction process. Nevertheless, these results
provided a suitable platform from which to develop similar methodology accessing 2,3-

dihydro-4(1H)-quinolone structures.

Subsequent attempts at asymmetric conjugate addition to quinolone cores have
appeared, though there are only very few published examples. Liao and co-workers
successfully performed another rhodium (1) catalysed conjugate addition to quinolones
with chiral ligand 77 in 2011, this time using tetraarylborate salts (Scheme 32).1%° This

addition was also applicable to chromones affording enantioenriched flavanone

derivatives.
NaBAr, (3 eq.) OO0
1 [RhCI(C2H)l, (2.5 mol%) o %s” ‘\s-né
(R,R)-L* (6 mol%)
R | » R
N CH,Cl,/H,0 (10:1) N “Inr
Co,Bn 40°C,12h CO,Bn (R,R)-L*
10 examples 77
35-90% yield
96-99% ee

Scheme 32 Liao et al. conjugate addition of sodium tetraarylborate salts to quinolone

cores
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Whilst an improvement in the enantioselectivity over the analogous addition of arylzinc
reagents by Hayashi is observed, the narrow range of tetraarylborate salts that are
commercially available mean substrate scope has not been extensively explored by
Liao et al.; excellent enantioselectivity is seen for all nucleophiles, though sodium
tetra(4-fluorophenyl)borate did only afford the product in 35% yield. No significant trend
based on substrate scope is observed as relatively few were trialled.

This was followed by research by Stoltz and co-workers in 2013, in which they
performed palladium(ll) catalysed conjugate addition of arylboronic acids to quinolone
core 78 with chirality induced via addition of ligand 79 (Scheme 33).2% Similarly to Liao,
this methodology could also be applied to chromones.

ArB(OH), (2 eq.)
Pd(OCOCF3), (5 mol%)

L* (6 mol%)
o NH4PFg (30 mol%) o o

H,O (5 equiv.) —/ C :l

| > ) \ N N ,,//
l;l (CH,CI),, 60 °C, 12 h r;l “Inr I<
CO,Bn CO,Bn L*
78 9 examples 79
31-65% yield
40-89% ee

Scheme 33 Stoltz et al. conjugate addition of arylboronic acids to quinolone core 78

Because of their broad commercial availability, the use of boronic acids in this
methodology permits access to a range of different products. While only quinolone
substrate 78 was used in the reaction, a range of substituted phenylboronic acids were
used and tolerated within the reaction, with electron-rich substituents in meta-positions
affording more enantioenriched products (80-85% ee). A significant decrease in
enantioselectivity was observed when the same substituents were placed in the para-
position on the phenylboronic acid implying a strong electronic effect from the
nucleophile in the transformation. Additionally, a drastic reduction in enantioselectivity
was observed when the larger dibenzo[b,d]furan-4-ylboronic acid was used, implying
a steric disruption in the transition state can affect the reaction. Alternative boron
nucleophile species such as boronate esters or potassium trifluoroborates were not

trialled in the reaction.

One prevailing limitation of these transformations is the scope of the addition reagent:
the methodology has only been used to yield aryl-substituted derivatives. Another is
the use of catalyst based upon a rare, precious transition metal. One example of an

attempted asymmetric conjugate addition of a non-aryl substituent to a quinolone core
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80 utilising a cheaper copper(l) catalyst was developed by Aponick and co-workers in
2015 towards the synthesis of (-)-martinellic acid 82 (Scheme 34).102

1. Alloc-Cl (1 eq.)

NEt; (1 eq.) OAlloc
Et0,C CH,Cl,, 10 °C, 18 h EtO,C X
| ? H
Bn
N~ 2. Alkyne (1 eq.) N N
H  cico,Et 2 eq) CO,Et CO,Bn
80 CuBr (2 mol%) 81
!_* (2.2 mol%) 73% yield
IPerEt (28 eq) 91% ee
CH,Cl,, =30 °C, 90 h
¢ 8 steps
Ph Ph NH
= I,
N N F H
HO,C
Ph,P @ . H H
N "///\/N\H/N\/ﬁ/
= H
F NH
L* 82
83 (-)-Martinellic acid
91% ee

Scheme 34 Aponick et al. total synthesis of (-)-Martinellic acid 82 via conjugate

addition to quinolone core

Mechanistic studies showed the reaction pathway actually proceeded from the
qguinoline-4-carbonate in a 1,2-addition pathway similar to the work by Beifuss et al. as
opposed to a 1,4-addition to the quinolone.® Thus, the isolated quinoline-4-carbonate
was used in the addition to form 81 with high enantioselectivity, which is retained in

the final product.

While some success has been obtained with copper catalysed addition of sp3-
hybridised alkyl substituents to chromone and coumarin cores, there is a complete
absence of analogous additions to quinolone cores.'%-1% Herein lies a description of
methodology towards the copper-catalysed enantioselective synthesis of

dihydroquinolone derivatives via conjugate addition of alkyl organometallic reagents.
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2.2 Project Aims

Existing methodology for organometallic asymmetric conjugate addition reactions with
guinolone cores use expensive metal catalysts and is limited in its scope, thus only
affording arylated derivatives.®*-10* Development into an alkylation and alkenylation of
guinolone substrates via a similar route would yield novel compounds which could be
used in fragment-based drug design in the pharmaceutical sector based on their
desirable properties. The utilisation of a copper catalyst for this transformation is not
only desirable from an economic standpoint, but also from the vast array of existing
research attesting to its efficacy in asymmetric conjugate addition reactions. As well
as this, further functionalisation can be performed on the products; a second chiral
centre in the molecule on the adjacent carbon atom enables further access to
unexplored areas of chemical space.

In summary, described in this report is the development of methodology towards the
enantioselective late-stage functionalisation of desirable quinolone cores via copper
catalysed asymmetric conjugate addition affording novel derivatives with potential
biological applications (Scheme 35).

RZ M - Organometallic

Copper catalyst
R® 04
RS R3 R3X - Electrophile quench
| >
R’ N~ “R2
R® R!

Scheme 35 General scheme for proposed asymmetric conjugate addition to quinolone

cores
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2.3 Results and Discussion

2.3.1 Synthesis of Unsubstituted Quinolone Substrate Cores and

Organometallic Addition

Within our group, copper-catalysed asymmetric conjugate addition has been studied
extensively over recent years.**1%7-112 The group has even applied this chemistry to
benzo-fused heterocyclic cores, successfully affording enantioenriched coumarin
derivatives.'® Routes to the quinolone substrates were present in the literature from
the aforementioned successful rhodium and palladium catalysed arylations.%-10
Accessing molecules which have been successfully used in these types of reactions
could therefore proceed immediately.

For simplicity, the original starting point was the quinolone core 78 used by Stoltz et
al. in their asymmetric conjugate additions; this was also used by Hayashi and Liao

amongst others.®*-1! This core was chosen for the following reasons:

e Successful asymmetric conjugate additions to 78 already exist
e Ease of access due to existing chemistry affording 78
e Lack of substitution prohibits steric or electronic effects from any functionalities

other than that present in all quinolone molecules

The choice of organometallic reagent for the transformation was the first point of
consideration (Table 5). Initial attempts at non-enantioselective conjugate addition
were performed using ZnEt,. Unfortunately, no conversion to the desired product 84
was observed. AlEt; did add to 78, though conversion to 84 was poor and the isolated

yield was low.
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(o] (o]
Conditions ©\)ﬁ\/
N N

é02Bn éOan
78 (+)-84

Table 5 Screened conditions for the conjugate addition reaction

_ Time  Yield
Entry RnM Cu Ligand  Solvent T (°C)
(h) (%)
ZnEt, Cu(OAc): P(OPhgz)
1 Et.O -10 20 -
(2.5) (0.04) (0.08)
ZnEt, Cu(OAc), P(OPh3)
2 PhMe -10 12 -
(2.5) (0.04) (0.08)
ZnEt, Cu(OAc): P(OPhg)
3 THF -10 12 -
(2.5) (0.04) (0.08)
AlEts Cu(OAc), P(OPhs)
4 THF -10 18 36
(2.5) (0.04) (0.08)
AlEts Cu(OTf).  P(OPhz)
5 THF -10 18 24
(2.5) (0.04) (0.08)
EtMgBr CuBr.SMe; Et,O/THF
6 - -78 - 20 1 31
(2.2) (1.2) (1:1)
EtMgBr CuBr.SMe;
7 - THF -60--20 0.5 65
(2.2) (1.2)
EtMgBr CuBr.SMe;
8 - THF -50--10 1.5 34
(2.5) (0.05)
EtMgBr CuBr.SMe; (2-Me)
9 - -78 0.08 75
(2.5) (0.05) THF
EtMgBr CuBr.SMe; PPh; (2-Me)
-78 0.08 >99
(2.5) (0.05) (0.1) THF

[al Substrate was insoluble in Et2O; THF added as co-solvent in order to solubilise the material

The failuers of copper-catalysed addition of ZnEt, and AlEt; (Entries 1-5) led to the
implementation of stoichiometric cuprates derived from Grighard reagents; these
reagents are regarded as a relative certainty when considering conjugate addition
reactions as the active alkyl-copper species is guaranteed to exist in situ which cannot

be said for substoichiometric quantities of copper. This successfully afforded 84 and
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allowed us to start contemplating a catalytic copper-organomagnesium system for the
conjugate addition reaction. With the successful addition of the Grignard reagent seen
with a catalytic copper additive in THF (Entry 8), further studies revealed effective
conditions affording 84 in excellent yields when the reaction was performed in 2-
methyltetrahydrofuran (Entry 9), a solvent previously used by Schmalz and co-workers
for asymmetric conjugate addition using Grignard reagents.**® The further addition of
a ligand to the mixture (Entry 10) led to quantitative formation of the product.

Alternative nitrogen protecting groups were also used on the quinolone core to uncover
any additional effects this may have on conversion. With numerous different options at
our disposal, certain structural features needed to be taken into consideration:

e The carbamate protecting group used in compound 78 will withdraw electron
density from the nitrogen atom
e The size of the protecting group may also exhibit a steric effect on reaction

progression

Considering these points, compounds 72, 85 and 86 were trialled in the optimised

conditions to see whether any steric or electronic effects were observed (Scheme 36).

EtMgBr (2.5 eq.)
(o) CuBreSMe, (5 mol%) (o)
PPhs (10 mol%)

| »>

N (2-Me)THF, -78 °C, 1 h N

R R
R =-CO,Bn 78

-CO,Me 85

-Me 72

-CO,'Bu 86

©/\vo 5Y N \

(+)-84 (+)-87 (+)-88 (+)-89
>99% 79% 0%?2 >99%

a Starting material was insoluble in specified reaction conditions

Scheme 36 Protecting group effect on conjugate addition to quinolone cores
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Compounds 78 and 86 were successfully reacted under the optimised conditions
affording compounds 84 and 89 respectively in almost quantitative yields. A slight
decrease in yield of compound 87 for the reaction of compound 85 was observed,
invalidating it as an alternative to compound 78. Despite its success in the
methodology devised by Hong et al., no conversion of compound 72 to compound 88
observed.®? Its complete lack of solubility in the reaction solvent implies the electron
withdrawing effect of the carbamate protecting group present in compounds 78, 85 and
86 helps to reduce the polarity of the molecule; this in itself is desirable as solubility of
guinolone molecules is poor. As such, development of methodology with electron poor
nitrogen quinolone cores was selected as the foundation for further exploration.

The focus for reaction scope analysis was on alkyl and alkenyl Grignard additions
adhering to the original project aim; additional reactions were trialled with aryl Grignard
reagents to see the extent to which the methodology could be broadened (Scheme
37).
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R'MgBr (2.5 eq.)
o CuBreSMe, (5 mol%)

PPh; (10 mol%)
I >
N R'

\ (2-Me)THF, -78 °C, 1 h
R

R=-CO,Bn 78
-CO,Me 85
-CO,'Bu 86

e O
CE&LM AN @f

= 0 (+)-90: 54% (£)-91 (+)-92

(i) -84: >99% 77% 0%

o) o) o)
n n
So Yo XOAO Xo’&o
(+)-87 n= 0 (£)-93: 0% 0 (£)-98: 0%
29% 1 (+)-89: >99% 1 (+)-99: 95%
2 (+)-94: 71% 2 (+)-100: 77%

3 (+)-95: 74%
5 (+)-96: 73%
11( +)- 97: 69%

D o ohe

n=0101: 50% n= 0 (+)-103: 0% (+)-105
1102: 0% 1 (i)-104: 86% 61%

Scheme 37 Scope of conjugate addition reaction conditions with various Grignard

reagents to prepare racemic products

Successful alkylation of both compounds 78 and 86 was observed for a wide range of
alkylmagnesium bromide additions, as well as successful ethyl addition to compound
85. Additionally, successful conversion to the vinylation product was observed in

moderate yield. One observation that can be made is the failure of the addition allyl-
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and isopropylmagnesium bromide to convert to compounds 102 and 103; we cannot
currently explain the poor performance of the latter. This becomes all the more
interesting when both isobutyl- and cyclohexylmagnesium bromide successfully
afforded compounds 104 and 105 respectively, suggesting branching of alkyl groups
is not detrimental to the reaction. Another observation was the failure of the addition to
both compounds 78 and 86 of the phenylmagnesium bromide to form compounds 92

and 98, meaning this methodology could not be extended to afford these products.

With a wide range of racemic alkylated quinolone derivatives successfully synthesised,
our focus shifted towards asymmetric addition of Grignard reagents (Table 6). While
this has been successfully performed with other benzo-fused heterocyclic cores, no
previous attempts at analogous additions to quinolones are documented at the time of
writing. 105106

EtMgBr (2.5 eq.)

(0] CuBreSMe, (5 mol%) 0]
Ligand (10 mol%)

| >
N (2-Me)THF, -78 °C, x min. N
CO,Bn CO,Bn
78 (+)-84

Table 6 Analysis of ligand acceleration of the conjugate addition reaction

Entry Ligand Time (min) Conversion (%)
1 None 2.5 35
2 PPhs 2.5 73
3 PCys 2.5 92
4 P(OPh)s 2.5 88
5 None 5 61
6 PPhs 5 96
7 PCys 5 98
8 P(OPh)s 5 88

[l Starting material was insoluble in specified reaction conditions

From the initial condition screening (Table 5), entry 13 shows an increase in the yield
of compound 84 to almost quantitative yield from 80% for entry 12 when catalytic

triphenylphosphine was added. As previously mentioned, mechanistic studies by
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Schrader and co-workers in 2004 suggested phosphorus ligands aid in the reductive
elimination of intermediate Cu(lll) species to Cu(l) via lowering the activation barrier
for this reduction during the conjugate addition process with alkylzinc reagents;
rudimentary studies of our established conditions implied that ligand accelerated
catalysis of the organomagnesium conjugate addition reaction could be achieved.*°
Further studies showed a nominal increase in the conversion to the desired conjugate
addition product with different phosphorus-based ligands chosen due to their ubiquity
for ligand accelerated catalysis (Table 6).

The electron density of the phosphorus atom within these ligands did not seem to have
a marked effect on the reaction rate, only that it increased it compared to the conjugate
addition in the absence of a ligand. A screen of chiral ligands in the established
reaction conditions was performed in an attempt to achieve enantioselective conjugate
addition (Scheme 38).
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EtMgBr (2.5 eq.)
o CuBresSMe, (5 mol%)

L* (10 mol%)
| )
N °C,1h "~

(2-Me)THF, -78

|
CO,Bn COan COan
78 (R)-84 (S)-84
+o Ph, +o Ph, o Ph
o o\)* Ph
P : 9P 0
Ph P Ph—7o-P z
pH © Yo pH © o Ph=7~o-R
t-Bu PPh, t-Bu PPh, PN o
t-Bu\©/PPh2
t-Bu t-Bu
106 107 108
68% yield 21% yield 76% yield

3% ee 7% ee 4% ee

OO PPh, OO P(o-Tol), OO g ;
PPh,
nBu

SCLNGS

109 110 1 11
34% yield 43% yield 17% yield
1% ee 9% ee 0% ee

CF,

W

~n”
P >R %~ pph,
S Fe Fe

. 5 00
! |
—
112 113 114
32% vyield 63% vyield 28% vyield
11% ee 0% ee 5% ee

lPh
>'IIPh

5O &

115 116
23% vyield 31% yield
4% ee 6% ee

Scheme 38 Reaction scheme for chiral ligand screening
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Unfortunately, no significant enantioselectivity was observed with any of the ligands
used in the screen. One of the better performing ligands was compound 110, though
the yield suffered severely and enantioselectivity was still negligible at this point.
Various reactions with this ligand were conducted to see whether other aspects such
as solvent, equivalency, addition order or temperature could be playing a detrimental
role in the poor enantioselectivity observed (Table 7).

EtMgBr (2.5 eq.)
CuBreSMe, (5 mol%)

(o) (o) (o)
110 (5.5 mol%)
| > or
N N NT 4"
|

Solvent, T°C, x h \ \
COan COan COan

78 (R)-84 (S)-84

Table 7 Alterations to the conjugate addition reaction conditions

Entry Conditions Yield (%)/ee (%)
Et.O, —20 °C, 20 h;
1 N o 44/8
slow addition of EtMgBr over initial 4 h
2 See Entry 1; 10 mol% 110 58/11
3 See Entry 1; -40 °C 30/7
Et,O, =78 °C, 1 h;
4 . - : 18/1
slow addition of 78 over initial 20 min.
5 See Entry 4; -40 °C 31/0
6 See Entry 4; -20 °C -/-
tBuOMe, -78 °C, 1 h;
7 " — : 23/8
slow addition of 78 over initial 10 min.
8 See Entry 7; =50 °C 28/7
9 See Entry 7; =30 °C 30/6
See Entry 7;
10 41/12

=50 °C for 20 min. prior to addition of 78

While interesting results were obtained for entries 2 and 10, the conclusion was that
these conditions were not going to be able to yield enantioenriched products. As such,
research into substrate alternatives was carried out to see if any modifications to the

guinolone cores could be made to better undergo enantioselective conversion.
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2.3.2 Synthesis of Quinolone Carboxylate Substrate and

Organometallic Addition

A common feature of existing quinolone molecules is the carboxylic acid group at
position 3 which is vital for gyrase binding.®® Favourable binding with metal ions in
biological systems suggest this functionality and others similar to it could potentially
act as a “pocket” in which metal ions in the conjugate addition transition state could be
stabilised. Additionally, these functional groups could increase the reactivity of the a,[3-
unsaturated enone by withdrawing electron density away from the reactive centre
(Figure 37). Compounds 117 and 118 are both known compounds, while compounds
119 and 120 were also potential options for development. The Boc-protecting group in
compound 117 was proposed due to the facile nature of its incorporation and removal

compared to the Cbz-protecting group in the other postulated targets.

(@]
y<_)=o
3 —
Z=
/7 +
o
Z :=O
.0
ng
/~0O
(@]
y<_)=o
3 —
\O/-qu
/O

118 119 120

Figure 37 Options for new substrates modified from the original substrate 78

The unsuitability of the nitro-group in compound 118 for use in organometallic
chemistry due to its propensity for reduction, while the synthetic challenges faced with
the synthesis of 119 and 120 made them undesirable as target substrates. Compound
117 was selected as the substrate of choice due to its well-documented synthesis with
the Boc-protecting group and easily modifiable ester functionality, offering opportunity
for facile substrate diversification.!'*1!5 Reactions with previously unsuccessful
organometallic reagents ZnEt, and AlEt; were trialled to see whether compound 117
would be more reactive than 78 (Table 8). The ligand used in these reactions —
compound 122 — is a phosphoramidite; compound 122 has itself been successfully

implemented in asymmetric conjugate addition reaction on numerous occasions, whilst
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phosphoramidite ligands as a whole have been used extensively in this class of

reactions.*

Et,M (2.5 eq.)

o o Cu (2 mol%) OH O
o\ 122 (4 mol%) X o\
| >
N Solvent, T°C, x h N ‘o
CO,'Bu CO,'Bu
117 121

O o

\

PN
OO ° L™

122

Table 8 Screened conditions for the conjugate addition reaction
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Entry RnM Cu Solvent T Time Conversion ee

(°C) (min) (%) (%)
1 AlEts Cu(OTf): CHCl -10 5 >99 0
2 AlEts Cu(OTf)2 Et,O/CHCl;  -10 180 57 33
(1:1)
3 AlEts Cu(OTf)2 Et.O -10 60 >99 40
4 AlEts Cu(OTf): THF -10 30 >99 -18
5 AlEts Cu(OTf): Et.O =2 45 >99 60
6 AlEts Cu(OTf)2 '‘BuOMe -25 5 >99 34
7 ZnEt; Cu(OTf)2 Et.O =25 5 >99 15
8 ZnEt, Cu(OTf), 'BuOMe -25 5 >99 6
9 AlEts Cu(OAC)2 Et.O -25 180 96 52
10 AlEts Cu(NCMe)sBF4 Et.O -25 90 98 45
11 AlEts Cu(OTf)2 Et.O -40 360 >99 65
(68)[b]
12 AlEts Cu(OTf)2 Et.O -50 1440 ot -
13[4 AlEt; none Et.O -40 1440 74 -
1419 AlEt; Cu(OTf)2 Et.O -40 1440 91 -

[al Determined by chiral HPLC on a chiral stationary phase. ! Isolate yield. Il No solubilisation
of the substrate was observed for the entire duration of the reaction. [ Reaction performed in
the absence of phosphoramidite ligand 122

The solubility of the substrate in the solvents trialled at =10 °C was generally good,
with complete solubilisation and consumption of 117 observed in CH>Cl,, Et.O and a
(1:1) mixture of the two solvents (Entries 1-3). Moderate enantioselectivity was
observed in neat Et,O (40% ee, Entry 3) and 1:1 Et,O/CH.Cl, (33% ee, Entry 2),
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though only the racemate was afforded in CH2Cl, (Entry 1). The rapid consumption of
117 implied a low-energy non-enantioselective background reaction which dominated
the enantioselective variant; incorporation of or replacement with Et,O retarded this
non-enantioselective transformation and allowed the enantioselective process to
occur. Poor solubility of the substrate in THF (Entry 4) was believed to contribute to
the poor conversion to the desired product, though the perceived mild stereochemical

inversion of the transformation is, as of yet, inexplicable.

The solubility of 117 in the selected solvent system of neat Et,O was reduced at lower
temperatures, though the same issues with poor conversion seen with THF were not
observed. The addition order of the reagents involved the injection of the
organometallic reagent to a stirring cold suspension of the substrate, ligand and copper
catalyst. Complete solubilisation of 117 was observed over the course of the reaction
at -25 °C (Entry 5) which itself became homogeneous prior to and on arrival at its
conclusion, showing complete consumption of the starting material and furnishing the
conjugate addition product 121 in 60% ee. As a result of this, lowering the temperature
of the reaction was deemed feasible and a worthwhile effort in eliminating the non-
enantioselective background process and potentially increasing enantioselectivity.
Attempts with a similar solvent in t-BuOMe at -25 °C also afforded the product in
moderate enantioselectivity (34% ee, Entry 6) though a similar short reaction
timeframe compared with CH,Cl; was observed implying the solvent did not sufficiently
suppress the non-enantioselective background reaction; t-BuOMe was thus

disregarded as a solvent option.

Prior to lowering the temperature of the reaction, diethylzinc was trialled to see whether
it could be used as the organometallic reagent (Entries 7-8); poor enantioselectivity
was observed and consequently reaction optimisation with diethylzinc was abandoned.
Alternative, commercially available copper catalysts were also trialled in the reaction
(Entries 9-10), though slower conversion and slightly poorer enantioselectivity was

observed meaning continued use of Cu(OTf). was employed.

The enantioselectivity of the reaction increased as the temperature was lowered. This
did, however, reach a point at which the solubilisation of 117 never occurred at -50 °C
(Entry 12). As a result, -40 °C was deemed to be the optimum temperature for the
process (Entry 11). The optimised reaction conditions now afforded conjugate addition
product 121 in a good isolated yield of 68% and moderate enantioselectivity of 65%
ee; this allowed us to perform another screen of chiral ligands to see if other classes
can promote enantioselective addition to compound 117. The non-enantioselective

background reaction still occurred at the lower reaction temperature (Entries 13 and
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14), though the incomplete conversion to the conjugate addition product 121 over a
considerably longer timeframe led us to believe this process was sufficiently

suppressed at the lower temperature.
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2.3.3 Ligand optimisation and Scope Analysis

A selection of ligands available already within the group were used in the screen, with
the aim of synthesising a library of derivatives of any successful ligands to optimise
the reaction (Scheme 39).

AIEt; (2.5 eq.)

o O Cu(OTf), (2 mol%) OH O
O/\ L* (4 mol%) X 0/\
| »
N Et,0, -40 °C, 24 h N
CO,'Bu CO,'Bu
117 121

Scheme 39 Reaction scheme for chiral ligand screening

Moderate success was observed with the phosphoramidite ligands for the optimisation
of the reaction conditions; as such, similar ligands containing functionalised
phosphorus centres attached to chiral or axially chiral structural motifs were

implemented in the screening of ligands (Figure 38).
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Phosphoramidites Amines

.0 5"’“ S—Ph

Cyclical \P—N' Chiral/achiral --N
backbone ‘. /; "\ amine \—Ph --N
-0 \ N R
N
Backbones Doqb/y Monqchira/
= chiral amines
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ph_Ph O
o o ’ Ph R
Ss O-< Ph
LN % -,
(o] \ R\c

R
5 NS

Achiral Chiral
Substituted TADDOL SPINOL amines cyclical
biphenols amines

Phosphines and phosphites

S ~ rd < (\ Fe ~ ~ 1 P R2
® - =
P P R2 \‘ - h
~o PR, Ferrocene-based Bridged dienes
O ligands
g h 3 R,P.
N
Substituted N N)\fo 2
biaryls 7
ONa
PR, R,P
DIPPAM CYCLOPHANE

Figure 38 Classes of ligand used in the optimised conjugate addition reaction

Results indicated that the phosphoramidite class of ligands with 1,1’-bi-2-naphthol
(BINOL) backbones seemed to be the most effective at promoting enantioselectivity
furnishing product with up to 72% ee; all other ligands trialled in the optimised
conditions showed no consumption of the starting material or negligible conversion to
the racemic conjugate addition product. The facile synthesis of these phosphoramidite
ligands also lends itself to the rapid generation of a library of structurally diverse ligands
in this class. Other similar BINOL-phosphoramidite ligands have been utilised in
previous work conducted by Schmalz and Fletcher; ligands 128 and 129 were used in
their respective methodologies to perform asymmetric conjugate addition reactions
(Figure 39).116-11% gSynthesis of these ligands led to an improvement in the
enantioselectivity of the reaction using compound 129 - originally used by Fletcher —

affording compound 121 in 62% yield and 72% ee. Derivatives of this ligand were then
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synthesised and used in the reaction (Scheme 40) leading to the discovery of ligand
133 which was able to promote enantioselective addition to compound 117 in 68%
yield and 77% ee. Doubling of the ligand-catalyst loading also improved the reaction
performance by halving the reaction time (limiting energy expenditure for cooling
equipment) and improved isolated yield (from 58% to 68%); initial optimisation was
trialled on the original 2:4 mol% Cu:L catalyst-ligand loading prior to in-depth structural
modification of the ligand (Scheme 40) Further derivative synthesis was deemed
unrewarding and compound 133 was selected as the ligand for the optimised
conditions. Compound 133 and many similar derivatives were recently described in a

patent filed by Fletcher et al.1?

Substituted
biphenol

.. U, O, UL
OO o~ OO o~ O o~ O o~

(S)-BINOL (R)-BINOL Unsubstituted Tetramethyl
2,2'-Biphenol 2,2'-Biphenol

Figure 39 BINOL-Phosphoramidite structure with biphenol moieties used in ligands
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AlEt; (2.5 eq.)

Cu(OTf),:L* (2:1) OH O
o\ (2:4 mol%) S o\
»
N Et,0, -40 °C, 24 h N o
CO,'Bu CO,'Bu
117 121

1_n2 98% conv. 65% eeld
122 R'=R* =

Ph >99% conv. 54% eel®]

123R'=R?= t?!\ 22% conv. ee n.d.

-5 Ph
o~
125R'=R2 = -3 87% conv. 5% ee
OO 128 R' = CH,Ph,R2=Me  >99% conv. 2% ee
0 R' 129R'= CHPh,, R? = 'Pr >99% conv. 70% ee

PN >99% conv. 53% eel®]

OO ° ¥ >99% conv. 59% eel°l
>99% conv. 59% eeldl
>99% conv. 72% eel®

130 R' = CHPh,, R? = Me >99% conv. 2% ee

131 R' = CHPh,, R? = CH,Ph 63% conv. 6% eel®!

132 R' = CHPh,, RZ=°Pn  98% conv. 36% eel®!
133 R' = CHPhy, RZ=°Hx  >99% conv. 77% eel®

134 R"=Pr,R2 = ?\ 62% conv. 3% eel®!
2-Np
2 Np 2 Np
O

-llll 'IIII "lll

O 2 Np

124 126 127

87% conv. 5% ee >99% conv. 26% ee >99% conv. 12% ee

Scheme 40 Screened conditions for the conjugate addition reaction

[al Determined by chiral HPLC on a chiral stationary phase. ! Cu(OAc)z used in place of
Cu(OTf)2. [l Substrate added in 3 portions at the start, after 1 h and after 2 h; reaction left until
completion. [ AlEts added slowly over 3 h; reaction left until completion. (€1 4:8 mol% Cu:L ratio

used. n.d. = not determined.

The established conditions were used to analyse substrate scope; the substitution

patterns on compounds 135-149 are the result of using symmetrical aniline starting
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materials and allowed us to elucidate electronic effects of the substituents on the
conjugate addition reaction (Scheme 41).
AlEt; (2.5 eq.)

o o Cu(OTf), (4 mol%) OH O
133 (8 mol%)

OR1 AN 0R1
R%/X | » R%X
N Et,0, -40 °C, 24 h N "o
CO,'Bu CO,'Bu
U %y
\
P—N
/
¢ O
133
OH © OH O
R2/X N OR! X OR'
N~ N o
éoztBu COztBu
1= o, o,
137 > 151 X=F  77%,86% el 117 > 122R'=Et  68%,77% ee

135 > 149 R' = Me 67%, 62% ee

138 — 152 X = CI 91%, 83% ee
136 — 150 R' = CHPh, 0%

139 —> 153 X = Br 64%, 77% ee
140 —> 154 X = | 71%, 79% ee X OH O
141 - 155R2=Me 77%, 83% ee

AN 1
142 > 156 R2=Et  91%, 60% ee OR
143 — 157 R2='Pr  64%, 45% ee X N o
144 —> 158 R>='Bu  71%, 30% ee CO,'Bu

145 — 159 R> = CF; 64%, 17% ee

147 > 161 X=F 77%, 13% ee
146 — 160 R> = OMe 71%, 80% ee

148 > 162 X = Cl 74%, -10% ee

Scheme 41 Substrate scope for established conditions

[al Determined by chiral HPLC on a chiral stationary phase.

The stereochemistry of the 1,4-ethyl addition was unknown at this point but is depicted
as 2S-configuration in as this is in accord with subsequent X-ray crystal structure on a
derivative of the parent product 121, supported by circular dichroism studies. Related
derivatives 149 and 151-161 are assumed to have the same sense of absolute
stereochemistry based on comparison of their HPLC elution order and sign of optical

rotation (see experimental section). The absolute stereochemistry of 162 is assumed
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to be 2R-configuration by equivalent logic, although the absolute asymmetric induction
is low. A clear electronic effect can be deduced from the results in Scheme 41; electron
withdrawing substituents such as halogens and trihaloalkyl substituents — as in the
conjugate addition reaction with compounds 137-140 and 145 to form compounds 151-
154 and 159 - afford products with high enantioselectivity and greater yields (Entries
4-7 & 12, Scheme 41), while electron donating substituents — particularly the methoxy-
substitution in the conjugate addition reaction with compound 146 to form compound
160 (Entry 13, Scheme 41) — were detrimental to both of these features in the afforded
dihydroquinolone derivatives.

Steric effects for the conjugate addition were only evaluated with respect to the
substation on the ester moiety; no clear trend was observed for the effect of substituent
size on the reaction, though the solubility profile changed greatly between the different
esters. The benzhydryl ester meant compound 136 exhibited extremely poor solubility
and consequently no conversion to the conjugate addition product 150 was observed
(Entry 3, Scheme 41). Substituent steric effects on the phenylidene linker were not
studied extensively due to the difficulty in the synthesis of the starting materials;
substitution at the 8-position on the aniline starting material precluded carbamate
protection meaning the substrate could not be used. Equally, substitution at the 2-
position at the reactive centre in the molecule for the conjugate addition reaction
proved detrimental in the same way. Steric clash with the carbamate protection group
may prohibit the compound from forming in the reaction. Furthermore, quinolone
derivatives with a greater number of substituents - such as 163 and 164 - tend to exhibit
poor solubility profiles meaning protection of these compounds required harsh
conditions detrimental to conversion to the desired product. Steric and electronic
effects can be analysed if the synthesis of molecules containing these functionalities
can be achieved. Examples of molecules that could not be synthesised with our

methodology are shown below (Figure 40).

N o o o o
/0 | o/\ | o/\
o N NT TR
H
X KW
163 164 Steric clash from

proximal substituents

Figure 40 Unavailable substrates for conjugate addition reaction
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The scope of the organometallic was assessed using commercially available
alkylaluminium reagents aside from triethylaluminium (Scheme 42). These included
trimethyl-, trioctyl- and triisobutylaluminium. Unfortunately, the scarcity of these
reagents limited the number of different derivatives that could be explored.

AR (2.5 eq.)

o o Cu(OTf), (4 mol%) OH O
133 (8 mol%)

N OR! XX VOR!
REX—— | | > RUX—(—
N Et,0, -40 °C, 24 h N /R
COztBu COztBu
O
\
P—N
/
C° O
133
OH O
A
OH O Ny o
2
R X o Y
co,'B
Ot o
| 7 o/ _AEO
¢o,'Bu 117 — 168 61%, —45% ee
OH O
117 > 165R2=H  64%, 75% eel? XY o
140 —> 166 X = | 0% A
2 — o o )
145 — 167 R2=CF; 72%, 55% ee Lo, Bu

117 —> 169 0%

Scheme 42 Organometallic scope for the conjugate addition reaction
[al Determined by chiral HPLC on a chiral stationary phase.

Compound 165 was successfully formed in 64% yield and 75% ee, values comparable
to the synthesis of ethyl substituted conjugate addition product 121, indicating longer,
linear alkyl addition to quinolones can be achieved enantioselectively and in sufficiently
good vyields. However, the electronic effect exhibited with the addition of
triethylaluminium  where  electron-withdrawing  substituents improved the
enantioselectivity of the transformation was not observed for the addition of

trioctylaluminium; addition to trifluoromethyl-substituted substrate 145 to form
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compound 167 afforded the product in a comparable yield of 72%, but with poorer
enantioselectivity of 55% ee. The iodo-substituted conjugate addition product 166 was
present in the crude mixture after the reaction was worked up, though isolation of clean
material for characterisation was unsuccessful. Methylation of compound 117
proceeded with poor enantioselectivity of —45% ee; this could be due to the
deficiencies in the use of trimethylaluminium in conjugate addition reactions that have
been reported.®®* Additionally, triisobutylaluminium failed to form the product in any
appreciable yield; an unidentified by-product was formed during this reaction, though
analysis into its structure was not performed due to trace amounts of material formed.
One postulated structure is the optically inactive compound 170, in which B-hydride
elimination of the alkyl aluminium has occurred and reduced the a,B-unsaturated
enone to the ketone (Figure 41). Should this structure be correct, it provides an
opportunity for hydrogenation of the B,B-disubstituted-a,3-unsaturated enone as a
different route 2-alkyl-substituted dihydroquinolones (Scheme 43).

éOztBu
170

Figure 41 Postulated structure of by-product from triisobutylaluminium conjugate

addition reaction

AlBug
(Cu] OH
R’ | N Ly ST
';l R2 v IIRZ
COztBU COZtBU

Scheme 43 Potential scheme for hydride conjugate addition to quinolone substrates
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2.3.4 Diversification of Enantioenriched Products

As these compounds were synthesised with early stage drug discovery in mind, further
diversification of these molecules was necessary. As such, reactions were performed
on compound 121 to analyse its utility as a fragment (Scheme 44-47). One of the
issues that was encountered when attempts were made to elucidate the enantiomeric
ratio of the afforded compounds was the equilibrium between enol- and keto-ester
tautomers; broadening or poor but noticeable separation of the absorption peaks in the
HPLC chromatograms was observed in many of the synthesised examples. With this
in mind, acetylation of compound 121 was performed to “lock” the conformation in the

enol tautomer (Scheme 44).

(0]

OH O /”\o o

X A Ac,0 (2 equiv.)
©\/ﬁ)‘\0 > Xy o
N 7y

) Pyridine, rt, 18 h N y
CO,'Bu X /g
o~ 0
121 171
77% ee 74%
77% ee

Scheme 44 Elaboration of the conjugate addition products

Conservation of enantioselectivity was observed as well as resolution of the HPLC
chromatogram for acetylated compound 171. Acetylation of all the conjugate addition
products was subsequently performed allowing irrefutable analysis of
enantioselectivity. As all of the conjugate addition products were amorphous upon
isolation, it was hoped that the acetylated product would be a solid which could be
recrystallised in efforts to determine the absolute stereochemistry of the products.
However, the isolated product was also amorphous as were the full collection of

acetylated derivatives. It was therefore deemed unsuitable for this purpose.

A benefit of the enol-/keto-ester functionality in the afforded products is its nucleophilic
nature. Within the laboratory, ongoing projects involving the synthesis of bismuth-(V)
compounds presented the opportunity of their implementation in arylation of the 1,3-
dicarbonyl moiety within the conjugate addition products (Scheme 45). This reaction

was originally developed by Barton et al. in 1980.%
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OH O
o~ Bi(4-CIPh);(OAc), (2 equiv.)

S
>
/,
N 0" THF, rt, 1 h
COZtBu
121 172
77% ee 82%

77% ee, 13:1 dr

Scheme 45 Elaboration of the conjugate addition products

The diastereoselectivity of the formation of arylated product 172 was high at 13:1 dr;
rationale for this observation is the steric clash of the aryl group with the adjacent alkyl
group will be far greater than that of the hydrogen atom, leading to the lower energy
trans-arylation isomer being formed as the major product. The compound was
solubilised in pentane at 0 °C at concentrations greater than 50 mg/mL; this precluded
the isolation of crystals to determine absolute stereochemistry.

Alkylation of the 1,3-dicarbonyl moiety was also performed affording further examples
of diversification of the molecular scaffold (Scheme 46).
PhCH,Br (2 equiv.)

OH O TBAI (10 mol%)
0/\ NaOH (4 equiv.)

AN (0)
> Iu/( ~
N /,/// ) /, \
| CH,Cl,, —78 °C-rt, 48 h N~ "0
CO,'Bu >< A |
(0 M 0]
121 173
77% ee Complex mixture

of products

AllylBr (2 equiv.) |
TBAI (10 mol%) o]

NaOH (4 equiv.) \/

> ’III\(O
CH,Cly, =78 °C-rt, 18 h N ’///|O

><o’go

174
81%
77% ee, 10:1 dr

Scheme 46 Elaboration of the conjugate addition products
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The steric demand of the alkyl substituents incorporated in the molecules led to
differing diastereomeric compositions of the alkylated products 173 and 174.
Benzylation of compound 121 led to formation compound 173, though this could only
be confirmed by mass spectrometry; incomplete conversion was observed due to the
presence of starting material 121 in the reaction mixture amongst numerous other
mass peaks and TLC spots. Attempted isolation of 173 was unsuccessful as the
numerous unidentified by-products were present in the crude material and inseparable
from the desired product after numerous attempts at purification. Allylation of
compound 121 did occur cleanly affording compound 174 in a yield of 81% and with
good diastereoselectivity of 10:1 dr, whilst also conserving the enantiomeric
composition of the product at 77% ee. Unfortunately, this compound was amorphous
in state and unsuitable for attempts at recrystallisation. The successful synthesis of
allylated compound 174 and difficulty with the synthesis and isolation of benzylated
compound 173 indicates that alkylation at the 3-position in the quinolone conjugate
addition product can therefore be considered as incredibly sensitive to steric

hindrance.

With copious quantities of allylated compound 174 in hand, deprotection of the Boc-
amine was performed (Scheme 47). Removal of the highly lipophilic tert-butyl group
was considered to be beneficial in the efforts reduce the amorphous nature of the

afforded products and form a crystalline derivative.

(0]
o)
Ilu\( ~ "y oL
> K
N //// (o] w0
/g CH,CI,/F3CCO5H (3:2) H /l
(o) (o) rt, 24 h
174 (S,R)-175
81% 86%
77% ee, 10:1 dr 66% ee, 6.6:1 dr
After recrystallisation:

100% ee, 10.5:1 dr

Scheme 47 Elaboration of the conjugate addition products

Removal of the protecting group under acidic conditions followed by a basic work-up
afforded the free-base compound 175 with a loss of both enantiomeric and
diastereomeric excesses, though the afforded compound was a solid. Recrystallisation
of the compound in Et,O and pentane led to the formation of a highly crystalline solid
as a single enantiomer which also enriched the diastereomeric composition of

compound 175 to 10.5:1, as confirmed by HPLC. This allowed X-ray crystallography
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to be performed on the isolated crystals and the determination of the absolute

stereochemistry of 175 shown to be the (S,R)-product (Figure 42).

Figure 42 Structure of compound 175 as determined by X-ray crystallography
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2.4 Conclusions

Initial methodology towards enantioselective synthesis of dihydroguinolones using an
economical copper catalyst and alkyl- and alkenylmagnesium reagents afforded a
broad range of derivatives bearing linear alkyl, branched alkyl and vinyl substituents
(Scheme 48). The synthesised products were novel and further research may uncover
reactions in which they can be used in a pharmaceutical setting for early stage drug
discovery. Attempts at achieving enantioselectivity for these conditions were
unsuccessful on addition of a chiral ligand, though further investigation may unearth a
way of combatting this issue.

R'MgBr (2.5 eq.)
(o) CuBreSMe, (5 mol%)

PPhs (10 mol%)
| >
N

,& (2-Me)THF, 78 °C, 1 h
RO” Y0 RO o

14 examples
50-100% yield
sp? and sp°® functionalisation

Scheme 48 Racemic conjugate addition of Grignard reagents to unsubstituted

quinolones

The enantioselective conjugate addition of alkylaluminium reagent to quinolone
substrates including a carboxylate substituent has been achieved; in many cases,
enantioselectivity is excellent as well as affording good to excellent yields of the
dihydroquinolone derivatives (Scheme 49). The methodology incorporates a
phosphoramidite ligand optimised for the reaction conditions. Different linear alkyl
groups have been successfully added to this effect, though methylation and branched

alkyl substitution is currently not viable via this methodology.
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AlEt; (2.5 eq.)

o O Cu(OTf), (4 mol%) OH O
133 (8 mol%)
OR? A OR?
R | » R
N Et,0, -40 °C, 24 h N K
COZtBu COZtBu
15 examples
47-91% yield
O Up to 86% ee
Uy
\
P—N
/
C° O
133

Scheme 49 Enantioselective conjugate addition of alkylaluminium reagents to

guinolone carboxylates

Substrate scope elucidated an apparent trend in the electronic effect exhibited by the
substituent(s) on the phenylene linker; electron-rich phenylene moieties were
detrimental to both conversion and enantioselectivity of the conjugate addition. Further
investigation into this phenomenon may uncover ways to counteract this effect. Simple
transformations have been conducted on the afforded products providing us access to
crystalline derivatives 175 which were isolated in >99% ee; this allowed us to deduce

the absolute stereochemistry of the conjugate addition products (Scheme 50).

OH O o |
A~ 1. H,C=CHCH,Br, NaOH
N o CH,Cl,, ~78 °C - rt, 18 h s o_-
N~ > “, I\g
BN | 2. CH,Cl,/FsCCO,H (3:2) N ”|
(o o) rt, 24 h
121 (S,R)-175
77% ee After recrystallisation:

>99% ee, 10.5:1 dr

Scheme 50 Synthesis of crystalline allylated derivative 175 from conjugate addition
product 121
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2.5 Future Work

The substrates in this reaction were used due to the facile nature of their synthesis
from symmetrical anilines; accessing different substitution patterns would not only
enable the synthesis of more novel derivatives, but also uncover more information
regarding the electronic effect of the substituents themselves. Other substrate
alternatives include naphthyridones, furopyridones, thienopyridones, 4(1H)-
pyrrolo[1,2-a]pyrimidones and pyrrolopyridones with heterocyclic linkers to potentially
allow access to compounds 176-180 (Figure 43). These compounds would also be

deemed suitable for pharmaceutical research.

OH O OH O OH O
sesalf-coaliseen
\N N l,/// — N ,,/// \ N l,///

H H H

176 177 178

Naphthyridone Furo[3,4-b]pyridone Thieno[3,2-b]pyridone
potential target potential target potential target

OH O OH O
oSN DS e
=N N“ >N 4~

H H
179 180

Pyrrolo[1,2-a]pyrimidone  1H-Pyrrolo[2,3-b]pyrimidone
potential target potential target

A

Figure 43 Quinolone-like substrates with heterocyclic linkers

Another substrate option that could be of interest is the [,B-disubstituted-a,f-
unsaturated enone 181 towards conjugate addition product 182 containing a
guaternary centre (Figure 44). Literature precedents show considerable success in
achieving excellent enantioselectivity for the conjugate addition of organometallics to
form quaternary centres.’®6:122 Not only might this improve the enantioselectivity of
the reaction, but the products that would be afforded would also be novel and diverse;

both are these features are attractive from a drug discovery perspective.
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AlEt; (2.5 eq.)

o O Cu(OTf), (4 mol%) OH O
o [133] (8 mol%) X o\
| >
N Et,0, -40 °C, 24 h N 2
CO,'Bu CO,'Bu
181 182
Quaternary centre

at position 2

Figure 44 Quinolone substrates containing the B,B-disubstituted-a,B-unsaturated

enone moiety

Though the successful synthesis of enantioenriched dihydroquinolones has been
achieved, the current methodology only allows for a small range of alkylations of
guinolone cores based on the availability of the necessary alkylaluminium reagents.
Alongside efforts towards novel alkylaluminium species to be used in the conjugate
addition reaction, investigation into the alkenylation of these cores would, if
enantioselectivity could be achieved, allow access to a significantly broader range of
novel compounds. The synthesis of alkenylaluminium reagents has been well
documented and reviewed, meaning they can be formed and used in the reaction with

little need for optimisation (Scheme 51).1%

Al(CH=CHR?)R',

o o Cu(OTf), OH O

R’ | o7 L > R S0
r;] f;l //,,/\Rz
COztBU COZtBu

Scheme 51 Alkenylaluminium conjugate addition reaction

In terms of methodology development, consideration should be given to the challenges
that exist regarding the substrates; their poor solubility means that certain conditions
such as low temperatures of apolar solvents are not prudent for utilisation in this
reaction. With that being said, the reaction does begin as a heterogeneous suspension
in which the quinolone is slowly solubilised over the course of the reaction. The mixture
becomes a solution in which no precipitate is present meaning that although poor
solubility has prevented reaction progression under certain extreme conditions (Entry

12, Table 8), conversion could still be seen with only minor alterations.

Similar enantioselectivity of the afforded product was observed in a 1:1 CH,CI,/Et,O
solvent mixture compared to neat Et,O used in the final conditions (Entries 2-3, Table

8); the increased solubility of the substrate in this solvent mixture may allow the
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reaction to be performed at a lower temperature which improves the enantioselectivity
of the conjugate addition reaction, as demonstrated during the optimisation process.
Additionally, formation of the active catalyst-ligand complex between the
phosphoramidite could potentially occur at significantly lower temperatures. Pre-
formation of this catalyst at the lowest possible temperature in Et.O followed by slow
addition of the solubilised substrate in the minimum volume of CH2Cl. to this solution
may afford the desired conjugate addition product with greater ee.

Additionally, the ligand that was being used — compound 133 — was optimised until a
point was reached from which we deemed suitable to start: 77% ee for compound 121.
That is not to say that the ligand cannot be further optimised to enhance the
enantioselectivity of the reaction. As previously mentioned, Fletcher et al. describe a
number of structurally similar ligands used for conjugate addition in their patent filed in
2014.%2° Knowing that these compounds are not only synthetically tractable, but
desirable for their implementation in this area of chemistry provides a compelling
argument for further ligand synthesis and screening. Proposals for modifications to

ligand 133 can be seen below (Figure 45).
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Figure 45 Proposed maodified structures based on ligand 133

With the amount of opportunities to develop this work and the numerous ways in which
this could be done, further investigation into the formation of dihydroquinolones using
the described methodology, modified versions of it or similar conjugate addition

reactions have enormous potential for success.
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3.1 Supplementary Information

3.1.1 General Information and Specifications for Kinetic Studies

Diethyl ether was distilled from sodium-benzophenone under argon; hexanes were
dried over freshly cut clean sodium for >16 h and deoxygenated with argon. Feringa’s
(R,S,S)-phosphoramidite ligand 16 was prepared from fresh PCls, (R)-BINOL and (S)-
N-((S)-1-phenylethanyl)-1-phenylethan-1-amine by a literature  method.*
Triethylaluminum (98% pure) was either commercial 2.0 M, 25% w/w, solutions in
hexanes (originally Aldrich, now available from Alfa Aesar: Cat. No. 89054),
corresponding to a molality of 2.19 mmol g*. Alternatively, solutions were prepared
from neat triethylaluminum (>98%, CARE! pyrophoric) and hexane under argon to
concentrations of 2.09-2.26 M (molalites of 2.47-2.67 mmol g%). The
molarity/molalities of organometallics was determined via gas evolution on quench into
wet THF using a gas monometer; identical results were attained by Gilman-titration
methods.??® Triethylaluminum solutions were stored in flame-dried glass Schlenk
storage flasks, equipped with Teflon “Young’s taps’; their concentrations/purities were
stable for the two week period batches were used over. Septa/’Sure-seal’ closures
were avoided as they were found to favour solvent loss and alkoxide formation.
Maintaining pure AIEt; is critical to attaining high kinetic reproducibility. Anhydrous
Cu(OAc), (Cu, Aldrich 326755) was certified as analytically pure (>98%). Ligand 16
was purified from a CH.Cl. solution by layering with pentane (under argon) to yield
large, clear, colourless, pentagonal crystals that assayed by multinuclear NMR
spectroscopy as >99% pure. Cyclohex-2-en-1-one 8 (Aldrich 92509) was
distilled/dried (4A molecular sieves) and assayed >98% pure by *H NMR spectroscopy
or GC techniques. Accurate quantification of AlEts solutions was attained by pre- and
post-weighing of the addition syringes used (to +0.1 mg). Similar dual weighing of all
other component delivery vials/syringes (Cu, compounds 8 and 16 and Et,O solvent)
was used (£0.1 mg). Bath temperatures were controlled by a Huber TC50E cryostat
and were accurate to £0.5 °C at —40 °C. Aliquots from GC kinetic samples were
analysed using a Bruker GC-430 using internal standards. ReactlR™ data were
collected using a Mettler-Toledo ReactIR™ 15. The derived rate constants were found

to be reproducible to within 3-5% on duplicate runs.
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3.1.2 Reagent Order Determination in Kinetic Studies

Experimental Procedure: Run 4 (Representative of general procedure) - To a flame-
dried three necked flask under argon, (R,S,S)-phosphoramidite ligand 16 (79.8 mg,
148 pymol) and Cu(OAc)2 (17.6 mg, 97 ymol) were added to anhydrous anaerobic Et,O
(16.507 g, 23.15 mL) and the mixture stirred at room temperature for 30 minutes. The
solution was cooled to —40 °C for 10 minutes, after which time AlEt; (2.09 M in hexane,
2.47 mmol g*, 4.928 g, 6.12 mL of solution, 12.17 mmol) was added to the mixture
and stirred at this temperature for an additional 10 minutes at -40 °C. Experiments
confirmed reproducible reduction to a homogeneous stable Cu' precatalyst was
attained by this procedure. At this timepoint, to, compound 8 (1.002 g, 1.01 mL, 10.44
mmol) was added and data collection using the ReactlR™ started. Calculated initial
values: [8]o = 345 mM, [AlEts]o = 402 mM, [Cu]o = 3.18 mM, [L]o = 4.88 mM; [L]/[Cu] =
1.54 ; total volume = 30.28 mL. Data (Ous in Aqss absorbance units) for the 1630 cm™
carbonyl band of adduct 48 were collected until complete consumption of this IR band
was observed, recording 1 scan every 10 seconds. Following completion, the reaction
was quenched with 1M aq. HCI solution (10 mL), extracted with Et,O, washed with
water, dried over MgSO4 and solvent removed in vacuo to provide (R)-11 with identical
properties to genuine independent samples [chiral GC range (Lipodex-A) of final
product 82 + 2% ee].'® The volumes used were estimated from standard densities for
8 (0.993 g mL?) and Et,O (0.713 g ml?), while that of 2.09 M AlEt; solutions in Et,O
was determined experimentally to be 0.83 g mL? in the kinetic runs. Reaction
component volumes were assumed to be additive (i.e. partial molar volume/phase
change effects were assumed minimal). Similarly, the volumes of dissolved Cu and L

were assumed contribute negligibly (<0.5%) to the total volume of the system.

Data analysis for reaction order calculation with respect to 48: Due to the higher data
density of the ReactlR™ technique genesis of the catalyst could clearly be detected in
the behaviour of the absorbance of 48 at 1630 cm™ up to ca. 300 sec. Thus, at fixed
[Cu] (3.5 mM) and [L] (5 mM) the absorbance data for 48 at 1630 cm™ (Ous) were used
from 305 or 395 sec (the latter for slightly slower catalyst genesis at lower values of
[8]) until the signal for species 48 was no longer apparent. A range of [48]o (300-40
mM) concentrations were investigated. Values of [48]; were attained via the
relationship [48] = 48 X Oas. Values of [48]; were fitted to [48]: = [48].e ™' by non-linear
least squares procedures. This approach has been described in detail by Billo.1?® In
brief, for each data point the squared error is calculated: d = {[48]:«(obs) - [48]i(calc)}?

and the total squared error over all data points summed = %(8). Minimisation of Z(d) is
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attained by use of the solver function in Excel providing [48]o(calc) and ki directly.
Based on the solver stat analysis approach of Billo the fit of the data by this approach
is superior to traditional linearisation of the [48]: data via In([48]:)/In([48]o) plots. For the
rate order plots in 48 values of [48]o were based on the added (accurately weighed)
[48]o and [AlEts]o in each run via the illustrated quadratic equation (Section 1.3.1). The
fitted [48]o concentrations derived from the kinetic best fits were found to be rather
sensitive to background Aops offsets effects in the ReactiR™ set up and were thus not
used. Fortunately, the value of [48]o does not affect k; determination/accuracy as this
is independent of (Aos)o. The main error sources on the order 48 data are, partly the
experimental difficulty in systematically varying [48] while keeping both the both the
ratios [AIEts]/[8] and [L]/[Cu] constant in this sensitive system. Duplicated/reanalysed
[48]°¢ order runs gave values of ¢ = 0.9-1.1, in line with statistical error. Based on this
(and the vastly superior fit to first order of the primary data to all other trialled rate laws),

first order behaviour in [48] is clearly the dominant behaviour (Figure 20).

Data analysis for reaction order calculation with respect to [Cu]: Identical reaction
procedures to Run 4 as previously described. Under conditions providing [48]o = 220
+ 7 mM and [L)/[Cu] = 1.5 + 0.05 the concentration of copper [Cu] was varied 1-6 mM.
The catalytic reaction was initiated and the data collected as described for that
concerning reaction order calculation with respect to [48]. Identical procedures were
applied providing an order of the catalytic reaction in the copper concentration of 1.5
(Figure 21).

Data analysis for reaction order calculation with respect to [L]: Identical reaction
procedures to Run 4 as previously described. Under conditions providing nominal [48]o
=230 mM and [Cu]o = 3.5 mM the concentration of L was varied 1.7 to 15.4 mM. The
catalytic reaction was initiated and the data collected as described for that concerning
reaction order calculation with respect to [48]. Identical procedures were applied to
determine the order of the catalytic reaction in the ligand concentration. Above ratios
of L:Cu = 3 consumption of 48 was observed to transition from first order dependence
in the adduct to zero order behaviour showing that a switch of mechanism from ligand
accelerated to ligand inhibited catalysis was observed (Figure 22). The two regimes
were clearly apparent in order plots of ki and ko respectively vs. [L]o. Identical
procedures were applied providing an order of the catalytic reaction in the ligand
concentration of 0.67 at L:Cu < 3 with the introduction of a zero-order reaction rate
degradation observed at L:Cu 2 3; this corresponds with an inhibitory reaction order

with respect to the ligand of 2.5 (Figure 22).
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3.1.3 General Information and Specifications for Quinolone Conjugate

Addition Reactions

All air-sensitive reactions were carried out under an argon atmosphere using oven-
dried apparatus with further purging using a Schlenk line. All ethereal solvents used
for air sensitive reactions were distilled from sodium wire and benzophenone.
Dichloromethane was distilled over calcium hydride. All other solvents and
commercially available compounds were purchased from commercial sources and
used as received unless stated otherwise. All organometallic reagents were either
used as received or synthesised as described in the experimental information; all
organometallic reagents (including those acquired from commercial sources) were
titrated using the Gilman double titration prior to use. Thin layer chromatography was
performed on aluminium sheets coated with silica gel 60 A F254, 0.2 mm thickness.
Compounds were visualised via exposure to light emissions at 254 nm and 365 nm
and developed with potassium permanganate with gentle heating. Flash
chromatography was performed with silica gel (Fisher Scientific 60 A particle size 35-
70 micron). Infra-red spectra were recorded on a Nicolet Avatar 360 FT instrument via
ATR FTIR analysis. NMR spectra were acquired on Bruker DPX-400 (400.2 MHz),
Bruker DPX-300 (300.1 MHz), Bruker AV(l11)400 (400.1 MHz), Bruker AV400 (400.1
MHz), Bruker Ascend™ 400 (400.1 MHz) or Bruker Ascend™ 500 (500.1 MHz)
spectrometers. Chemical shifts are quoted in parts per million (ppm) and were
referenced to residual solvent peaks using values provided by the MestReNova
processing software in the cases of *H and *C NMR spectra. Abbreviations used in
the description of resonances are: s (singlet), d (doublet), t (triplet), q (quartet), p
(pentet), h (hextet), hept (heptet), app (apparent), br (broad) and m (multiplet).
Coupling constants (J) are quoted to the nearest 0.1 Hz. High-resolution mass spectra
were recorded using electrospray ionisation (ESI) techniques. Theoretical HRMS
molecular weights were taken from the spectrometer output file; HRMS analyses
deviations from expected values (o) are given in ppm. The specific rotation [a]p' was
measured using an Anton-Paar MC P100. Melting points were measured on a
Gallenkampf melting point apparatus. High performance liquid chromatography
spectra were recorded on a Thermo Scientific UltiMate3000 with a UV detector at 254

nm.
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3.1.4 Experimental Data

3-(Dimethylamino)-1-(2-nitrophenyl)prop-2-en-1-one

2’-Nitroacetophenone (12.9 mL, 96.1 mmol) and DMF-DMA (12.9 mL, 97.1 mmol) were
heated to 100 °C and stirred under an inert atmosphere for 3 hours. The mixture was
allowed to cool to r.t. after which Et,O was added to induce precipitation of the desired
product which was collected via filtration and further washed with Et>O to afford 3-
(dimethylamino)-1-(2-nitrophenyl)prop-2-en-1-one as bright orange crystals (16.2 g,
73.7 mmol, 77%); m.p. 125-127 °C (lit. 124-127 °C); *H NMR (CDCls, 400 MHz): &4
7.97 (d, J = 7.8 Hz, 1H, C3H), 7.63-7.10 (m, 4H, C’H, C8H, C°H, C°H), 5.29 (d, J =
12.6 Hz, 1H, C2H), 3.11 (s, 3H, N[C*H3][C*Ha]), 2.88 (s, 3H, N[C**H3][C*"Ha]); 13C {*H}
NMR (CDCls, 101 MHz): 8¢ 191.9 (C), 147.3 (CH), 133.1 (C, CH), 129.6 (CH), 128.9
(C, CH), 124.2 (CH), 77.3 (CH), 45.2 (CHs), 37.3 (CHs); IR (ATR) 3010, 2810, 1649
(C=0), 1531, 1435, 1421, 1355, 1315, 1281, 1240, 1110, 1056; HRMS ™/, calc. for
C11H12N2NaO; [M+Nal]: 243.0740; found: 243.0726 (o = 4.30 ppm). These values are

concordant with literature precedents.'?’

4(1H)-Quinolone 58

To a solution of 3-(dimethylamino)-1-(2-nitrophenyl)prop-2-en-1-one (16.2 g, 73.7
mmol) and cyclohexene (37.3 mL, 368 mmol) in EtOH (220 mL) was added palladium
on charcoal (10%) (7.8 g, 7.36 mmol) after which the suspension was stirred at 80 °C
for 3 hours. The suspension was cooled to r.t., filtered through celite® and concentrated
in vacuo. The crude material was stirred in EtOAc at reflux for 1 hour and hot filtered
to afford compound 58 as a yellow solid (9.56 g, 65.9 mmol, 90%); m.p. 199-200 °C
(lit. 200-202 °C); *H NMR (400 MHz, DMSO-d¢) &+ 8.14 — 8.06 (m, 1H, C?H), 7.90 (d,
J=7.0Hz, 1H, C°H), 7.64 (dd, J = 8.4, 7.0 Hz, 1H, C°H), 7.54 (dd, J = 8.4, 1.2 Hz, 1H,
C’H), 7.33-7.29 (m, 1H, C®H), 6.04 (d, J = 7.4 Hz, 1H, C3H), exchangeable NH proton
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not seen in spectrum; *C {*H} NMR (101 MHz, DMSO-dg) d¢c 177.3 (C), 140.6 (CH),
139.9 (C), 132.1 (CH), 126.3 (CH), 125.4 (C), 123.5 (CH), 118.7 (CH), 109.1 (CH); IR
(CHCl3): Vmax 3690, 3608, 3436, 3011, 2999, 1633 (C=0), 1618, 1601, 1540, 1476,
1193; HRMS "/, calc. for CoHsNO [M+H]: 146.0600; found: 146.0611 (o = 6.70 ppm).

These values are concordant with literature precedents.?8

1-Methyl-4(1H)-quinolone 72

72

To a stirred suspension of compound 58 (480 mg, 3.31 mmol) and KOH (275 mg, 4.90
mmol) in MeOH (1.5 mL) was added iodomethane (2.0 mL, 32.1 mmol) dropwise at rt.
The reaction mixture was stirred at rt for 2 hours. The reaction mixture was filtered via
suction to remove the precipitate and the mother liquors were concentrated in vacuo.
The crude material was purified by column chromatography (silica, 4:1 MeOH/EtOAc)
to afford compound 72 as a grey solid (302 mg, 1.90 mmol, 57%); m.p. 153-155 °C;
14 NMR (400 MHz, CD30D) &4 8.36 (dd, J = 8.2, 1.5 Hz, 1H, C5H), 8.05 (d, J = 7.5 Hz,
1H, C2H), 7.85 (ddd, J = 8.6, 6.9, 1.5 Hz, 1H, C’H), 7.78 (d, J = 8.6 Hz, 1H, C8H), 7.55
- 7.48 (m, 1H), 6.33 (d, J = 7.5 Hz, 1H, C3H), 3.97 (s, 3H, C%Hs); *C {*H} NMR (101
MHz, CDs0OD) 8¢ 176.8 (C), 145.5 (CH), 141.1 (C), 132.5 (CH), 127.0 (C), 126.0 (CH),
123.8 (CH), 117.2 (CH), 109.1 (CH), additional peak obscured by solvent at ~49.0
(CHs); HRMS ™/, calc. for C1oH10NO [M+H]: 160.0757; found: 160.0762 (o = 3.10 ppm).

These values are concordant with literature precedents.?®
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Benzyl 4(1H)-quinolone-1-carboxylate 78
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To a stirred suspension of compound 58 (184 mg, 1.27 mmol) and NaH (60% wt.) (152
mg, 3.80 mmol) in THF (8.5 mL) was added benzyl chloroformate (0.27 mL, 1.90 mmol)
under argon at 55 °C. The reaction mixture was allowed to cool to room temperature
and stirred for 24 hours under argon. H,O (1 mL) was added to the reaction mixture
dropwise which was stirred until a homogeneous solution had formed. The reaction
mixture was partitioned between Et,O (5 mL) and H.O (3 mL) and the phases were
separated; the aqueous layer was extracted with Et,O (3 x 3 mL). The combined
organic phases were washed with H,O (8 mL), dried (MgS0Q.), concentrated in vacuo
and purified by column chromatography (silica, 2:1 Et.O-Pentane) to afford compound
78 as a cream solid (264 mg, 0.945 mmol, 75%); m.p. 66-68 °C; *H NMR (400 MHz,
CDCls) &+ 8.69 (d, J = 8.8 Hz, 1H, C?H), 8.42 — 8.35 (m, 2H, C°H, C'H), 7.68 (ddd, J =
8.8, 7.2, 1.7 Hz, 1H, C'H), 7.53 — 7.41 (m, 6H, C®H, 2 x C1?H, 2 x C'3H, C¥*H), 6.27
(d, J = 8.6 Hz, 1H, C3H), 5.49 (s, 2H, C°H,); 3C {*H} NMR (101 MHz, CDCls) 3¢ 178.9
(C), 151.3 (C), 138.5 (C), 138.2 (CH), 134.0 (C), 132.9 (CH), 129.3 (CH), 129.0 (CH),
128.9 (CH), 126.6 (C, CH), 125.5 (CH), 120.0 (CH), 112.5 (CH), 70.5 (CH>); IR (CHCly):
Vmax 3009, 1756, 1644 (C=0), 1602, 1565, 1471, 1379, 1358, 1193, 1016; HRMS "/,
calc. for C17H14aNO3s [M+H]: 280.0968; found: 280.0966 (o = 0.70 ppm). These values

are concordant with literature precedents.®
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Methyl 4(1H)-quinolone-1-carboxylate 85
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To a stirred suspension of compound 58 (479 mg, 3.30 mmol) and NaH (60% wt.) (400
mg, 10.0 mmol) in THF (22 mL) was added methyl chloroformate (0.39 mL, 5.05 mmaol)
under argon at 55 °C. The reaction mixture was allowed to cool to room temperature
and stirred for 24 hours under argon. H,O (2.5 mL) was added to the reaction mixture
dropwise which was stirred until a homogeneous solution had formed. The reaction
mixture was partitioned between Et,O (10 mL) and H»O (5 mL) and the phases were
separated; the aqueous layer was extracted with Et,O (3 x 8 mL). The combined
organic phases were washed with H,O (20 mL), dried (MgS0O.), concentrated in vacuo
and purified by column chromatography (silica, 2:1 Et.O-Pentane) to afford compound
85 was formed as a cream solid (470 mg, 2.31 mmol, 71%); m.p. 72-74 °C; 'H NMR
(400 MHz, MeOD) &4 8.36 (dd, J = 8.2, 1.5 Hz, 1H, C5H), 8.05 (d, J = 7.5 Hz, 1H, C2H),
7.85 (ddd, J=8.6, 6.9, 1.5 Hz, 1H, C'H), 7.78 (d, J = 8.6 Hz, 1H, C®H), 7.60 — 7.41 (m,
1H, C®H), 6.33 (d, J = 7.5 Hz, 1H, C3H), 3.97 (s, 3H, C°Hs); 3C {*H} NMR (101 MHz,
CDCl3) d¢c 179.0 (C), 152.0 (C), 138.5 (C), 138.3 (CH), 133.0 (CH), 126.6 (C, CH),
125.5 (CH), 120.0 (CH), 112.5 (CH), 55.3 (CHs); IR (CHCIs): Vmax 3010, 2961, 1760,
1644 (C=0), 1602, 1470, 1440, 1360, 1277, 1240, 1164, 1030, 831; HRMS ™/, calc.
for C11H10NO3 [M+H]: 204.0657; found: 204.0655 (o = 0.80 ppm).
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tert-Butyl 4(1H)-quinolone-1-carboxylate 86
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To a suspension of 58 (3 g, 20.7 mmol), DMAP (1.26 g, 10.3 mmol) and NEt3 (2.88
mL, 20.7 mmol) in CHCl, (120 mL) was added Boc,0 (9 g, 41.2 mmol); the suspension
became homogeneous and was allowed to stir at r.t. for 24 hours. The solution was
poured into H,O (60 mL) and the phases were separated; the aqueous phase was
extracted with CH.Cl, (60 mL). The combined organic phases were washed with H,O
(80 mL), dried (MgSO.), concentrated in vacuo and purified by column
chromatography (silica, Et.O) to afford compound 86 as a colourless solid (3.78 g, 15.4
mmol, 75%); m.p. 92-94 °C; *H NMR (400 MHz, CDCls) d4 8.61 (1H, d, J = 8.8 Hz,
C®H), 8.40 (1H, dd, J = 8.0, 1.8 Hz, C°H), 8.34 (1H, d, J = 8.5 Hz, C?H), 7.69 (1H, ddd,
J=28.8, 7.1, 1.8 Hz, C®H), 7.45 (1H, app. t, J = 7.1 Hz, C"H), 6.29 (1H, d, J = 8.5 Hz,
C3H), 1.70 (9H, s, 3 x C!H3); 3C {*H} NMR (101 MHz, CDCl3) ¢ 179.1 (C), 149.9 (C),
138.7 (C), 132.6 (CH), 126.6 (C), 126.5 (CH), 125.2 (2 x CH), 120.0 (CH), 111.9 (CH),
86.6 (C), 28.0 (CHsa); IR (CHCl3): vmax 3011, 2987, 2930, 2856, 1753, 1643 (C=0),
1602, 1562, 1471, 1420, 1397, 1373, 1356, 1277, 1240, 1147, 1076, 1011; HRMS "/,
calc. for C1sH1sNNaO; [M+Na]: 268.0944; found: 268.0943 (o = 0.40 ppm).

General procedure A for the conjugate addition reactions using Grignard
reagents: To a solution of the quinolone substrate (1 equiv.), copper bromide dimethyl
sulfide complex (0.05 equiv.) and triphenylphosphine (0.1 equiv.) in 2-methyl
tetrahydrofuran (0.2 M solution) stirring at =78 °C under an argon atmosphere was
added a solution of the Grignard reagent (2.5 equiv.). The reaction mixture was stirred
at =78 °C under an argon atmosphere for 1 hour. H,O (0.1 mL per mmol of quinolone)
was added to the reaction mixture which was allowed to warm to r.t. whilst stirring over
10 minutes. The reaction mixture was partitioned between Et,O and H;O; the phases
were separated. The aqueous phase was extracted with Et,O (3 x 10 mL). The
combined organic phases were washed with H,O (15 mL), dried (MgSO.),
concentrated in vacuo and purified by column chromatography (silica, 9:1 Pentane-

Et,0) to afford the products as described.
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tert-Butyl 2-ethyl-4(1H)-quinolone-1-carboxylate 89

General procedure A was followed with compound 86 (245 mg, 1.00 mmol) and
ethylmagnesium bromide (3.0 M solution in THF) (0.85 mL, 2.55 mmol) to afford
compound 89 as a colourless solid (273 mg, 0.991 mmol, 99%); m.p. 65-66 °C; H
NMR (400 MHz, CDCls) 84 7.98 (dd, J = 7.8, 1.6 Hz, 1H, C®H), 7.79 (app. d, J = 8.6
Hz, 1H, C®H), 7.52 (ddd, J = 8.6, 7.3, 1.6 Hz, 1H, C’H), 7.15 (dd, J = 7.8, 7.3 Hz, 1H,
C8H), 4.85 (app. dtd, J = 7.3, 5.8, 1.6 Hz, 1H, C?H), 3.06 (dd, J = 17.5, 5.8 Hz, 1H,
C3HaHg), 2.65 (dd, J = 17.5, 1.7 Hz, 1H, C3HaHg), 1.79 — 1.37 (m, 11H, 3 x CHs,
C!2H,), 0.91 (t, J = 7.3 Hz, 3H, C3Hs); 3C {*H} NMR (101 MHz, CDCls) d¢ 193.8 (C),
153.3 (C), 141.5 (C), 134.1 (C, CH), 126.7 (CH), 124.8 (CH), 123.6 (CH), 82.0 (C),
55.0 (CH), 43.2 (CH,), 28.3 (CH3), 24.7 (CHy), 10.7 (CH3); IR (CHCls): vmax 3078, 3011,
2976, 2934, 2879, 1683 (C=0), 1601, 1576, 1480, 1461, 1370, 1348, 1304, 1284,
1256, 1163, 1127, 1066, 1047, 1025, 1003; HRMS ™/, calc. for Ci1sH2:NNaO3; [M+Nal]:
298.1404; found: 298.1407 (o = 1.40 ppm).

tert-Butyl 2-propyl-4(1H)-quinolone-1-carboxylate 94

General procedure A was followed with compound 86 (245 mg, 1.00 mmol) and
propylmagnesium bromide (1.85 M in THF) (1.35 mL, 2.50 mmol) to afford compound
94 as a colourless oil (205 mg, 0.708 mmol, 71%); *H NMR (300 MHz, CDCls) dn 7.97
(dd, J = 7.9, 1.5 Hz, 1H, C5H), 7.75 (app. d, J = 8.2 Hz, 1H, C8H), 7.50 (ddd, J = 8.2,
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7.2,1.5Hz, 1H, C'H), 7.14 (dd, J = 7.9, 7.2 Hz, 1H, C®H), 4.94 (app. dtd, J = 11.3, 5.7,
1.8 Hz, 1H, C?H), 3.04 (dd, J = 17.5, 5.7 Hz, 1H, C3HaHg), 2.61 (dd, J = 17.5, 1.8 Hz,
1H, C3HaHg), 1.66 — 1.52 (m, 10H, 3 x C''H3, C'?HaHg), 1.44 — 1.25 (m, 3H, C*HaH,
C®¥H,), 0.87 (t, J = 7.1 Hz, 3H, C**H3); BC {*H} NMR (75 MHz, CDCls) &¢ 193.8 (C),
153.1 (C), 141.6 (C), 134.1 (C), 126.7 (CH), 124.9 (CH), 124.8 (CH), 123.6 (CH), 81.9
(C), 53.3(CH), 43.3 (CH>), 33.6 (CH>), 28.3 (CHs3), 19.4 (CH>), 13.6 (CH3); IR (CHCl5):
Vmax 3012, 2957, 2926, 2854, 1689 (C=0), 1601, 1479, 1461, 1382, 1369, 1338, 1303,
1292, 1163, 1128; HRMS ™/, calc. for C17H24NO3 [M+H]: 290.1751; found: 290.1753 (0
=0.70 ppm).

tert-Butyl 2-butyl-4(1H)-quinolone-1-carboxylate 95
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General procedure was followed with compound 86 (245 mg, 1.00 mmol) and
butylmagnesium chloride (2.0 M in THF) (1.25 mL, 2.50 mmol) to afford compound 95
as a colourless oil (224 mg, 0.738 mmol, 74%); *H NMR (400 MHz, CDCl;) &y 7.98
(dd, J = 8.0, 1.7 Hz, 1H, C5H), 7.75 (app. d, J = 8.5 Hz, 1H, C®H), 7.51 (ddd, J = 8.5,
7.3, 1.7 Hz, 1H, C™H), 7.14 (dd, J = 8.0, 7.3 Hz, 1H, C®H), 4.92 (app. dtd, J = 9.7, 5.8,
1.8 Hz, 1H, C?H), 3.04 (dd, J = 17.5, 5.8 Hz, 1H, C3HaHg), 2.64 (dd, J = 17.5, 1.8 Hz,
1H, C3HaHg), 1.57 (s, 9H, 3 x C1'H3), 1.51 — 1.15 (m, 6H, C12H,, C3H,, C*Hy), 0.84 (t,
J = 6.9 Hz, 3H, C'®Hg); 13C {*H} NMR (101 MHz, CDCls) ¢ 193.8 (C), 153.1 (C), 141.6
(C), 134.1 (C), 126.7 (CH), 124.9 (CH), 124.8 (CH), 123.6 (CH), 81.9 (C), 53.5 (CH),
43.3 (CHy), 31.2 (CH>), 28.4 (CHs), 28.3 (CH>), 22.1 (CHy), 13.9 (CHj3); IR (CHClIs): Vmax
3010, 2961, 2931, 2859, 1683 (C=0), 1602, 1480, 1460, 1384, 1370, 1347, 1305,
1257, 1162; HRMS "/, calc. for C1gH26NO3 [M+H]: 304.1907; found: 304.1910 (o = 1.30

ppm).
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tert-Butyl 2-hexyl-4(1H)-quinolone-1-carboxylate 96
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General procedure A was followed with compound 86 (245 mg, 1.00 mmol) and
hexylmagnesium bromide (1.36 M in THF) (1.85 mL, 2.52 mmol) to afford compound
96 as a colourless oil (242 mg, 0.730 mmol, 73%); *H NMR (400 MHz, CDCls) &4 7.98
(dd, J=7.9, 1.8 Hz, 1H, C°H), 7.72 (app. d, J = 8.4 Hz, 1H, C8H), 7.50 (ddd, J = 8.4,
7.2,1.8 Hz, 1H, C'H), 7.15 (dd, J = 7.9, 7.2 Hz, 1H, C°H), 4.92 (app. dtd, J = 9.8, 5.8,
1.8 Hz, 1H, C?H), 3.04 (dd, J = 17.5, 5.8 Hz, 1H, C3HaHg), 2.55 (dd, J = 17.5, 1.8 Hz,
1H, C3HaHg), 1.66 — 1.51 (m, 10H, 3 x CH3, C2HaHg), 1.49 — 1.37 (m, 1H, C3HaHg),
1.37 — 1.12 (m, 8H, C*¥¥H,, C¥H,, C¥®H,, C'®H,), 0.84 (t, J = 7.0 Hz, 3H, C'"H3); 3C
{*H} NMR (101 MHz, CDClz) 8¢ 193.8 (C), 153.1 (C), 141.6 (C), 134.1 (C), 126.7 (CH),
124.9 (CH), 124.8 (CH), 123.6 (CH), 81.9 (C), 53.5 (CH), 43.4 (CHy), 31.6 (CHy), 31.4
(CH2), 28.7 (CH2), 28.3 (CHg), 26.1 (CHz), 22.5 (CH.), 14.0 (CHs); IR (CHCI3): Vmax
3011, 2957, 2930, 2858, 1691 (C=0), 1601, 1576, 1480, 1460, 1383, 1368, 1343,
1303, 1254, 1163, 1128, 1045, 1017; HRMS ™/, calc. for C20H3oNO3 [M+H]: 332.2220;
found: 332.2204 (o = 1.80 ppm).

tert-Butyl 2-dodecyl-4(1H)-quinolone-1-carboxylate 97
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General procedure was followed with compound 86 (245 mg, 1.00 mmol) and

97

dodecylmagnesium bromide (1.15 M in THF) (2.17 mL, 2.50 mmol) to afford compound
97 as a colourless solid (287 mg, 0.691 mmol, 69%); m.p. 40-42 °C; *H NMR (400
MHz, CDCls) &+ 7.98 (dd, J = 7.9, 1.8 Hz, 1H, C°H), 7.77 (d, J = 8.5 Hz, 1H, C®H), 7.52
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(ddd, J=8.5,7.2,1.8 Hz, 1H, C'H), 7.16 (dd, J = 7.9, 7.2 Hz, 1H, C°®H), 4.93 (app. dtd,
J=09.8,5.9, 1.8 Hz, 1H, C?H), 3.05 (dd, J = 17.5, 5.9 Hz, 1H, C3®HaHg), 2.63 (dd, J =
17.5, 1.8 Hz, 1H, C3HaHg), 1.63 (app. d, J = 2.9 Hz, 2H, C*?H), 1.58 (s, 9H, 3 x C'Hjy),
1.34 — 1.20 (m, 20H, C*H,, CH,, C°H,, C!¥*H, C!'H, C?®H, C!?°H, C?°H, C?'H,,
C%H,), 0.91 (t, J = 6.8 Hz, 3H, C%Hjs); *C {*H} NMR (101 MHz, CDCl;3) ¢ 193.9 (C),
153.2 (C), 141.6 (C), 134.1 (C), 128.5 (CH), 126.7 (CH), 124.9 (CH), 123.7 (CH), 82.0
(C), 53.6 (CH>), 43.4 (CH), 31.9 (CHy), 31.4 (CHy), 29.7 (CHy), 29.6 (CH>), 29.5 (CH>),
29.4(3) (CHy), 29.3(7) (CH.), 29.3 (CH>), 29.0 (CH2), 28.3 (CH3), 26.1 (CHy), 22.7
(CH2), 14.1 (CHs3); IR (CHCl3): vmax 3012, 2956, 2923, 2851, 1679 (C=0), 1603, 1523,
1477, 1426, 1383, 1370, 1346, 1334, 1293, 1193, 1097; HRMS ™/, calc. for C26H42NO3
[M+H]: 416.3159; found: 416.3147 (o = 3.70 ppm).

tert-Butyl 2-benzyl-4(1H)-quinolone-1-carboxylate 99

General procedure was followed with compound 86 (245 mg, 1.00 mmol) and
benzylmagnesium bromide (1.62 M in THF) (1.55 mL, 2.51 mmol) to afford compound
99 as a colourless oil (322 mg, 0.954 mmol, 95%); *H NMR (400 MHz, CDCl3) &4 8.07
(dd, J = 7.9, 1.7 Hz, 1H, C5H), 7.89 (d, J = 8.5 Hz, 1H, C8H), 7.58 (ddd, J = 8.5, 7.2,
1.7 Hz, 1H, C™H), 7.33 — 7.17 (m, 4H, 2 x C¥H, 2 x C5H), 7.08 — 7.03 (m, 2H, C°H,
C1H), 5.14 (app. dtd, J = 9.2, 6.1, 1.7 Hz, 1H, C?H), 3.06 (dd, J = 17.5, 6.1 Hz, 1H,
C3HaHg), 2.97 — 2.67 (m, 3H, C3HaHg, C¥H;), 1.39 (s, 9H, 3 x CHj3); *C {*H} NMR
(101 MHz, CDCls) 8¢ 193.3 (C), 152.6 (C), 141.7 (C), 137.7 (C), 134.5 (C), 129.2 (CH),
128.4 (CH), 127.0 (CH), 126.0 (CH), 124.5 (2 x CH), 123.5 (CH), 81.9 (C), 55.2 (CH>),
42.5 (CH), 37.9 (CH2), 28.0 (CHa); IR (CHCIs): vmax 3065, 3005, 2977, 2929, 2859,
1708, 1689 (C=0), 1601, 1575, 1479, 1459, 1383, 1368, 1346, 1303, 1274, 1254,
1162, 1136, 1084, 1044, 1019; HRMS ™/, calc. for C21H24NO3 [M+H]: 338.1751; found:
338.1754 (o = 0.90 ppm).

126



tert-Butyl 2-(2-phenylethyl)-4(1H)-quinolone-1-carboxylate 100
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General procedure was followed with compound 86 (245 mg, 1.00 mmol) and 2-
phenylethylmagnesium bromide (1.36 M in THF) (1.85 mL, 2.52 mmol) to afford
compound 100 as a colourless oil (270 mg, 0.768 mmol, 77%); *H NMR (400 MHz,
CDCl3) 1 7.99 (1H, dd, J = 8.0, 1.7 Hz, C°H), 7.67 (1H, d, J = 8.5 Hz, C®H), 7.52 (1H,
ddd, J=8.5, 7.3, 1.7 Hz, C'H), 7.28 — 7.14 (4H, m, 2 x C'¥®H, 2 x C!®H), 7.12 — 7.06
(2H, m, C®H, C*¥"H), 5.00 (1H, app. dtd, J = 10.0, 5.8, 1.8 Hz, C?H), 3.08 (1H, dd, J =
17.6, 5.8 Hz, C3HaHg), 2.77 — 2.56 (3H, m, C®HaHs, C**H;), 1.95 (1H, app. dtd, J =
14.1, 9.6, 6.1 Hz, C, C2HaHg), 1.81 (1H, ddt, J = 14.1, 9.4, 6.0 Hz, C*?HaHg), 1.56 (9H,
s, 3 x CHg); 3C {*H} NMR (101 MHz, CDCls) d¢c 193.6 (C), 153.1 (C), 141.4 (C),
140.9 (C), 134.2 (C), 128.4 (CH), 128.2 (CH), 126.7 (CH), 126.0 (CH), 125.1 (CH),
124.9 (CH), 123.9 (CH), 82.1 (C), 53.4 (CH), 43.4 (CHy), 33.1 (CH>), 32.6 (CH), 28.3
(CHs3); IR (CHCIs): vimax 3063, 3004, 2977, 2930, 2859, 1688 (C=0), 1601, 1576, 1479,
1458, 1368, 1337, 1303, 1253, 1160, 1133, 1046; HRMS ™/, calc. for Cz2H2sNNaOs
[M+Na): 374.1727; found: 374.1729 (o = 0.60 ppm).

tert-Butyl 2-isobutyl-4(1H)-quinolone-1-carboxylate 104
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General procedure was followed with compound 86 (245 mg, 1.00 mmol) and
isobutylmagnesium bromide (1.9 M in THF) (1.32 mL, 2.51 mmol) to afford compound
104 as a colourless oil (261 mg, 0.860 mmol, 86%); *H NMR (400 MHz, CDCls) d4 7.98
(dd, J = 8.0, 1.7 Hz, 1H, C5H), 7.74 (app. d, J = 8.5 Hz, 1H, C8H), 7.51 (ddd, J = 8.5,
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7.2,1.7 Hz, 1H, C'H), 7.15 (dd, J = 8.0, 7.2 Hz, 1H, C°H), 4.97 (app. dtd, J = 9.5, 5.7,
1.8 Hz, 1H, C?H), 3.05 (dd, J = 17.4, 5.7 Hz, 1H, C3HaHg), 2.59 (dd, J = 17.4, 1.8 Hz,
1H, C3HaHg), 1.64 — 1.17 (m, 12H, 3 x C'Hs, C*?H,, C'®H), 0.96 (d, J = 6.4 Hz, 3H,
C%Hs3), 0.82 (d, J = 6.4 Hz, 3H, C"Ha); *C {*H} NMR (101 MHz, CDCI3) 8¢ 193.8 (C),
153.0 (C), 141.6 (C), 134.1 (C), 126.6 (CH), 125.1 (CH), 125.0 (CH), 123.8 (CH), 82.0
(C), 52.0 (CH), 43.5 (CH), 40.5 (CH), 28.3 (CHsa), 25.2 (CH), 22.7 (CH3), 22.2 (CH3);
IR (CHCls): vmax 3012, 2956, 2924, 2853, 1684 (C=0), 1602, 1479, 1460, 1385, 1370,
1350, 1335, 1304, 1294, 1163, 1131; HRMS ™/, calc. for C1sH26NO3 [M+H]: 304.1907;
found: 304.1905 (o = 0.60 ppm).

tert-Butyl 2-cyclohexyl-4(1H)-quinolone-1-carboxylate 105

General procedure was followed with compound 86 (245 mg, 1.00 mmol) and
cyclohexylmagnesium bromide (1.74 M in THF) (1.44 mL, 2.51 mmol) to afford
compound 105 as a colourless oil (200 mg, 0.607 mmol, 61%); *H NMR (400 MHz,
CDCls) 84 7.97 (dd, J = 8.0, 1.6 Hz, 1H, C5H), 7.73 (app. d, J = 8.5 Hz, 1H, C8H), 7.51
(ddd, J = 8.5, 7.2, 1.6 Hz, 1H, C'H), 7.14 (dd, J = 8.0, 7.2 Hz, 1H, C®H), 4.56 (ddd, J =
10.6, 5.1, 2.4 Hz, 1H, C?H), 2.96 (dd, J = 17.5, 5.1 Hz, 1H, C3HaHg), 2.87 (dd, J = 17.5,
2.4 Hz, 1H, C®HaHg), 1.79 — 1.60 (m, 6H, 6 x [cyclohexyl-C]H), 1.56 (s, 9H, 3 x C'!Hjs),
1.23 — 0.83 (m, 5H, 5 x [cyclohexyl-C]H); **C {*H} NMR (101 MHz, CDCls) &¢ 193.9
(C), 153.3 (C), 142.0 (C), 134.0 (C), 126.6 (CH), 125.2 (CH), 124.9 (CH), 123.6 (CH),
81.9 (C), 58.8 (CH), 40.9 (CH>), 37.5 (CH), 29.8 (CH>), 29.7 (CH), 28.3 (CH), 26.0
(CH2), 25.6(1) (CHy), 25.5(8) (CH>); IR (CHCIs): vmax 3012, 2927, 2855, 1681 (C=0),
1601, 1519, 1461, 1422, 1371, 1342, 1307, 1288, 1163, 1130; HRMS ™/, calc. for
C20H2sNO3 [M+H]: 330.2064; found: 330.2063 (o = 0.20 ppm).
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tert-Butyl 2-vinyl-4(1H)-quinolone-1-carboxylate 101
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General Procedure A was followed with compound 86 (245 mg, 1.00 mL) and
vinylmagnesium bromide (1.0 M in THF) (2.50 mL, 2.50 mmol) to afford compound 101
as a colourless oil (136 mg, 0.498 mmol, 50%); *H NMR (400 MHz, CDCl3) &y 7.97
(dd, J = 7.7, 1.8 Hz, 1H, C5H), 7.82 (dd, J = 8.5, 1.0 Hz, 1H, C8H), 7.51 (ddd, J = 8.5,
7.2,1.8Hz, 1H, C'H), 7.14 (td, J =7.7,7.2, 1.0 Hz, 1H, C°®H), 5.80 (ddd, J =17.2, 10.9,
4.3 Hz, 1H, C*?H), 5.53 (app. ddqg, J = 6.1, 4.3, 2.0 Hz, 1H, C*®HaHg), 5.15 (app. d, J =
2.0 Hz, 1H, C®HaHg), 5.14 — 5.10 (m, 1H, C?H), 3.11 (dd, J = 17.4, 6.1 Hz, 1H,
C3HaHg), 2.87 (dd, J = 17.4, 2.0 Hz, 1H, C3®HaHg), 1.59 (s, 9H, 3 x C1Hjz); 3C {1H}
NMR (101 MHz, CDCls) &¢ 193.1 (C), 152.9 (C), 142.0 (C), 135.2 (C), 134.2 (CH),
126.9 (CH), 124.6 (CH), 124.2 (CH), 123.6 (CH), 117.8 (CH>), 82.4 (C), 55.0 (CH),
42.1 (CHy), 28.3 (CHa); IR (CHCls): vmax 3012, 2956, 2926, 2854, 1739, 1691 (C=0),
1602, 1520, 1479, 1462, 1426, 1370, 1334, 1302, 1193, 1162, 1129; HRMS ™/, calc.
for C16H20NO3 [M+H]: 274.1438; found: 274.1442 (o = 1.20 ppm).

Benzyl 2-ethyl-4(1H)-quinolone-1-carboxylate 84
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General Procedure A was followed with compound 78 (903 mg, 3.23 mmol) and
ethylmagnesium bromide (3.0 M in THF) (2.70 mL, 8.10 mmol) to afford compound 84
as a colourless solid (798 mg, 2.58 mmol, 80%); m.p. 74-76 °C; *H NMR (400 MHz,
CDCls) &+ 8.00 (dd, J =7.8, 1.7 Hz, 1H, C°H), 7.81 (d, J = 8.2 Hz, 1H, C®H), 7.54 (ddd,
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J=8.2,7.8,1.7 Hz, 1H), 7.46 — 7.33 (m, 5H, 2 x C?H, 2 x C!3H, C!H), 7.19 (dd, J =
7.8 Hz, 7.8 Hz, 1H, C°H), 5.32 (s, 2H, C'°Hy), 4.94 (dtd, J = 9.9, 5.8, 1.7 Hz, 1H, C?H),
3.07 (dd, J = 17.6, 5.8 Hz, 1H, C3®HaHg), 2.67 (dd, J = 17.6, 1.8 Hz, 1H, C3HaHg), 1.73
—1.38 (m, 2H, C*®Hy), 0.90 (t, J = 7.4 Hz, 3H, C'*®Hs); *C {*H} NMR (101 MHz, CDCls)
0c 193.4 (C), 154.2 (C), 140.9 (C), 135.8 (C), 134.4 (C), 128.7 (CH), 128.4 (CH), 128.1
(CH), 126.8 (CH), 125.0 (CH), 124.7 (CH), 124.2 (CH), 68.2 (CH>), 55.4 (CH), 43.2
(CHy), 24.6 (CH>), 10.7 (CHs3); IR (CHCls): vmax 3051, 2968, 1685 (C=0), 1602, 1481,
1461, 1395, 1341, 1323, 1304, 1272, 1240, 1127, 909; HRMS ™/, calc. for C1gH20NO3
[M+H]: 310.1438; found: 310.1451 (o = 3.70 ppm).

Benzyl 2-methyl-4(1H)-quinolone-1-carboxylate 90
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General Procedure A was followed with compound 78 (112 mg, 0.401 mmol) and
methylmagnesium bromide (2.0 M in THF) (0.500 mL, 1.00 mmol) to afford compound
90 as a colourless oil (64 mg, 0.217 mmol, 54%); 'H NMR (400 MHz, CDClIs) d4 8.03
(dd, J=7.8, 1.7 Hz, 1H, C°H), 7.87 (d, J = 8.4 Hz, 1H, C8H), 7.58 — 7.50 (m, 1H, CH),
7.47 —7.35 (m, 5H, 2 x C'?H, 2 x C*3H, C¥H), 7.23 — 7.16 (m, 1H, C°H), 5.33 (s, 2H,
C¥Hy), 5.23 (qdd, J = 7.0, 5.8, 1.8 Hz, 1H, C?H), 3.08 (dd, J = 17.3, 5.8 Hz, 1H,
C3®HaHg), 2.60 (dd, J = 17.3, 1.8 Hz, 1H, C®HaHg), 1.28 (d, J = 7.0 Hz, 3H, C**H3); 3C
{*H} NMR (101 MHz, CDCls) &6¢ 193.3 (C), 153.7 (C), 141.0 (C), 135.8 (C), 134.6 (C),
128.7 (CH), 128.5 (CH), 128.2 (CH), 126.9 (CH), 124.4 (CH), 124.3 (CH), 124.0 (CH),
68.2 (CH>), 50.0 (CH), 44.4 (CHy), 17.9 (CHj3); IR (CHCl3): vmax 3011, 2972, 2900, 1685
(C=0), 1602, 1577, 1481, 1461, 1394, 1350, 1326, 1305, 1275, 1246, 1163, 1128,
1107, 1061, 1047, 1011; HRMS ™/, calc. for C1gH17NNaOs [M+Na]: 318.1101; found:
318.1108 (o = 2.20 ppm).
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Benzyl 2-vinyl-4(1H)-quinolone-1-carboxylate 91
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General procedure was followed with compound 78 (909 mg, 3.25 mmol) and
vinylmagnesium bromide (1.0 M in THF) (8.1 mL, 8.1 mmol) to afford compound 91 as
a colourless oil (767 mg, 2.50 mmol, 77%); *H NMR (400 MHz, CDCls3) &4 7.99 (dd, J
=7.8,1.7 Hz, 1H, C°H), 7.87 (d, J = 8.5 Hz, 1H, C®H), 7.53 (ddd, J = 8.5, 7.3, 1.7 Hz,
1H, C'H), 7.45 - 7.35 (m, 5H, 2 x C?H, 2 x C'*H, C'*H), 7.18 (dd, J = 7.8, 7.3 Hz, 1H,
C®H), 5.80 (ddd, J =17.3, 10.7, 4.3 Hz, 1H, C*®H), 5.34 (s, 2H, C*H;), 5.19 - 5.11 (m,
2H, C¥*Hy), 4.87 — 4.80 (m, 1H, C?H), 3.12 (dd, J = 17.4, 5.9 Hz, 1H, C3HaHg), 2.89
(dd, J = 17.4, 2.0 Hz, 1H, C3HaHg); *C {*H} NMR (101 MHz, CDCls) dc 192.7 (C),
154.0 (C), 141.0 (C), 135.6 (C), 134.8 (C), 134.5 (CH), 128.7 (CH), 128.5 (CH), 128.2
(CH), 127.0 (2 x CH), 124.1 (2 x CH), 118.2 (CH), 68.4 (CH>), 55.4 (CH), 42.1 (CHy);
IR (CHCls): vmax 3012, 2956, 2926, 2854, 1739, 1691 (C=0), 1602, 1520, 1479, 1462,
1426, 1370, 1334, 1302, 1193, 1162, 1129; HRMS M/, calc. for C1gH17NNaO3 [M+Na]:
330.1101; found: 330.1102 (o = 0.30 ppm).

Methyl 2-ethyl-4(1H)-quinolone-1-carboxylate 87

General Procedure A was followed with compound 85 (88 mg, 0.429 mmol) and
ethylmagnesium bromide (3.0 M in THF) (0.36 mL, 1.08 mmol) to afford compound 87
as a colourless oil (79 mg, 0.339 mmol, 79%); m.p. 74-76 °C; *H NMR (400 MHz,
CDCl3) &4 7.99 (dd, J = 7.8, 1.2 Hz, 1H), 7.76 (d, J = 8.3 Hz, 1H), 7.58 — 7.51 (m, 1H),
7.19 (t, J = 7.5 Hz, 1H), 4.94 — 4.86 (m, 1H, C?H), 3.87 (s, 3H, C'°Hs), 3.06 (dd, J =
17.6, 5.8 Hz, 1H, C3HaHg), 2.66 (dd, J = 17.6, 1.0 Hz, 1H, C3HaHs), 1.68 — 1.43 (m,
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1H, CHaHg), 1.22 (app. t, J = 7.2 Hz, 1H, C'HaHg), 0.90 (app. t, J = 7.2 Hz, 3H); 3C
{*H} NMR (101 MHz, CDCls) &¢ 193.5 (C), 154.9 (C), 140.9 (C), 134.4 (C), 126.8 (CH),
125.0 (CH), 124.7 (CH), 124.2 (CH), 55.4 (CH), 53.3 (CH3), 43.1 (CHy), 24.6 (CHy),
10.7 (CHzs); IR (CHCls): vmax 3011, 2972, 1684, 1603, 1481. 1461, 1442, 1389, 1348,
1304, 1282, 1193; HRMS ™/, calc. for C13H1sNO3 [M+H]: 234.1125; found: 234.1120 (o
= 2.20 ppm).

General procedure B for the synthesis of substituted quinolones

O O
S o 0 1.120°C,1h
R1Z— 2 2 A OR?2
T + R“O | OR —_— R1:— |
NH, 2. Eaton' t A
OR?2 . Eaton's reagen H
130°C,1h

A modification of the literature procedure reported by Christopoulos, Scammells and
co-workers was used to synthesise the quinolone derivatives.® A mixture of neat
dialkyl alkoxymethylenemalonate (1.05 equiv.) and substituted aniline (1 equiv.) was
stirred at 120 °C for 1 hour. The mixture was allowed to cool to r.t. after which Eaton’s
reagent (0.8 mL per mmol of aniline) was added.**! The mixture was stirred at 130 °C
for 1 hour then cooled to r.t. The reaction mixture was added dropwise to a saturated
agueous solution of NaHCOs3 (15 % volume of Eaton’s reagent). The precipitate that
formed was collected via vacuum filtration and washed sequentially with large amounts

of water, EtOAc and Et,0 to afford the quinolone derivatives as described.

Ethyl 4(1H)-quinolone-3-carboxylate
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General procedure B was followed using compound 61 (9.1 mL, 99.8 mmol) and diethyl
ethoxymethylenemalonate (20.0 mL, 99.9 mmol) to afford ethyl 4(1H)-quinolone-3-
carboxylate as a tan solid (17.4 g, 80.1 mmol, 80%); m.p. >250 °C; *H NMR (400 MHz,
DMSO-ds): 81 12.33 (s, 1H, NH), 8.56 (s, 1H, C2H), 8.17 (dd, J = 8.1, 1.6 Hz, 1H, C5H),
7.71 (ddd, J=8.4, 6.9, 1.6 Hz, 1H, C'H), 7.62 (dd, J = 8.4, 1.2 Hz, 1H, C8H), 7.42 (ddd,
J=8.1,6.9, 1.2 Hz, 1H, C®H), 4.22 (q, J = 7.1 Hz, 2H, C'°H,), 1.29 (t, J = 7.1 Hz, 3H,
C''Hs); C {*H} NMR (101 MHz, DMSO-ds): 8¢ 173.9 (C), 165.3 (C), 145.4 (CH), 139.4
(C), 132.9 (CH), 127.7 (C), 126.1 (CH), 125.2 (CH), 119.3 (CH), 110.2 (C), 60.0 (CH>),
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14.8 (CHs); IR (ATR): vmax 3162, 3127, 3066, 2973, 2900, 1696 (C=0), 1620, 1592,
1553, 1527, 1474, 1441, 1379, 1357, 1339, 1286, 1263, 1214, 1195, 1137, 1109, 1093,
1035, 1022, 962, 938, 849, 800, 761, 741, 684, 627, 612, 563, 492, 422; HRMS "/,
calc. for C12H12NO3 [M+H]: 218.0812; found: 218.0809 (o = 1.10 ppm). These values

are concordant with literature precedents.!*

Methyl 4(1H)-quinolone-3-carboxylate

General procedure B was followed using aniline (0.46 mL, 5.05 mmol) and dimethyl
methoxymethylenemalonate (880 mg, 5.05 mmol) to afford methyl 4(1H)-quinolone-3-
carboxylate as a brown solid (760 mg, 3.74 mmol, 74%); m.p. 227-229 °C; 'H NMR
(400 MHz, DMSO-de): 81 12.36 (s, 1H, NH), 8.58 (s, 1H, C?H), 8.17 (dd, J = 8.1, 1.5
Hz, 1H, C°H), 7.71 (ddd, J = 8.3, 7.0, 1.5 Hz, 1H, C'H), 7.63 (dd, J = 8.3, 1.2 Hz, 1H,
CB8H), 7.42 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H, C®H), 3.75 (s, 3H, C1°Hs); 13C {*H} NMR (101
MHz, DMSO-ds): 8¢ 173.9 (C), 165.9 (C), 145.6 (CH), 139.4 (C), 132.9 (CH), 127.7
(C), 126.1 (CH), 125.2 (CH), 119.3 (CH), 110.0 (C), 51.6 (CHs3); IR (ATR): Vmax 3250,
3163, 3121, 3086, 3048, 3016, 2983, 2952, 2902, 2872, 2819, 1708 (C=0), 1615,
1588, 1533, 1477, 1443, 1373, 1295, 1218, 1205, 1136, 1092, 1042, 1030, 997, 953,
902, 863, 805, 760, 740, 681, 630, 606, 563, 542, 498, 475, 414; HRMS "/, calc. for
C11H10NO3 [M+H]: 204.0655; found: 204.0659 (o = 1.70 ppm).

Ethyl 6-fluoro-4(1H)-quinolone-3-carboxylate

General procedure B was followed using 4-fluoroaniline (0.28 mL, 2.96 mmol) and
diethyl ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 6-fluoro-4(1H)-
quiunolone-3-carboxylate as a tan solid (495 mg, 2.10 mmol, 71%); m.p. >250 °C; H
NMR (500 MHz, DMSO-ds): &+ 12.45 (s, 1H, NH), 8.59 (s, 1H, C?H), 7.81 (dd, J = 9.3,
3.0 Hz, 1H, C°H), 7.72 (dd, J = 9.0, 4.7 Hz, 1H, C®H), 7.63 (ddd, J = 9.0, 8.6, 3.0 Hz,
1H, C™H), 4.23 (q, J = 7.1 Hz, 2H, C'°H), 1.29 (t, J = 7.1 Hz, 3H, C1*H3); 13C {*H} NMR
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(126 MHz, DMSO-ds): 8¢ 173.0 (C), 165.2 (C), 159.7 (d, J = 243.4 Hz, C), 145.4 (CH),
136.2 (C), 129.2 (d, J = 6.6 Hz, C), 122.1 (d, J = 8.3 Hz, CH), 121.5 (d, J = 25.3 Hz,
CH), 110.5 (d, J = 23.0 Hz, CH), 109.5 (C), 60.1 (CH>), 14.8 (CHa); *°F NMR (471 MHz,
DMSO-dg): Or -116.1 (1F); IR (ATR): vmax 3132, 3102, 3046, 2983, 1692 (C=0), 1618,
1593, 1561, 1534, 1483, 1457, 1397, 1381, 1360, 1297, 1280, 1224, 1195, 1168, 1134,
1077, 1031, 956, 910, 893, 858, 826, 798, 756, 747, 724, 631, 608, 566, 539, 520,
462, 432, 407; HRMS ™/, calc. for C12H11FNO3 [M+H]: 236.0717; found: 236.0717 (o =
0.20 ppm). These values are concordant with literature precedents.'®? F NMR and
HRMS data have not previously been obtained for the compound.

Ethyl 6-chloro-4(1H)-quinolone-3-carboxylate

General procedure B was followed using 4-chloroaniline (383 mg, 3.00 mmol) and
diethyl ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 6-chloro-4(1H)-
quinolone-3-carboxylate as a tan solid (513 mg, 2.04 mmol, 68%); m.p. >250 °C; H
NMR (500 MHz, DMSO-dg): dn 12.47 (s, 1H, NH), 8.59 (s, 1H, C?H), 8.08 (d, J = 2.5
Hz, 1H, C°H), 7.76 (dd, J = 8.8, 2.5 Hz, 1H, C'H), 7.68 (d, J = 8.8 Hz, 1H, C8H), 4.23
(q, J = 7.1 Hz, 2H, C¥H,), 1.29 (t, J = 7.1 Hz, 3H, C'Hs); 3C {*H} NMR (126 MHz,
DMSO-ds): 8¢ 172.7 (C), 165.1 (C), 145.7 (CH), 138.2 (C), 133.0 (CH), 129.9 (C), 128.9
(C), 125.1 (CH), 121.8 (CH), 110.5 (C), 60.2 (CH>), 14.8 (CHg3); IR (ATR): Vmax 3152,
3091, 2985, 2906, 1694 (C=0), 1620, 1553, 1525, 1470, 1398, 1378, 1360, 1340,
1294, 1253, 1202, 1187, 1152, 1116, 1104, 1032, 959, 902, 862, 823, 799, 756, 742,
644, 629, 603, 559, 524, 505, 442, 424; HRMS "/, calc. for C12H10**CINNaO; [M+Na]:
274.0241; found: 274.0235 (o = 2.30 ppm). These values are concordant with literature
precedents.’*? 3C {H} NMR and HRMS data have not previously been obtained for
the compound.
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Ethyl 6-bromo-4(1H)-quinolone-3-carboxylate

General procedure B was followed using 4-bromoroaniline (516 mg, 3.00 mmol) and
diethyl ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 6-bromo-4(1H)-
quinolone-3-carboxylate as a tan solid (571 mg, 1.93 mmol, 64%); m.p. >250 °C; H
NMR (500 MHz, DMSO-dg): &n 12.46 (br s, 1H, NH), 8.60 (d, J = 5.2 Hz, 1H, C?H),
8.23 (d, J = 2.4 Hz, 1H, C°H), 7.87 (dd, J = 8.7, 2.4 Hz, 1H, C'H), 7.61 (d, J = 8.7 Hz,
1H, C8H), 4.23 (g, J = 7.1 Hz, 2H, C*°Hy), 1.29 (t, J = 7.1 Hz, 3H, C*Hs); 13C {*H} NMR
(126 MHz, DMSO-ds): dc 172.6 (C), 165.0 (C), 145.7 (CH), 138.5 (C), 135.6 (CH),
129.2 (C), 128.3 (CH), 121.9 (CH), 117.9 (C), 110.6 (C), 60.2 (CH2), 14.8 (CHj3); IR
(ATR): vmax 3152, 3090, 2983, 1693 (C=0), 1617, 1552, 1524, 1468, 1397, 1378, 1359,
1339, 1294, 1252, 1202, 1187, 1153, 1113, 1100, 1032, 960, 902, 861, 823, 799, 756,
742, 644, 630, 618, 598, 557, 519, 500, 438, 422; HRMS ™/, calc. for C12H10"°BrNNaOs
[M+Nal]: 317.9736; found: 317.9733 (o = 1.00 ppm). These values are concordant with

literature precedents. 114134

Ethyl 6-iodo-4(1H)-quinolone-3-carboxylate

General procedure B was followed using 4-iodoaniline (657 mg, 3.00 mmol) and diethyl
ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 6-iodo-4(1H)-
quinolone-3-carboxylate as a tan solid (748 mg, 2.18 mmol, 73%); m.p. >250 °C; H
NMR (500 MHz, DMSO-dg): dn 12.41 (s, 1H, NH), 8.58 (br s, 1H, C?H), 8.43 (d, J=2.0
Hz, 1H, C°H), 8.00 (dd, J = 8.6, 2.0 Hz, 1H, C'H), 7.45 (d, J = 8.6 Hz, 1H, C8H), 4.22
(9, J = 7.1 Hz, 2H, C¥™H,), 1.28 (t, J = 7.1 Hz, 3H, C'Hs); 3C {*H} NMR (126 MHz,
DMSO-dg): &¢c 172.4 (C), 165.0 (C), 145.7 (CH), 141.0 (CH), 138.8 (C), 134.6 (CH),
129.4 (C), 121.7 (CH), 110.8 (C), 90.1 (C), 60.2 (CHy), 14.8 (CH3); IR (ATR): Vmax 3148,
3126, 3087, 3022, 2978, 2937, 2903, 1691 (C=0), 1614, 1549, 1520, 1464, 1395,
1376, 1358, 1335, 1291, 1253, 1203, 1184, 1156, 1108, 1096, 1064, 1029, 961, 948m
903, 886, 858, 821, 799, 756, 742, 629, 612, 586, 556, 514, 494, 441, 418; HRMS "/,
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calc. for C12H11INO3 [M+H]: 343.9778; found: 343.9775 (o = 0.80 ppm). These values

are concordant with literature precedents.*3>1%

Ethyl 6-methyl-4(1H)-quinolone-3-carboxylate

General procedure B was followed using p-toulidine (0.33 mL, 3.00 mmol) and diethyl
ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 6-methyl-4(1H)-
quinolone-3-carboxylate as a tan solid (539 mg, 2.33 mmol, 78%); m.p. >250 °C; H
NMR (500 MHz, DMSO-ds): dn 12.24 (s, 1H, NH), 8.50 (s, 1H, C?H), 7.95 (s, 1H, C°H),
7.64 — 7.43 (m, 2H, C’H, C8H), 4.21 (g, J = 7.1 Hz, 2H, C°Hy), 2.43 (s, 3H, C'?Hjy),
1.28 (t, J=7.1 Hz, 3H, C''Hg); *C {*H} NMR (126 MHz, DMSO-ds): &¢c 173.7 (C), 165.3
(C), 144.9 (CH), 137.4 (C), 134.6 (C), 134.1 (CH), 127.7 (C), 125.4 (CH), 119.2 (CH),
110.0 (C), 60.0 (CHy), 21.3 (CHs3), 14.8 (CHs3); IR (ATR): vmax 3150, 3098, 2983, 2916,
1692 (C=0), 1612, 1589, 1559, 1527, 1488, 1449, 1397, 1377, 1357, 1295, 1205,
1169, 1154, 1115, 1092, 1037, 960, 902, 856, 819, 802, 759, 743, 719, 634, 606, 562,
532, 503, 459, 424; HRMS ™/, calc. for C13H14NO3s [M+H]: 232.0968; found: 232.0968
(o =0.10 ppm). These values are concordant with literature precedents.’*” HRMS data

has not previously been obtained for the compound.

Ethyl 6-ethyl-4(1H)-quinolone-3-carboxylate

General procedure B was followed using 4-ethylaniline (0.37 mL, 2.98 mmol) and
diethyl ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 6-ethyl-4(1H)-
quinolone-3-carboxylate as a tan solid (559 mg, 2.28 mmol, 77%); m.p. >250 °C; H
NMR (400 MHz, DMSO-dg): 61 12.26 (d, J = 6.7 Hz, 1H, NH), 8.51 (d, J = 6.7 Hz, 1H,
C2?H), 7.97 (d, J = 1.9 Hz, 1H, C°H), 7.58 (dd, J = 8.4, 1.9 Hz, 1H, C'H), 7.55 (d, J =
8.4 Hz, 1H, C8H), 4.21 (g, J = 7.1 Hz, 2H, C'°H,), 2.73 (g, J = 7.6 Hz, 2H, C'?H,), 1.28
(t, J = 7.1 Hz, 3H, C'H3), 1.23 (t, J = 7.6 Hz, 3H, C13Hs); 13C {*H} NMR (101 MHz,
DMSO-ds): 8¢ 173.8 (C), 165.3 (C), 144.9 (CH), 140.9 (C), 137.6 (C), 133.1 (CH), 127.7
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(C), 124.1 (CH), 119.3 (CH), 109.9 (C), 60.0 (CH>), 28.3 (CH>), 16.0 (CHa), 14.8 (CHs3);
IR (ATR): vmax 3159, 3099, 2962, 2928, 1696 (C=0), 1612, 1588, 1558, 1527, 1486,
1456, 1411, 1395, 1377, 1358, 1287, 1203, 1166, 1093, 1063, 1034, 981, 963, 949,
910, 898, 852, 830, 803, 760, 744, 716, 634, 609, 587, 526, 464, 424; HRMS "/, calc.
for C14H16NO3 [M+H]: 246.1125; found: 246.1125 (o = 0.10 ppm). These values are
concordant with literature precedents.*** IR data has not previously been obtained for
the compound.

Ethyl 6-isopropyl-4(1H)-quinolone-3-carboxylate

General procedure B was followed using 4-isopropylaniline (0.41 mL, 3.00 mmol) and
diethyl ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 6-isopropyl-
4(1H)-quinolone-3-carboxylate as an off-white solid (537 mg, 0.690 mmol, 69%); m.p.
>250 °C; 'H NMR (400 MHz, DMSO-ds): dn 12.28 (s, 1H, NH), 8.51 (s, 1H C2H), 8.00
(d, J=2.1Hz, 1H, C°H), 7.63 (dd, J = 8.5, 2.1 Hz, 1H, C'H), 7.56 (d, J = 8.5 Hz, 1H,
C8H), 4.21 (9, J = 7.1 Hz, 2H, C'°H,), 3.03 (hept, J = 6.9 Hz, 1H, C*?H), 1.28 (t, J=7.1
Hz, 3H, C''Hs), 1.25 (d, J = 6.9 Hz, 6H, 2 x C*3Hs); 3C {*H} NMR (101 MHz, DMSO-
ds): 6c 173.9 (C), 165.3 (C), 145.4 (C), 144.9 (CH), 137.7 (C), 131.8 (CH), 127.7 (C),
122.6 (CH), 119.3 (CH), 109.9 (C), 60.0 (CH), 33.6 (CH), 24.3 (CHs), 14.8 (CHs); IR
(ATR): vimax 3228, 3181, 3055, 2950, 2906, 2869, 1707 (C=0), 1634, 1588, 1557, 1535,
1488, 1412, 1394, 1376, 1358, 1332, 1308, 1288, 1208, 1182, 1148, 1092, 1034, 965,
908, 830, 806, 758, 744, 689, 632, 609, 593, 555, 535, 486, 456, 429; HRMS ™/, calc.
for C1sH1sNO3 [M+H]: 260.1281; found: 260.1282 (o = 0.30 ppm). These values are
concordant with literature precedents.®®* IR data has not previously been obtained for
the compound.
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Ethyl 6-tert-butyl-4(1H)-quinolone-3-carboxylate

General procedure B was followed using 4-tert-butylaniline (0.48 mL, 3.01 mmol) and
diethyl ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 6-tert-butyl-
4(1H)-quinolone-3-carboxylate as a white solid (613 mg, 2.24 mmol, 75%); m.p. >250
°C; *H NMR (400 MHz, DMSO-d¢): & 12.27 (s, 1H, NH), 8.52 (s, 1H, C?H), 8.14 (d, J
= 2.3 Hz, 1H, C°H), 7.81 (dd, J = 8.7, 2.3 Hz, 1H, C'H), 7.57 (d, J = 8.7 Hz, 1H, C8H),
4.21 (q, J = 7.1 Hz, 2H, C¥™Hy), 1.34 (s, 9H, 3 x C'3H3), 1.28 (t, J = 7.1 Hz, 3H); 3C
{*H} NMR (101 MHz, DMSO-ds): dc 174.0 (C), 165.4 (C), 147.7 (C), 144.9 (CH), 137.4
(C), 130.9 (CH), 127.2 (C), 121.3 (CH), 119.1 (CH), 110.0 (C), 60.0 (CHy), 35.0 (C),
31.5 (CHs), 14.8 (CHg3); IR (ATR): vmax 3160, 3096, 2962, 1699 (C=0), 1614, 1583,
1558, 1528, 1490, 1394, 1377, 1359, 1288, 1254, 1204, 1187, 1153, 1115, 1092, 1033,
963, 950, 910, 831, 805, 744, 633, 605, 542, 504, 466, 424; HRMS ™/, calc. for
C16H20NO3 [M+H]: 274.1438; found: 274.1430 (o = 2.70 ppm).

Ethyl 6-methoxy-4(1H)-quinolone-3-carboxylate

General procedure B was followed using p-anisidine (369 mg, 3.00 mmol) and diethyl
ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 6-methoxy-4(1H)-
guinolone-3-carboxylate as a brown solid (351 mg, 1.42 mmol, 47%); m.p. >250 °C;
'H NMR (400 MHz, DMSO-ds): dn 12.30 (d, J = 6.4 Hz, 1H, NH), 8.49 (d, J = 6.4 Hz,
1H, C?H), 7.59 (d, J = 8.9 Hz, 1H, C®H), 7.58 (d, J = 3.0 Hz, C°H), 7.34 (dd, J = 8.9,
3.0 Hz, 1H, C™H), 4.22 (g, J = 7.1 Hz, 2H, C°H,), 3.85 (s, 3H, C?H3), 1.28 (t, J = 7.1
Hz, 3H, C'Hs); *C {*H} NMR (101 MHz, DMSO-ds): &¢c 173.3 (C), 165.4 (C), 157.0
(C), 144.1 (CH), 133.8 (C), 129.0 (C), 122.6 (CH), 121.0 (CH), 109.1 (C), 106.0 (CH),
59.9 (CH,), 55.9 (CHs), 14.8 (CHs); IR (ATR): vmax 3153, 3098, 2904, 1699 (C=0),
1615, 1582, 1558, 1526, 1487, 1468, 1441, 1379, 1293, 1266, 1231, 1197, 1170, 1139,
1085, 1032, 973, 903, 874, 824, 798, 745, 716, 631, 605, 576, 558, 527, 491, 450,
430; HRMS ™/, calc. for C13H14NO4 [M+H]: 248.0917; found: 248.0916 (o = 0.40 ppm).

138



Only melting point and *H NMR (84 to 1 d.p., no J couplings) previously been collected

on the compound.3®

Ethyl 6-trifluoromethyl-4(1H)-quinolone-3-carboxylate

General procedure B was followed using 4-(trifluoromethyl)aniline (0.38 mL, 3.03
mmol) and diethyl ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 6-
trifluoromethyl-4(1H)-quinolone-3-carboxylate as a tan solid (568 mg, 1.99 mmol,
66%); m.p. >250 °C; 'H NMR (500 MHz, DMSO-d¢): o1 12.62 (s, 1H, NH), 8.66 (s, 1H,
C?H), 8.41 (d, J = 2.2 Hz, 1H, C°H), 8.04 (dd, J = 8.7, 2.2 Hz, 1H, C'H), 7.84 (d, J =
8.7 Hz, 1H, C®H), 4.24 (q, J = 7.1 Hz, 2H, C%¥H,), 1.30 (t, J = 7.1 Hz, 3H, C*Ha); 3C
{*H} NMR (126 MHz, DMSO-ds): 6c 173.2 (C), 164.9 (C), 146.5 (CH), 141.9 (C), 129.0
(g, J = 3.0 Hz, CH), 127.2 (C), 125.27 (q, J = 32.2 Hz), 124.3 (q, J = 272.5 Hz, C),
123.57 (q, J = 4.4 Hz, CH), 121.1 (CH), 111.5 (C), 60.3 (CH,), 14.8 (CH3); **F NMR
(376 MHz, DMSO-ds): & -60.7 (1F); IR (ATR): vmax 3146, 3090, 2989, 1693 (C=0),
1636, 1613, 1595, 1561, 1529, 1496, 1454, 1409, 1380, 1361, 1322, 1294, 1253, 1208,
1195, 1172, 1145, 1100, 1066, 1028, 972, 924, 895, 862, 837, 803, 762, 743, 714,
633, 618, 595, 517, 419; HRMS ™/, calc. for CisH10FsNNaO3; [M+Na]: 308.0505; found:
308.0506 (o = 0.20 ppm). These values are concordant with literature precedents.!3?

1F NMR and HRMS data have not previously been obtained for the compound.

Ethyl 5,7-difluoro-4(1H)-quinolone-3-carboxylate

General procedure B was followed using 3,5-difluoroaniline (387 mg, 3.00 mmol) and
diethyl ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 5,7-difluoro-
4(1H)-quinolone-3-carboxylate as a tan solid (471 mg, 1.86 mmol, 62%); m.p. >250
°C (lit. 313 °C); *H NMR (500 MHz, DMSO-ds): 31 12.32 (s, 1H, NH), 8.50 (s, 1H, C*H),
7.26 — 7.14 (m, 2H, C°H, C8H), 4.21 (q, J = 7.1 Hz, 2H, C°H,), 1.28 (t, J = 7.1 Hz, 3H,
C'Hs); 3C {*H} NMR (126 MHz, DMSO-ds): 8¢ 172.1 (C), 164.8 (C), 163.6 (dd, J =
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249.7, 14.6 Hz, C), 162.7 (dd, J = 263.9, 15.0 Hz, C), 145.2 (CH), 142.8 (dd, J = 13.6,
5.1 Hz, C), 114.6 (dd, J = 8.6, 2.5 Hz, C), 112.4 (C), 101.3 (app. t, J = 26.1 Hz, CH),
101.1 (dd, J = 25.2, 4.6 Hz, CH), 60.2 (CH>), 14.7 (CHa); °F NMR (471 MHz, DMSO-
ds): OF -103.8 (1F), -107.5 (1F); IR (ATR): vmax 3093, 2984, 2934, 1701 (C=0), 1618,
1597, 1568, 1537, 1454, 1424,1372,1361, 1294, 1251, 1212,1180, 1112, 1071, 1029,
1000, 925, 873, 828, 807, 761, 749, 677, 645, 623, 600, 559, 543, 511, 469, 408;
HRMS ™/, calc. for C12HsF2NNaOs [M+Nal]: 276.0443; found: 276.0442 (o = 0.40 ppm).
These values are concordant with literature precedents.®®* NMR, HRMS and IR data
have not previously been obtained for the compound.

Ethyl 5,7-dichloro-4(1H)-quinolone-3-carboxylate

General procedure B was followed using 3,5-dichloroaniline (486 mg, 3.00 mmol) and
diethyl ethoxymethylenemalonate (0.63 mL, 3.15 mmol) to afford ethyl 5,7-dichloro-
4(1H)-quinolone-3-carboxylate as a tan solid (561 mg, 1.96 mmol, 65%); m.p. >250
°C (lit. 306 °C); *H NMR (500 MHz, DMSO-ds): &1 12.28 (s, 1H, NH), 8.50 (s, 1H, C?H),
7.61 (d, J = 2.1 Hz, 1H, C®H), 7.49 (d, J = 2.1 Hz, 1H, C®H), 4.22 (g, J = 7.1 Hz, 2H,
C1%H,), 1.28 (t, J = 7.1 Hz, 3H, C1H3); 13C {*H} NMR (126 MHz, DMSO-ds): d¢c 164.9
(C), 144.7 (CH), 140.2 (C), 136.3 (C), 134.7 (C), 127.2 (CH), 122.4 (C), 118.0 (CH),
112.8 (C), 60.3 (CHy), 14.8 (CHj3), missing peak for C* due to low signal intensity; IR
(ATR): vmax 3138, 3083, 2985, 2938, 1699, 1606, 1585, 1552, 1516, 1475, 1426, 1374,
1359, 1331, 1290, 1260, 1225, 1178, 1134, 1107, 1082, 1032, 972, 921, 881, 853,
843, 798, 756, 715, 673, 628, 603, 574, 521, 475, 460, 426, 409; HRMS ™/, calc. for
C12Hg**CI,NNaOs; [M+Nal]: 307.9852; found: 307.9852 (o = 0.00 ppm). These values
are concordant with literature precedents.*® HRMS and IR data has not previously

been obtained for the compound. NMR data only previously collected in TFA-d.14°
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General procedure C for the synthesis of protected compounds 118 and 135-
148

(o) (o) . (o) (o)
Boc,O (1.2 equiv.)
OR' NEt; (3 equiv.) OR'
R | . R |
N N
H DMF, r.t. Boc

To a stirring suspension of the substituted quinolone (1 equiv.) and NEts (3 equiv.) in
DMF (0.17 M solution) at r.t. was added Boc,0O (1.2 equiv.). The suspension was stirred
until it became homogeneous after which the solution was diluted with EtOAc and
washed thoroughly with a 5% w/w aqueous solution of LiCl (at least 5 times until DMF
was completely removed). The organic phase was dried (MgSQOa4), concentrated in
vacuo and eluted through a plug of silica (Et.O) to afford the crude product. The solid
material was stirred in a small volume of Et>O at -78 °C for 10 minutes and filtered
cold. The collected solid was washed with a small volume of Et,O (cooled to -78 °C)
and dried under vacuum for 15 minutes to afford the protected quinolone derivatives

as described.

1-tert-Butyl 3-ethyl 4(1H)-quinolone-1,3-dicarboxylate 117

5 o 13
4a 12
6 4 o/\
3
1 . 14
8a N

117

General procedure C was followed using ethyl 4(1H)-quinolone-3-carboxylate (6.85 g,
31.5 mmol) and di-tert-butyl dicarbonate (11.0 mL, 47.9 mmol) to afford compound 117
as an off-white solid (7.37 g, 23.2 mmol, 74%); m.p. >250 °C; 'H NMR (400 MHz,
CDCls): 84 9.17 (s, 1H, C2H), 8.52 (app d, J = 8.8 Hz, 1H, C8H), 8.48 (dd, J = 8.0, 1.8
Hz, 1H, C°H), 7.70 (ddd, J = 8.8, 7.1, 1.8 Hz, 1H, C®H), 7.49 (ddd, J = 8.0, 7.1, 1.0 Hz,
1H, C™H), 4.44 (q, J = 7.1 Hz, 2H, C3H,), 1.73 (s, 9H, 3 x C'1H3), 1.44 (t, J = 7.1 Hz,
3H, CHs); 13C {*H} NMR (101 MHz, CDCls): d¢c 174.9 (C), 164.8 (C), 149.2 (C), 145.0
(CH), 137.5 (C), 132.9 (CH), 128.0 (C), 127.4 (CH), 126.1 (CH), 119.8 (CH), 113.4 (C),
87.9 (C), 61.3 (CH2), 27.9 (CHs), 14.3 (CHs); IR (ATR): Vmax 2990, 2938, 2910, 1764,
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1734 (C=0), 1639 (C=0), 1612, 1599, 1561, 1469, 1415, 1400, 1367, 1321, 1299,
1275, 1230, 1200, 1163, 1148, 1129, 1087, 1053, 1013, 953, 933, 877, 853, 833, 780,
750, 727,707, 683, 638, 590, 555, 499, 449, 412; HRMS "/, calc. for C17H20NOs [M+H]:
318.1336; found: 318.1331 (o = 1.40 ppm). These values are concordant with literature

precedents.!4

1-tert-Butyl 3-methyl 4(1H)-quinolone-1,3-dicarboxylate 135

5 0 Q 13
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General procedure C was followed using the methyl 4(1H)-quinolone-3-carboxylate
(203 mg, 1.00 mmol) and di-tert-butyl dicarbonate (0.35 mL, 1.52 mmol) to afford
compound 135 as an off-white solid (184 mg, 0.607 mmol, 61%); m.p. 199-201 °C
(decomposition); *H NMR (400 MHz, DMSO-dg): &4 9.18 (s, 1H, C?H), 8.54 — 8.46 (m,
2H, C°H, C®H), 7.70 (ddd, J = 8.9, 7.1, 1.8 Hz, 1H, C®H), 7.49 (ddd, J = 8.0, 7.1, 1.0
Hz, 1H, C'H), 3.97 (s, 3H, C¥Ha), 1.73 (s, 9H, 3 x CHg); *C {*H} NMR (101 MHz,
DMSO-ds): 6¢c 174.9 (C), 165.5 (C), 149.2 (C), 146.8 (C), 145.3 (CH), 137.5 (C), 132.9
(CH), 127.4 (CH), 126.1 (CH), 119.8 (CH), 113.0 (C), 88.0 (CH2) 52.5 (CHs), 27.9
(CH3); IR (ATR): vmax 3150, 3116, 2986, 2953, 1809, 1737 (C=0), 1636 (C=0), 1600,
1563, 1466, 1439, 1401, 1372, 1248, 1324, 1304, 1263, 1245, 1223, 1187,1117, 1100,
1067, 1053, 1012, 995, 964, 932, 887, 832, 814, 798, 759, 678, 665, 600, 551, 519,
497, 458, 406; HRMS ™/, calc. for C16H1sNOs [M+H]: 304.1179; found: 304.1178 (0 =
0.60 ppm).
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3-Benzhydryl 1-tert-butyl 4(1H)-quinolone-1,3-dicarboxylate 136

5 4a 12 13
6 4 I 0" 12
1 2 15 17
s 8a N 16
0" 90
10
11
136

Ethyl 4(1H)-quinolone-3-carboxylate (430 mg, 2.00 mmol) was suspended in 2 N
agqueous NaOH (5 mL) and heated to reflux for 1 hour. The reaction mixture was then
cooled to rt and acidified to pH 2 with 2 N aqueous HCI. The precipitate was filtered
via suction and washed with copious water. The collected solid (189 mg) was
suspended in DMF (1 mL) and was stirred under argon and heated until it was
homogeneous after which the solution was allowed to cool to r.t. To the solution was
added oxalyl chloride (86 pL, 1.00 mmol) dropwise; the solution was allowed to stir
under argon at r.t. for 15 minutes after which a precipitate had formed. Pyridine (2 mL)
was added to the suspension which again became homogeneous. To the solution was
added benzhydrol (184 mg, 1.00 mmol) and the solution was left to stir under argon at
r.t. for 15 minutes. The solution was quenched with H,O (3 mL) forming a precipitate
which was filtered off and washed comprehensively with H.O; *H NMR and TLC
analysis confirmed complete conversion to the benzhydryl ester (ca. 85% purity) which
was carried into the next step without further purification. The crude mixture was
subjected to General procedure C with di-tert-butyl dicarbonate (0.35 mL, 1.52 mmol)
to afford compound 136 as an off-white solid (196 mg, 0.430 mmol, 43% over 3 steps)
(ca. 90% purity, small amount of tert-butanol present in final sample); m.p. 216-218 °C
(decomposition); *H NMR (400 MHz, DMSO-ds): & 9.23 (s, 1H, C?H), 8.57 — 8.50 (m,
2H, C®H, CBH), 7.70 (ddd, J = 8.8, 7.1, 1.8 Hz, 1H, C°H), 7.60 — 7.55 (m, 4H, 4 x C15H),
7.50 (ddd, J =8.1, 7.1, 1.0 Hz, 1H, C'H), 7.42 — 7.35 (m, 4H, 4 x C'®H), 7.32 - 7.26
(m, 2H, 4 x CY'H) overlapped by solvent peak, 7.14 (s, 1H, C*3¥H), 1.71 (s, 9H, 3 x
C'Hs); 13C {*H} NMR (101 MHz, DMSO-ds): d¢c 174.8 (C), 163.8 (C), 149.1 (C), 145.5
(CH), 140.5 (2 x C), 137.5 (C), 132.9 (CH), 128.6 (CH), 128.1 (C), 127.8 (CH), 127.4
(CH), 127.1 (CH), 126.2 (CH), 119.8 (CH), 113.0 (C), 77.9 (CH), 27.9 (CH3); IR (ATR):
Vmax 3089, 3064, 3008, 2986, 2935, 2855, 1808, 1768, 1732 (C=0), 1688 (C=0), 1650
(C=0), 1606, 1561, 1496, 1471, 1459, 1393, 1372, 1346, 1317, 1303, 1277, 1236,
1213, 1192, 1165, 1151, 1127, 1101, 1070, 1016, 963, 939, 925, 873, 855, 844, 807,
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798, 773, 756, 744, 701, 655, 641, 619, 599, 588, 561, 544, 496, 454, 411; HRMS "/,
calc. for C2sH26NOs [M+H]: 456.1805; found: 456.1802 (o = 0.80 ppm).

1-tert-Butyl 3-ethyl 6-fluoro-4(1H)-quinolone-1,3-dicarboxylate 137
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General procedure C was followed using ethyl 6-fluoro-4(1H)-quinolone-3-carboxylate
(118 mg, 0.502 mmol) and di-tert-butyl dicarbonate (0.17 mL, 0.740 mmol) to afford
compound 137 as a yellow solid (98 mg, 0.292 mmol, 58%); m.p. >250 °C; 'H NMR
(400 MHz, CDCls): d4 9.18 (s, 1H, C?H), 8.61 (dd, J = 9.5, 4.4 Hz, 1H, C8H), 8.11 (dd,
J=8.7,3.2 Hz, 1H, C°H), 7.41 (ddd, J = 9.5, 7.3, 3.2 Hz, 1H, C'H), 4.43 (q, J = 7.2 Hz,
2H, C*®Hy), 1.73 (s, 9H, 3 x C'H3), 1.44 (t, J = 7.2 Hz, 3H, C*Hj3); 3C {*H} NMR (101
MHz, CDCls): 8¢ 173.9 (d, J = 2.8 Hz, C), 164.6 (C), 160.3 (d, J = 248.8 Hz, C), 149.0
(C), 145.1 (CH), 133.9(d, J=2.2 Hz, C), 130.2 (d,J=7.2 Hz, C), 122.5 (d, J = 7.8 Hz,
CH), 121.0 (d, J = 24.1 Hz, CH), 112.8 (C), 112.6 (d, J = 23.3 Hz, CH), 88.3 (C), 61.5
(CHy), 27.9 (CHs), 14.3 (CHs); °*F NMR (376 MHz, CDCls): & -114.1 (1F); IR (ATR):
Vmax 3160, 3078, 2932, 2872, 1771, 1733 (C=0), 1644 (C=0), 1616, 1572, 1479, 1456,
1393, 1368, 1327, 1298, 1266, 1232, 1196, 1170, 1133, 1077, 1048, 1023, 973, 947,
890, 854, 829, 803, 761, 732, 707, 636, 581, 562, 501, 456, 421; HRMS ™/, calc. for
C17H16FNOs [M+H]: 336.1242; found: 336.1239 (o = 0.90 ppm).
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1-tert-Butyl 3-ethyl 6-chloro-4(1H)-quinolone-1,3-dicarboxylate 138
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General procedure C was followed using ethyl 6-chloro-4(1H)-quinolone-3-carboxylate
(252 mg, 1.00 mmol) and di-tert-butyl dicarbonate (0.35 mL, 1.52 mmol) to afford
compound 138 as an off-white solid (225 mg, 0.640 mmol, 64%); m.p. >250 °C; H
NMR (400 MHz, CDCls): 84 9.16 (s, 1H, C?H), 8.54 (d, J = 9.3 Hz, 1H, C®H), 8.42 (d, J
= 2.7 Hz, 1H, C%H), 7.63 (dd, J = 9.3, 2.7 Hz, 1H, C'H), 4.43 (q, J = 7.1 Hz, 2H, C*3H,),
1.73 (s, 9H, 3 x C''H3), 1.44 (t, J = 7.1 Hz, 3H, C**Hs); 13C {*H} NMR (101 MHz, CDCly):
0c 173.7 (C), 164.5 (C), 148.9 (C), 145.1 (CH), 135.9 (C), 133.0 (CH), 132.4 (C), 129.3
(C), 126.7 (CH), 121.7 (CH), 113.5 (C), 88.4 (C), 61.5 (CHy), 27.9 (CHs3), 14.3 (CHs);
IR (ATR): vmax 3147, 3129, 29865, 2932, 2870, 1773, 1731 (C=0), 1646 (C=0), 1613,
1596, 1552, 1470, 1394, 1369, 1298, 1255, 1226, 1142, 1107, 1023, 946, 907, 861,
829, 804, 761, 705m 658, 552; HRMS ™/, calc. for C17H19**CINOs [M+H]: 352.0946;
found: 352.0942 (o = 1.40 ppm).

1-tert-Butyl 3-ethyl 6-bromo-4(1H)-quinolone-1,3-dicarboxylate 139
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General procedure C was followed using ethyl 6-bromo-4(1H)-quinolone-3-
carboxylate (296 mg, 1.00 mmol) and di-tert-butyl dicarbonate (0.35 mL, 1.52 mmol)
to afford compound 139 as a pale-orange solid (249 mg, 0.629 mmol, 63%); m.p. >250
°C; 'H NMR (400 MHz, CDClz): dn 9.16 (s, 1H, C?H), 8.58 (d, J = 2.5 Hz, 1H, C°H),
8.46 (d, J =9.3 Hz, 1H, C®H), 7.77 (dd, J = 9.3, 2.5 Hz, 1H, C'H), 4.43 (9, J = 7.1 Hz,
2H, C*®Hy), 1.73 (s, 9H, 3 x C'H3), 1.43 (t, J = 7.1 Hz, 3H, C*Hj3); 3C {*H} NMR (101
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MHz, CDCls): 8¢ 173.6 (C), 164.4 (C), 148.9 (C), 145.1 (CH), 136.4 (C), 135.8 (CH),
129.9 (CH), 129.5 (C), 121.8 (CH), 120.2 (C), 113.6 (C), 88.4 (C), 61.5 (CHy), 27.9
(CHs), 14.3 (CHz3); IR (ATR): vmax 3146, 3127, 306, 2980, 2931, 2871, 1772, 1730
(C=0), 1646 (C=0), 1612, 1590, 1549, 1467, 1454, 1438, 1392, 1369, 1352, 1297,
1255, 1226, 1207, 1141, 1100, 1046, 1020, 946, 907, 873, 857, 827, 803, 760, 725,
704, 680, 646, 616, 550, 536, 479, 451, 413; HRMS "/, calc. for C17H19"°BrNOs [M+H]:
396.0441; found: 396.0446 (o = 1.20 ppm).

1-tert-Butyl 3-ethyl 6-iodo-4(1H)-quinolone-1,3-dicarboxylate 140
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General procedure C was followed using ethyl 6-iodo-4(1H)-quinolone-3-carboylate
(343 mg, 1.00 mmol) and di-tert-butyl dicarbonate (0.35 mL, 1.52 mmol) to afford
compound 140 as a pale-orange solid (300 mg, 0.677 mmol, 68%); m.p. >250 °C; H
NMR (400 MHz, CDCls): &n 9.15 (s, 1H, C?H), 8.78 (d, J = 2.3 Hz, 1H, C®H), 8.31 (d, J
=9.2 Hz, 1H, C8H), 7.95 (dd, J = 9.2, 2.3 Hz, 1H, C"H), 4.43 (g, J = 7.1 Hz, 2H, C'3H,),
1.72 (s, 9H, 3 x C¥H3), 1.43 (t, J = 7.1 Hz, 3H); 3C {*H} NMR (101 MHz, CDCls): 8¢
173.4 (C), 164.4 (C), 148.9 (C), 145.0 (CH), 141.4 (CH), 137.0 (C), 136.2 (CH), 129.5
(C), 121.8 (CH), 113.8 (C), 91.1 (C), 88.4 (C), 61.5 (CH>), 27.9 (CHs), 14.3 (CHa); IR
(ATR): vmax 3144, 3059, 2977, 2931, 2870, 1772, 1730 (C=0), 1646 (C=0), 1611,
1583, 1545, 1466, 1454, 1434, 1392, 1366, 1350, 1297, 1255, 1228, 1206, 1158, 1136,
1096, 1045, 1018, 943, 908, 873, 855, 826, 802, 761, 725, 704, 679, 643, 611, 549,
528, 477, 451, 411; HRMS ™/, calc. for C17H19INOs [M+H]: 444.0302; found: 444.0298
(o =1.00 ppm).
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1-tert-Butyl 3-ethyl 6-methyl-4(1H)-quinolone-1,3-dicarboxylate 141
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General procedure C was followed using ethyl 6-methyl-4(1H)-quinolone-3-
carboxylate (116 mg, 0.502 mmol) and di-tert-butyl dicarbonate (0.17 mL, 0.740 mmol)
to afford compound 141 as an off-white solid (122 mg, 0.370 mmol, 74%); m.p. >250
°C; 'H NMR (400 MHz, CDClg): dn 9.14 (s, 1H, C?H), 8.41 (d, J = 8.9 Hz, 1H, C®H),
8.26 (d, J = 2.3 Hz, 1H, C°H), 7.50 (dd, J = 8.9, 2.3 Hz, 1H, C'H), 4.43 (9, J = 7.1 Hz,
2H, C*®Hy), 2.48 (s, 3H, C¥®H3), 1.72 (s, 9H, 3 x C1H3), 1.43 (t, J = 7.1 Hz, 3H, C'*Hy);
13C {*H} NMR (101 MHz, CDClz): 8¢ 175.0 (C), 164.9 (C), 149.3 (C), 144.7 (CH), 136.1
(C), 135.4 (C), 134.1 (CH), 127.9 (C), 126.9 (CH), 119.7 (CH), 113.2 (C), 87.7 (C),
61.3 (CHy), 27.9 (CHs3), 20.9 (CHgs), 14.3 (CHs); IR (ATR): vmax 3158, 3132, 2988, 2908,
1763, 1735 (C=0), 1638, 1609, 1558, 1529, 1480, 1436, 1375, 1365, 1324, 1297,
1275, 1229, 1195, 1177, 1159, 1133, 1084, 1052, 1032, 955, 904, 879, 843, 831, 807,
768, 746, 702, 639, 607, 576, 556, 526, 496, 458, 434, 414; HRMS ™/, calc. for
Ci1sH22NOs [M+H]: 332.1492; found: 332.1478 (0 = 4.50 ppm).

1-tert-Butyl 3-ethyl 6-ethyl-4(1H)-quinolone-1,3-dicarboxylate 142
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General procedure C was followed using ethyl 6-ethyl-4(1H)-quinolone-3-carboxylate
(123 mg, 0.502 mmol) and di-tert-butyl dicarbonate (0.17 mL, 0.740 mmol) to afford
compound 142 as an off-white solid (127 mg, 0.368 mmol, 74%); m.p. 248-250 °C; 'H
NMR (400 MHz, CDCls): d4 9.14 (s, 1H, C?H), 8.43 (d, J = 8.9 Hz, 1H, C®H), 8.29 (d, J
= 2.4 Hz, 1H, C%H), 7.53 (dd, J = 8.9, 2.4 Hz, 1H, C"H), 4.43 (g, J = 7.1 Hz, 2H, C13Hy),
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2.79 (q, J=7.6 Hz, 2H, C*®H,), 1.72 (s, 9H, 3 x C'Hj3), 1.44 (t, J = 7.1 Hz, 3H, C'*Hj3),
1.31 (t, J = 7.6 Hz, 3H, C®H3); *C {*H} NMR (101 MHz, CDCls): 8¢ 175.1 (C), 165.0
(C), 149.3 (C), 144.7 (CH), 142.4 (C), 135.6 (C), 133.0 (CH), 128.0 (C), 125.7 (CH),
119.8 (CH), 113.2 (C), 87.7 (C), 61.3 (CH>), 28.2 (CH>), 27.9 (CHa), 15.3 (CH3), 14.3
(CH3); IR (ATR): vmax 3135, 2975, 2933, 2874, 1767, 1732 (C=0), 1642 (C=0), 1611,
1561, 1525, 1479, 1446, 1397, 1366, 1331, 1303, 1277, 1227, 1196, 1179, 1134, 1090,
1070, 1047, 1025, 947, 914, 875, 848, 835, 805, 761, 704, 691, 639, 593, 569, 491,
459, 418; HRMS M/, calc. for C19H24NOs [M+H]: 346.1649; found: 346.1641 (o = 2.20

ppm).

1-tert-Butyl 3-ethyl 6-isopropyl-4(1H)-quinolone-1,3-dicarboxylate 143

General procedure C was followed using ethyl 6-isopropyl-4(1H)-quinolone-3-
carboxylate (129 mg, 0.498 mmol) and di-tert-butyl dicarbonate (0.17 mL, 0.740 mmol)
to afford compound 143 as an off-white solid (123 mg, 0.343 mmol, 69%); m.p. >250
°C; 'H NMR (400 MHz, CDCls): 84 9.14 (s, 1H, C2H), 8.44 (d, J = 9.0 Hz, 1H, C8H),
8.32 (d, J = 2.4 Hz, 1H, C°H), 7.57 (dd, J = 9.0, 2.4 Hz, 1H, C"H), 4.43 (q, J = 7.1 Hz,
2H, C®3H,), 3.07 (hept, J = 6.9 Hz, 1H, C¥5H), 1.72 (s, 9H, 3 x C11Hs), 1.44 (t, J = 7.1
Hz, 3H, C'*H3), 1.32 (d, J = 6.9 Hz, 6H, 2 x C®H3); 3C {*H} NMR (101 MHz, CDCls):
Sc 175.1 (C), 165.0 (C), 149.3 (C), 146.9 (C), 144.7 (CH), 135.6 (C), 131.7 (CH), 128.0
(C), 124.3 (CH), 119.8 (CH), 113.2 (C), 87.7 (C), 61.3 (CH>), 33.6 (CH), 27.9 (CHs),
23.8 (CHs3), 14.3 (CHg3); IR (ATR): vmax 3165, 3113, 2977, 2902, 2876, 1735 (C=0),
1642 (C=0), 1608, 1480, 1438, 1396, 1377, 1368, 1330, 1306, 1273, 1251, 1221,
1188, 1130, 1088, 1031, 958, 933, 916, 898, 837, 821, 806, 761, 715, 648, 608, 573,
457, 407; HRMS ™/, calc. for C2oH26NOs [M+H]: 360.1805; found: 360.1799 (c = 1.80

ppm).
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1-tert-Butyl 3-ethyl 6-tert-butyl-4(1H)-quinolone-1,3-dicarboxylate 144

General procedure C was followed using ethyl 6-tert-butyl-4(1H)-quinolone-3-
carboxylate (136 mg, 0.498 mmol) and di-tert-butyl dicarbonate (0.17 mL, 0.740 mmol)
to afford compound 144 as an off-white solid (134 mg, 0.359 mmol, 72%); m.p. >250
°C; 'H NMR (400 MHz, CDClg): dn 9.14 (s, 1H, C?H), 8.48 (d, J = 2.5 Hz, 1H, C°H),
8.45 (d, J = 9.2 Hz, 1H, C®H), 7.74 (dd, J = 9.2, 2.5 Hz, 1H, C'H), 4.43 (9, J = 7.1 Hz,
2H, CBHy), 1.72 (s, 9H, 3 x C'H3), 1.44 (t, J = 7.1 Hz, 3H, C%¥Hs), 1.40 (s, 9H, 3 x
CH3); 3C {*H} NMR (101 MHz, CDCls): 8¢ 175.2 (C), 165.1 (C), 149.3 (C), 149.3 (C),
144.7 (CH), 135.4 (C), 130.7 (CH), 127.7 (C), 123.3 (CH), 119.6 (CH), 113.3 (C), 87.7
(C), 61.3 (CHy), 34.8 (C), 31.1 (CHs), 27.9 (CHs), 14.3 (CHs); IR (ATR): Vmax 3154,
3101, 2971, 2908, 2872, 1758, 1699 (C=0), 1651 (C=0), 1605, 1558, 1527, 1485,
1463, 1439, 1395, 1374, 1346, 1325, 1289, 1266, 1240, 1203, 1175, 1145, 1123, 1094,
1026, 958, 927, 916, 891, 847, 817, 805, 779, 763, 709, 652, 596, 580, 527, 475, 456;
HRMS ™/, calc. for C21H2sNOs [M+H]: 374.1962; found: 374.1960 (o = 0.50 ppm).

1-tert-Butyl 3-ethyl 6-trifluoromethyl-4(1H)-quinolone-1,3-dicarboxylate 145
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General procedure C was followed using ethyl 6-trifluoromethyl-4(1H)-quinolone-3-
carboxylate (285 mg, 1.00 mmol) and di-tert-butyl dicarbonate (0.35 mL, 1.52 mmol)
to afford compound 145 as an off-white solid (247 mg, 0.641 mmol, 64%); m.p. >250
°C; 'H NMR (400 MHz, CDCls): &4 9.19 (d, J = 0.5 Hz, 1H, C?H), 8.75 (br s, 1H, C°H),
8.70 (d, J = 9.1 Hz, 1H, C®H), 7.90 (dd, J = 9.1, 2.3 Hz, 1H, C’H), 4.44 (q, J = 7.1 Hz,
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2H, C*®Hy), 1.74 (s, 9H, 3 x C'1H3), 1.44 (t, J = 7.1 Hz, 3H, C*Hj3); 3C {*H} NMR (101
MHz, CDCls): 8¢ 173.9 (C), 164.3 (C), 148.8 (C), 145.4 (CH), 139.6 (C), 129.1 (g, J =
3.3 Hz, CH), 128.3 (q, J = 34.0 Hz, C), 128.0 (C), 125.1 (q, J = 4.0 Hz, CH), 123.5 (q,
J =272.3 Hz, C), 121.0 (CH), 114.1 (C), 88.8 (C), 61.6 (CHy), 27.9 (CHs3), 14.3 (CHy);
1F NMR (376 MHz, CDCls): 8¢ -62.6 (3F); IR (ATR): vmax 3141, 3082, 2987, 2936,
1775, 1733 (C=0), 1695 (C=0), 1655 (C=0), 1612, 1548, 1517, 1490, 1480, 1462,
1397, 1373, 1355, 1337, 1316, 1290, 1267, 1253, 1236, 1198, 1155, 1126, 1094, 1020,
948, 927, 903, 865, 840, 822, 806, 763, 741, 712, 697, 644, 615, 584, 556, 530, 493,
479, 453, 419; HRMS ™/, calc. for C1gH19FsNOs [M+H]: 386.1210; found: 386.1214 (o
=1.20 ppm).

1-tert-Butyl 3-ethyl 6-methoxy-4(1H)-quinolone-1,3-dicarboxylate 146
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General procedure C was followed using ethyl 6-methoxy-4(1H)-quinolone-3-
carboxylate (124 mg, 0.502 mmol) and di-tert-butyl dicarbonate (0.17 mL, 0.740 mmol)
to afford compound 146 as an orange solid (88 mg, 0.253 mmol, 51%); m.p. >250 °C;
IH NMR (400 MHz, CDCls): 84 9.14 (s, 1H, C2H), 8.47 (d, J = 9.5 Hz, 1H C8H), 7.89 (d,
J = 3.2 Hz, 1H, C®H), 7.27 (dd, J = 9.5, 3.2 Hz, 1H, C'H), 4.43 (q, J = 7.2 Hz, 2H,
C13H,), 3.94 (s, 3H, C1H3), 1.72 (s, 9H, 3 x C11Hs), 1.45 (t, J = 7.2 Hz, 3H, C1*Hs); 13C
{*H} NMR (101 MHz, CDCls): 8¢ 174.6 (C), 165.0 (C), 157.5 (C), 149.2 (C), 144.3 (CH),
131.7 (C), 129.5 (C), 122.4 (CH), 121.6 (CH), 112.6 (C), 107.1 (CH), 87.8 (C), 61.3
(CHy), 55.7 (CH3), 27.9 (CHs), 14.3 (CHs); IR (ATR): Vmax 3102, 2973, 2908, 2873,
2849, 1760, 1700 (C=0), 1686 (C=0), 1650 (C=0), 1599, 1562, 1486, 1442, 1395,
1371, 1306, 1288, 1266, 1240, 1202, 1175, 1123, 1095, 1026, 1009, 958, 891, 863,
843, 826, 817, 804, 763, 699, 685, 654, 569, 538, 510, 499, 487, 476, 460, 450, 428,
422, 412; HRMS "/, calc. for C1sH22NOs [M+H]: 348.1442; found: 348.1448 (o = 1.80

ppm).
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1-tert-Butyl 3-ethyl 5,7-difluoro-4(1H)-quinolone-1,3-dicarboxylate 147
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General procedure C was followed using ethyl 5,7-difluoro-4(1H)-quinolone-3-
carboxylate (253 mg, 1.00 mmol) and di-tert-butyl dicarbonate (0.35 mL, 1.52 mmol)
to afford compound 147 as an off-white solid (237 mg, 0.671 mmol, 67%); m.p. >250
°C; 'H NMR (400 MHz, CDClz): 84 9.01 (s, 1H, C?H), 8.15 (app. dt, J = 11.8, 2.3 Hz,
1H, C8H), 6.90 (ddd, J = 11.0, 8.4, 2.3 Hz, 1H, C®H), 4.41 (q, J = 7.1 Hz, 2H, C®H,),
1.72 (s, 9H, 3 x C1'H3), 1.42 (t, J = 7.1 Hz, 3H, C**Hs); 13C {*H} NMR (101 MHz, CDCly):
Oc 172.7 (d, J = 1.9 Hz, C), 164.3 (dd, J = 252.3, 14.8 Hz, C), 164.3 (C), 163.1 (dd, J
= 267.8, 14.9 Hz, C), 148.8 (C), 143.9 (CH), 140.2 (dd, J =14.4, 4.4 Hz, C), 115.3 (C),
115.1 (dd, J=7.5, 3.4 Hz, C), 103.2 (dd, J = 28.7, 5.1 Hz, CH), 102.8 (d, J = 25.6 Hz,
CH), 88.8 (C), 61.6 (CHy), 27.8 (CHs), 14.3 (CHs); ®F NMR (376 MHz, CDCls): & -
100.1 (1F), -105.6 (1F); IR (ATR): vmax 3148, 3110, 3087, 2982, 2937, 2916, 2872,
1758, 1709 (C=0), 1667 (C=0), 1620, 1579, 179, 1464, 1443, 1398, 1373, 1286, 1269,
1251, 1212, 1182, 1139, 1121, 1022, 918, 862, 840, 822, 808, 769, 743, 692, 669,
642, 620, 607, 578, 528, 447, 434; HRMS ™/, calc. for C17H1sF2NOs [M+H]: 354.1148;
found: 354.1141 (o = 1.90 ppm).

1-tert-Butyl 3-ethyl 5,7-dichloro-4(1H)-quinolone-1,3-dicarboxylate 148
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General procedure C was followed using ethyl 5,7-dichloro-4(1H)-quinolone-3-
carboxylate (286 mg, 1.00 mmol) and di-tert-butyl dicarbonate (0.35 mL, 1.52 mmol)
to afford compound 148 as a pale yellow solid (263 mg, 0.681 mmol, 68%); m.p. >250
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°C; 'H NMR (400 MHz, CDCls): d4 8.98 (s, 1H, C?H), 8.44 (d, J = 2.0 Hz, 1H, C8H),
7.49 (d, J = 2.0 Hz, 1H, C®H), 4.42 (q, J = 7.1 Hz, 2H, C*®H,), 1.72 (s, 9H, 3 x C!Hj3),
1.42 (t, J = 7.1 Hz, 3H, C**H3); *C {*H} NMR (101 MHz, CDCls): 8¢ 173.4 (C), 164.2
(C), 148.9 (C), 143.3 (CH), 140.0 (C), 137.8 (C), 135.9 (C), 129.5 (CH), 123.4 (C),
119.1 (CH), 115.6 (C), 88.8 (C), 61.6 (CH>), 27.9 (CHzs), 14.3 (CHa); IR (ATR): Vmax
3174, 3147, 3115, 2978, 2934, 2908, 1767, 1702 (C=0), 1667 (C=0), 1615, 1583,
1547, 1476, 1444, 1398, 1369, 1343, 1308, 1269, 1248, 1211, 1185, 1134, 1099, 1023,
958, 930, 892, 861, 840, 804, 754, 695, 671, 621, 598, 546, 499, 452, 420; HRMS "/,
calc. for C17H18*°CI.NOs [M+H]: 386.0557; found: 386.0551 (o = 1.50 ppm).

General procedures D and E for the synthesis of ethyl conjugate addition
products 121, 149-162, and 165-168 and their subsequent acetylation

AlEt, (2.5 equiv.)
o o 3 OH O
Cu(OTH), (4 mol%)
OR' 133 (8 mol%) Xy~ oR'
N ~ N~ u”
Boc Et,O, -40 °C Boc

General procedure D: A suspension of protected quinolone derivative (1 equiv.),
CuOTf; (4 mol%) and compound 133 (8 mol%) in freshly distilled anhydrous Et,O (0.1
M solution) was stirred under an argon atmosphere at r.t. for 30 minutes. The
suspension was then cooled to -40 °C and stirred at this temperature under an argon
atmosphere for a further 15 minutes. To the suspension was added AlEt; (1.3 M
solution in heptane) (2.5 equiv.) via dropwise addition allowing the organometallic
solution to cool prior to contact with the suspension by running down the side of the
reaction vessel. The reaction mixture was stirred under an atmosphere of argon at -40
°C until completion (see specified times). A saturated solution of potassium sodium
tartrate was then added to the reaction mixture and allowed to warm to r.t. whilst stirring
over 30 minutes. The reaction mixture was partitioned between CH,Cl, and water and
the phases were separated. The aqueous phase was extracted with CH,Cl, (3 times).
The combined organics were washed with water (once), dried (MgSQ.), concentrated
in vacuo and purified either by column chromatography (silica, 97:3 Pentane/Et.O) or
preparative thin layer chromatography (silica, CH2Cl,) to afford the conjugate addition
products as described. Enol tautomers dominate (Enol:keto between 95:5-80:20). Only
signals relating to enol form are reported. Exchange of the products with minor keto

tautomers can cause signal broadening; formation of the acetate avoids this.
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General procedure E: The conjugate addition product was dissolved in 1:1 mixture of
Ac,O/Pyridine (0.5 M solution) and stirred at r.t. for 24 h. Isolated acetate products
have been fully characterized for the compound 171 (acetylated derivative of
compound 121). HPLC chromatograms were obtained on small amounts of acetylated
material isolated via thin layer chromatography on the remainder of the products; the

structures were confirmed by *H NMR.

1-tert-Butyl 3-ethyl (S)-2-ethyl-4-hydroxy-1,2-dihydroquinoline-1,3-dicarboxylate
121

OH O
5 4a 14 15
DO AL

1
8a N 2”// 12
8

oo 13
10
1

121

General procedure D was followed using the protected quinolone carboxylate 117
(2.54 g, 8.00 mmol) and triethylaluminium (1.3 M in heptane) (15.5 mL, 20.2 mmol) to
afford compound 121 as a colourless oil (2.03 g, 5.84 mmol, 73%); *H NMR (400 MHz,
CDClg): dn 12.12 (s, 1H, OH), 7.78 (dd, J = 7.7, 1.6 Hz, 1H, C°H), 7.63 (br s, 1H, C&H),
7.40 (ddd, J=8.4,7.4, 1.6 Hz, 1H, C'H), 7.17 (ddd, J = 7.7, 7.4, 1.1 Hz, 1H, C®H), 5.39
(dd, J = 9.7, 4.9 Hz, 1H, C?H), 4.42 — 4.25 (m, 2H, C'®H,), 1.55 (s, 9H, 3 x C'H3)
overlapped by 1.56 — 1.45 (m, 1H, C*?HaHg), 1.38 (t, J = 7.1 Hz, 3H, C®Hs) overlapped
by 1.42 — 1.34 (m, 1H, C*?HaHg), 0.87 (t, J = 7.4 Hz, 3H, C¥Hs); 3C {*H} NMR (101
MHz, CDCls): &¢ 170.5 (C), 162.3 (C), 152.9 (C), 137.9 (C), 130.7 (CH), 125.0 (CH),
124.2 (CH), 123.8 (CH), 123.1 (C), 100.7 (C), 81.4 (C), 60.8 (CH), 51.9 (CH), 28.3
(CHs), 26.7 (CH), 14.3 (CHz), 10.3 (CHs3); IR (ATR): vmax 3488, 2977, 2933, 2875, 1702
(C=0), 1651, 1624, 1569, 1488, 1457, 1403, 1368, 1350, 1328, 1280, 1252, 1232,
1145, 1094, 1074, 1023, 904, 818, 766, 675, 521, 457; HRMS ™/, calc. for
Ci9H2sNNaOs [M+Na]: 370.1625; found: 370.1625 (o = 0.10 ppm); HPLC Keto-enol
tautomerism led to broad signals in the chromatograms and increased error bars.
Accurate ee measurement was attained on the derived acetate (See below for data).
Chiralpak AD-H; mobile phase: hexane:2-propanol (99:1 v/v); flow rate: 0.8 mL min‘;
retention times: major enantiomer — 5.3 min (91.2%), minor enantiomer — 14.2 min
(8.8%), 82% ee; [a]p?° +256.3 (¢ = 1.0 in CHCls, 82% ee).
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1-tert-Butyl 3-ethyl (S)-4-acetoxy-2-ethyl-1,2-dihydroquinoline-1,3-dicarboxylate
171
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General procedure E was followed using the conjugate addition product 121 (278 mg,
0.800 mmol) to afford compound 171 as a pale yellow oil (229 mg, 0.588 mmol, 74%);
H NMR (400 MHz, CDCls): d4 7.71 (br s, 1H, C8H), 7.42 — 7.32 (m, 2H), 7.13 (ddd, J
=8.2,7.4, 1.1 Hz, 1H, C®H), 5.56 (dd, J = 10.0, 4.4 Hz, 1H, C?H), 4.33 — 4.21 (m, 2H,
C®Hy), 2.39 (s, 3H, C¥®Hg3), 1.68 — 1.59 (m, 1H, C*?HaHg) overlapped by H,O peak,
1.56 (s, 9H, 3 x CH3), 1.47 (dtd, J = 14.1, 7.2, 2.7 Hz, 1H, C*HaHg), 1.35 (t, J = 7.1
Hz, 3H, C®Hg), 0.89 (t, J = 7.4 Hz, 3H, C®Ha;); *C {*H} NMR (101 MHz, CDCls): &¢c
168.0 (C), 163.4 (C), 152.7 (C), 149.2 (C), 137.2 (C), 130.5 (CH), 124.8 (CH), 123.8
(CH), 123.6 (CH), 123.4 (C), 118.1 (C), 81.7 (C), 60.8 (CH>), 53.8 (CH), 28.3 (CHj3),
25.5 (CHy), 20.9 (CHs), 14.2 (CHgs), 10.0 (CHgs); IR (ATR): Vmax 2974, 2933, 2875, 1773
(C=0), 1700 (C=0), 1635, 1602, 1572, 1485, 1456, 1368, 1329, 1249, 1223, 1184,
1156, 1133, 1106, 1069, 1020, 1005, 904, 887, 870, 855, 759, 732, 646, 584, 521,
459, 433; HRMS ™M/, calc. for C21H27NNaOe [M+Na]: 412.1731; found: 412.1732 (o =
0.40 ppm); HPLC Chiralpak AD-H; mobile phase: hexane:2-propanol (95:5 v/v); flow
rate: 0.5 mL min?; retention times: major enantiomer — 10.1 min (88.5%), minor
enantiomer — 13.0 min (11.5%), 77% ee; [a]o®° +295.5 (¢ = 1.0 in CHCls, 77% ee).
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HPLC chromatograms for racemic and enantioenriched 121 (enol, top traces) and
derived acetate 171 (lower traces):

2 WAWmin  mAU
a 5000 2778480 33043 BME"
5000 2777966 14981 _BME"

1-tert-Butyl 3-methyl (S)-2-ethyl-4-hydroxy-1,2-dihydroquinoline-1,3-
dicarboxylate 149

General procedure D was followed using the protected quinolone carboxylate 135
(45.8 mg, 0.150 mmol) and triethylaluminium (1.3 M in heptane) (0.29 mL, 0.377 mmaol)
to afford compound 149 as a colourless oil (33.4 mg, 0.100 mmol, 67%); *H NMR (400
MHz, CDClz): &4 12.04 (s, 1H, OH), 7.78 (dd, J = 7.8, 1.6 Hz, 1H, C°H), 7.62 (br s, 1H,
C®H), 7.41 (td, J = 8.3, 7.3, 1.6 Hz, 1H, C'H), 7.18 (td, J = 7.8, 7.3, 1.1 Hz, 1H, C°H),
5.37 (dd, J = 9.7, 4.6 Hz, 1H, C?H), 3.87 (s, 3H, C¥H), 1.55 (s, 9H, 3 x CHs)
overlapped by 1.51 (dqd, J = 14.0, 7.2, 4.6 Hz, 1H, C*?HaHg) , 1.39 (ddg, J = 14.0, 9.7,
7.2 Hz, 1H, C¥2HaHg), 0.87 (app t, J = 7.3 Hz, 3H, C13Hs); 3C {H} NMR (101 MHz,
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CDCls): &¢ 170.8 (C), 162.4 (C), 152.9 (C), 137.9 (C), 130.8 (CH), 125.1 (C), 124.3
(CH), 123.8 (CH), 123.0 (CH), 112.7 (CH), 100.6 (C), 81.5 (C), 51.9 (CHj3), 28.3 (CHj3),
26.6 (CHy), 10.2 (CHg3); IR (ATR): vmax 3490, 2933, 2875, 1705 (C=0), 1648, 1621,
1570, 1487, 1454, 1421, 1368, 1331, 1291, 1262, 1244, 1150, 1088, 1035, 904, 819,
767, 670, 518, 459; HRMS ™/, calc. for C1gH24NOs [M+H]: 334.1639; found: 334.1636
(o = 1.40 ppm); HPLC Chiralpak AD-H; mobile phase: hexane:2-propanol (99:1 v/v);
flow rate: 0.8 mL min; retention times: major enantiomer — 5.2 min (80.8%), minor
enantiomer — 11.6 min (19.2%), 62% ee; [a]o®° +198.0 (¢ = 1.0 in CHCls, 62% ee).

HPLC chromatograms for racemic 149 (left) and enantioenriched 149 (right):

\
2-12.083 f ‘\

1-tert-Butyl  3-ethyl (S)-2-ethyl-6-fluoro-4-hydroxy-1,2-dihydroquinoline-1,3-
dicarboxylate 151
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General procedure D was followed using the protected quinolone carboxylate 139
(46.4 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmol)
to afford compound 151 as a colourless oil (38.9 mg, 0.106 mmol, 77%); *H NMR (500
MHz, CDClg): &4 12.05 (s, 1H, OH), 7.59 (br s, 1H, C®H), 7.47 (dd, J = 8.7, 3.1 Hz, 1H,
C°H), 7.10 (ddd, J = 8.6, 8.6, 3.1 Hz, 1H, C'H), 5.37 (dd, J = 9.7, 4.8 Hz, 1H, C?H),
4.40 — 4.27 (m, 2H, C*®H,), 1.54 (s, 9H, 3 x C''Hs) overlapped by 1.55 — 1.46 (m, 1H,
C?HaHg), 1.38 (t, J = 7.1 Hz, 3H, C!®Hs) overlapped by 1.42 — 1.33 (m, 1H, C'?HaHg),
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0.87 (t, J = 7.4 Hz, 3H, C'*Hj3); *C {*H} NMR (126 MHz, CDClz): d¢ 170.3 (C), 161.0
(C), 159.0 (d, J = 243.6 Hz, C), 152.9 (C), 133.8 (d, J = 3.0 Hz, C), 126.8 (d, J = 7.3
Hz, CH), 124.7 (d, J = 8.1 Hz, C), 117.6 (d, J = 22.9 Hz, CH), 110.5 (d, J = 24.5 Hz,
CH), 101.7 (C), 81.6 (C), 61.0 (CH2), 51.9 (CH), 28.3 (CH3), 26.6 (CH), 14.2 (CHs),
10.3 (CHs); °F NMR (471 MHz, CDCls): & -117.91 (1F); IR (ATR): Vmax 2973, 2932,
2875, 2859, 1706 (C=0), 1655, 1632, 1612, 1579, 1493, 1457, 1404, 1383, 1368,
1348, 1325, 1276, 1237, 1198, 1163, 1086, 1025, 882, 818, 764, 464; HRMS ™/, calc.
for CigH24FNNaOs [M+Na]: 388.1531; found: 388.1532 (o = 0.30 ppm); HPLC Keto-
enol tautomerism led to broad signals in the chromatograms and increased error bars.
Accurate ee measurement was attained on the derived acetate (See below for data).
Chiralpak AD-H; mobile phase: hexane:2-propanol (99:1 v/v); flow rate: 0.8 mL min’;
retention times: major enantiomer — 4.7 min (92.9%), minor enantiomer — 11.6 min
(7.1%), 86% ee; [a]p?° +290.8 (c = 1.0 in CHCls, 86% ee).

1-tert-Butyl  3-ethyl  (S)-4-acetoxy-2-ethyl-6-fluoro-1,2-dihydroquinoline-1,3-
dicarboxylate
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General procedure E was followed using the conjugate addition product 151 to the
acetylated derivative; *H NMR (400 MHz, CDCls): &y 7.67 (br s, 1H, C®H), 7.13 - 7.01
(m, 2H, C°H, C"H), 5.55 (dd, J = 10.2, 4.3 Hz, 1H, C?H), 4.28 (q, J = 7.1 Hz, 2H, C'*H,),
2.40 (s, 3H, C*®Hg3), 1.55 (s, 9H, 3 x CiiHs) over lapped by 1.64 — 1.51 (m, 1H,
Ci12HaHg), 1.50 — 1.40 (m, 1H, C12HaHg), 1.35 (t, J = 7.1 Hz, 3H, C*Hs), 0.89 (t, J=7.4
Hz, 3H, C*H3); HPLC Chiralpak AD-H; mobile phase: hexane:2-propanol (95:5 v/v);
flow rate: 0.5 mL min; retention times: major enantiomer — 9.2 min (92.9%), minor
enantiomer — 11.3 min (7.1%), 86% ee. Only 'H NMR data was collected for the

compound to confirm structure prior to HPLC analysis.
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HPLC chromatograms for racemic and enantioenriched 151 (enol, top traces) and the

derived acetate (lower traces):

AU min  mAU
5008 702345 479
4992 700633 2428
5008 702445 4TS

1-tert-Butyl 3-ethyl (S)-6-chloro-2-ethyl-4-hydroxy-1,2-dihydroquinoline-1,3-
dicarboxylate 152

oo
10
1

152

General procedure D was followed using the protected quinolone carboxylate 138
(48.6 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmaol)
to afford compound 152 as a colourless oil (48.0 mg, 0.126 mmol, 91%); *H NMR (500
MHz, CDCls): &4 12.05 (s, 1H, OH), 7.75 (d, J = 2.5 Hz, 1H, C°H), 7.58 (br s, 1H, C2H),
7.34 (dd, J = 8.8, 2.5 Hz, 1H, C’H), 5.37 (dd, J = 9.7, 4.8 Hz, 1H, C2H), 4.40 — 4.27 (m,
2H, C®Hy), 1.54 (s, 9H, 3 x C'Hjs) overlapped by 1.57 — 1.46 (m, 1H, C*?HaHg), 1.38
(t, J=7.1 Hz, 3H, C'®Hs) overlapped by 1.45 — 1.32 (m, 1H, C*?HaHg), 0.86 (t, J = 7.4
Hz, 3H, C'3Hs); *C {*H} NMR (126 MHz, CDCls): &¢ 170.3 (C), 160.9 (C), 152.7 (C),
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136.3 (C), 130.5 (CH), 129.3 (C), 126.3 (CH), 124.5 (C), 124.0 (CH), 101.5 (C), 81.9
(C), 61.0 (CHy), 51.9 (CH), 28.3 (CHs3), 26.8 (CH>), 14.2 (CHs), 10.2 (CHa); IR (ATR):
Vmax 2968, 2930, 2874, 2855, 1708 (C=0), 1656, 1628, 1594, 1562, 1482, 1404, 1381,
1368, 1348, 1323, 1253, 1233, 1150, 1113, 1025, 858, 817, 764, 576, 465; HRMS "/,
calc. for C19H24**CINNaOs [M+Na]: 404.1235; found: 404.1236 (o = 0.20 ppm); HPLC
Keto-enol tautomerism led to broad signals in the chromatograms and increased error
bars. Accurate ee measurement was attained on the derived acetate (See below for
data). Chiralpak AD-H; mobile phase: hexane:2-propanol (99:1 v/v); flow rate: 0.8 mL
min’; retention times: major enantiomer — 4.8 min (91.3%), minor enantiomer — 15.7
min (8.7%), 83% ee; [a]p®° +206.4 (c = 1.0 in CHCls, 83% ee).

1-tert-Butyl  3-ethyl (S)-4-acetoxy-6-chloro-2-ethyl-1,2-dihydroquinoline-1,3-

dicarboxylate

General procedure E was followed using the conjugate addition product 152 to afford
the acetylated derivative; *H NMR (400 MHz, CDCls): 8y 7.67 (br s, 1H, C8H), 7.35 —
7.30 (m, 2H, C°H, C"H), 5.55 (dd, J = 10.0, 4.4 Hz, 1H, C?H), 4.28 (q, J = 7.1 Hz, 2H,
C®Hy), 2.41 (s, 3H, C*H,), 1.64 (ddd, J = 14.1, 7.3, 4.4 Hz, 1H, C*?HaHsg), 1.56 (s, 9H,
3 x CHjs), 1.45 (ddd, J = 14.1, 10.0, 7.3 Hz, 1H, C*HaHg), 1.35 (t, J = 7.1 Hz, 3H,
C1®Hs), 0.89 (t, J = 7.3 Hz, 3H, C*®Hs); HPLC Chiralpak AD-H; mobile phase: hexane:2-
propanol (95:5 v/v); flow rate: 0.5 mL min; retention times: major enantiomer — 9.0
min (91.5%), minor enantiomer — 11.9 min (8.5%), 83% ee. Only *H NMR data was

collected for the compound to confirm structure prior to HPLC analysis.
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HPLC chromatograms for racemic and enantioenriched 152 (enol, top traces) and

derived acetate (lower traces):

1-tert-Butyl  3-ethyl (S)-6-bromo-2-ethyl-4-hydroxy-1,2-dihydroquinoline-1,3-
dicarboxylate 153

General procedure D was followed using the protected quinolone carboxylate 139
(54.8 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmol)
to afford compound 153 as a colourless oil (37.7 mg, 0.088 mmol, 64%); *H NMR (500
MHz, CDCl): &4 12.05 (s, 1H, OH), 7.90 (br s, 1H, C°H), 7.58 — 7.45 (m, 2H, CH,
C®H), 5.37 (dd, J = 9.6, 4.8 Hz, 1H, C?H), 4.41 — 4.27 (m, 2H, C*®H,), 1.54 (s, 9H, 3 x
C!'Hs) overlapped by 1.58 — 1.46 (m, 1H, C*?HaHg), 1.38 (t, J = 7.1 Hz, 3H, C*®Hs)
overlapped by 1.43 — 1.33 (m, 1H, C*?HaHg), 0.86 (t, J = 7.4 Hz, 3H, C*Ha); 3C {*H}
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NMR (126 MHz, CDCls): 8¢ 170.3 (C), 160.8 (C), 152.6 (C), 136.9 (C), 133.4 (CH),
127.0 (CH), 126.6 (CH), 124.8 (C), 116.9 (C), 101.4 (C), 81.9 (C), 61.0 (CHy), 51.9
(CH), 28.3 (CH3), 26.8 (CH>), 14.2 (CHs), 10.2 (CHs3); IR (ATR): vmax 2973, 2931, 2874,
2856, 1707 (C=0), 1655, 1627, 1590, 1559, 1477, 1403, 1381, 1369, 1322, 1252,
1151, 1101, 1076, 1024, 816, 764, 556, 464; HRMS ™/, calc. for Ci9H24"°BrNNaOs
[M+Nal]: 448.0730; found: 448.0726 (o = 1.00 ppm); HPLC Keto-enol tautomerism led
to broad signals in the chromatograms and increased error bars. Accurate ee
measurement was attained on the derived acetate (See below for data). Chiralpak AD-
H; mobile phase: hexane:2-propanol (99:1 v/v); flow rate: 0.8 mL min; retention times:
major enantiomer — 4.9 min (89.4%), minor enantiomer — 16.4min (10.6%), 79% ee;
[a]o?° +134.0 (c = 1.0 in CHCls, 79% ee).

1-tert-Butyl 3-ethyl (S)-4-acetoxy-6-bromo-2-ethyl-1,2-dihydroquinoline-1,3-

dicarboxylate

General procedure E was followed using the conjugate addition product 153 to afford
the acetylated derivative; *H NMR (400 MHz, CDCls): 8y 7.61 (br s, 1H, C8H), 7.50 —
7.43 (m, 2H, C®H, C"H), 5.55 (dd, J = 10.0, 4.4 Hz, 1H, C2H), 4.28 (g, J = 7.1 Hz, 2H,
C®Hy), 2.41 (s, 3H, C¥Hj3), 1.64 (ddd, J = 14.0, 7.3, 4.4 Hz, 1H, C*?HaHsg), 1.55 (s, 9H,
3 x CHjs), 1.46 (ddd, J = 14.0, 10.0, 7.3 Hz, 1H, C*HaHg), 1.35 (t, J = 7.1 Hz, 3H,
C1®Hs), 0.88 (t, J = 7.3 Hz, 3H, C**Hs); HPLC Chiralpak AD-H; mobile phase: hexane:2-
propanol (95:5 v/v); flow rate: 0.5 mL min; retention times: major enantiomer — 9.3
min (88.2%), minor enantiomer — 12.8 min (11.8%), 76% ee. Only *H NMR data was

collected for the compound to confirm structure prior to HPLC analysis.
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HPLC chromatograms for racemic and enantioenriched 153 (enol, top traces) and
derived acetate (lower traces):
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1-tert-Butyl 3-ethyl

(S)-2-ethyl-4-hydroxy-6-iodo-1,2-dihydroquinoline-1,3-
dicarboxylate 154

154

General procedure D was followed using the protected quinolone carboxylate 140

(61.2 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27mL, 0.351 mmol)

to afford compound 154 as a colourless oil (46.5 mg, 0.098 mmol, 71%); *H NMR (400
MHz, CDCls): d4 12.05 (s, 1H, OH), 8.08 (d, J = 2.1 Hz, 1H, C°H), 7.68 (dd, J = 8.7,

2.1 Hz, 1H, C'H), 7.42 (br s, 1H, C®H), 5.36 (dd, J = 9.7, 4.8 Hz, 1H, C?H), 4.40 — 4.27
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(m, 2H, C%¥™Hy), 1.54 (s, 9H, 3 x C™Hs;) overlapped by 1.57 — 1.46 (m, 1H, C*2HaHg),
1.38 (t, J = 7.1 Hz, 3H, C'®Hs) overlapped by 1.43 — 1.32 (m, 1H, C*?HaHg), 0.85 (t, J
= 7.4 Hz, 3H, C%3H3); 3C {*H} NMR (101 MHz, CDCls): &¢ 170.2 (C), 160.7 (C), 152.5
(C), 139.3 (CH), 137.6 (C), 132.9 (CH), 126.8 (CH), 125.0 (C), 101.3 (C), 87.2 (C),
81.9 (C), 61.0 (CH2), 51.9 (CH), 28.3 (CHa), 26.8 (CH2), 14.2 (CHz3), 10.2 (CHs); IR
(ATR): vmax 2973, 2931, 2874, 1707 (C=0), 1655, 1626, 1585, 1557, 1477, 1406, 1381,
1368, 1322, 1253, 1153, 1100, 1000, 1075, 1024, 895, 816, 764; HRMS ™/, calc. for
Ci19H24INNaOs [M+Na]: 496.0591; found: 496.0588 (o = 0.60 ppm); HPLC Keto-enol
tautomerism led to broad signals in the chromatograms and increased error bars.
Accurate ee measurement was attained on the derived acetate (See below for data).
Chiralpak AD-H; mobile phase: hexane:2-propanol (99:1 v/v); flow rate: 0.8 mL min’;
retention times: major enantiomer — 5.1 min (90.5%), minor enantiomer — 18.6 min
(9.5%), 81% ee; [a]p?® +170.3 (c = 1.0 in CHCls, 81% ee).

1-tert-Butyl 3-ethyl (S)-4-acetoxy-2-ethyl-6-iodo-1,2-dihydroquinoline-1,3-
dicarboxylate

General procedure E was followed using the conjugate addition product 154 to afford
the acetylated derivative; *H NMR (400 MHz, CDCls): 3y 7.66 (dd, J = 8.6, 2.1 Hz, 1H,
C"H), 7.62 (d, J = 2.1 Hz, 1H, C5H), 7.48 (br s, 1H, C®H), 5.54 (dd, J = 10.0, 4.5 Hz,
1H, C?H), 4.27 (q, J = 7.1 Hz, 2H, C®™®H,), 2.40 (s, 3H, C'®H3), 1.64 (ddd, J = 14.0, 7.3,
4.5 Hz, 1H, C12HaHg), 1.55 (s, 9H, 3 x CHj3), 1.46 (ddd, J = 14.0, 10.0, 7.3 Hz, 1H,
C¥HaHg), 1.35 (t, J = 7.1 Hz, 3H, C%¥*Hj;), 0.88 (t, J = 7.3 Hz, 3H, C¥H3); HPLC
Chiralpak AD-H; mobile phase: hexane:2-propanol (95:5 v/v); flow rate: 0.5 mL min;
retention times: major enantiomer — 9.8 min (89.6%), minor enantiomer — 14.1 min
(10.4%), 79% ee. Only *H NMR data was collected for the compound to confirm

structure prior to HPLC analysis.
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HPLC chromatograms for racemic and enantioenriched 154 (enol, top traces) and

derived acetate (lower traces):
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1-tert-Butyl 3-ethyl (S)-2-ethyl-4-hydroxy-6-methyl-1,2-dihydroquinoline-1,3-
dicarboxylate 155

155

General procedure D was followed using the protected quinolone carboxylate 141
(45.8 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmol)
to afford compound 155 as a colourless oil (39.0 mg, 0.108 mmol, 78%); *H NMR (500
MHz, CDCls): &y 12.14 (s, 1H, OH), 7.58 (d, J = 2.2 Hz, 1H, C°H), 7.49 (br s, 1H, C8H),
7.21(dd, J=8.4,2.2 Hz, 1H, C'H), 5.37 (dd, J = 9.6, 4.8 Hz, 1H, C?H), 4.42 — 4.22 (m,
2H, C%H,), 2.38 (s, 3H, C'"H3), 1.54 (s, 9H, 3 x C'H3) overlapped by 1.55 — 1.47 (m,
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1H, C¥HaHg), 1.38 (t, J = 7.1 Hz, 3H, C¥*Hj3) overlapped by 1.42 — 1.34 (m, 1H,
C'2HaHg), 0.86 (t, J = 7.4 Hz, 3H, CHa); 13C {*H} NMR (126 MHz, CDCls): d¢c 170.6
(C), 162.4 (C), 153.0 (C), 135.4 (C), 133.5 (C), 131.6 (CH), 124.9 (CH), 124.4 (CH),
122.9 (C), 100.7 (C), 81.3 (C), 60.7 (CHz), 28.3 (CHz3), 26.6 (CH2), 20.9 (CHs), 14.3
(CHs), 10.3 (CHs3); IR (ATR): vmax 2971, 2928, 2874, 2857, 1703 (C=0), 1652, 1627,
1603, 1574, 1496, 1457, 1404, 1368, 1349, 1328, 1278, 1254, 1235, 1212, 1165, 1097,
1076, 1027, 818, 765, 458; HRMS ™/, calc. for C2oH27NNaOs [M+Na]: 384.1781; found:
384.1785 (o = 0.60 ppm); HPLC Keto-enol tautomerism led to broad signals in the
chromatograms and increased error bars. Accurate ee measurement was attained on
the derived acetate (See below for data). Chiralpak AD-H; mobile phase: hexane:2-
propanol (99:1 v/v); flow rate: 0.8 mL min™; retention times: major enantiomer — 5.5
min (91.5%), minor enantiomer — 23.8 min (8.5%), 83% ee; [a]o?® +192.5 (c = 1.0 in
CHCls, 83% ee).

1-tert-Butyl  3-ethyl (S)-4-acetoxy-2-ethyl-6-methyl-1,2-dihydroquinoline-1,3-
dicarboxylate

General procedure E was followed using the conjugate addition product 155 to afford
acetylated derivative; *H NMR (400 MHz, CDCls): 4 7.59 (br s, 1H, C8H), 7.19 (d, J =
8.7 Hz, 1H, C'H), 7.13 (d, J = 2.0 Hz, 1H, C®H), 5.54 (dd, J = 10.1, 4.4 Hz, 1H, C2H),
4.27 (q, J = 7.1 Hz, 2H, C®Hy), 2.40 (s, 3H, C*®Hj3), 2.35 (s, 3H, C¥®H,), 1.62 (ddd, J =
14.0, 7.4, 4.4 Hz, 1H, C*HaHg), 1.55 (s, 9H, 3 x C!'H3), 1.46 (ddd, J = 14.0, 10.1, 7.4
Hz, 1H, C'?HaHg), 1.35 (t, J = 7.1 Hz, 3H, C*®Hs), 0.88 (t, J = 7.4 Hz, 3H, C'*Hs); HPLC
Chiralpak AD-H; mobile phase: hexane:2-propanol (95:5 v/v); flow rate: 0.5 mL min;
retention times: major enantiomer — 9.9 min (91.6%), minor enantiomer — 14.3 min
(8.4%), 83% ee. Only 'H NMR data was collected for the compound to confirm

structure prior to HPLC analysis.
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HPLC chromatograms for racemic and enantioenriched 155 (enol, top traces) and

derived acetate (lower traces):

No. ___min_ | na_ % mAUmin ) P
1 9923 na 9164 226336 507.08 BMB" 0335 255
836 206579 4157 _BuB* 0403 205

91.64 2263346 07 I 5

1-tert-Butyl 3-ethyl (S)-2,6-diethyl-4-hydroxy-1,2-dihydroquinoline-1,3-
dicarboxylate 156

General procedure D was followed using the protected quinolone carboxylate 142
(47.7 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmaol)
to afford compound 156 as a colourless oil (39.4 mg, 0.105 mmol, 76%); *H NMR (500
MHz, CDCls): 84 12.16 (s, 1H, OH), 7.61 (d, J = 2.2 Hz, 1H, C®H), 7.53 (br s, 1H, C2H),
7.24 (dd, J = 8.4, 2.2 Hz, 1H, C’H), 5.37 (dd, J = 9.5, 4.8 Hz, 1H, C2H), 4.39 — 4.26 (m,
2H, C¥™Hy), 2.68 (g, J = 7.6 Hz, 2H, C''H,), 1.54 (s, 9H, 3 x C'Hs) overlapped by 1.56
—1.46 (m, 1H, C¥HaHg), 1.38 (t, J = 7.1 Hz, 3H, C**Hj3) overlapped by 1.43 — 1.33 (m,
1H, C*HaHg), 1.27 (t, J = 7.6 Hz, 3H, C8H3), 0.87 (t, J = 7.4 Hz, 3H, C'3Hs); 13C {1H}
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NMR (126 MHz, CDCls): 8¢ 170.6 (C), 162.5 (C), 153.0 (C), 139.8 (C), 135.6 (C), 130.5
(CH), 124.9 (CH), 123.2 (CH), 122.9 (C), 100.6 (C), 81.3 (C), 60.7 (CH>), 51.8 (CH),
28.3 (CHs, CH,), 26.6 (CH.), 15.4 (CHs), 14.3 (CHs3), 10.3 (CH3), IR (ATR): Vmax 2968,
2933, 2874, 1703 (C=0), 1651, 1627, 1602, 1572, 1495, 1457, 1404, 1368, 1350,
1328, 1271, 1254, 1235, 1206, 1165, 1097, 1076, 1026, 900, 870, 820, 765; HRMS
M/, calc. for C21H29NNaOs [M+Na]: 398.1938; found: 398.1944 (o = 1.50 ppm); HPLC
Keto-enol tautomerism led to broad signals in the chromatograms and increased error
bars. Accurate ee measurement was attained on the derived acetate (See below for
data). Chiralpak AD-H; mobile phase: hexane:2-propanol (99:1 v/v); flow rate: 0.8 mL
min’; retention times: major enantiomer — 4.8 min (79.8%), minor enantiomer — 18.7
min (20.2%), 60% ee; [a]p?® +173.9 (c = 1.0 in CHCI3, 60% ee).

1-tert-Butyl 3-ethyl (S)-4-acetoxy-2,6-diethyl-1,2-dihydroquinoline-1,3-

dicarboxylate

6
20 1 16

General procedure E was followed using the conjugate addition product 156 to afford
the acetylated derivative; *H NMR (400 MHz, CDCls): &4 7.61 (br s, 1H, C8H), 7.22 (dd,
J=8.6,2.1Hz, 1H, C'H), 7.14 (d, J = 2.1 Hz, 1H, C°H), 5.54 (dd, J = 10.0, 4.4 Hz, 1H,
C2H), 4.27 (q, J = 7.1 Hz, 2H, C¥H,), 2.65 (g, J = 7.6 Hz, 2H, C'°H,), 2.41 (s, 3H,
C!8Hs3), 1.62 (ddd, J = 14.0, 7.3, 4.4 Hz, 1H), 1.46 (ddd, J = 14.0, 10.0, 7.3 Hz, 1H),
1.35(t,J = 7.1 Hz, 3H), 1.26 (t, J = 7.6 Hz, 3H), 0.88 (t, J = 7.3 Hz, 3H); HPLC Chiralpak
AD-H; mobile phase: hexane:2-propanol (95:5 v/v); flow rate: 0.5 mL min™; retention
times: major enantiomer — 9.7 min (80.1%), minor enantiomer — 13.7 min (19.9%), 60%
ee. Only *H NMR data was collected for the compound to confirm structure prior to
HPLC analysis.
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HPLC chromatograms for racemic and enantioenriched 156 (enol, top traces) and

derived acetate (lower traces):

1-tert-Butyl 3-ethyl (S)-2-ethyl-4-hydroxy-6-isopropyl-1,2-dihydroquinoline-1,3-
dicarboxylate 157

General procedure D was followed using the protected quinolone carboxylate 143
(49.7 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmol)
to afford compound 157 as a colourless oil (32.8 mg, 0.084 mmol, 61%); *H NMR (500
MHz, CDCls): 84 12.17 (s, 1H, OH), 7.63 (d, J = 2.2 Hz, 1H, C°H), 7.49 (br s, 1H, CBH),
7.27 (dd, J = 8.4, 2.2 Hz, 1H, C’H), 5.36 (dd, J = 9.8, 4.9 Hz, 1H, C2H), 4.40 — 4.25 (m,
2H, C¥H,), 2.94 (hept, J = 6.9 Hz, 1H, C''H), 1.54 (s, 9H, 3 x C!Hs) overlapped by
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1.55—1.46 (m, 1H, C'?HaHg), 1.38 (t, J = 7.1 Hz, 3H, C*®Hs) overlapped by 1.44 — 1.34
(m, 1H, C*HaHg), 1.28 (d, J = 6.9 Hz, 6H, 2 x C8Hj3), 0.87 (t, J = 7.3 Hz, 3H, C®Ha);
13C {*H} NMR (126 MHz, CDCls): 8¢ 170.6 (C), 162.6 (C), 153.0 (C), 144.4 (C), 135.6
(C), 129.1 (CH), 124.9 (CH), 122.8 (C), 121.8 (CH), 100.6 (C), 81.3 (C), 60.7 (CHy),
51.8 (CH), 33.6 (CH), 28.3 (CHa), 26.6 (CH2), 23.9 (CHzs), 14.3 (CHs), 10.3 (CH3); IR
(ATR): vmax 2965, 2932, 2873, 1736 (C=0), 1704 (C=0), 1652, 1627, 1602, 1572,
1496, 1457, 1404, 1368, 1352, 1327, 1272, 1254, 1236, 1213, 1163, 1097, 1077, 1026,
900, 818, 764, 669, 463, 408; HRMS ™/, calc. for Cx2H3:NNaOs [M+Na]: 412.2094;
found: 412.2098 (o = 0.90 ppm); HPLC Keto-enol tautomerism led to broad signals in
the chromatograms and increased error bars. Accurate ee measurement was attained
on the derived acetate (See below for data). Chiralpak AD-H; mobile phase: hexane:2-
propanol (99:1 v/v); flow rate: 0.8 mL min™; retention times: major enantiomer — 4.6
min (72.5%), minor enantiomer — 14.3 min (27.5%), 45% ee; [a]o*° +146.6 (c = 1.0 in
CHCls, 45% ee).

1-tert-Butyl 3-ethyl (S)-4-acetoxy-2-ethyl-6-isopropyl-1,2-dihydroquinoline-1,3-
dicarboxylate

General procedure E was followed using the conjugate addition product 157 to afford
the acetylated derivative; *H NMR (400 MHz, CDCls): 81 7.62 (br s, 1H, C8H), 7.27 —
7.22 (m, 1H, C'H, obscured by solvent peak), 7.16 (d, J = 2.1 Hz, 1H, C°H), 5.54 (dd,
J=10.1, 4.4 Hz, 1H, C?H), 4.27 (q, J = 7.1 Hz, 2H, C**Hy), 2.91 (hept, J = 6.9 Hz, 1H,
C™H), 2.41 (s, 3H, C*®Hs), 1.62 (ddd, J = 14.0, 7.3, 4.4 Hz, 1H, C'?HaHg), 1.55 (s, 9H,
3 x CMHs), 1.47 (ddd, J = 14.0, 10.1, 7.3 Hz, 1H, C*HaHg), 1.35 (t, J = 7.1 Hz, 3H,
C'®Hs), 1.26 (d, J = 6.9 Hz, 6H, 2 x C?°Hs), 0.88 (d, J = 7.3 Hz, 3H, C*Hs); HPLC
Chiralpak AD-H; mobile phase: hexane:2-propanol (95:5 v/v); flow rate: 0.5 mL min’;
retention times: major enantiomer — 9.5 min (72.6%), minor enantiomer — 12.3 min
(27.4%), 45% ee. Only 'H NMR data was collected for the compound to confirm
structure prior to HPLC analysis.
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HPLC chromatograms for racemic and enantioenriched 157 (enol, top traces) and

derived acetate (lower traces):
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1-tert-Butyl 3-ethyl (S)-6-tert-butyl-2-ethyl-4-hydroxy-1,2-dihydroquinoline-1,3-
dicarboxylate 158

General procedure D was followed using the protected quinolone carboxylate 144
(51.6 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmol)
to afford compound 158 as a colourless oil (36.3 mg, 0.090 mmol, 65%); *H NMR (500
MHz, CDCls): dn 12.20 (s, 1H, OH), 7.78 (d, J = 2.4 Hz, 1H, C°H), 7.56 (br s, 1H, C®H),
7.43 (dd, J=8.7, 2.4 Hz, 1H, C'H), 5.36 (dd, J = 9.7, 4.9 Hz, 1H, C?H), 4.39 — 4.25 (m,
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2H, C®Hy), 1.55 (s, 9H, 3 x C!Hjs) overlapped by 1.56 — 1.47 (m, 1H, C*2HaHg), 1.37
(s, 9H, 3 x CHs) overlapped by 1.38 (t, J = 7.1 Hz, 3H, C%*H3) and 1.40 — 1.32 (m,
1H, C'?HaHg), 0.87 (t, J = 7.4 Hz, 3H, C'¥H3); *C {*H} NMR (101 MHz, CDCls): &¢c
170.6 (C), 162.8 (C), 153.0 (C), 146.7 (C), 135.4 (C), 128.1 (CH), 124.5 (CH), 122.5
(C), 120.8 (CH), 100.5 (C), 81.3 (C), 60.7 (CH2), 51.9 (CH), 34.5 (C), 31.3 (CHs), 28.3
(CHs), 26.7 (CHz), 14.3 (CHs), 10.3 (CHa); IR (ATR): vmax 2964, 2931, 2873, 1736
(C=0), 1703 (C=0), 1651, 1627, 1600, 1570, 1497, 1459, 1403, 1382, 1366, 1350,
1329, 1274, 1253, 1158, 1122, 1093, 1074, 1026, 902, 820, 764, 693, 464; HRMS "/,
calc. for CaH3ssNNaOs [M+Na): 426.2251; found: 426.2253 (o = 0.50 ppm); HPLC
Keto-enol tautomerism led to broad signals in the chromatograms and increased error
bars. Accurate ee measurement was attained on the derived acetate (See below for
data). Chiralpak AD-H; mobile phase: hexane:2-propanol (99:1 v/v); flow rate: 0.8 mL
min‘!; retention times: major enantiomer — 4.5 min (70.9%), minor enantiomer — 12.2
min (29.1%), 42% ee; [a]o?° +120.2 (c = 1.0 in CHCls, 42% ee).

1-tert-Butyl 3-ethyl (S)-4-acetoxy-6-tert-butyl-2-ethyl-1,2-dihydroquinoline-1,3-
dicarboxylate

General procedure E was followed using the conjugate addition product 158 to afford
the acetylated derivative; *H NMR (400 MHz, CDCls): 4 7.63 (br s, 1H, C8H), 7.41 (dd,
J=8.6, 2.4 Hz, 1H, C'H), 7.32 (d, J = 2.4 Hz, 1H, C®H), 5.54 (dd, J = 10.2, 4.3 Hz, 1H,
C?H), 4.26 (q, J = 7.1, 2H, C™®H,), 2.40 (s, 3H, C'¥Hs), 1.55 (s, 9H, 3 x C!Hy)
overlapped by 1.63 — 1.47 (m, 2H, C*Hy), 1.35 (t, J = 7.1 Hz, C'*®H3) overlapped by
1.32 (s, 9H, 3 x C?°H3), 0.88 (t, J = 7.4 Hz, 3H, C'®Hs).; HPLC Chiralpak AD-H; mobile
phase: hexane:2-propanol (95:5 v/v); flow rate: 0.5 mL min; retention times: major
enantiomer — 9.6 min (65.0%), minor enantiomer — 12.2 min (35.0%), 30% ee. Only *H

NMR data was collected for the compound to confirm structure prior to HPLC analysis.
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HPLC chromatograms for racemic and enantioenriched 158 (enol, top traces) and

derived acetate (lower traces):
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1-tert-Butyl 3-ethyl (S)-2-ethyl-4-hydroxy-6-trifluoromethyl-1,2-dihydroquinoline-
1,3-dicarboxylate 159

159

General procedure D was followed using the protected quinolone carboxylate 145
(53.3 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmaol)
to afford compound 159 as a colourless oil (40.8 mg, 0.098 mmol, 71%); *H NMR (500
MHz, CDCls): &4 12.10 (s, 1H, OH), 8.03 (d, J = 2.2 Hz, 1H, C°H), 7.78 (br d, J = 8.6
Hz, 1H, C®H), 7.63 (dd, J = 8.6, 2.2 Hz, 1H, C'H), 5.41 (dd, J = 9.6, 4.9 Hz, 1H, C?H),
4.41 — 4.28 (m, 2H, C*®Hy), 1.56 (s, 9H, 3 x CH'H3) overlapped by 1.58 — 1.48 (m, 1H,
C?HaHg), 1.39 (t, J = 7.1 Hz, 3H, C!®Hs) overlapped by 1.42 — 1.36 (m, 1H, C'?HaHg),
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0.87 (t, J = 7.4 Hz, 3H, C'*Hj3); *C {*H} NMR (126 MHz, CDClz): d¢ 170.2 (C), 160.7
(C), 152.5 (C), 140.8 (C), 127.3 (q, J = 3.6 Hz, CH), 125.8 (q, J = 32.8 Hz, C), 125.1
(CH), 123.9 (q, J = 271.9 Hz), 123.2 (C), 121.65 (g, J = 4.1 Hz, CH), 101.5 (C), 82.3
(C), 61.1 (CHy), 52.1 (CH), 28.2 (CHs), 27.1 (CHy), 14.2 (CHg3), 10.2 (CHa); **F NMR
(471 MHz, CDCls): 6 -62.39 (3F); IR (ATR): vmax 2972, 2934, 2877, 2858, 1714 (C=0),
1657, 1633, 1458, 1434, 1407, 1369, 1327, 1301, 1274, 1252, 1163, 1126, 1111, 1100,
1079, 1025, 909, 836, 765, 544; HRMS ™/, calc. for CoH2sFsNOs [M+H]: 438.1499;
found: 438.1505 (o = 1.30 ppm); HPLC Keto-enol tautomerism led to broad signals in
the chromatograms and increased error bars. Accurate ee measurement was attained
on the derived acetate (See below for data). Chiralpak AD-H; mobile phase: hexane:2-
propanol (99:1 v/v); flow rate: 0.8 mL min; retention times: major enantiomer — 4.4
min (89.8%), minor enantiomer — 12.4 min (10.2%), 80% ee; [a]o*° +209.6 (¢ = 1.0 in
CHCls, 80% ee).

1-tert-Butyl 3-ethyl (S)-4-acetoxy-2-ethyl-6-trifluoromethyl-1,2-dihydroquinoline-
1,3-dicarboxylate

General procedure E was followed using the conjugate addition product 159 to the
acetylated derivative; *H NMR (400 MHz, CDCls): d4 7.87 (br d, J = 8.6 Hz, 1H, C8H),
7.66 —7.57 (m, 2H, C°H, C"H), 5.59 (dd, J = 9.9, 4.4 Hz, 1H, C?H), 4.29 (9, J = 7.1 Hz,
1H, C®H,), 2.42 (s, 3H, C*®H3), 1.66 (ddd, J = 14.1, 7.4, 4.4 Hz, 1H, C*HaHg), 1.46
(ddd, J = 14.1, 9.9, 7.4 Hz, 1H, C*HaHs), 1.36 (t, J = 7.1 Hz, 3H, C*®H3), 0.89 (t, J =
7.4 Hz, 3H, C*¥Hs); HPLC Chiralpak AD-H; mobile phase: hexane:2-propanol (95:5
v/v); flow rate: 0.5 mL min; retention times: major enantiomer — 7.9 min (89.8%), minor
enantiomer — 10.5 min (10.2%), 80% ee. Only *H NMR data was collected for the

compound to confirm structure prior to HPLC analysis.

HPLC chromatograms for racemic and enantioenriched 159 (enol, top traces) and

derived acetate (lower traces):
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1-tert-Butyl 3-ethyl (S)-2-ethyl-4-hydroxy-6-methoxy-1,2-dihydroquinoline-1,3-
dicarboxylate 160

General procedure D was followed using the protected quinolone carboxylate 146
(48.0 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmol)
to afford compound 160 as a colourless oil (24.5 mg, 0.065 mmol, 47%); *H NMR (400
MHz, CDCls): 81 12.16 (s, 1H, OH), 7.47 (br s, 1H, C8H), 7.28 (d, J = 3.0 Hz, 1H, C5H),
6.97 (dd, J = 9.0, 3.0 Hz, 1H, C"H), 5.36 (app br s, 1H, C2H), 4.41 — 4.26 (m, 2H,
C™®Hy), 3.86 (s, 3H, C¥"Hg), 1.53 (s, 9H, 3 x C'Hs;) overlapped by 1.57 — 1.45 (m, 1H,
C?HaHg), 1.38 (t, J = 7.1 Hz, 3H, C!®Hs) overlapped by 1.41 — 1.34 (m, 1H, C'?HaHg),
0.87 (t, J = 7.4 Hz, 3H, C13H3); 13C {*H} NMR (101 MHz, CDCls): 8¢ 170.6 (C), 162.1
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(C), 156.0 (C), 153.1 (C), 131.1 (C), 126.4 (CH), 124.0 (C), 117.8 (CH), 107.4 (CH),
101.3 (C), 81.2 (C), 60.8 (CH>), 55.6 (CHs), 51.8 (CH), 29.7 (CH>), 28.3 (CHs), 14.3
(CHs), 10.3 (CHz3); IR (ATR): vmax 2969, 2929, 2873, 2854, 1737 (C=0), 1702 (C=0),
1653, 1602, 1574, 1496, 1457, 1403, 1368, 1351, 1332, 1271, 1239, 1166, 1148, 1092,
1033, 818, 458, 409; HRMS ™/, calc. for CxH27NNaOs [M+Na]: 400.1731; found:
400.1734 (o = 0.80 ppm); HPLC Keto-enol tautomerism led to broad signals in the
chromatograms and increased error bars. Accurate ee measurement was attained on
the derived acetate (See below for data). Chiralpak AD-H; mobile phase: hexane:2-
propanol (98:2 v/v); flow rate: 0.8 mL min™; retention times: major enantiomer — 6.9
min (61.0%), minor enantiomer — 10.8 min (39.0%), 22% ee; [a]p®® +17.8 (c = 1.0 in
CHCls, 22% ee).

1-tert-Butyl 3-ethyl (S)-4-acetoxy-2-ethyl-6-methoxy-1,2-dihydroquinoline-1,3-

dicarboxylate
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General procedure E was followed using the conjugate addition product 160 to the
acetylated derivative; *H NMR (400 MHz, CDCls): & 7.64 (br s, 1H, C®H), 6.94 (dd, J
= 8.9, 2.9 Hz, 1H, C'H), 6.86 (d, J = 2.9 Hz, 1H, C°H), 5.53 (app d, J = 8.9 Hz, 1H,
C2?H), 4.27 (q, J = 7.1 Hz, 2H, C®®H,), 3.83 (s, 3H, C'®H3), 2.39 (s, 3H, C*®Hj3), 1.54 (s,
9H, 3 x C!Hj3) overlapped by 1.57 — 1.45 (m, 2H, C*?H,), 1.36 (t, J = 7.2 Hz, 3H), 0.89
(t, J=7.1Hz, 3H); HPLC Chiralpak AD-H; mobile phase: hexane:2-propanol (95:5 v/v);
flow rate: 0.5 mL min; retention times: major enantiomer — 12.2 min (58.6%), minor
enantiomer — 23.0 min (41.4%), 17% ee. Only *H NMR data was collected for the
compound to confirm structure prior to HPLC analysis.

HPLC chromatograms for racemic and enantioenriched 160 (enol, top traces) and

derived acetate (lower traces):
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1-tert-Butyl 3-ethyl (S)-2-ethyl-5,7-difluoro-4-hydroxy-1,2-dihydroquinoline-1,3-
dicarboxylate 161

General procedure D was followed using the protected quinolone carboxylate 147
(48.8 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmol)
to afford compound 161 as a colourless oil (40.8 mg, 0.106 mmol, 77%); *H NMR (500
MHz, CDCls): &n 12.39 (s, 1H, OH), 7.28 (br d, J = 4.8 Hz, 1H, C8H), 6.65 (ddd, J =
11.2, 8.8, 2.5 Hz, 1H, C°H), 5.36 (dd, J = 9.5, 5.3 Hz, 1H, C?H), 4.40 — 4.27 (m, 2H,
C™®Hy), 1.55 (s, 9H, 3 x C*Hj3) overlapped by 1.57 — 1.46 (m, 1H, C*HaHg), 1.37 (t, J
= 7.1 Hz, C%Hs) overlapped by 1.44 — 1.34 (m, 1H, C*2HaHg), 0.86 (t, J = 7.4 Hz, 3H);
13C {1H} NMR (126 MHz, CDCls): 5c 170.2 (C), 163.7 (dd, J = 251.3, 14.7 Hz, C), 161.2
(C), 160.5 (dd, J = 260.2, 14.9 Hz, C), 152.2 (C), 141.0 (dd, J = 13.7, 6.4 Hz, C),
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108.7(1) (app d, J = 3.7 Hz, C) overlapped by 108.7(0) (dd, J = 26.0, 3.8 Hz, CH),
100.8 (app t, J = 26.2 Hz, CH), 100.7 (C), 82.4 (C), 61.0 (CHy), 52.0 (CH), 28.2 (CH3),
26.3 (CHy), 14.2 (CHs), 10.2 (CHs); **F NMR (471 MHz, CDCl3) & -105.01 (1F), -
107.69 (1F); IR (ATR): vmax 2972, 2933, 2877, 2859, 1714 (C=0), 1653, 1628, 1580,
1448, 1410, 1370, 1311, 1281, 1255, 1151, 1121, 1024, 1008, 915, 852, 827, 764,
554, 528; HRMS ™/, calc. for CigH23F2NNaOs [M+Nal]: 406.1436; found: 406.1435 (o =
0.30 ppm); HPLC Keto-enol tautomerism led to broad signals in the chromatograms
and increased error bars. Accurate ee measurement was attained on the derived
acetate (See below for data). Chiralpak AD-H; mobile phase: hexane:2-propanol
(99.5:0.5 v/v); flow rate: 0.8 mL min’; retention times: major enantiomer — 6.7 min
(52.9%), minor enantiomer — 7.8 min (47.1%), 6% ee; [a]p?® +26.3 (¢ = 1.0 in CHCls,
6% ee).

1-tert-Butyl 3-ethyl (S)-4-acetoxy-2-ethyl-5,7-difluoro-1,2-dihydroquinoline-1,3-
dicarboxylate

General procedure E was followed using the conjugate addition product 161 to afford
the acetylated derivative; *H NMR (400 MHz, CDCls): dy 7.36 (br d, J = 9.6 Hz, 1H,
CB8H), 6.59 (ddd, J = 11.9, 8.7, 2.5 Hz, 1H, C°H), 5.54 (dd, J = 9.9, 4.7 Hz, 1H, C2H),
4.27 (q, J = 7.1 Hz, 2H, C%H,), 2.31 (s, 3H, C8Hs), 1.66 (ddd, J = 14.3, 7.2, 4.6 Hz,
1H, C*HaHg), 1.57 (s, 9H, 3 x C¥¥H3), 1.49 (ddd, J = 14.3, 9.9, 7.2 Hz, 1H, C*2HaHs),
1.35 (t, J = 7.1 Hz, 3H, C*®H3), 0.88 (t, J = 7.2 Hz, 3H, C**H3); HPLC Chiralpak AD-H;
mobile phase: hexane:2-propanol (98:2 v/v); flow rate: 0.5 mL min; retention times:
major enantiomer — 9.5 min (56.4%), minor enantiomer — 12.4 min (43.6%), 13% ee.
Only 'H NMR data was collected for the compound to confirm structure prior to HPLC

analysis.
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HPLC chromatograms for racemic and enantioenriched 161 (enol, top traces) and

derived acetate (lower traces):
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1-tert-Butyl 3-ethyl (R)-5,7-dichloro-2-ethyl-4-hydroxy-1,2-dihydroquinoline-1,3-
dicarboxylate 162

162

General procedure D was followed using the protected quinolone carboxylate 148
(53.4 mg, 0.138 mmol) and triethylaluminium (1.3 M in heptane) (0.27 mL, 0.351 mmol)
to afford compound 162 as a colourless oil (42.6 mg, 0.102 mmol, 74%); *H NMR (500
MHz, CDCls): 84 12.61 (s, 1H, OH), 7.58 (br s, 1H, C8H), 7.23 (d, J = 2.0 Hz, 1H, C°H),
5.34 (dd, J = 9.8, 5.3 Hz, 1H, C?H) overlapped by occluded CH:Cl at 5.32 (s), 4.41 —
4.27 (m, 2H, C®Hy), 1.54 (s, 9H, 3 x C'!H3) overlapped by 1.54 — 1.44 (m, 1H,
C'HaHg), 1.38 (t, J = 7.1 Hz, 3H, C®H3) overlapped by 1.41 — 1.31 (m, 1H, C*?HaHg),
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0.86 (t, J = 7.4 Hz, 3H, C'¥H3); *C {*H} NMR (126 MHz, CDCls): 3¢ 170.4 (C), 161.9
(C), 152.1 (C), 140.7 (C), 136.0 (C), 132.7 (C), 127.3 (CH), 124.5 (CH), 120.0 (C),
102.7 (C), 82.4 (C), 61.1 (CHy), 51.8 (CH), 28.2 (CHs3), 25.9 (CHy), 14.2 (CHs), 10.4
(CHs); IR (ATR): vmax 2974, 2931, 2875, 2858, 1713, 1650, 1616, 1583, 1543, 1455,
1405, 1381, 1369, 1351, 1308, 1278, 1253, 1201, 1156, 1093, 1019, 908, 874, 853,
834, 819, 763, 470; HRMS ™/, calc. for C19H24>*Cl:NNaOs [M+Na]: 438.0845; found:
438.0845 (o = 0.10 ppm); HPLC Keto-enol tautomerism led to broad signals in the
chromatograms and increased error bars. Accurate ee measurement was attained on
the derived acetate (See below for data). Chiralpak AD-H; mobile phase: hexane:2-
propanol (99.5:0.5 v/v); flow rate: 0.8 mL min; retention times: major enantiomer —
9.8 min (57.8%), minor enantiomer — 7.7 min (42.2%), 16% ee (ent); [a]p®® -18.2 (c =
1.0 in CHCls, 16% ee).

1-tert-Butyl 3-ethyl (R)-4-acetoxy-5,7-dichloro-2-ethyl-1,2-dihydroquinoline-1,3-
dicarboxylate

General procedure E was followed using the conjugate addition product 162 to afford
the acetylated derivative; *H NMR (400 MHz, CDCls): d4 7.67 (s, 1H, C®H), 7.18 (d, J
=2.1Hz, 1H, C®H), 5.49 (dd, J = 10.2, 4.8 Hz, 1H, C2H), 4.28 (q, J = 7.1 Hz, 2H, C15Hy),
2.33 (s, 3H, C'¥Hs), 1.66 (ddd, J = 14.1, 7.3, 4.8 Hz, 1H, C*HaHg), 1.56 (s, 9H, 3 x
C'Hs), 1.43 (ddd, J =14.1, 10.2, 7.3 Hz, 1H, C*?HaHs), 1.35 (t, J = 7.1 Hz, 3H, C*®Hj),
0.88 (t, J = 7.3 Hz, 3H, C'¥H3); HPLC Chiralpak AD-H; mobile phase: hexane:2-
propanol (98:2 v/v); flow rate: 0.5 mL min; retention times: major enantiomer — 11.6
min (55.2%), minor enantiomer — 9.5 min (44.8%), 10% ee. Based on the reversal of
optical rotation and HPLC elution order 162 is tentatively assigned the 2R
configuration; although the degree of asymmetric induction is low. Only *H NMR data

was collected for the compound to confirm structure prior to HPLC analysis.
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HPLC chromatograms for racemic and enantioenriched 162 (enol, top traces) and

derived acetate (lower traces):
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General procedure D was followed using the protected quinolone carboxylate 117
(73.6 mg, 0.232 mmol) and trioctylaluminium (0.478 M in hexanes) (1.2 mL, 0.574
mmol) to afford compound 165 as a colourless oil (63.8 mg, 0.148 mmol, 64%); H
NMR (400 MHz, CDCls): 8y 12.08 (s, 1H, OH), 7.78 (dd, J = 7.7, 1.6 Hz, 1H, C°H), 7.61
(br s, 1H), 7.40 (ddd, J = 8.4, 7.5, 1.6 Hz, 1H, C'H), 7.18 (ddd, J = 7.7, 7.5, 1.1 Hz,
1H), 5.45 (t, J = 7.0 Hz, 1H), 4.42 — 4.25 (m, 2H), 1.54 (s, 9H), 1.38 (t, J = 7.1 Hz, 3H)
overlapped by 1.44 — 1.14 (m, 14H), 0.89 (t, J = 6.7 Hz, 3H); *C {*H} NMR (101 MHz,
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CDCls): 8¢ 170.4 (C), 162.2 (C), 152.8 (C), 137.9 (C), 130.7 (CH), 125.2 (CH), 124.2
(CH), 123.9 (CH), 123.2 (C), 110.7 (C), 81.4 (C), 60.7 (CH>), 50.4 (CH), 33.4 (CHy),
31.9 (CHy), 29.5 (CH2), 29.2 (CH,), 29.1 (CHy), 28.3 (CHs), 25.5 (CHy), 22.7 (CH>),
14.3 (CHs), 14.1 (CHs); IR (ATR): vmax 2974, 2927, 2855, 1702 (C=0), 1651, 1623,
1568, 1487, 1455, 1402, 1367, 1350, 1327, 1273, 1234, 1143, 1091, 1022, 948, 853,
811, 763, 669, 601, 520, 458; HRMS ™/, calc. for CzsH37NNaOs [M+Na]: 454.2564;
found: 454.2578 (o = 3.30 ppm); HPLC Chiralpak AD-H; mobile phase: hexane:2-
propanol (99:1 v/v); flow rate: 0.8 mL min; retention times: major enantiomer — 4.4
min (87.6%), minor enantiomer — 12.3 min (12.4%), 75% ee; [a]o?*° +216.0 (c = 1.0 in
CHCls, 75% ee).

HPLC chromatograms for racemic 165 (left) and enantioenriched 165 (right):
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1-tert-Butyl 3-ethyl (S)-4-hydroxy-2-octyl-6-trifluoromethyl-1,2-dihydroquinoline-
1,3-dicarboxylate 167

23 5, ] 20 21

167

General procedure D was followed using the protected quinolone carboxylate 145
(77.5 mg, 0.200 mmol) and trioctylaluminium (0.478 M in hexanes) (1 mL, 0.478 mmol)
to afford compound 167 as a colourless oil (72.3 mg, 0.145 mmol, 72%); *H NMR (400
MHz, CDCls): &4 12.06 (s, 1H, OH), 8.05 (d, J = 2.2 Hz, 1H, C%H), 7.77 (d, J = 7.5 Hz,
1H, C®H), 7.63 (dd, J = 8.8, 2.2 Hz, 1H, C'H), 5.48 (dd, J = 9.0, 5.1 Hz, 1H, C?H), 4.44

181



—4.26 (2xdq, J=12.1Hz, 7.1 Hz, 2H, C*Hy), 1.56 (s, 9H, 3 x C*Hs), 1.43 - 1.36 (m,
5H, C'?H,, C#Hjs), 1.30 — 1.23 (m, 12H, C*3H,, C¥H,, C¥®H,, C®H,, C!'H,, C8H,,),
0.89 (t, J = 6.7 Hz, 3H, C*®H3); 3C {*H} NMR (101 MHz, CDCls): 8¢ 170.1 (C), 160.6
(C), 152.4 (C), 140.8 (C), 127.2 (q, J = 3.7 Hz, CH), 125.9 (q, J = 32.9 Hz, C), 125.3
(CH), 123.9 (q, J =271.7 Hz, C), 123.3 (C), 121.6 (q, J = 4.3 Hz, CH), 101.8 (C), 82.3
(C), 61.1 (CHy), 50.7 (CH), 33.8 (CH2), 31.9 (CH>), 29.5 (CHy>), 29.2 (CH>), 29.1 (CH,),
28.2 (CHs), 25.5 (CHy), 22.6 (CHy), 14.2 (CHs3), 14.1 (CHs); *°F NMR (376 MHz, CDCls):
OrF -62.4 (3F); IR (ATR): vmax 2957, 2927, 2855, 1707 (C=0), 1653, 1630, 1569, 1456,
1433, 1404, 1382, 1368, 1325, 1272, 1238, 1147, 1097, 1022, 911, 811, 764, 677,
617, 541, 457; HRMS ™/, calc. for CsHs7FsNOs [M+H]: 500.2610; found: 500.2618 (o
=1.70 ppm); HPLC Chiralpak AD-H; mobile phase: hexane:2-propanol (99:1 v/v); flow
rate: 0.8 mL min; retention times: major enantiomer — 4.3 min (77.8%), minor
enantiomer — 9.5 min (22.2%), 55% ee; [a]p?® +147.4 (c = 1.0 in CHCI3, 55% ee).

HPLC chromatograms for racemic 167 (left) and enantioenriched 167 (right):

5226 MB’

051 _BlMB"
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1-tert-Butyl 3-ethyl (R)-4-hydroxy-2-methyl-1,2-dihydroquinoline-1,3-
dicarboxylate 168

General procedure D was followed using the protected quinolone carboxylate 117 (190
mg, 0.600 mmol) and trimethylaluminium (2.0 M in hexanes) (0.75 mL, 1.50 mmol) to
afford compound 168 as a colourless oil (122 mg, 0.366 mmol, 61%); *H NMR (400
MHz, CDCl3): d4 12.09 (s, 1H, OH), 7.79 (dd, J = 7.7, 1.7 Hz, 1H, C°H), 7.61 (d, J =
8.3 Hz, 1H, C®H), 7.40 (ddd, J =8.3, 7.4, 1.7 Hz, 1H, C'H), 7.18 (ddd, J = 7.7, 1.1 Hz,
1H, C®H), 5.55 (q, J = 6.6 Hz, 1H, C?H), 4.41 — 4.26 (m, 2H, C**H,), 1.55 (s, 9H, 3 x
CHs), 1.38 (t, J = 7.1 Hz, 3H, C¥Hs), 1.14 (d, J = 6.6 Hz, 3H, C'?Hg); *C {*H} NMR
(101 MHz, CDCls): 6¢ 161.9 (C), 154.4 (C), 152.4 (C), 138.1 (C), 137.7 (C), 130.8 (CH),
124.7 (CH), 124.2 (CH), 123.7 (CH), 122.6 (C), 81.6 (C), 60.8 (CH2), 47.0 (CH), 28.3
(CHs), 19.2 (CHa), 14.3 (CHa); IR (ATR): vmax 2976, 2928, 2870, 1698 (C=0), 1652,
1619, 1600, 1573, 1487, 1447, 1382, 1367, 1321, 1272, 1232, 1144, 1092, 1050, 1020,
948, 922, 851, 803, 753, 701, 667, 590, 492, 457; HRMS "/, calc. for C1sH24NOs [M+H]:
334.1639; found: 334.1649 (o = 3.00 ppm); HPLC Chiralpak AD-H; mobile phase:
hexane:2-propanol (99:1 v/v); flow rate: 0.8 mL min?; retention times: major
enantiomer — 9.9 min (72.3%), minor enantiomer — 5.1 min (27.7%), 45% ee; [a]p? -
32.0 (c = 1.0 in CHCls, 45% ee).

HPLC chromatograms for racemic 168 (left) and enantioenriched 168 (right):

(2-9887

BME*

EF
0,965 19 221
BuE* na

1559 094
55¢ 19
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1-tert-Butyl 3-ethyl (S,R)-2-ethyl-3-(4-chlorophenyl)-2,3-dihydro-4(1H)-
guinolone-1,3-dicarboxylate 172

172

To a stirred solution of compound 121 (190 mg, 0.547 mmol) and DBU (0.16 mL, 1.07
mmol) in THF (5.5 mL, 0.1 M solution) at r.t. was added tris(4-chlorophenyl)bismuth(V)
diacetate (722 mg, 1.09 mmol). The reaction mixture was stirred at r.t. for 1 h. The
reaction mixture was then partitioned between CH,Cl, (20 mL) and H>O (10 mL). The
agueous phase was extracted with CH2Cl, (3 x 10 mL). The combined organics were
dried (MgSOQ.), concentrated in vacuo and purified by column chromatography (silica,
CH,CI,) to afford compound 172 as an amorphous pale yellow solid (206 mg, 0.450
mmol, 82%); *H NMR (400 MHz, CDCls): &4 8.14 (dd, J = 8.0, 1.7 Hz, 1H, C°H), 7.73
(brs, 1H, C8®H), 7.49 (ddd, J =8.7, 7.2,1.7 Hz, 1H, C'H), 7.31 - 7.27 (m, 2H, 2 x C¥°H),
7.26 —7.21 (m, 2H, 2 x C*®H), 7.17 (ddd, J = 8.0, 7.2, 1.1 Hz, 1H, C®H), 5.48 (d, J =
9.2 Hz, 1H, C?H), 4.22 (q, J = 7.1 Hz, 2H, CH,), 2.00 (dqd, J = 14.7, 7.3, 3.3 Hz, 1H,
C¥HaHg), 1.67 — 1.58 (m, 1H, C*HaHg), 1.45 (s, 9H, 3 x CHg3), 1.23 (t, J = 7.1 Hz,
3H, C**Hy), 0.97 (t, J = 7.3 Hz, 3H, C**Ha); *C {*H} NMR (101 MHz, CDCls): d¢c 189.9
(C), 168.7 (C), 153.0 (C), 140.3 (C), 134.6 (CH), 134.1 (C), 134.0 (C), 129.1 (CH),
128.6 (CH), 127.8 (CH), 124.1 (C), 123.6 (CH), 123.5 (CH), 82.4 (C), 65.6 (C), 61.9
(CH), 61.6 (CH), 28.1 (CHa), 21.7 (CH2), 13.9 (CHs), 11.1 (CHsa); IR (ATR): vmax 3070,
2976, 2932, 2877, 1698 (C=0), 1601, 1576, 1494, 1480, 1460, 1392, 1368, 1330,
1243, 1164, 1148, 1131, 1097, 1072, 1014, 992, 970, 909, 856, 754, 715, 667, 633,
581, 537, 516, 450, 434, 410; HRMS ™/, calc. for CsH29**CINOs [M+H]: 458.1729;
found: 458.1725 (0 = 0.70 ppm); HPLC Chiralpak AD-H; mobile phase: hexane:2-
propanol (99:1 v/v); flow rate: 0.5 mL min; retention times: major product (S,R)-172 —
45.6 min (78.6%), minor syn-arylation product (S,S)-172 — 52.6 min (11.1%),
enantiomer of major product (R,S)-172 — 40.8 min (10.3%), 80% ee; [a]po® +152.0 (c
= 1.0 in CHCI3, 80% ee).
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HPLC chromatogram for 172:

40.0 460 50.0 550 §0.0 §5.0

3E6.0 . .| 7.0 5.
Width (50%) Asym. Resaol. Plates

25.0 30.0 0 ; ; X
‘eak Peak Name Het. Time Amount Rel.Area Area Height Type
No. min n.a. % mAL"min min
1 40,757 0.3 4.4830 244 BM* 1485 186 168 4116
2 45 617 78.59 341728 1430 = 1.892 na na. 3219
ME*

3 52 557 ; 11.10 4 8278 116

[

Maximum
Minimum

1-tert-Butyl 3-ethyl (S,R)-3-allyl-2-ethyl-2,3-dihydro-4(1H)-quinolone-1,3-
dicarboxylate 174

174

To a stirred solution of compound 121 (224 mg, 0.645 mmol) in CH2Cl> (4.3 mL, 0.15
M solution) at -78 °C was added potassium hydroxide (145 mg, 2.58 mmol),
tetrabutylammonium iodide (24 mg, 0.065 mmol) and allyl bromide (112 L, 1.29
mmol). The reaction vessel was shielded from light to prevent decomposition of the
tetrabutylammonium iodide and the suspension was allowed to warm slowly to r.t.
whilst stirring over 18 h. The reaction mixture was partitioned between CH,Cl, (10 mL)
and H2O (5 mL). The phases were separated and the aqueous phase was extracted
with CH.Cl, (3 x 10 mL). The combined organic phases were dried (MgSO.),
concentrated in vacuo and purified by column chromatography (silica, CH.Cl,) to afford
compound 174 as a colourless oil (203 mg, 0.524 mmol, 81%); *H NMR (400 MHz,
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CDCl3): 84 8.05 (dd, J = 7.9, 1.7 Hz, 1H, C5H), 7.79 (br d, J = 8.4 Hz, 1H, C8H), 7.55
(ddd, J = 8.4, 7.2, 1.7 Hz, 1H, C’H), 7.19 (ddd, J = 7.9, 7.2, 1.1 Hz, 1H, C®H), 5.77
(dddd, J = 17.3, 10.2, 7.3, 7.0 Hz, 1H, C*8H), 5.12 — 5.03 (m, 2H, C*Hy,), 4.85 (dd, J =
10.7, 4.8 Hz, 1H, C2H), 4.32 — 4.23 (2 x q, J = 7.1 Hz, 2H, CH), 2.88 (dddd, J = 14.2,
7.0, 1.3, 1.3 Hz, 1H, C¥"HaHg), 2.60 (dddd, J = 14.2, 7.3, 1.2, 1.2 Hz, 1H, C'"HaHs),
1.59 (s, 9H, 3 x C''Hs) overlapped by 1.61 — 1.52 (m, 2H, C*?H,), 1.33 (t, J = 7.1 Hz,
3H, C*Hs), 0.88 (t, J = 7.3 Hz, 3H, C**Has); *C {*H} NMR (101 MHz, CDCls): ¢ 190.0
(C), 169.4 (C), 153.6 (C), 139.9 (C), 134.2 (CH), 131.8 (CH), 127.9 (CH), 124.4 (CH),
124.3 (C), 124.0 (CH), 119.3 (CHy), 82.4 (C), 63.0 (C), 61.4 (CH,), 61.2 (CH), 38.7
(CH2), 28.3 (CHs), 22.3 (CH2), 14.1 (CHs), 10.6 (CHa); IR (ATR): vmax 3078, 2976, 2935,
2877, 1689 (C=0), 1600, 1479, 1459, 1367, 1332, 1253, 1218, 1154, 1127, 1078,
1013, 991, 923, 886, 758, 643, 582, 451; HRMS ™/, calc. for CxH3NOs [M+H]:
388.2118; found: 388.2120 (o = 0.30 ppm); HPLC Chiralpak AD-H; mobile phase:
hexane:2-propanol (99:1 v/v); flow rate: 0.5 mL min; retention times: major product
(S,R)-174 — 26.9 min (76.1%), minor syn-allylation product (S,S)-174 — 31.1 min
(10.3%), enantiomer of major product (R,S)-174 — 20.0 min (10.3%), enantiomer of
minor syn-allylation product (R,R)-174 — 10.8 min (3.4%), 72% ee; [a]p?® +68.0 (c =
1.0 in CHCls, 72% ee).

HPLC chromatogram for 174:

12 - 19.967 } h!
™
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186



Ethyl (S,R)-3-allyl-2-ethyl-2,3-dihydro-4(1H)-quinolone-3-carboxylate 175

To a stirring solution of compound 174 (310 mg, 0.800 mmol) in CH»Cl, (2.4 mL, 0.33
M solution) at r.t. was added trifluoroacetic acid (1.6 mL). The solution was stirred at
r.t. for 24 h then diluted with CH2Cl, (9.6 mL) and added slowly to a saturated aqueous
solution of NaHCO3 (12 mL). The aqueous phase was extracted with CH2Cl, (3 x 12
mL). The combined organics were washed with H,O (24 mL), dried (MgSO.),
concentrated in vacuo and purified by column chromatography (silica, CH.Cl,) to afford
compound 175 as a bright yellow solid (198 mg, 0.689 mmol, 86%; 66% ee, 6.6:1 dr).
The compound was recrystallized via dropwise addition of pentane to a saturated
solution of compound 175 in Et.O at r.t. to afford bright yellow needles (>99% ee,
10.5:1 dr); X-ray crystallographic analysis confirmed the displayed stereochemistry;
m.p. 83-85 °C; 'H NMR (400 MHz, CDCl3): &4 7.94 (dd, J = 8.0, 1.6 Hz, 1H, C°H), 7.33
(ddd, J=8.2, 7.1, 1.6 Hz, 1H, C'H), 6.80 (td, J = 8.0, 7.1, 1.0 Hz, 1H, C®H), 6.70 (dd,
J=8.2,1.0 Hz, 1H, C8H), 5.74 (dddd, J=17.1, 10.2, 9.2, 5.4 Hz, 1H, C*®H), 5.19 (ddd,
J=17.1, 1.7, 0.9 Hz, 1H, C¥HaHg), 5.11 (ddd, J = 10.2, 1.7, 0.9 Hz, 1H, C®HaHs),
4.37 (s, 1H, NH), 4.14 (dg, J = 10.8, 7.1 Hz, 1H, C*2HaHs), 4.05 (dg, J = 10.8, 7.1 Hz,
1H, C'2HaHg), 3.47 (dd, J = 10.6, 2.3 Hz, 1H, C2H), 3.19 (ddt, J = 14.2, 5.5, 1.7 Hz,
1H, C¥HaHg), 2.66 (dd, J = 14.2, 9.2 Hz, 1H, C**HaHg), 2.01 (ddd, J = 14.4, 7.5, 2.3
Hz, 1H, C°HaHs), 1.78 (ddd, J = 14.4, 10.6, 7.5 Hz, 1H, C°HaHg), 1.10 (t, J = 7.1 Hz,
3H, C13Hs), 1.07 (t, J = 7.5 Hz, 3H, C1°Hs); 13C {H} NMR (101 MHz, CDCl3): ¢ 191.0
(C), 170.2 (C), 150.4 (C), 134.8 (CH) , 133.1 (CH), 128.4 (CH), 119.8 (C), 118.9 (CH>),
118.3 (CH), 115.5 (CH), 61.1 (CH>), 60.0 (C), 59.6 (CH), 34.5 (CH>), 21.6 (CHy), 13.9
(CHs), 11.2 (CHs); IR (ATR): vmax 3370, 3075, 2978, 2927, 1727 (C=0), 1661, 1638,
1608, 1505, 1484, 1464, 1435, 1388, 1344, 1307, 1258, 1222, 1203, 1158, 1111, 1093,
1048, 1031, 994, 921, 860, 781, 754, 650, 621, 529, 491, 444; HRMS ™/, calc. for
C17H22NO3 [M+H]: 288.1594; found: 288.1599 (o = 1.80 ppm); HPLC Keto-enol
tautomerism led to broad signals in the chromatograms and increased error bars.
Chiralpak AD-H; mobile phase: hexane:2-propanol (99:1 v/v); flow rate: 0.5 mL min’;
retention times for purified sample: major product (S,R)-175 — 24.7 min (73.1%), minor

syn-allylation product (S,S)-175 — 28.3 min (10.0%), enantiomer of major product
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(R,S)-175 — 20.6 min (13.6%), enantiomer of minor syn-allylation product (R,R)-175 —
18.2 min (3.2%), 66% ee, 6.6:1 dr, retention times for recrystallised sample: major
product (S,R)-175 — 24.7 min (91.3%), minor syn-allylation product (S,S)-175 — 28.2
min (8.7%), >99% ee, 10.5:1 dr, [a]o? purified sample: +14.4 (c = 1.0 in CHCls, 66%
ee, 6.6:1 dr); recrystallized sample: +24.0 (c = 1.0 in CHCls, >99% ee, 10.5:1 dr).

HPLC chromatograms for racemic 175 (left) and enantioenriched 175 (right):

General procedures F for the synthesis of biphenol-phosphoramidite ligands
126 & 128-134

1. PCl3 (1 equiv.)

NEt; (5 equiv.)
R CH,Cl,,0°C-r.t.,,3h o R
. . (o) R
2. Biphenol (1 equiv.)
CH,CIl5, 0°C-r.t.,, 18 h

General procedure F: To a solution of amine (1 equiv.) and NEt; (5 equiv.) in CH.Cl,

(0.2 M solution) under argon at 0 °C was added PCl; (1 equiv.). The reaction mixture
was warmed to rt and stirred under argon for 3 hours. The reaction mixture was then
cooled to 0 °C and substituted biphenol (1 equiv.) was added (N.B. Exothermic reaction
observed! Add across multiple portions to limit exotherm). The reaction mixture was
warmed to rt and stirred under argon for 18 hours, after which the reaction mixture was
partitioned between CH.Cl, and water. The aqueous phase was then extracted with
CH.Cl,. The combined organics were concentrated in vacuo to ~1-5 mL and the crude
solution was eluted over silica gel (CH2Clz) (N.B. 3 column volumes generally sufficient
for complete elution of product) to afford the desired product. A number of the
phosphoramidites have significant numbers of overlapping diastereotopic carbons
making full assignment of the 13C data impractical in some cases, though attempts

have been made and described.
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2,4,8,10-Tetramethyl-N,N-bis((R)-1-(naphthalen-2-
yl)ethyl)dibenzo[d,f][1,3,2]dioxaphosphepin-6-amine 126

General Procedure F was followed using 3,3',5,5'-tetramethyl-2,2'-biphenol (101.7 mg,
0.420 mmol), PCl; (37 pL, 0.424 mmol) and bis((R)-1-(naphthalen-2-yl)ethyl)amine
(137 mg, 0.421 mmol) to afford compound 126 as an off-white solid (143 mg, 0.240
mmol, 57%); m.p. 71-73 °C; 'H NMR (400 MHz, CDCl3): &y 7.97 — 7.75 (m, 1H, Ar-
CH), 7.71 - 7.43 (m, 5H, 5 x Ar-CH), 7.42 — 7.23 (m, 9H, 9 x Ar-CH), 7.13 — 7.00 (m,
3H, 3 x Ar-CH), 4.88 (s, 2H, 2 x C°H), 2.53 (s, 2H, 2 x [aliphatic-C]H), 2.36 (d, J = 8.7
Hz, 4H, 4 x [aliphatic-C]H), 2.10 (s, 2H), 1.85 (d, J = 7.1 Hz, 4H, 4 x [aliphatic-C]H),
1.56 (s, 6H, 2 x C'°H,); rotamers seen in spectrum; 3*C {*H} NMR (101 MHz, CDCls):
Oc 148.0 (d, J=8.0 Hz, C), 147.1(3) (C), 147.1(1) (C), 140.9 (CH), 133.4 (CH), 133.0
(CH), 132.7 (CH), 132.3 (CH), 131.3 (d, J =3.6 Hz, C), 131.1(6) (CH), 131.1 (C), 131.0
(CH), 130.2 (d, J = 1.5 Hz, C), 130.1 (d, J = 2.9 Hz, C), 129.3 (CH), 128.2 (CH), 128.2
(CH), 128.0 (C), 127.8 (CH), 127.6 (C), 127.3 (CH), 127.2 (CH), 126.8 (CH), 126.2
(CH), 126.0 (CH), 125.7 (C), 125.6 (CH), 125.5 (CH), 52.7 (d, J = 11.8 Hz, CH), 20.9
(CHs), 20.8 (CHs), 17.5 (CHg3), 16.5 (CHa); 3P {*H} NMR (162 MHz, CDCls): dp 141.4;
IR (ATR): vmax 3054, 3027, 2973, 2928, 2878, 2852, 1732, 1574, 1490, 1458, 1361,
1331, 1228, 1211, 1111, 1063, 1027, 981, 942, 909, 863, 784, 722, 654, 610, 574,
523, 474, 420; HRMS ™/, calc. for C4oH3sNO2P [M+H]: 596.2713; found: 596.2720 (o =
1.20 ppm); [a]p? +332.6 (c = 0.5 in CHCly).
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N-Benzyl-N-methyldinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-amine 128

General Procedure F was followed using (S)-BINOL (286 mg, 1.00 mmol), PCl; (88
pL, 1.01 mmol) and N-methylbenzylamine (121 mg, 1.00 mmol) to afford compound
128 as a colourless solid (264 mg, 0.607 mmol, 61%); *H NMR (CDCls, 400 MHz): &4
8.01 (d, J = 8.8 Hz, 1H, Ar-CH), 7.95 (d, J = 8.2 Hz, 1H, Ar-CH), 7.89 (d, J = 7.3 Hz,
1H, x Ar-CH), 7.87 (d, J = 9.1 Hz, 1H, x Ar-CH), 7.59 (dd, J = 8.8 Hz, 1H, x Ar-CH),
7.47-7.35(m, 7H, 7 x Ar-CH), 7.34 — 7.25 (m, 5H, 5 x Ar-CH), 4.38 (dd, J = 15.0, 9.2
Hz, 1H, C°HaHg), 3.97 (t, J = 15.0, 13.5 Hz, 1H, C°HaHg), 2.30 (d, J = 6.4 Hz, 3H,
CHs); *H NMR was consistent with previously recorded data for the compound.4!

N-Benzhydryl-N-isopropyldinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-

amine 129

129

General Procedure F was followed using (S)-BINOL (286 mg, 1.00 mmol), PCls; (88
pL, 1.01 mmol) and N-isopropylbenzylamine (225 mg, 1.00 mmol) to afford compound
129 as a colourless solid (401 mg, 0.743 mmol, 74%); *H NMR (400 MHz, CDCls3) dn
7.93 (d, J = 8.8 Hz, 1H, Ar-CH), 7.92 — 7.87 (m, 2H, 2 x Ar-CH), 7.80 (d, J = 8.8 Hz,
1H, Ar-CH), 7.49 (d, J = 7.2 Hz, 2H, 2 x Ar-CH), 7.46 — 7.39 (m, 6H, 6 x Ar-CH), 7.39
—7.31 (m, 6H, 6 x Ar-CH), 7.31 — 7.20 (m, 4H, 4 x Ar-CH), 5.73 (d, J= 17.1 Hz, 1H,
C°H), 3.60 (heptd, J = 6.6, 4.6 Hz, 1H, C'*H), 1.11 (d, J = 6.6 Hz, 3H, C%?H3), 0.99
(d, J = 6.6 Hz, 3H, C¥"H3;); *H NMR was consistent with previously recorded data for

the compound.?’
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N-Benzhydryl-N-methyldinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-amine
130

130

General Procedure F was followed using (S)-BINOL (1.12 g, 3.91 mmol), PCl; (0.34
mL, 3.90 mmol) and N-methylbenzhydrylamine (771 mg, 3.91 mmol) to afford
compound 130 as an off-white solid (1.28 g, 2.50 mmol, 64%); m.p. 100-102 °C; H
NMR (400 MHz, CDCls): &4 8.00 (d, J = 8.7 Hz, 1H, Ar-CH), 7.94 (dd, J = 8.3, 1.2 Hz,
1H, Ar-CH), 7.85 (dd, J = 8.7, 1.2 Hz, 1H, Ar-CH), 7.72 (d, J = 8.8 Hz, 1H, Ar-CH), 7.58
(d, J=8.8 Hz, 1H, Ar-CH), 7.51 — 7.32 (m, 14H, 14 x Ar-CH), 7.27 — 7.23 (m, 2H, 2 x
Ar-CH), 6.94 (d, J = 8.7 Hz, 1H, Ar-CH), 6.05 (d, J = 10.9 Hz, 1H, C°H), 2.14 (d, J =
4.0 Hz, 3H, C*H); 3C {*H} NMR (101 MHz, CDCls): 8¢ 150.2 (d, J = 5.5 Hz, C), 149.4
(CH), 140.1 (d, J = 3.7 Hz, C), 139.7 (d, J = 7.2 Hz, C), 132.9 (CH), 132.6 (CH), 131.4
(CH), 130.7 (CH), 130.3 (CH), 129.9 (CH), 129.8 (CH), 128.5 (CH), 128.4 (CH), 128.3
(CH), 128.2 (CH), 127.6 (CH), 127.2 (CH), 127.1 (CH), 127.0 (CH), 126.1 (CH), 126.0
(CH), 124.8 (CH), 124.6 (CH), 124.0 (d, J = 5.1 Hz, C), 122.6 (d, J = 2.0 Hz, C), 122.2
(CH), 121.8 (CH), 65.3 (d, J = 45.3 Hz, CH), 28.96 (CHa); 3P {*H} NMR (162 MHz,
CDCls): &p 148.7; IR (ATR): vmax 3054, 3027, 2970, 2937, 1739, 1619, 1589, 1493,
1462, 1431, 1364, 1327, 1231, 1203, 1141, 1071, 1031, 979, 940, 864, 819, 800, 779,
747, 727, 696, 681, 626, 599, 575, 556, 541, 523, 481, 465, 417; HRMS ™/, calc. for
C34H27NO2P [M+H]: 512.1774; found: 512.1773 (o = 0.20 ppm); [a]o?° +151.0 (c = 0.5
in CHCI3).
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N-Benzhydryl-N-benzyldinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-amine
131

General Procedure F was followed using (S)-BINOL (244 mg, 0.852 mmol), PCl; (74
pL, 0.848 mmol) and N-benzylbenzhydrylamine (233 mg, 0.852 mmol) to afford
compound 131 as an off-white solid (356 mg, 0.606 mmol, 71%); m.p. 122-124 °C; H
NMR (400 MHz, CDClIs): &4 7.95 (d, J = 8.8 Hz, 1H, Ar-CH), 7.91 (d, J = 8.4 Hz, 2H, 2
x Ar-CH), 7.86 — 7.83 (m, 1H, Ar-CH), 7.81 (d, J = 8.9 Hz, 1H, Ar-CH), 7.68 — 7.62 (m,
2H. 2 x Ar-CH), 7.60 — 7.51 (m, 3H, 3 x Ar-CH), 7.47 (dt, J=7.3, 1.9, 1.3 Hz, 1H), 7.41
(ddd, J=8.1, 6.6, 1.3 Hz, 1H, Ar-CH), 7.39 — 7.34 (m, 2H, 2 x Ar-CH), 7.34 — 7.29 (m,
7H, 7 x Ar-CH), 7.28 — 7.20 (m, 5H, 5 x Ar-CH), 7.18 — 7.12 (m, 2H, 2 x Ar-CH), 5.29
(d, J=16.7 Hz, 1H, C°H), 4.17 (dd, J = 14.6, 1.8 Hz, 1H, C**HaHg), 3.34 (dd, J = 14.6,
1.8 Hz, 1H, C**HaHg); C {*H} NMR (101 MHz, CDCl;): &¢c 150.4 (d, J = 5.7 Hz, C),
149.5 (CH), 140.6 (d, J = 8.7 Hz, C), 140.3 (CH), 138.3 (CH), 132.8 (C), 132.6 (C),
131.4 (CH), 130.6 (CH), 130.2 (CH), 130.1 (CH), 129.4 (CH), 129.4 (CH), 129.3 (CH),
129.2 (CH), 129.2 (CH), 128.7 (CH), 128.4 (CH), 128.3 (CH), 128.3 (CH), 128.2 (CH),
127.8 (CH), 127.4 (CH), 127.3 (CH), 127.1 (CH), 127.0 (CH), 126.1 (CH), 126.0 (CH),
124.8 (CH), 124.6 (CH), 124.1 (d, J = 8.7 Hz, C), 122.46, 122.4 (d, J = 1.0 Hz, C),
121.9 (CH), 65.0 (d, J = 26.9 Hz, CH), 49.6 (d, J = 3.5 Hz); 'P {*H} NMR (162 MHz,
CDCls): &p 142.6; IR (ATR): vmax 3056, 3027, 2970, 2925, 2851, 1739, 1588, 1493,
1453, 1360, 1326, 1227, 1202, 1155, 1097, 1062, 1028, 981, 940, 911, 864, 818, 787,
745, 693, 679, 624, 605, 574, 551, 523, 470, 415; HRMS ™/, calc. for CsH3:NO2P
[M+H]: 588.2087; found: 588.2081 (o = 1.10 ppm); [a]o?° +193.7 (c = 0.5 in CHCl5).
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N-Benzhydryl-N-cyclopentyldinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-
amine 132

132

General Procedure F was followed using (S)-BINOL (286 mg, 1.00 mmol), PCl; (88
pL, 1.01 mmol) and N-cyclopentylbenzhydrylamine (251 mg, 1.00 mmol) to afford
compound 132 as a colourless solid (442 mg, 0.781 mmol, 78%); *H NMR (CDCls, 400
MHz): &4 7.96 (d, J = 8.8 Hz, 1H, Ar-CH), 7.91 (dd, J = 8.0, 1.2 Hz, 1H, Ar-CH), 7.84
(dd, J=8.3, 1.5 Hz, 1H, Ar-CH), 7.62 (d, J = 8.8 Hz, 1H, Ar-CH), 7.49 (dd, J =8.8, 0.9
Hz, 1H. Ar-CH), 7.46 — 7.32 (m, 8H, 8 x Ar-CH), 7.32 — 7.26 (m, 6H, 6 x Ar-CH), 7.24
(dd, J=6.7, 1.4 Hz, 2H, 2 x Ar-CH), 7.05 (d, J = 8.8 Hz, 1H, Ar-CH), 5.70 (d, J =12.3
Hz, 1H, C°H), 3.60 (app h, J = 8.8 Hz, 1H, C*H), 1.97 — 1.73 (m, 2H, 2 x [aliphatic]-
CH), 1.40 — 1.31 (m, 3H, 3 x [aliphatic]-CH), 1.23 — 1.11 (m, 3H, 3 x [aliphatic]-CH);

H NMR was consistent with previously recorded data for the compound.?°

N-Benzhydryl-N-cyclohexyldinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-

amine 133

General Procedure F was followed using (S)-BINOL (716 mg, 2.50 mmol), PCl; (220
pL, 2.52 mmol) and N-cyclohexylbenzhydrylamine (664 mg, 2.50 mmol) to afford
compound 133 as a colourless solid (1.24 g, 2.14 mmol, 86%); *H NMR (CDCls, 400
MHz): &x 7.93 (d, J = 8.8 Hz, 1H, Ar-CH), 7.91 — 7.86 (m, 2H, 2 x Ar-CH), 7.77 (d, J =
8.8 Hz, 1H, Ar-CH), 7.48 (d, J = 7.3 Hz, 2H, 2 x Ar-CH), 7.45 — 7.36 (m, 6H, 6 x Ar-
CH), 7.36 — 7.26 (m, 9H, 9 x Ar-CH), 7.22 (ddd, J = 8.5, 6.7, 1.3 Hz, 1H, Ar-CH), 5.75
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(d, J=16.6 Hz, 1H, C°H), 2.99 (ddt, J = 14.9, 11.4, 3.3 Hz, 1H, C*H), 1.78 (d, J = 12.4
Hz, 1H, [aliphatic]-CH), 1.63 — 1.29 (m, 5H, 5 x [aliphatic]-CH), 0.97 — 0.83 (m, 2H, 2
x [aliphatic]-CH), 0.71 — 0.55 (m, 2H, 2 x [aliphatic]-CH); *H NMR was consistent with

previously recorded data for the compound.'?

N-isopropyl-N-((R)-1-(naphthalen-2-yl)ethyl)dinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepin-4-amine 134

134

General Procedure F was followed using (S)-BINOL (544 mg, 1.90 mmol), PCls (165
pL, 0.190 mmol) and N-isopropyl-N-(R)-1-(naphthalen-2-yl)ethyl)amine (405 mg, 1.90
mmol) to afford compound 134 as an off-white solid (633 mg, 1.20 mmol, 63%); m.p.
167-169 °C; *H NMR (400 MHz, CDCls) o+ 8.02 (d, J = 8.7 Hz, 1H, Ar-CH), 7.98 — 7.90
(m, 3H, 3 x Ar-CH), 7.87 — 7.78 (m, 4H, 4 x Ar-CH), 7.75 (dd, J = 8.5, 1.9 Hz, 1H, Ar-
CH), 7.62 (dd, J = 8.8, 1.0 Hz, 1H, Ar-CH), 7.58 (d, J = 8.8 Hz, 1H, Ar-CH), 7.51 - 7.38
(m, 5H, 5 x Ar-CH), 7.32 (d, J = 8.4 Hz, 1H, Ar-CH), 7.28 — 7.22 (m, 2H, Ar-CH), 4.72
(app p, J = 7.3 Hz, 1H, C°H), 3.35 (app hept, J = 6.8 Hz, 1H, C**H), 1.71 (d, J = 6.8
Hz, 3H, C*®Hs), 1.43 (d, J = 6.8 Hz, 3H, C?°H3), 1.00 (d, J = 7.3 Hz, 3H, C°Hg); 3C
{*H} NMR (101 MHz, CDCl3) &8¢ 150.3 (d, J = 7.3 Hz, C), 150.0 (C), 141.4 (C), 133.1
(C), 132.9 (C), 132.8 (C), 132.5 (C), 131.5 (C), 130.6 (C), 130.4 (CH), 129.5 (CH),
128.4 (CH), 128.2 (CH), 128.0 (CH), 127.7 (CH), 127.6 (CH), 127.2 (CH), 127.2 (CH),
127.1 (CH), 126.1 (CH), 126.0 (CH), 125.9 (CH), 125.7 (CH), 125.5 (CH), 124.8 (CH),
124.5 (CH), , 124.1 (d, J = 5.1 Hz, C), 122.5(1) (CH), 122.4(8) (CH), 121.92 (C), 51.7
(d, J = 7.3 Hz, CH), 46.1 (d, J = 17.2 Hz, CH), 25.7 (d, J = 8.8 Hz, CH3), 24.6 (d, J =
10.6 Hz, CHs), 21.29 (CHs); 3P {*H} NMR (162 MHz, CDCl3): dp 147.6; IR (ATR): Vmax
3051, 2967, 2928, 2867, 1618, 1589, 1504, 1461, 1430, 1362, 1326, 1270, 1230, 1203,
1149, 1126, 1102, 1069, 1041, 984, 942, 854, 818, 788, 746, 696, 678, 656, 624, 593,
555, 524, 506, 474, 416; HRMS ™/, calc. for CssH31NO.P [M+H]: 528.2087; found:
528.2090 (o = 0.60 ppm); [a]o?° +235.0 (c = 0.5 in CHCly).
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