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Abstract

This research project focused on the investigation of the palladium-catalysed decarboxylative
asymmetric allylic alkylation (Pd-DAAA) reaction of a-anions of a 5-membered sulfone,
sulfolane, bearing a range of ketone and ester anion stabilising substituents, in the presence
of the (S,S)-ANDEN Phenyl Trost ligand. In the first instance, the synthesis of the prerequisite
substrates for the Pd-DAAA reaction, namely a sulfone bearing allyl ester and phenyl ester

substituents, and a sulfone bearing allyl ester and phenyl ketone substituents, was optimised.

A mechanistic study followed, and it was discovered that substrates containing a 2-methyl
substituted allyl ester were less reactive than their non-substituted counterparts, making these
intermediates unsuitable for enolate crossover studies. Instead, H-labelling of the allylic ester
was achieved in good yield with 93% deuterium incorporation at the terminal alkene position.
Enolate crossover reactions of both ester and ketone deuterated and non-deuterated
substrates showed significant crossover, suggesting that an outer-sphere alkylation

mechanism operates for both ester and ketone substrates.

Relative stereochemistry determination experiments were attempted to conclusively establish
the mechanism of the Pd-DAAA of cyclic sulfones, using cis-5-phenyl-2-cyclohexen-1-ol as the
allylic stereochemical label. Although benzyl ester and phenyl ketone precursors were
successfully prepared, they were found to be unreactive in the Pd-DAAA process, even over

an extended reaction time with temperatures up to 120 °C.

Optimisation of the Pd-DAAA of cyclic sulfones was explored by testing the use of additives,
in an effort to increase the observed enantioselectivity. Ultimately, no increase in
enantioselectivity was observed as compared to previously optimised additive-free conditions.
Using these conditions, the substrate scope of the Pd-DAAA reaction was substantially
broadened for a range of not only 5- but also 6-membered cyclic sulfones with varying ester

and ketone substituents, affording novel enantioenriched alkylated products with 10-94% ee.
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Chapter 1: Literature Review

1. Introduction

Ring systems are the fundamental building blocks of the majority of small molecule drugs on
the market currently.” Rings provide rigidity to the drug molecule, and affect its
pharmacokinetic and pharmacodynamics properties. Every year, on average 28% of newly
developed drugs contain one novel ring system. However, in 2014, 40% of drugs did not
contain sp3-hybridised carbon atoms in any ring system. This widespread use of aromatic
systems (sp?-hybridised) could be attributed to the overuse of highly efficient cross-coupling

methods for carbon-carbon bond formation.?

It has been shown, however, that increasing the complexity of a drug molecule by introducing
more sp® and chiral centres correlates with success as the compound passes through
development and clinical testing phases,® and there is a decrease in the average number of
aromatic rings per molecule in going from preclinical drug candidates to candidates that are
successful in clinical trials.? A potential reason for this phenomenon could be that a high
‘aromatic proportion’ in a molecule can negatively affect aqueous solubility, a factor that must
be carefully controlled in drug development.* This suggests that limiting the number of aromatic

rings per molecule could make the drug candidate statistically more developable.

Conversely, increased saturation in a molecule is more likely to enhance its aqueous solubility
whilst maximising the interrogation of three-dimensional chemical space.® Since Lipinski
developed the Rule of 5,° a set of criteria that describe the physical properties of most oral
small molecule drugs, the pharmaceutical industry is more conscious of the impact of the
physical properties of a drug candidate prior to, and during, development.* The increased
complexity that saturated molecules offer may also enable the discovery of new binding sites

by disrupting protein-protein interactions.®

Additionally, toxicity is a leading cause of attrition during all phases of drug development, and
is often due to off-target effects within the body.” It has been shown that compounds with
greater saturation possess lower toxicity, and it has been hypothesised that this is due to more
complementary binding between a more three-dimensional molecule and the three-

dimensional binding sites in drug targets, limiting off-target effects.®

The synthesis of novel saturated three-dimensional molecules is challenging, particularly those
containing a chiral quaternary all-carbon centre. Indeed, the majority of drug molecules bearing
this feature are derived from natural products comprising the quaternary centre, thus

highlighting the lack of reliable synthetic methods for their construction.® More efficient
9



assembly of quaternary stereogenic centres could significantly enhance the diversity of three-
dimensional building blocks, substantially expanding beyond the structures that natural
products can offer. For example, most natural products have limited nitrogen incorporation, yet
nitrogen is extremely common in medicinal chemistry, particularly for building heterocycles and

fused compounds, as well as in cross-coupling reactions.

In a push towards unprecedented ring systems, spirocyclic compounds were popularised as
novel building blocks for drug discovery in 2010 as alternatives to flat aromatic rings."" Spiro
rings are represented in numerous natural products,' and they offer a high degree of three-
dimensionality, which enables more efficient use of chemical space in order to maximise
hydrogen bonding, lipophilic, and t-stacking interactions, allowing for more complementary
binding between the drug and its binding site."® The rigidity of spirocycles also imposes well-
defined spatial orientation on exit vectors, leading to a larger set of vectors being accessible
in three-dimensional space.™ It has also been found that molecules containing a small ring
bearing a chiral quaternary centre are less subject to oxidative metabolism within the body
than analogous molecules containing simple sp3-chains, potentially lowering toxicity.'
Additionally, many emerging spiro building blocks for drug discovery are structurally novel,

thus with potential for patent protection.?

Because of the apparent benefits of incorporating spirocyclic building blocks into drug
molecules, they are of increasing interest in the pharmaceutical industry, yet remain a rarity in
fragment libraries.'® This is likely due to limitations in the current methods available for the
synthesis of novel spirocyclic compounds, particularly in enantiopure form. Spirocycles
necessarily contain a quaternary centre, and despite significant advances by Carreira et al. in
this area,' the stereoselective construction of chiral spirocycles remains an underdeveloped

area.
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1.2 A Comparison of Direct and Decarboxylative Allylic Alkylation

Over the years, asymmetric allylic alkylation (AAA) and decarboxylative asymmetric allylic
alkylation (DAAA) methodologies have been developed to allow for reliable formation of chiral
quaternary centres by carbon-carbon bond formation. In particular, by using chiral ligands,
these quaternary centres can be installed with high enantioselectivity. These reactions can
proceed under mild reaction conditions, making this method attractive to industry."” AAA and
DAAA allow for the desired increased complexity in molecules as they can impart
stereochemistry at quaternary centres. AAA and DAAA are unique in that they allow for a
variety of bond types, both carbon-carbon and many carbon-heteroatom bonds, to form in the

presence of a single catalyst.'

Direct allylic alkylation occurs between an allylic electrophile and a nucleophile as two
independent species. The catalytic cycle of direct allylic alkylation involves four elementary
steps (Scheme 1). The first is complexation of a palladium catalyst to the alkene of allyl
electrophile 1 to give palladium(0) complex 2. This is followed by the ionisation step, which
involves an oxidative addition of palladium(0) to give mr-allylpalladium(ll) system 3. An incoming
nucleophile then attacks this intermediate to form a new allylated product 4. The final step is

decomplexation, where allylated product 5 dissociates from the palladium catalyst, which is

?/ \&

then regenerated.

do,_ PdOL
\\L Pdn@
3
Scheme 1

A process similar to direct allylic alkylation is the decarboxylative allylic alkylation reaction in
which the allylic electrophile and latent nucleophile are tethered via an ester or carbonate motif,
such as in 6 (Scheme 2). The catalytic cycle of decarboxylative allylic alkylation begins with
complexation of the palladium(0) catalyst to the alkene of allyl substrate 6, followed by an

oxidative addition to give a mr-allylpalladium(ll) system, where the nucleophile and electrophile
11



exist as an ion pair 7, or as a covalently-bonded o-allylpalladium(ll) species 8. 7 or 8 can then
undergo decarboxylation to give rise to enolate 9 as an ion pair, or covalently-bonded 10. The
enolate nucleophile generated in situ then undergoes allylic alkylation to form allylated product

11, after decomplexation.

e} O O
R Pz RMO/\/
R R LnPdO R R
11 N
/T\ g R__R o o o o i
® n
andll . R or | /PdIILn RMO@/I\ or R)S(U\O/
R R O R R e R R \
R \ L,pd! ®
9 10 V 7 8
Co,
Scheme 2

While direct and decarboxylative allylic alkylation reactions can afford the same products, they
differ in a number of ways. Decarboxylative allylic alkylation reactions are unimolecular as the
nucleophilic and electrophilic species form simultaneously in situ, and therefore high-energy
intermediates are formed in catalytic concentrations, minimising unwanted side-reactions.'®
On the other hand, direct asymmetric allylic alkylation reactions are intermolecular processes,

requiring stoichiometric nucleophile addition.

A further benefit of decarboxylative allylic alkylation is the ability to regiospecifically alkylate
non-symmetrical ketones, more specifically an enolate that is generated by decarboxylation is
rapidly trapped by the allylic electrophile even in the presence of other enolisable positions
without enolate scrambling.’® Conversely, direct allylic alkylation of non-symmetrical ketones
typically requires the use of a strong base or specific enol equivalent to regioselectively form
either the kinetic or thermodynamic enolate. This often limits the process to ketones with a
single enolisable position, or ketones where the difference in pKa between possible enolisable
positions is substantial. The use of mild, neutral conditions gives the decarboxylative process

utility over a wider range of substrates.?



1.3 The Development of Palladium-Catalysed AAA

The first allylic alkylation reaction was reported in 1965, in which the coupling of T-
allylpalladium(ll) chloride and diethyl malonate (12) afforded ethyl allyl malonate (13) in 37%
yield as well as ethyl diallylmalonate (14) in 39% yield, with metallic palladium(0) as the by-
product (Scheme 3).2'

Na
j\/ﬁ\ [PACI(C3Hs)l, Q@ 0 Q@ 9
EtO OEt DMSO.EOH. 1t EtO OEt + E0” "X “OEt
/ A\
12 13 14
37% 39%

Scheme 3

The use of stoichiometric palladium would cause this first iteration of the allylic alkylation
process to be very expensive and would prevent both the scale-up and the utility of the
reaction. Therefore, attention turned to converting this reaction into a catalytic process. In
1970, two research groups reported the development of catalytic allylic alkylation reactions.?*%3
The scope of palladium catalysts that could be used for allylic alkylation was demonstrated,
including palladium(0) complexes, such as tetrakis (triphenylphosphine)palladium(0),
bis(triphenylphosphine)palladium(ll) chloride in the presence of sodium phenoxide, and

palladium(ll) acetate in the presence of triphenylphosphine.?

The utility of this process was demonstrated in the reaction of allylic alcohols, such as 15, with
acetylacetone (16), using palladium(ll) acetylacetonate in the presence of triphenylphosphine
as the catalyst, to give allylated products 17 and 18 (Scheme 4).2® Subsequently, the scope of

this method was extended to the alkylation of allylic esters and amines.

o O Pd(acac), (0.5 mol%)

A0 I PPhy (0.5 mol%) . +

>

85°C, 3 h | 7 N

15 16 17 18

70% 26%
Scheme 4
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Interestingly, it was discovered that isomeric allylic alcohols 19 and 20 both yielded the same
allylated product 21, suggesting that both reactions proceeded via a common intermediate
(Scheme 5).

OH

(0]
W 19 Pd(acac), (0.5 mol%)

2 .
PPh; (0.5 mol%), 16 Z4 X
or >
(e}

85°C,3h

Scheme 5

In order to increase the utility of the allylic alkylation reaction, attention turned to the

investigation of enantioselective variants of the allylic alkylation reaction using chiral ligands.

Palladium-catalysed allylic alkylation reactions were originally unresponsive to asymmetric
induction, until 1992, when a variety of bidentate ligands were synthesised, leading to the
disclosure of the first enantioselective allylic alkylation reaction.?* Two factors in particular
influenced the design of these ligands: first, the hypothesis that increasing the bite angle, 6,
by altering the tether lengths in a bidentate ligand, could enhance asymmetric induction by
pushing the chiral environment closer towards the allyl moiety; and second, the knowledge
that the use of C, symmetric ligands has been key for successfully inducing asymmetry in other

reaction processes.?

The two main groups of ligands used for allylic alkylation are Trost ligands, such as the (R,R)-
DACH phenyl Trost ligand (R,R)-L1 (Scheme 6), and phosphinooxazolines (PHOX) ligands,
such as the (S)-t-Bu-PHOX ligand (S)-L2 (Scheme 7). An example of an allylic alkylation
reaction using (R,R)-L1 was the AAA of a cyclohexanone derivative 22 and allyl acetate (23)
with allylpalladium(ll) chloride dimer as a source of palladium (Scheme 6), to afford 24, bearing

an all-carbon quaternary centre, in 86% yield and 86% ee.?

0]

CO,C,H5
O
[PdCl(C3H5)]2 (05 mOl%) Q0202H5
(R,R)-L1 (1.2 mol%) S _
22 - PPh2 PhZP

Toluene, rt, 16 h

* 24 (R,R)-L1
OAC e e e e e e e e e e e e e e e e e e e e == = 1
i 86% yield
23 86% ee

Scheme 6
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An example of allylic alkylation using PHOX ligand (S)-L2 was the AAA reaction of acyclic
fluorinated ketones (Scheme 7), such as 25, using allyl methyl carbonate (26) and
allylpalladium(ll) chloride dimer as the palladium source, to give a-quaternary ketone 27 in
91% yield and 84% ee.?’

O

Br [PACI(C3Hs)] (1.25 mol%) ! o
(S)-L2 (3.1 mol%) ; C j
25 NaOAc (10 mol%) F | N""g,,
> Br -

+

THF, rt 27 (S)-L2
_~_OCOMe S !
Z 91% yield
26 84% ee

Scheme 7

This research area has undergone substantial development since these original discoveries to

the asymmetric allylic alkylation of a broad variety of functional groups.'’
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1.4 The Development of Palladium-Catalysed Decarboxylative AAA

Two research groups reported the first decarboxylative palladium-catalysed allylic alkylation
reaction in quick succession in 1980.2%% The conversion of allylic cyclic B-ketoesters 28 to a-
allylic ketones 29 was reported to proceed in moderate to high yields by means of
decarboxylative allylic alkylation (Scheme 8), using tetrakis (triphenylphosphine)palladium(0)

in catalytic quantities.?®

Pd(PPhj), (5 mol%)

0" R? - ZR2

)R R' DMF, rt )RR
28 29
n=12 10 examples
R = Et, allyl; R'= Me; R?= alkyl 31-96%
Scheme 8

While products 29 contain a quaternary all-carbon centre and therefore do not posses a second
acidic a-proton, there were issues with dialkylation of simpler malonate systems (Scheme 9),

such as 30, leading to lower yield of the desired monoalkylated product 31 for these reactions.

O O Pd(PPhs), (5 mol%) o O
> + P
= )J\/\/
MO/\/ DMF, rt
30 31 32
37% 16%
Scheme 9

Almost simultaneously, the decarboxylative allylic alkylation of allylic esters 33-35 to give y,0-
unsaturated methyl ketones 36-38 under mild conditions was reported in up to 100% yield
(Scheme 10).%°
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o o Pd(OAc), (0.1 mmol) 0

PPh3 (0.4 mmol) )]\/\/\ R= Ph, alkyl
A 3
)J\/“\o/\/\R > = R 3 examples

THF, ref
33 ren 36 24-52%

Pd(OAc), (0.1 mmol) O Me

O O Me
PPh (04mmol) I L ___
B )J\/U\o)\/\ : - = 100%

THF, reflux

34 37
O O Pd(OAc), (0.1 mmol) (o) R
R PPh; (0.4 mmol = H vi
c O/\/ 3 ( )‘ P R=H, vinyl,
allyl, Me
R THF, reflux R
50-1009
35 38 %
Scheme 10

Reaction A afforded the linear product 36 exclusively, with no observed branched product
formation. The use of disubstituted allylic electrophile 34 successfully afforded 37, which
presumably proceeded via a symmetrical t-allylpalladium(ll) intermediate. Reactions A and B
are analogous to the Carroll rearrangement but can take place at much lower temperatures,
highlighting one of the benefits of decarboxylative allylic alkylation. Importantly, allylic

alkylation reaction C provided a route to products 38 containing a quaternary all-carbon centre.

Once again, there was formation of unwanted dialkylated products, such as 41, formed from
simpler malonate systems, such as 39, leading to decreased yields of the desired

monoalkylated product in some cases (Scheme 11).
Pd(OAc), (0.1 mmol)
U PPh3 (0.4 mmol) Q Q
0" ph A pp + P
THF, reflux P
Ph
39 40 41
52% 21%

Scheme 11

Although this reaction was successful in forming quaternary carbon centres under extremely
mild conditions, the utility of the reaction was limited until enantioselective versions of the

reaction emerged.

The first enantioselective decarboxylative allylic alkylation processes were reported in 2004.%
The use of decarboxylative asymmetric allylic alkylation of ketone enolates 42 to generate a-

chiral ketones 43 bearing quaternary all-carbon centres was demonstrated (Scheme 12),
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giving good to excellent yields and high enantioselectivity. In this process, allyl enol carbonates

were utilised which revealed the latent ketone enolate upon decarboxylation.

0
o}
SeRdi Y
R R - . mol7/ R1 il
R1 > ) \:
) THF, rt n
n R2
R2
42 43
n=1,2,3 13 examples
R= Me, Et, Bn, Bu; R'= Me; 55-96% yield
R2= ethylene ketal 79-92% ee
Scheme 12

DAAA reactions of a wide range of other functionalities have also been reported since then. In
2011, the first decarboxylative asymmetric allylic alkylation of B-imidoester derived carbonate
44 was disclosed (Scheme 13), with 44 undergoing DAAA in the presence of (R,R)-L3 and

tris(dibenzylideneacetone)dipalladium(0) to form alkylated product 45 in moderate yield and

good ee.*!
i T -
oo Pd,(dba); (0.8 mol%) | i i E
2\aba)s 1.6 MO'%)  MeO,C R !
Meozc\%\N/R (R,R)-L3 (2.4 mol%) 2 N ; | 0 :
N > N E NN !
0 1,2-DCE ) o ! H H :
\ ) \ | PPh, PhyP !
44 45 i (R,R)-L3 !
R=4-bromo-2-fluorobenzyl 65% vyield B '

80% ee
Scheme 13

An important example of DAAA was the synthesis of a variety of a-quaternary-6-lactams 47,
in good to excellent yield and ee, from lactams 46 using tris(4,4’-methoxydibenzylidene
acetone)dipalladium(0) and (R,R)-L4 (Scheme 14).3? The ability to construct a quaternary
stereogenic centre in nitrogen-containing substrates was key for expanding reaction scope
beyond the structures offered by natural products and entering chemical space relevant to

medicinal chemistry.
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R? o _,
Pdy(pmdba); (5 mol%) R' :

RN 0 (RR}L4 (125 moi%) RN~ "¢ !
R? > R? |

toluene, 40 °C

46 47
R= Acyl 60-97% i
- yield
R¢= Alkyl 88-99% ce | (RRVL4 :

R,= Me, Halogen
Scheme 14
The first DAAA reaction of aldehydes was not reported until 2015, despite aldehydes offering
higher reactivity than ketones.®® Allyl enol carbonates 48 underwent decarboxylative allylic
alkylation in the presence of tris(dibenzylideneacetone) dipalladium(0) and (R,R)-L4 to afford

a-quaternary aldehydes 49 in excellent yields and moderate to good ee (Scheme 15).

0o
CO,Et
G
EtO,C / O/U\O/\/ N X0
[Pd,(dba)3]CHCI5 (2.5 mol%)
(R,R)-L4 (6 mol%)
R 1:2 toluene:hexane or THF, =20 °C R
48 49

R= H! 4_Mea 4-F1 4-OMev 79‘99% yield
5-Br-2-OMe 53-73% ee

Scheme 15

A further interesting example of DAAA was disclosed in 2017, using 4-thiopyranones 50 to

form a-quaternary 4-thiopyranones 51 in moderate to high ee (Scheme 16).%*

a-Quaternary 4-
thiopyranones were traditionally difficult to synthesise using standard enolate alkylation
methods due to issues with ring-opening via B-sulfur elimination. The 4-thiopyranones formed
in this reaction have potential as building blocks for drug discovery, however, the carbon-sulfur
bond can also be reduced to form acyclic a-quaternary ketones which, again, have been

difficult to access using traditional methods.

(0]
0 R 0 Pd,(pmdba)s (1 mol%) R
o (R,R)-L3 (2.4 mol%) :
fjj)k /\R( - R1
S TBME, rt, 12 h S
50 51
_ 12 examples
FR{LA,\IH" Aryl 29-92% yield
50-94% ee

Scheme 16
19



Having reviewed the discovery and development of enantioselective variants of palladium-
catalysed allylic alkylation reactions, methods for elucidating the mechanism of the reactions

as well as the origins of enantioselectivity are discussed in the next two sections.
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1.5 Elucidating the Mechanism of Allylic Alkylation Reactions

There are two potential mechanisms that the palladium-catalysed allylic alkylation reaction can
proceed by, which differ in the nucleophilic addition step (Scheme 17). The first is the inner-
sphere mechanism, whereby the nucleophile first binds to T-allylpalladium(ll) complex 53
catalyst to form 54, and the subsequent reductive elimination occurs within the metal
coordination sphere to afford product 55. Alternatively, the reaction can proceed via an outer-
sphere mechanism, where the nucleophile attacks -allyl system in 53 directly from the outside
of the coordination sphere and substitutes the palladium complex to afford product 55. Whether
the reaction mechanism is inner or outer-sphere is highly dependent on the pKan of the
nucleophile employed. Although there are exceptions, stabilised nucleophiles, with a pKan of
<25, typically undergo the reaction via the outer-sphere mechanism, whereas unstabilised
nucleophiles, with a pKan of >25, are typically alkylated via an inner-sphere mechanism.* In

addition, the mechanism can also be dependent on the chiral ligand used.

LG/\/

General Inner Sphere Mechanism General Outer Sphere Mechanism

Nu/\/ Pdo 5 E PdO
55 L NN Le N
S i 55 52
LG i
[ i ©
/\/ Nu e Nu i @Fl,du
53 i N
! Nu 53

Scheme 17

There are a number of strategies that can be used to provide evidence for which mechanism
is in operation. One such approach is to perform enolate crossover experiments. In 2005,
crossover experiments using a 1:1 mixture of allyl and crotyl enol carbonates, 56 and 57,
respectively, were conducted and minimal crossover was observed, with a 10:1 ratio of the
expected allylated product 58 to the crossover allylated product 59, in addition to crotylated
products (Scheme 18).% The lack of crossover was attributed to the rate of alkylation
surpassing the rate of diffusion of the enolate and -allylpalladium(ll) cation generated upon
decarboxylation from the solvent cage, as 1,4-dioxane is better at forming solvent-caged ion

pairs than tetrahydrofuran, for example.
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0
=
O)J\O/\/ m/\/
MeO 58
MeO 56

[Pd,(dba)3]CHCI; (2.5 mol%)
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\J

+

+ 1,4-dioxane, rt _of_ss??J
S i
0 0 = MeO =
MeO
O >
57 + crotylated products
Scheme 18

In the same year, crossover experiments using a 1:1 mixture of deuterated allyl enol
carbonates 60 and 61 using tetrahydrofuran, benzene and 1,4-dioxane as solvents were
performed (Scheme 19).*" In addition to observing deuterium scrambling by NMR
spectroscopy, high resolution mass spectrometry indicated the presence of all four potential
crossover products in approximately equal amounts, which, in addition to observed deuterium
scrambling by NMR spectroscopy, gave rise to a mixture of 6 isomers of 62. This experiment
indicated that the Tr-allylpalladium(ll) complex and the enolate readily dissociate from one
another under the reaction conditions, strongly suggesting that alkylation proceeds via an

outer-sphere mechanism.

O DD (@) VT
' D incorporation !
P g _ . Pdy(dba); (2.5 mol%) } - Incorporation !
O OX/ O)]\O/\/ L2 (6.25 mol%) (@) /% *
+ CD; > o
TS e
60 61 62

Mixture of 6 isomers, 88%, 87% ee
Scheme 19

Both crossover experiments yielded contrasting results. On one hand, this could be due to the
use of two different ligands and slight structural differences in substrate. On the other hand, it
could suggest that further evidence to corroborate the observed results is required.
Furthermore, the presence or lack of crossover gives insight into whether the -
allylpalladium(Il) complex and the enolate remain associated during the course of the reaction
but cannot provide conclusive evidence of an inner- or outer-sphere alkylation. Species that
readily dissociate, giving rise to crossover products, may strongly indicate towards an outer-

sphere alkylation; however, lack of crossover gives no indication of whether the -
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allylpalladium(ll) complex and the enolate are covalently-bound or exist as a tight ion pair,

making the conclusion whether inner- or outer-sphere alkylation operates more tentative.

A more conclusive approach to gaining mechanistic evidence for inner- and outer-sphere
alkylation is to perform the DAAA of a chiral allylic substrate, such as 63 (Scheme 20), and
then determine the relative stereochemistry of product 67, as was demonstrated in 2009.%°
Overall, inner- and outer-sphere mechanisms should lead to different stereochemical
outcomes. The oxidative addition of the allylic electrophile in 63 to the palladium catalyst
proceeds by inversion to afford symmetrical t-allylpalladium(ll) unit 64 and enolate 65 after
decarboxylation. Then, in the case of an outer-sphere mechanism, alkylation should take place
by displacement of palladium with inversion, leading to a net retention of stereochemistry in
67. In the inner-sphere mechanism, reductive elimination would lead to retention of
stereochemistry in 68. Therefore, the inner-sphere process results in a net inversion of
stereochemistry. It was determined by 'H NMR spectroscopy and X-ray crystallography that
the product formed was 67, where the phenyl group and the nucleophile were cis, and therefore

the mechanism was concluded to be outer-sphere.

39% yield
99% ee
®
Pd e(e +
0 spn
NG K)ot
O O\\\ ’//Ph 7 s\oﬂ ) A
H H H Ph \(\\’eV O)]\O - - "Ph
“/ . H H
O‘ Inversion o
-9 O‘
Y 37% yield
(-)-63 >99% ee

-CO,
/
(+/-)-63 \’7/7@
65 o
Rer

Scheme 20

In addition, a nearly perfect kinetic resolution was observed, where one enantiomer of 63 did
not react and was recovered in 37% yield (74% based on 50% theoretical yield), and >99%
ee, and the other enantiomer of 63 afforded 67 as a single diasterecisomer in 39% yield (79%

yield based on 50% theoretical yield) and 99% ee.
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1.6 The Origin of Enantioselectivity

In both direct and decarboxylative palladium-catalysed asymmetric allylic alkylation reaction
processes, enantioselectivity can be imparted either on the nucleophilic centre, as in 70
(Scheme 21), or on the electrophilic centre, as in 72, or potentially on both, depending on the

structure of each.

0O O
PdL, P
6{0“/ o (R
2 \ e ,

Chirality induced at !
prochiral nucleophile

Chirality induced at
prochiral electrophile

71 72
Scheme 21

Inducing asymmetry at the prochiral nucleophile remains more challenging than at the prochiral
electrophile. In particular, for systems that proceed via an outer-sphere mechanism,
specifically if the reaction rate allows for diffusion outside of the coordination sphere, the chiral
environment generated by the metal-ligand complex may not be efficiently relayed to the
nucleophile, resulting in a lack of differentiation between the enantiotopic faces of the
nucleophile.® If the reaction proceeds via an inner-sphere mechanism, it could be argued that
the chiral environment will have a greater effect on the prochiral nucleophile. Imparting
asymmetry using prochiral nucleophiles and non-prochiral electrophiles can be extremely
useful, as for example, it can allow for the formation of a-quaternary stereocentres of carbonyl

compounds.*®

The origin of the enantioselectivity of allylic alkylation reactions has been a matter of debate.
In 1999, Trost proposed a cartoon model used to describe the chiral pocket of the palladium-

ligand complex for Trost ligands, named the ‘Wall-and-Flap’ model (Figure 1).4°
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The lowest energy conformation of the complex was determined, where two phenyl rings,
which act as the ‘walls’, point approximately perpendicular to the allyl moiety, and two phenyl

rings that are parallel to the allyl moiety and act as the ‘flaps’.

exo
preferred

Figure 2

Both exo ionisation and nucleophilic attack are preferred over the endo processes due to
stereoelectronic effects (Figure 2), and the ‘walls’ sterically block two quadrants. As such, path
B (Figure 3), via the least hindered ‘exo’ quadrant, is favoured for both ionisation and

nucleophilic addition, in order to minimise steric interactions with the ligand.*'

AN

Nu Nu

Figure 3

The ‘Wall-and-Flap’ model has been shown to be broadly applicable to accurately rationalise

the stereochemical outcome of most AAA reactions catalysed by palladium bearing Trost
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ligands. As an example, the observed enantioselectivity of asymmetric allylic alkylation of 2-
methyl-1-tetralone (73) with allyl acetate (23), using an allylpalladium(Il) chloride dimer with an
(S,S)-DACH phenyl Trost ligand (S,S)-L1 as the catalyst (Scheme 22),*" can be described
using the ‘Wall-and-Flap’ model.

o] O
1. LDA (2 equiv) H _
3. [PACI(C,Hs)], (2.5 mol%)
73 (S,S)-L1 (5 mol%) 74
99% yield
i o Q o i 88% ee
T
! H H .
: PPh,  Ph,P
i (S,S)-L1 ;
Scheme 22

Three potential ‘Wall-and-Flap’ transition states for this reaction were proposed (Figure 4). The
preferred transition state should minimise steric interactions with the ligand. For this reason,
TS-3 was postulated to be the preferred transition state as the bulky aryl group is positioned
under the flap, as opposed to under the allyl group, as in TS-1, or under the ligand wall, as in
TS-2. A reaction via TS-3 would afford the (S)-enantiomer, as was observed experimentally
(Scheme 22).

VS.

TS-3
Favoured

Figure 4: Possible transition states for AAA of 73 using an (S,S)-DACH phenyl Trost ligand

However, in 2008, further DFT calculations provided evidence that a conformation where the
phenyl rings of a Trost ligand are close enough to have a sufficient interaction with the allyl
moiety and the incoming nucleophile would be very high in energy due to sterics, and therefore,
steric interactions alone could not describe the observed stereoselectivity.*? It was postulated

that other factors that affect the observed stereochemistry must be involved.
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More specifically, the asymmetric allylic alkylation of dibenzyl malonate enolate 76 and -
allylpalladium(ll) complex 75, bearing Trost ligand (R,R)-L1, was performed, where the
asymmetric centre is installed at the allylic position in 77 (Scheme 23). It was concluded that
three interactions dictated the observed selectivity of the reaction. The first factor is
nucleophilic attack, directed by hydrogen bonding of the nucleophile with the concave amide
proton, promoting pro-S selectivity when using an (R,R)-ligand. The second factor is
nucleophilic attack, directed by the metal escort ion of the enolate, M*, which coordinates to
the concave amide carbonyl, and promotes pro-R selectivity. These interactions oppose one
another, and therefore, the selectivity is highly dependent on the nature of both counterions,
M* and X'. The final interaction is a pro-R torquoselective bias, as described by the ‘Wall-and-

Flap’ model, where one of the phenyl rings interacts with the allyl moiety (Figure 5).

Figure 5

Indeed, it was found that the identity of the counterion, X", and the escort metal ion, M*, had a
large impact on the observed selectivity. More specifically, it was shown that the larger the
escort metal ion, the higher the selectivity of alkylation. It was hypothesised that smaller
cations, such as lithium, are able to strongly coordinate to the enolate nucleophile, preventing

the nucleophile from efficiently hydrogen bonding to the concave amide proton by making the
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lone pair less available. In addition, smaller cations coordinate more strongly to the concave
amide carbonyl than larger cations. Overall, this leads to the erosion of enantioselectivity. In
contrast, the greater the dissociation of the metal cation, M*, from the enolate nucleophile, as
well as the greater the affinity of the metal cation, M*, for the counter anion, X', the greater the
pro-S selectivity and, therefore, the higher the observed enantioselectivity. The range of ees
observed was vast, from near racemic with a lithium cation to 95% ee with the non-coordinating

tetrabutylammonium cation.

Another interesting counterion effect on the palladium-catalysed decarboxylative asymmetric
allylic alkylation reaction of 1,3-dicarbonyl compounds 78 with allyl chloroformate (79) was
discovered in 2011, where a carbonate is formed in situ and subsequently undergoes Pd-
DAAA to afford 80 (Table 1).%"

1. base (1.6 equiv)
0] 2. 0 O

CO,R 79 COzR
O™ et

3. [Pd,(dba)s]CHCI; (0.8 mol%)
78 4. (R,R)-L3 (2.4 mol%) 80

R= Me, Et, Bn

Entry Solvent Base Yield (%) ee (%)
1 THF LIHMDS 93 63 (S)
2 1,2-DCE LIHMDS 99 88 (R)
3 THF Cs2CO0s 90 75 (S)
4 1,2-DCE Cs2CO0s 36 66 (S)

Table 1

In certain solvents, a switch of enantioselectivity from R to S was observed, depending on the
base used. When lithium bis(trimethylsilyl) amide was used in tetrahydrofuran, the S
enantiomer of 80 was formed in 63% ee (Table 1, entry 1); however, when using 1,2-
dichloroethane as the solvent (entry 2), the R enantiomer was formed in 88% ee. Conversely,
in both 1,2-dichloroethane and tetrahydrofuran, caesium carbonate gave the S enantiomer of

80 in 66% and 75% ee, respectively (entries 3 and 4).

In order to gain further insight into the switch in enantioselectivity, ‘lithium scavengers’ such as
12-crown-4 were utilised. As such, the addition of three equivalents of 12-crown-4, when using
lithium bis(trimethylsilyl)amide as the base, gave a significant decrease in enantiopurity, as

well as a reversal of the sense of stereoinduction. The same experiment had no effect on the
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enantioselectivity for the reactions utilising caesium carbonate as the base, suggesting the
lithium cation was responsible for the reversal of enantioselectivity. It was reasoned that
tetrahydrofuran, a strongly coordinating solvent, could act as a lithium scavenger, accounting

for the apparent solvent dependency.

Figure 6

It was proposed that the aggregation states of the lithium cations employed affect which face
of the prochiral nucleophile attacks the chiral Tr-allylpalladium(ll) intermediate as when the
amount of LIHMDS added was decreased from 1.6 equivalents to one equivalent, the
enantioselectivity of 80 was found to be lower, suggesting that multiple lithium cations were
aggregating (Figure 6). This caused a reverse in facial selectivity as the conformation where
the bulky aggregates are underneath the ‘wall’ would be unfavourable due to steric interactions
leading to the R enantiomer. Conversely, in the absence of aggregation, it is less favourable
for the naphthyl group to interact with the ‘wall’, hence the S enantiomer is favoured (Table 1,

entries 1, 3 and 4).

In 2012, DFT calculations were used to further elucidate the mechanism of a decarboxylative
asymmetric allylic alkylation of prochiral nucleophiles.®* The reaction investigated was the
enantioselective DAAA of allyl enol carbonate 81 in the presence of
tris(dibenzylideneacetone)dipalladium(0) and PHOX ligand (S)-L2 to give allylcyclohexanone
82 in 96% yield and 88% ee (Scheme 24).

OJ\O/\/ 0
Pd,(dba)s (2.5 mol%) S
(S)-L2 (6.25 mol%) SN
THF, 25°C,2h
81 82
96% yield
88% ee
Scheme 24
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It was found that an inner-sphere alkylation pathway that proceeds via a 5-coordinate
palladium(Il) complex 83 could best account for the observed enantioselectivity of the reaction
(Scheme 25). After ligand rearrangement, 4-coordinate complex 85 was formed via transition
state 84. Notably, the calculations suggested that the ensuing reductive elimination step occurs
via seven-membered transition state 86 to afford complex 87 which, after decomplexation,
gives allylcyclohexanone 82. The internal rearrangement process that affords 85 was
determined to be enantiodetermining, with the pathway leading to the formation of S-82, the
major enantiomer formed, found to be lower energy than the pathway to form R-82. The
transition state 84 for R-82 is higher energy due to increased steric interactions between the
PHOX ligand and the methyl group on the enolate, whereas the transition state for S-82 avoids

these interactions, hence the observed enantioselectivity.

P , Pd
b /‘f\N \Pd\/ Pd.
—_— P ! > @) I’ N, N —_—
oS ) \A// P Oty‘\
{ u \ . J< _ -,
83 84 85 86 (S)-87

Scheme 25

Since the reaction was determined to occur via an inner-sphere mechanism, it is an exception
to the general rule that stabilised nucleophiles, with a pKan of <25, typically undergo the
reaction via the outer-sphere mechanism. However, the ketone enolate generated from 81 has
a pKan of approximately 20, evidencing that the mechanistic pathway for a particular substrate

can be more nuanced, depending on other factors such as the chiral ligand used.
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1.7 The Allylic Alkylation of a-Sulfonyl Anions

Given our interest in constructing novel three-dimensional building blocks, we are keen to
investigate the enantioselective allylic alkylation of a-sulfonyl anions, and gain insight into the
mechanism of the reaction. As such, a brief discussion of allylic alkylation reactions of sulfones

is warranted.

Sulfones are versatile substrates due to the nature of their electronic and steric properties. a-
Sulfonyl carbon atoms can act as both a nucleophile and an electrophile, and sulfones can act
as directing groups for reactions occurring at the adjacent carbon atom.** Sulfones are
commonly found as scaffolds in drug molecules,* and the development of methodologies for
the synthesis of a-chiral sulfones in an enantiomerically pure form is becoming increasingly

important.*?

The first highly stereospecific palladium-catalysed decarboxylative allylic alkylation of allyl
sulfonyl esters 88 to afford allyl phenyl sulfones 90, was reported in 2010 (Scheme 26).*° The
reaction occurs under neutral conditions, which is an improvement over previous
methodologies for the alkylation of sulfones, which typically require the use of basic
organolithium reagents that are hazardous, particularly on large scale. Enantioenriched
starting materials were utilised with 2 mol% tetrakis (triphenylphosphine)palladium(0) as the
catalyst, varying the temperature between room temperature and 95 °C depending on the
substrate. The scope of the reaction included both a-aryl and a,a-dialkyl sulfones, and all
reactions occurred with high levels of conservation of enantioselectivity. Due to the higher pKan
of a-sulfonyl anions than ketone enolates, for example, allylic alkylation reactions of a-sulfonyl
anions might be presumed to proceed via an inner-sphere mechanism. Surprisingly,
stereochemical labelling studies conclusively corroborated an outer-sphere alkylation
mechanism, where the a-sulfonyl anion reacts outside the coordination sphere of palladium,

such as in 89.

o /T\
Y _ Pd(PPhs), (2 mol%) ®PdL, Y
Ph” %ON Toluene, rt - 95 °C' Ph0237§) Ph/s?’f/\/
R Me ’ R Me Me
R
88 89 90
R=aryl, alkyl cee = conservation of ee | 82:99% vield

46-99% ee (Based on ee of SM) ;1339%7)022
- 0

Scheme 26
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The observed conservation of enantioselectivity was unexpected at elevated temperatures. It
has been determined by X-ray crystallography that the most stable conformation of the sulfonyl
carbanion has the lobe of the lone pair antiperiplanar with respect to the sulfur-bound phenyl

group (Figure 7),*¢ and whilst it has been shown that a-sulfonyl anions are more stable than
other carbanions, there have been previous reports of rapid racemisation of anion 91 even at

-80 °C.*

0 0
R4 _|@ Inversion \\’/ _|@
Ph” 7% — Ph™ >~ph
Ph Me
91
Figure 7

To rationalise the lack of racemisation, DFT calculations were used to provide evidence that
the highly electrophilic nature of the -allylpalladium(ll) complex, in conjunction with the
reactivity of the a-sulfonyl anion, was causing the bond formation to occur faster than

racemisation.*®

In 2012, the iridium-catalysed asymmetric allylic alkylation of sulfonylacetates 92 to afford 94
as a mixture of diastereoisomers, was reported, using phosphoramidite ligands, such as L6
(Scheme 27).* The reaction of 92 with a wide range of aryl allylic substrates proved
successful, due to the presence of the ester group alpha- to the sulfonyl moiety which stabilises
the anion. Moderate to high ees of 95 were obtained, with controlled stereochemical induction

taking place at the prochiral electrophile.
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32



Thus far, the construction of a-sulfonyl chiral centres in high enantiomeric excess using metal-
catalysed allylic alkylation has proved successful, although the previous methods have either

required the use of enantioenriched starting materials, or the chiral centre has been generated
at the prochiral electrophile.
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1.8 Previous Work in the Research Group

In contrast to the previous work described in the preceding section, we are interested in the
construction of a chiral tetrasubstituted centre at the prochiral nucleophile, the a-sulfonyl
moiety, from racemic starting materials. Previous work, both within the research group and
externally, has shown that decarboxylative allylic alkylation of sulfones presents additional
challenges that arise from the instability of a-sulfonyl anions. Therefore, appending the sulfone
with an electron-withdrawing carbonyl substituent should allow for more facile decarboxylation,

due to the increased stability of the anion generated.

Previous work in the research group has involved the optimisation of the reaction conditions
for the palladium-catalysed decarboxylative asymmetric allylic alkylation reaction of sulfones
96, focusing primarily on five-membered cyclic sulfones bearing ester and ketone substituents
(Table 2). The conditions used were found to have a considerable effect on the observed

enantioselectivity.

00 © Pd 0 0 0
)\ S ,(dba)s (2.5 mol%) ), €
S o/\/ Ligand (6.5 mol%) S 7
OBn > OBn
THF, rt, 16 h
(0] 0]
96 97
Entry Ligand Yield (%)? ee (%)°
1 (S,S)-L1 78 11
2 (S)-L2 83 0
3 (S,S)-L3 54 67
4 (S,S)-L5 61 31

: Pph haP d’m Ph,P (S S) LS

(S,S)-L3 -

Table 2: @Isolated yield, "Determined by chiral HPLC

34



The optimisation began by performing a screening of chiral phosphine ligands: (S,S)-DACH
phenyl Trost (S,S)-L1; (S)-t-Bu-PHOX (S)-L2; (S,S)-ANDEN phenyl Trost (S,S)-L3; and (S,S)-
DACH naphthyl Trost (S,S)-L5, used in conjunction with Pd»(dba)s as the palladium(0) source.
Whilst the highest yielding reaction utilised (S)-L2 as the ligand, this reaction was racemic, as
determined by chiral HPLC. Ligands (S,S)-L1 and (S,S)-L5 gave good yields of 97, but
enantioselectivity was low. (S,S)-L3 afforded the lowest yield, but also offered the highest
enantioselectivity. It was decided that (S,S)-L3 would be used to continue optimisation as the
lower yield was due to the formation of by-product 98 that had undergone decarboxylation but
had failed to alkylate (Figure 8). Upon further optimisation, the formation of by-product 98 was
suppressed and 1,4-dioxane was found to be the optimal solvent to give 97 in 91% yield and
86% ee.
QL 9

S
OBn

98
Figure 8
Most recently, attention was turned to assessing the substrate scope of the reaction. A range
of sulfones appended with electron-withdrawing ester, 99, and ketone functionalities, 101,

were investigated (Scheme 28).

YA 00
S o™ Pdy(dba), (2.5 mol%) S
OR (S,S)-L3 (6.5 mol%) OR
0 1,4-dioxane, rt, 2-24 h o
99 100
R=aryl 59-90% yield
80-92% ee
o0 9 0.0
g’ O/\/ Pd,(dba)s (5 mol%) g’ 7
s (S,5)-L3 (13 mol%) R
(e 1,4-dioxane, rt, 2-24 h 0]
101 102
R=aryl 60-86% yield
26-64% ee

Scheme 28
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The sulfones appended with an ester substituent 99 underwent the enantioselective
decarboxylative allylic alkylation in moderate to high yields (59-90%) and high ee values (80-
92%). The sulfones appended with ketone substituents 101 gave similar yields (60-86%),
however, enantioselectivity was significantly lower (26-64%). Additionally, the ester substrates
required shorter reaction times and lower catalyst loading compared to the ketones. It was
hypothesised that the marked difference in enantioselectivity between the ester and ketone
substituents could potentially be caused by a switch in reaction mechanism between inner- or
outer-sphere.

Figure 9

Finally, a crystal structure of 103 was obtained, indicating the absolute configuration to be the

R enantiomer.
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1.9 Conclusions

The synthesis of saturated three-dimensional molecules remains challenging, particularly
those bearing a chiral quaternary centre. This is a key obstacle to overcome in order to enrich
fragment libraries with novel three-dimensional compounds. AAA and DAAA are reliable
methods that enable the assembly of molecules with increased complexity through the

construction of highly congested chiral quaternary centres with high enantioselectivity.

There are benefits to utilising decarboxylative AAA rather than direct AAA. The decarboxylative
process is more sustainable as it does not require stoichiometric addition of the nucleophile,
making it more attractive to industry. Decarboxylative AAA can also be performed under
neutral reaction conditions, meaning it has utility over a wider range of substrates than the
direct process which often requires a strong base. Crucially, decarboxylative AAA can also

form products that are inaccessible via direct AAA.

The reaction mechanism that the palladium-catalysed allylic alkylation reaction proceeds by,
either inner- or outer-sphere, can often be predicted as the mechanism is highly dependent on
the pKan of the nucleophile employed. However, there are exceptions, which suggest that the
mechanism may also be dependent on other factors, including substrate structure and the

chiral ligand used.

Two main models have been developed to rationalise the observed enantioselectivity of AAA
reactions. The first being the ‘Wall-and-Flap’ model, based on steric and stereoelectronic
effects, which is simplistic but is broadly applicable to most AAA reactions. A modified model
was developed involving three interactions with opposing selectivities that compete with one
another based on the substrates and their counterions. Whilst the latter is more descriptive
and therefore potentially more applicable for direct AAA processes, the ‘Wall-and-Flap’ model
can be applied to decarboxylative AAA where the electrophile and nucleophile are generated
in situ in the absence of counterions. A mechanism for inner-sphere processes based on DFT

calculations has also been proposed, where other models rationalise outer sphere processes.

Sulfones are often incorporated into drug molecules, and AAA and DAAA reactions have the
potential to be used for the construction of enantioenriched sulfone products. Research into
allylic alkylation of sulfones is limited, however, and previous reactions have required the use
of enantiopure starting materials, or stereoinduction at the allylic centre. Work in our group,
however, has shown that Pd-DAAA can successfully provide chiral quaternary a-sulfone

products from racemic starting materials.
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Chapter 2: Results and Discussion

2.1 Aims and Objectives

The aims for this project were to gain a deeper understanding of the mechanism of the Pd-
DAAA of cyclic sulfones bearing ester and ketone stabilising groups, which would allow for
more targeted optimisation of the process, particularly given the large difference in
enantioselectivity observed between substrates with ester and ketone substituents. The aims
of this research were three-fold: a mechanistic study; reaction optimisation; and extension of

substrate scope of 5- and 6-membered cyclic sulfones.

The objective of the mechanistic investigation was to establish whether an inner- or outer-
sphere alkylation mechanism is in operation for both ester- and ketone-substituted sulfones
and included crossover experiments and stereochemical labelling. Two ester-substituted
precursors, 104 and 105, and two ketone-substituted precursors, 106 and 107, were to be
synthesised (Scheme 29). Each pair of substrates was to be subjected to Pd-DAAA conditions

to check whether crossover of enolates takes place, or whether palladium remains tightly

0 0O 00O
\// Y/ \//
S o/\/ S 0/\(
O O
106 107

A substrate bearing a stereochemical label 108 was to be prepared (Scheme 30). Relative

bound.

o
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Scheme 29

stereochemistry determination of the Pd-DAAA product should indicate whether an inner- or

outer-sphere alkylation reaction operates based on whether retention or inversion in product

Ph Ph
00 O g 0.0
\\S// ’,@ Conditions \\S// H
(@) >
(O)R (O)R
0] 0]
108

109

109 is observed.

Scheme 30: Pd-DAAA of a substrate bearing the stereochemical label
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Once a deeper understanding of the mechanism has been established, the addition of a range
of additives was to be tested in order to optimise reaction yield and enantioselectivity (Scheme
31).

RV L Q00
S Conditions g |J\

P |
o NF N oR
(O)R Additive
0 A\

110 (S)-111
Scheme 31

Following the mechanistic study and reaction optimisation, extension of the substrate scope
was to be investigated under the optimised reaction conditions (Figure 10). This was to include
both 5-membered and 6-membered cyclic sulfones, with a range of ester and ketone aryl and

alkyl substituents, as well as allyl substitution.

Q\S/P Q O\\S/P Q Q\S/P o O\\S/P Q
(O)R (O)R (j{\(O)R (O)R

N\ R N\ N\ R' AN
112 R? 143 114 R? 115

Figure 10

Once a range of enantioenriched cyclic sulfone products have been produced, they could then

be transformed into novel spirocyclic three-dimensional building blocks.
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2.2 Optimisation of Reaction Conditions for the Synthesis of Precursors

To begin, sulfone 117, bearing an allyl ester, was prepared in up to 74% yield from sulfolane
(116) using LIHMDS (2 equiv) as the base at —78 °C, followed by addition of the allyl

chloroformate electrophile (1.1 equiv) (Scheme 32).

Q.9 1.LHMDS,-78°c Q Q9 O

s \\S//
) 2 o (_7)%«/
116 C|)J\o/\/ 17

74%

Scheme 32

Reaction conditions were then optimised for the incorporation of the phenyl ester substituent,
where both the base and reaction temperature were varied (Table 3). Sulfone 117 was
deprotonated using a base (1.1 equiv), and phenyl chloroformate (1.1 equiv) was then added.
Using NaHMDS at room temperature gave the highest yield of 104, of 79% (0.25 mmol, Table
3, entry 1). No reaction occurred when using NaHMDS at 80 °C (entry 2), nor when using
LiIHMDS or sodium hydride at room temperature (entries 3 and 4). Using caesium carbonate
or DBU as the base (entries 5 and 6), with both reactions performed at reflux due to their lower
basicity, led to low formation of 104. Therefore, the reaction using NaHMDS as the base was
scaled up to 4.90 mmol and afforded 104 in 59% vyield (entry 7).

o o 0 0
W 1. Conditions, THF R —
O/\/ > O/v
s o OPh

117 C|)J\ ©

OPh 104
Entry Conditions 117:1042 Yield (%)°
1 NaHMDS, rt 1:2.5 79
2 NaHMDS, 80 °C No reaction -
3 LiHMDS, rt No reaction -
4 NaH, rt No reaction -
5 Cs2COs, 80 °C 9.5:1 n.d.
6 DBU, 80 °C 3.6:1 n.d.
7 NaHMDS, rt 1:2.3 59

Table 3: 2Determined by 'H NMR spectroscopy of the crude mixture, Plsolated yield;

n.d. = not determined
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A phenyl ketone substituent was also incorporated into sulfone 117 using previously optimised
conditions (Scheme 33). Specifically, sulfone 117 was deprotonated with NaHMDS (1.1 equiv),
and benzoyl chloride (1.1 equiv) was added at 80 °C, to give product 106 in 75% yield.

O 0O
O\\//O O 1. NaHMDS, 80 °C \\S// P
S O/\/ > O/v
2. O Ph
0]

117 Cl Ph,go °C 106
75%

Scheme 33

With practical quantities of substrates 104 and 106 in hand, a mechanistic study was to be

performed.
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2.3 Mechanistic Studies

The primary aim of this research was to undertake a mechanistic study in order to gain a
deeper understanding of the Pd-DAAA of cyclic sulfones. In this context, we set out to test
whether the enolate, following decarboxylation, remains tightly bound to the 1-allylpalladium(ll)
cation, and to perform stereochemical labelling to conclusively establish an whether inner- or

outer-sphere alkylation mechanism operates.
2.3.1 2-Methylallyl Ester Crossover Experiments

Our study began with crossover experiments. The first substrates to be tested were the 2-
methylallyl ester and para-tolyl substituted sulfone 105, for crossover with the allyl ester and
phenyl substituted sulfone 104 (Scheme 34). The proposed crossover reaction for the ester
could in principle give four crossover products 118-121. If the reaction proceeds via an outer-
sphere alkylation mechanism, where the enolate and tr-allylpalladium(ll) complex are not
closely associated with one another, then this would allow for either enolate to react with either
allyllic electrophile, leading to a mixture of products 118-121. If no crossover is observed, then
this could be attributed to either an inner-sphere mechanism or an outer-sphere alkylation
mechanism where the rate of alkylation surpasses the rate of diffusion. In this scenario, only

the formation of products 118 and 121 should be observed.

0
@ Pd,(dba)s (5 mol%) 118 119
104 (S,S)-L3 (13 mol%)

L
>

1,4-dioxane
O\\s”o ) 000
O/\( \\S// O\\S//O o

Potential Crossover Products

Scheme 34

By analogy, ketone substituted 106 and 107 were to be used in a crossover study (Scheme

35), with potential to afford four crossover products 122-125.
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Pd,(dba); (10 mol%)
106 (S,S)-L3 (26 mol%)

+ > 122 123
00O 1,4-dioxane

107 124 125

Potential Crossover Products

Scheme 35

First, the precursors to the potential crossover products that had not been previously prepared,
were synthesised. 1,1'-Carbonyldiimidazole (1.5 equiv) was used at 0 °C in a THF:CH.Cl. (3:1)
solvent mixture to convert 2-methyl-2-propen-1-ol (126) into carbamate 127 in 95% yield

(Scheme 36).

0
CDI, 0 °C
o eohore N
N
THF:CH,Cl,  \—=/
(3:1)
126 127
95%

Scheme 36

Carbamate 127 was then added to sulfolane (116) in 80% yield using LIHMDS (2 equiv) as the
base, followed by addition of electrophile 127 (Scheme 37).

Qé,P 1. LIHMDS, 78 °C, THF Q\S/P 0
ek e
\—= omrt | 127 80%

Scheme 37

para-Tolyl chloroformate, para-toluoyl chloride, phenyl chloroformate and benzoyl chloride

were all added to the sulfone appended with the substituted allyl ester 128, using previously
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optimised conditions for addition of esters and ketones, to give 105, 107, 129 and 130

respectively, in moderate to good yields (Scheme 38).

RV
/\( 1. NaHMDS, rt 1.NaHMDS, 1t S o/\‘(
=~ -Tol
O(p-Tol) _ rt /2. )01\80 °C 4 (p-Tol)
O(p T0|) 00 O Cl (p-ToI) 107

\//
55% é)]\o/\"/ 83%
00O
\\// /\( 1. NaHMDS, rt 1. NaHMDS, rt éﬁ /\(
> (@)

OPh 2. j\ 80 °C Ph
O 129 OPh CI” "Ph O 430
50% 65%
Scheme 38

Each of the precursors 105, 107, 129 and 130 were then individually subjected to both the
racemic and enantioselective Pd-DAAA conditions to produce each of the eight potential
crossover products, four for the ester-containing substrates, and four for the ketone-containing
substrates, the results of which will be discussed as part of the substrate scope investigation
(vide infra, Section 2.5.1, page 65). It was found that both ester and ketone substrates
containing the methyl-substituted allylic ester reacted far too slowly compared with those
containing the non-substituted allyl ester to be useful in a crossover experiment. Therefore,
the synthesis of substrates that were closer in structure to the original non-substituted allyl
ester substrates 104 and 106 was explored in the hope that their reactivity would be more

comparable.
2.3.2 ?H-labelled Allyl Ester Crossover Experiments

Due to the substantially lower reactivity of substituted allylic ester substrates than their non-
substituted counterparts, *H-labelling of the allyl moiety was explored in order to achieve

similar rates of reaction, which is essential for a meaningful enolate crossover investigation.

In this context, two strategies were explored. The first approach was based on the synthesis
of a deuterated propargylic ester 131 which could then be reduced to deuterated alkene 132
under Lindlar conditions (Scheme 39, A). The second approach was to append a propargylic
ester substituent to an ester- or ketone-substituted sulfone 134 using propargyl chloroformate
(135) to afford 136, which could subsequently be deuterated and then reduced under Lindlar

conditions (Scheme 39, B).
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Scheme 39

Beginning with route A, propargyl alcohol (138) was converted to carbamate 139 with CDI, in
moderate yield (Scheme 40). The terminal alkyne position of 139 could then be ?H-labelled
using potassium carbonate and deuterium oxide, leading to 94% deuterium incorporation in

140. In this process, base-catalysed carbamate cleavage also occurred.

)OL 1. K,CO3, MeCN )OJ\
CcDI rt, 0.5 h 94%
) /\
7~ TOH —= 2707 N ~ 2 O NT¥ . NONH
rt, 1h \—/" 2.D,0,1t,2h D /" "\
138 139 140 2:1)
47% 43%
Scheme 40

Installation of the propargylic ester-side chain onto sulfolane (116) was then attempted, using
the non-deuterated carbamate 139 in a test reaction. When using LIHMDS (2 equiv) as the
base, carbamate 139 decomposed, and only starting sulfolane (116) was recovered (Table 4,
entry 1). The same observation was made when propargyl chloroformate was used as the
electrophile in place of carbamate 139 (entry 2). When sodium hydride (2 equiv) was used as
the base and the reaction was heated to 80 °C (entry 3), the chloroformate did not decompose,
but no reaction occurred, suggesting that sodium hydride did not remove the a-sulfonyl proton.
Given that at least 2 equivalents of a base is essential for a successful reaction, the presence
of an acidic terminal alkyne in the electrophile structure was likely to be responsible for high

levels of decomposition and the lack of the desired reactivity.
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O O
O\\S//O Conditions \\S//
O O

116 146
Entry Conditions Observations?®
X
O~ Only starting material observed
1 LiHMDS, N\//’,‘l 0N\, 78°C-1t y 9
9 (0]
Only starting material observed
LIHMDS, CI)]\O/\ ,—78 °C>rt y g
(0]
3 NaH, CI)J\O/\ , 80 °C Starting material and

chloroformate observed

Table 4: ?Determined by 'H NMR spectroscopy of the crude mixture

In this context, strategy B was explored, where installation of the propargyl ester as a second
substituent onto sulfone 142 was attempted (Scheme 41). In this process, only one equivalent
of the base is necessary for a successful reaction. In light of the higher acidity of 142 than
sulfolane (116), sodium hydride should be basic enough to generate an ester enolate
intermediate for reaction with propargyl chloroformate. Thus, using sodium hydride (1.1 equiv),
addition of propargyl chloroformate was attempted. Unfortunately, no reaction occurred with
exclusive recovery of sulfone 142. It was concluded that the presence of an acetylenic proton

was interfering with the reaction.

Q.0
Q¢ 1. LHMDS, 78 °C ¢ 1. NaH, 80 °C W
2 2 Q
BN

)J\ \——
cl” SoPh Cl” 07 O =
116 142 /\\ 143

32%

Scheme 41

In an attempt to avoid issues with deprotonation of the terminal alkyne proton, a route based
on a protected alkyne was explored. The approach was based on the synthesis of TMS-
protected propargylic ester 145, followed by installation of a second ester or ketone substituent
to give sulfone 146 (Scheme 42). Subsequently, TMS-deprotection of alkyne 146 would be
attempted, affording 136, which could then be deuterated. Finally, alkyne 137 could be reduced

under Lindlar conditions.
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Scheme 42

In this context, TMS-protected propargyl alcohol 147 was converted to carbamate 144 using
CDI (1.5 equiv) in THF in 43% yield (Scheme 43).

(@]
CDI, 0 °C
HO % —_ > N//\N)J\O/\
™S THF \—/ ™S
147 144
43%
Scheme 43

Sulfolane (116) was then deprotonated with LIHMDS, and carbamate 144 was added to give
sulfone 145 in 47% vyield (Scheme 44). We were pleased to discover that para-tolyl
chloroformate and para-toluoyl chloride could each be successfully added to sulfone 145 to

give disubstituted sulfones 148 and 149 in 61% and 75% yields, respectively.

\\//
1. NaHMDS, rt
. pToI

L

S_  1.LHMDS,-78°C ¢ 61%
( ) > O/\
2. %, rt, o/n TMS
116 145
47%

1. NaHMDS, rt /\
2. 80 °C (p-Tol)

CI)J\(p Tol) 149

75%
Scheme 44
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Subsequently, deprotection of the alkyne was attempted for para-tolyl ester substituted sulfone
148 (Table 5). Four methods for TMS deprotection were explored. First, potassium carbonate
(1 equiv) was added to 148 in deuterated methanol (Table 5, entry 1). Under these conditions,
both ester substituents were cleaved, with no formation of desired product 150. When 148 was
treated with TBAF (1.1 equiv) in THF, the desired product 150 was not formed, with tolyl ester
cleavage being a major side reaction (entry 2). A reaction of 148 with TBAF (1.1 equiv) under
acidic conditions in THF and acetic acid (1.1 equiv) was performed, to minimise the amount of
ester cleavage (entry 3). These conditions led to successful formation of the deprotected
product 150 in 83% yield. However, when this reaction was repeated with TBAF (1.1 equiv) in
a mixture of THF and deuterium oxide (3:1), the desired deuterated product 151 was isolated
in 83% yield, with 96% deuterium incorporation at the terminal alkyne position (entry 4). In this

way, a one-pot deprotection and deuteration could be successfully achieved.

VA QL f
0/\ Conditions S o “
N /\
O(p-Tol) ~TMS O(p-Tol) “R
o) o)
148 150: R=H
151: R=D
Entry Conditions Observations Yield (%)
1 K2COs (1 equiv) / ds-MeOH Cleavage of both ester substituents -
2 TBAF (1.1 equiv) / THF Tolyl ester cleavage, no desired product -
formation

TBAF (1.1 equiv), AcOH
(1.1 equiv) / THF
TBAF (1.1 equiv) /
THF:D20

150 formation 83

151 formation (96% D)° 83

Table 5: 2Isolated yield, "Determined by '"H NMR spectroscopy

Finally, reduction of alkyne 151 to alkene 152 was then explored using Lindlar’s catalyst (Table
6). 151 was subjected to Pd/CaCOs (5 mol%) in quinoline (1 drop) and EtOAc under a
hydrogen atmosphere for 1.5 hours at room temperature. These conditions led to a mixture of
cleaved product 153, resulting from hydrogenolysis of the propargyl ester and decarboxylation,
and an over-reduced alkane ester product 154 (Table 6, entry 1). This reaction was repeated
using 2 equivalents of quinoline with a reduced reaction time of 30 minutes (entry 2), which led

to a mixture of alkynyl ester cleaved product 153, over-reduced alkane ester product 154, and
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an 18% yield of the desired reduced product 152. When the reaction solvent was changed
from EtOAc to MeOH, a mixture of 153 and 154 was observed with no formation of product
152 (entry 3). When pyridine was used as the reaction solvent, and no quinoline was added,
alkynyl ester cleaved product 153 was obtained exclusively in quantitative yield (entry 4).
Finally, using the original reagents and solvents, the reaction temperature was lowered to 0 °C
and the reaction was allowed to proceed for 20 minutes (entry 5). Under these reaction

conditions, the desired product 152 was obtained in 82% vyield.

Whilst the Lindlar reduction of alkynes occurs via a concerted mechanism, and therefore
observation of deuterium at the trans position relative to the vicinal proton would be expected,
deuterium scrambling was observed. Deuterium incorporation of 76% and 17% at the cis and
trans positions, respectively, was observed, giving a combined deuterium incorporation of 93%

at the terminal alkene position in 152.

00 O 96% D QL 9 —
R4 Pd/CaCOj3 (5 mol%), H, R4 Z ,
O/\ - 0" "D
O(p-Tol) >p solvent O(p-Tol)
(@)

0] temperature, time
151 152

| \/ E

i \ 4 o) O/\/\D :

: Olp-Tol) O(p-Tol) .

154 !

Entry Conditions 153 : 154 : 1522 Yield (%)

1 Quinoline (1 drop), EtOAc, rt, 1.5 h 12 : 10 : O -
2 Quinoline (2 equiv), EtOAc, rt, 30 minutes 16 : 1.0 : 11 18°
3 Quinoline (2 equiv), MeOH, rt, 30 minutes 16 : 1.0 : 0O -
4 Pyridine, rt, 30 minutes 153 only quant®
5 Quinoline (2 equiv), EtOAc, 0 °C, 20 minutes desired 152 only 82b

Table 6: 2Determined by "H NMR spectroscopy of the crude mixture, Plsolated yield of 152, cIsolated
yield of 153

Using the TMS-deprotection conditions optimised for the ester substrate 151, the ketone
substrate 149 was also ?H-labelled (Scheme 45). Specifically, 149 was treated with TBAF (1.1
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equiv) in a mixture of THF and deuterium oxide (3:1), and the desired product 155 was isolated

in 81% yield, with 98% deuterium incorporation at the terminal alkyne position.

QL ¢ QL
S TBAF S 98% D
0/\ THF/D,O (3:1) O/\
(p-Tol) ™S > (p-Tol) D
@) r, 6h @)
81%
Scheme 45

’H-Labelled substrate 155 was then subjected to the optimised alkyne reduction conditions.
155 was stirred with Pd/CaCOs (5 mol%) in quinoline (2 equiv) and EtOAc, in a hydrogen
atmosphere, at 0 °C for 20 minutes. However, under these conditions, no reaction occurred,
with starting material 155 being recovered exclusively. The reaction was, therefore, repeated
at room temperature (Scheme 46), and reduced product 156 was successfully isolated in 71%
yield, with 93% 2H incorporation at the terminal alkene position, as determined by 'H NMR
spectroscopy. It was not possible to determine the degree of deuteration at the cis and trans

positions due to peak overlap in the '"H NMR spectrum of 156.

QL 9 Q0 9 93% D
S Pd/CaCO; (5 mol%) S AN
O/\ Quinoline (2 equiv) © D
(p-Tol) >p vy (p-Tol)
o)

EtOAc, rt, 20 min
155 156

71%

Scheme 46

With both 2H-labelled ester and ketone substrates 152 and 155 in hand, attention turned to the
crossover experiments. Crossover of the para-tolyl substrates 157 and 160 with the analogous
phenyl substrates 104 and 106 was desirable in order to keep the reactivity of each pair as
similar as possible. One equivalent of both ?H-labelled ester substrate 157 and unlabelled
phenyl ester substrate 104 were subjected to the Pd-DAAA conditions (Scheme 47). Although
full conversion of starting materials 104 and 157 had taken place after 2 hours, the products
of the reaction were found to be barely distinguishable from one another by 'H NMR
spectroscopy due to peak overlaps, and were inseparable by column chromatography.
Therefore, observation of potential crossover products by 'H NMR spectroscopy was not

possible. Instead, the product mixture was analysed by mass spectrometry.

50



Mass spectrometric analysis of the resulting mixture showed significant amounts of all four
crossover products, with a 2.4:1 ratio of 158 to 120, and a 2.2:1 ratio of 121 to 159.
Interestingly, the ratio of tolyl products (120 and 158) observed to phenyl products (121 and
159) was 2.5:1, presumably due to the tolyl ester products having higher ionisation efficiencies
than those of the phenyl ester products. The observation of all four crossover products in

significant amounts provides strong evidence towards the likelihood that an outer-sphere

157

104

O\\S/P o
(@]
\ D
159
¥ 1 0
(@)
121

Potential crossover products

D

Pd,(dba); (5 mol%)

(S,S)-L3 (13 mol%) 158
1,4-dioxane
\//
(@)
120
Scheme 47

alkylation mechanism operates.

Similarly, one equivalent of both ?H-labelled ketone substrate 160 and unlabelled phenyl

ketone substrate 106 were subjected to the Pd-DAAA conditions (Scheme 48).
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Mass spectrometric analysis of the resulting mixture showed significant amounts of all four
crossover products, with a 1.2:1 ratio of 161 to 124, and a 1:1 ratio of 125 to 162. As was seen
for the ester substrate crossover, the ratio of tolyl products (124 and 161) observed to phenyl
products (125 and 162) was 2.7:1. Once again, the presence of all four crossover products
indicates that an outer-sphere alkylation mechanism is highly likely. These results suggest that
ester substrates and ketone substrates are likely to react via the same mechanism. Therefore,
a difference in the mechanism is not the likely cause for the lower enantioselectivity observed

for ketone substrates as compared to the ester substrates.

The observation of crossover products, and the conclusion that an outer-sphere alkylation
mechanism is likely in operation, is in accord with previous work on allylic alkylation reactions
of a-sulfonyl anions where an outer-sphere alkylation mechanism was conclusively

corroborated (vide supra, Section 1.7, page 31).*°

2.3.3 Malonate Crossover

An additional crossover experiment was also performed in order to gain more evidence for an
outer-sphere alkylation mechanism. Standard conditions for the palladium-catalysed
decarboxylative asymmetric allylic alkylation reaction were used for phenyl ester substituted
sulfone 104 and phenyl ketone substituted sulfone 106, in the presence of one equivalent of

diethyl methyl malonate (Scheme 49).

000 Pd,(dba); (2.5 mol%)
W W~ (5913 65mo%) P O g ;
> OPh A:B O O E
OPh O O 35: 1 | !
o} \ ! EtOJ\HJ\OEt !
N N . :
104 O O 121 : A :
(1eq) : !
rt, 2 h : !
’ ;0 0
O\\/,O o /V/ Pd,(dba); (5 mol%) O\\/P 0 : EtO OEt :
S 0 (S,S)-L3 (13 mol%) _ S o A B 5 B 5
Ph O o0 \ 471 i
O /\O O/\ _________________
106 103
(1eq)
rt, 2 h
Scheme 49

In theory, the intermediate enolate derived from 104 or 106 could deprotonate the malonate if
the reaction proceeds via an outer-sphere mechanism where the enolate and TI-

allylpalladium(Il) complex are not closely associated with one another as was indicated by
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substantial enolate crossover (vide supra, Section 2.3.2, page 51). Once the deprotonation of
the malonate occurs, it could then be alkylated with the allylic fragment. Although observation
of crossover products of the malonate was anticipated in light of the previous crossover
studies, for the reactions of both ester substrate 104 and ketone substrate 106, the major
malonate product remained non-alkylated. For phenyl ester substituted sulfone 104 the ratio
of non-alkylated malonate A to alkylated malonate B was 35:1, and for phenyl ketone
substituted sulfone 106 the ratio of A to B was 47:1.

A lack of crossover would typically be indicative of either an inner-sphere mechanism, or an
outer-sphere mechanism where the rate of alkylation surpasses the rate of diffusion. However,
it is feasible that in this case, the malonate is simply not acidic enough to be deprotonated by
the ester or ketone enolate. This experiment could be repeated with a more acidic 1,3-

dicarbonyl that will still form a stabilised anion, such as a 1,3-diketone.

To establish whether the alkylation reaction proceeds via the inner- or outer-sphere

mechanism more conclusively, additional mechanistic tools were explored next.
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2.4 Relative Stereochemistry Determination

We sought to explore the use of a stereochemical probe as another tool to provide further
mechanistic evidence, and to unambiguously determine whether the palladium-catalysed
decarboxylative asymmetric allylic alkylation reaction occurs by an inner- or outer-sphere
mechanism. As such, our aim was to gain access to stereodefined allylic electrophile 163 and
to test the stereochemical outcome of the Pd-DAAA reaction thereof (Scheme 50).
Mechanistically, oxidative addition of allylic electrophile 163 to the palladium catalyst proceeds
with inversion to afford r-allylpalladium(ll) complex 165 and an enolate 164 after
decarboxylation. Then, in the case of an outer-sphere alkylation mechanism, alkylation should
take place by displacement of palladium with inversion, leading to a net retention of
stereochemistry in 166. In the case of an inner-sphere alkylation mechanism, reductive
elimination would lead to retention of stereochemistry, thus, resulting in a net inversion of

stereochemistry in 167.

Outer Sphere

Inversion

Ph

H,
Ph . 166
H/,' @ H
00 O \I :
O\\S//O 0 H,, Inversion g’ _ Opg
0 > R 165
Pd(0)

o 164 | Inner Sphere

Retention

167

Scheme 50: Expected stereochemical outcomes for an outer-sphere vs. an inner-sphere mechanism

First, cis-5-phenyl-2-cyclohexen-1-ol (171) was produced from 5-phenyl-1,3-cyclohexanedione
(168) over 3 steps by literature methods (Scheme 51).%° 5-phenyl-1,3-cyclohexanedione (168)
was converted to ethoxy-substituted enone 169, using p-toluenesulfonic acid and ethanol, in
86% yield. 169 then underwent conjugate reduction using lithium aluminium hydride to afford
enone 170 in 46% yield. Finally, a Luche reduction of 170 afforded cis-5-phenyl-2-cyclohexen-

1-ol (171), as a single diastereomer, in 86% yield.
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Scheme 51

Allylic alcohol 171 was then treated with CDI for 2 hours at room temperature to afford

carbamate 172 in excellent yield (Scheme 52).

HO,,
. N \
CDI (2 equiv) N~ \ﬂ/ @
Bh  CH,Cly tt, 2 h
171 172
90%

Scheme 52

Subsequently, sulfolane (116) was reacted with carbamate 172 to afford sulfone 173 in 39%
yield (Scheme 53). Next, the addition of the second substituent was performed. Sulfone 173
was deprotonated with NaHMDS and reacted with benzyl chloroformate or benzoyl chloride.
The reaction of sulfone 173 with benzyl chloroformate was stirred at room temperature
overnight to afford ester substrate 174 in 24% yield, and the reaction of 173 with benzoyl

chloride was heated to 80 °C overnight to give ketone substrate 175 in 29% yield.

1. NaHMDS, THF, rt \\ /©
OBn

o/n, rt

0 0 1.LHMDS OB” )
g’ _THF,-78°C C?)L 24%
2.172, o/n, rt
116 1. NaHMDS, THF, it \\/,
39% (_7¢
2. 0

)J\ o/n, 80 °C
Cl Ph
29%

Scheme 53
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Precursors 174 and 175 were then subjected to the palladium-catalysed decarboxylative allylic
alkylation conditions (Scheme 54). Unfortunately, no reaction occurred at either room
temperature, 40 °C or even 120 °C, with starting materials 174 and 175 being recovered
exclusively. As was exhibited by the slow reaction times and poor yields for the Pd-DAAA
reactions of the methyl-substituted allylic ester substrates 105, 107, 129 and 130 (vide supra,
Section 2.3.1, page 44), this reaction does not appear to be particularly tolerant to substitution

on the allylic moiety, and these compounds may unfortunately be too bulky to react.

Ph Ph
00 O Pd,(dba); (5 mol%) O_ O
\// o \//
S (S,S)-L3 (13 mol%) S
(@) >
OBn 1,4-dioxane OBn
(@) temp, 7 days @)
174 176
Ph Ph
Pd,(dba)s (5 mol%)
;f;%’ (S,5)-L3 (13 mol%) Q\S/P
S >
(@) .
1,4-dioxane
Ph ’ Ph
4 temp, 7 days 3
175 177
Scheme 54
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2.4 Additive Screen for Optimisation of the Pd-DAAA Reaction

Whilst the malonate crossover experiment and the relative stereochemistry determination
experiments could not be used to confirm the results of the initial crossover results (vide supra,
Section 2.3.2), there was strong evidence that indicated an outer-sphere alkylation mechanism
was in operation. An additive screen was, therefore, carried out, wherein various salts and
acids were added to the Pd-DAAA reactions of both ester and ketone substrates to test

whether they have any effect on enantioselectivity.

The counterions could affect the enantioselectivity of an outer-sphere alkylation mechanism
by the model proposed by Lloyd-Jones and coworkers,* in which the coordinating strength of
the counterions affects the strength of electrostatic interactions of the enolate to the chiral
ligand (Figure 11). It was proposed that three interactions were responsible for dictating the
observed selectivity of the reaction, two of which are dependent on the coordinating strength
of the counterions: nucleophilic attack, directed by hydrogen bonding of the enolate with the
concave amide proton, promoting pro-S selectivity for an (R,R)-ligand; and nucleophilic attack,
directed by the metal counterion bound to the enolate, coordinating to the concave amide

carbonyl, promoting pro-R selectivity.

Figure 11. The counterion-dependent factors governing enantioselectivity when using an (R,R)-Trost
ligand*?

It was hypothesised that smaller cations are able to strongly coordinate to the enolate,

preventing efficient hydrogen bonding to the amide proton, and are able to coordinate strongly

to the amide carbonyl leading to decreased enantioselectivity, and vice versa for larger cations.

57



O\\S/P Q Pdy(dba); (25 mol%) QO O . 0.0 0 |

o (S.5)-L3 (6.5 mol%) SRS LY |

OB - > § A OBn : OBn .

© A d1ltlz\1/-edi(;>?arr?§ " \ 98

96 ’ (R)-97 T ;

Entry Additive Yield (%)? ee (R)-97 (%)°
1 None 90 86
2 LiCl - -
3 KCI 78 58
4 RbCI 62 64
S CsCl 63 66
6 TBACI 74 54
7 LiBF4 - -
8 LiOAc 88 86
9 LiF 15 84
10 TBAF 76 32
11 TBAOAC 94 52
12 AgBF4 - -
13 AgOTf - -
14 Zn(OTf) - -
15 ZnClz 40 52
16 CSA - -
17 TFA - -
18 PhCO2zH 23 80
19 AcOH Non-alkylated product 98 (87%) -

Table 7: 2Isolated yield, "Determined by chiral HPLC

In light of these observations, salts with varying cation sizes were tested (Table 7). Without an
additive, the Pd-DAAA reaction for the benzyl ester substituted sulfone 96 proceeded in 90%
yield, giving the alkylated product (R)-97 with 86% ee (Table 7, entry 1). When comparing
chloride salt additives (entries 2-6), a lithium cation led to no reaction occurring, larger group
1 cations; namely potassium, rubidium and caesium, caused a decrease in enantioselectivity
from 86% to between 58-66% ee, and the large non-coordinating tetrabutylammonium cation
gave the lowest ee of 54%. These results contrast those found by Lloyd-Jones and coworkers
on a different system. In our hands, the large, non-coordinating tetrabutylammonium cation led
to the greatest erosion of enantioselectivity. In addition, the increase in cation size of
potassium, rubidium, and caesium, did not afford large differences in the observed

enantioselectivity.
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With the exception of lithium acetate (entry 8), which had no effect on either yield or
enantioselectivity, all lithium salts added (entries 2, 7 and 9) performed poorly, appearing to
affect the reactivity of the system with either no reaction, or very poor yields of (R)-97 being
obtained. With other tetrabutylammonium salts (entries 10 and 11), similarly poor

enantioselectivities were observed, as was the case for TBACI (entry 6).

Silver(l) cations (entries 12 and 13) did not allow for oxidative addition to occur, with exclusive
recovery of starting material. It is possible that the silver cation binds the alkene moiety in
preference to palladium, preventing oxidative addition to palladium. Similarly, zinc(ll) cations

(entries 14 and 15) led to either no oxidative addition or incomplete conversion.

The addition of strong Bransted acids, CSA (pKa = 1.2*°) and TFA (pKa= 0.2%°) (entries 16 and
17), resulted in no reaction occurring. With benzoic acid (entry 18), a weaker acid in
comparison (pKa = 4.2°"), a poor yield of (R)-97 was obtained and slightly decreased
enantioselectivity was observed (80% ee). It appears that stronger acids do not allow for
oxidative addition to occur, or, in the case of benzoic acid, only allows for a small amount of
oxidative addition. Finally, addition of acetic acid (pKa = 4.75°°) (entry 19), which is only slightly
weaker than benzoic acid, protonated the intermediate enolate fully, affording the non-
alkylated product 98 exclusively. To conclude, no increase in enantioselectivity was observed
as compared to previously optimised additive-free conditions for the Pd-DAAA of ester

substituted sulfones.

The same optimisation was performed for the palladium-catalysed decarboxylative asymmetric
allylic alkylation reaction for the phenyl ketone substituted sulfone 106, which, without an
additive, proceeded in 96% yield, giving the alkyated product (R)-103 with 72% ee (Table 8,
entry 1). For chloride salt additives (entries 2-6), both a small lithium cation and a large
tetrabutylammonium cation led to poor enantioselectivity. In contrast, other group 1 cations
(potassium, rubidium and caesium) had no effect on the enantioselectivity of the reaction.
Again, there is a disparity between these results and those found by Lloyd-Jones and
coworkers. Addition of other lithium salts (entries 7-9) had no effect on the enantioselectivity,
with the exception of lithium tetrafluoroborate (entry 7) where a low ee of (R)-103 was obtained.
Additionally, when other tetrabutylammonium salts were tested (entries 10 and 11), poor

enantioselectivities were observed, that were similar to TBACI (entry 6).

As was the case in the phenyl ester substituted sulfone additive screen, silver(l) cations
(entries 12 and 13) did not allow for oxidative addition to occur, with only starting material 106
being recovered, whereas zinc(ll) cations (entries 14 and 15) led to lower yields and low

enantioselectivities.
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In contrast to the additive screen of the phenyl ester substrate, addition of Brgnsted acid, CSA
(entry 16), led to (R)-103 formation in comparable yield, however, low enantioselectivity was
observed. TFA (entry 17), the strongest acid tested, allowed for small amounts of product (R)-
103 formation, but again with poor ee. Benzoic acid (entry 18) appeared to have no effect on
either reactivity or enantioselectivity. Finally, as was seen in the additive screen of the phenyl
ester substrate, addition of acetic acid (entry 19) protonated the intermediate enolate fully,

giving the non-alkylated product 178 exclusively.

Ultimately, as was observed for the additive screen for the phenyl ester substrate, the
previously optimised additive-free conditions gave the best results for the Pd-DAAA of the

ketone substituted sulfone.

0.0 O -
Y Pdy(dba); (5mol%) QO O 1 00 O
o (S,S)L3 (13 mol%) S ‘\\”\Ph | @)J\
- - Ph
Ph Additive (10 mol%) : —\ :

\

o 106 1,4-dioxane (R)—103\ 178
Entry Additive Yield (%)? ee (R)-103 (%)°

1 None 96 72
2 LiCl 84 34
3 KCI 96 72
4 RbCI 83 74
S CsCl 88 72
6 TBACI 94 24
7 LiBFa4 89 46
8 LiOAc 81 72
9 LiF 84 74
10 TBAF 94 26
11 TBAOAC 91 28
12 AgBF4 - -

13 AgOTf - -

14 Zn(OTf)2 38 54
15 ZnCl> 73 40
16 CSA 88 52
17 TFA 23 44
18 PhCO:H 93 72
19 AcOH Non-alkylated product 178 (89%) -

Table 8: 2Isolated yield, "Determined by chiral HPLC
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The inclusion of some additives led to a decrease in enantioselectivity, whereas with others,
there was no change. It is, therefore, possible that an outer-sphere alkylation mechanism
operates and the success of the reaction in terms of yield and enantioselectivity can be altered
with the inclusion of additives. The counter-cation effect does not follow the trend observed by
Lloyd-Jones and coworkers. In addition, the counter-anion is clearly having an effect on
enantioselectivity, although there is no apparent trend.

Ultimately, the efficiency and enantioselectivity of the Pd-DAAA reactions of substrates 96 and
106 could not be improved through the use of additives. Therefore, the subsequent substrate

scope investigation was performed using the original optimised conditions without an additive.
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2.5 Substrate Scope Investigation

2.5.1 5-Membered Cyclic Sulfones

In addition to the substituted allylic ester substrates 105, 107, 129 and 130 synthesised as part
of the mechanistic investigation (vide supra, Section 2.3.1, page 44), a number of other 5-
membered cyclic sulfones were produced (Table 9). These substrates were selected based
on their differing steric and electronic properties. The precursors for Pd-DAAA were all

synthesised under the optimised reaction conditions in moderate to good yields.

o) 1.NaHMDS, THF, it Q0 @

O\é”o >~ 8
O/\!/ 2. O o/n, O./Y

R )]\ rt or 80 °C R

Cl R (e}
117: R=H 180: R=H
179: R=Me 181: R=Me
o\\ //o Q O\\ /9 Q O\\ //O 0 O\\ //O Q
S O/\/ S o \F S o \F S o N\F
OPh OBn O'Bu OMe
0] e} o) (0]
104 96 182 183
79% 70% 34% 55%
00 O
\\S// o \/ o
O/\/ N/ . _ NV O/\/
Ph -Tol
o] OMe g g (p-Tol)
184 106 185
33% 75% 50%
\// O\\/p Q \ 7/
O/\/ S O/\/ o~
(o-Tol) Me Pr
O (0]
186 187 188
42% 50% 60%
\\// \\// /\(
QﬁO;\\( <—7¢Ph/\( Qﬁp Tol) O(p-Tol)
130 107 105
O% 65% 83% 55%

Table 9: Isolated yields for 5-membered precursors for Pd-DAAA reactions
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Ester-containing substrates 96, 104, 182 and 183 were synthesised by deprotonation of 117
using NaHMDS (1.1 equiv) in THF at room temperature, followed by addition of the appropriate
chloroformate (1.1 equiv) at room temperature with stirring overnight, with the exception of
182, where Boc anhydride (1.1 equiv) was used as the electrophile. Ketone-containing
substrates 106 and 184-188 were synthesised by deprotonation of 117 using NaHMDS (1.1
equiv) in THF at room temperature, followed by addition of the appropriate acid chloride (1.1

equiv) and heating to 80 °C overnight.

The precursors were then subjected to both racemic and enantioselective palladium-catalysed
decarboxylative allylic alkylation conditions (Table 10). The alkylated products were produced
using Pd(PPhs)s (10 mol%) in 1,4-dioxane in >90% yield in most cases. Ester-containing
substrates 96, 104, 182 and 183 underwent Pd-DAAA using Pdz(dba)s (2.5 mol%) and (S,S)-
ANDEN phenyl Trost ligand (6.5 mol%), whereas ketone-containing substrates 106 and 184-
188, which had been found to be less reactive, required the use of Pdx(dba)s (5 mol%) and
(S,S)-ANDEN phenyl Trost ligand (13 mol%). Reactions under both racemic and
enantioselective conditions were typically complete after 2 hours at room temperature;
however, substrates containing the methyl-substituted allyl ester, 105, 107, 129 and 130, were
complete after 4 hours at room temperature under racemic conditions. Pd-DAAA reactions of
these substrates did not reach completion after 7 days at either room temperature or 40 °C
under enantioselective conditions, which is reflected in the poorer yields in comparison to their

non-substituted counterparts.

Although we have not been able to obtain suitable crystals for the determination of the absolute
stereochemical configuration of the major enantiomer of the Pd-DAAA reaction products, it
was assumed that the sense of stereoinduction for all Pd-DAAA reaction products synthesised
in this research project was the same as that for substrate 103, where the absolute

configuration was found to be the R enantiomer (vide supra, Section 1.8, figure 9).

For the ester-containing substrates, substrates with phenyl substituent 121 and benzyl
substituent 97 gave good ees of 94% and 86%, respectively. The bulky tert-butyl substituent
in 190 gave a poor ee of 38%, and the small methyl substituent in 191 gave a higher 70% ee,
which could suggest that steric bulk can cause erosion of enantioselectivity. However, since
the aromatic substituents offered higher ee than both alkyl substituents, it is likely that
electronic effects also play a key role in determining enantioselectivity. For the ketone
substrates, aromatic substituents, 103 and 124, afforded moderate ees of 72% and 62%,
respectively. The enantioselectivity decreased considerably to 10% ee with an electron-
donating para-methoxyphenyl substituent on sulfone 192. When a bulkier aromatic ortho-tolyl

substituent 193 was appended to the sulfone, likely to be twisted out of plane, the
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enantioselectivity also decreased significantly to 10% ee. However, the opposite was found for
alkyl substituents, with the small methyl substituent 194 giving a poor ee of 20%, whereas a

bulkier isopropyl substituent afforded 195 with 88% ee.

00 O 0.0 Pd,(dba)s; (2.5-5 mol%) QL @9
\ /, (] \ /,
S Pd(PPh)s (10 mol%) 8. (S.5)-L3 (6513 mol%) Se_
R - O/\’/ )
1,4-dioxane 1,4-dioxane
R o R
180: R=H . . .
189 Racemic Conditions A 181: R=Me Enantioselective Conditions B (R)-189
A\ //O \ 7/ 0 O\\S//O o O\\S/p 0
OPh OBn O'Bu OMe
N\ A\ N\ AN
121 97 190 191
A® 93% 91% 98% 94%
B=° 90%, 94% ee 90%, 86% ee 94%, 38% ee 92%, 70% ee
%P 9 %P 9 0P 9
Ph (p-Tol) OMe
\ \ \
103 124 192
A 92% 90% 87%
B® 98%, 72% ee 89%, 62% ee 92%, 10% ee
%P 9 %P 9 0P
(o-Tol) Me Pr
N\ A A\
193 194 195
A® 95% 92% 96%
B® 95%, 10% ee 90%, 20% ee 97%, 88% ee
\\ // \\ // \\ // ()\\S//() o
119 118 122
A® 92% 91% 89% 88%
B® 62%, 82% ee 60%, 86% ee 65%, 14% ee 59%, 10% ee

Table 10: 2Isolated yield, "ee determined by chiral HPLC
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The enantioselectivity of the para-tolyl ester substrate containing the substituted allyl group
118 was unaffected compared the non-substituted para-tolyl ester substrate, which was
previously synthesised in the research group.®? The enantioselectivity of the phenyl ester
substrate 119 decreased from 94% (in 121) to 82% when the allyl ester is substituted.
Substitution of the allyl group had a greater effect on enantioselectivity for the ketone
substrates than the ester substrates. For the para-toluoyl ketone substrate 122, the
enantioselectivity decreased from 62% ee for the non-substituted allyl ester substrate 124, to
10% ee. Similarly, for the substituted phenyl ketone substrate 123 the enantioselectivity

decreased from 72% ee in non-substituted substrate 103, to 14% ee.

The difference in reactivity and the significant decrease in enantioselectivity, particularly for
the ketone substrates, when the allyl ester was substituted with a methyl group was surprising,
as the methyl substituent will be planar, and should, in theory, not have a significant impact on

the facial selectivity.
2.5.2 6-Membered Cyclic Sulfones

To extend the substrate scope, 6-membered cyclic sulfones were also investigated, in order
to compare the enantioselectivity to the 5-membered cyclic sulfones. To begin,
tetrahydrothiopyran (196) was oxidised to sulfone 197 in 99% yield using potassium
permanganate (2 equiv) in a 3:1 mixture of water to CH2Cl, (Scheme 55). Subsequently,
sulfone 197 was deprotonated using LIHMDS (2 equiv) in THF at —78 °C, which was followed
by addition of allyl chloroformate (1.1 equiv) at —78 °C, and the mixture was allowed to reach
room temperature overnight, to afford sulfone 198 appended with an allylic ester side chain in
70% yield.

0 0 o0 O
S KMnO, (2equiv) _S._ 1.LHMDS,THF,-78°C S, P
> > )
O H,0O/CH,Cl, (3:1) Q 2. O o/n,rt
196 197 N0 NF 198
99% 70%
Scheme 55

Sulfone 198 was deprotonated with NaHMDS (1.1 equiv) at room temperature, and then, to
append an ester substituent, the appropriate chloroformate (1.1 equiv) was added and the
reaction stirred at room temperature overnight to give ester-containing substrates 200 and 201
in moderate yields (Table 11). To append a ketone substituent, the appropriate acid chloride
was added, and the reaction was heated to 80 °C overnight to afford ketone-containing

substrates 202 and 203 in moderate yields.
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N 1. NaHMDS, rt O\\S/’O =
S o/\/ . Na , T _ Ejﬁg/\/
2. O o/n

rt or 80 °C o
198 CI)J\R 199
O\\ / 0 O\\ //O o
S O/\/ S O/\/
OPh OMe
(@) (0]
200 201
43%3? 41%?®
O O 00 O
N7/ N7/
O/\/ S o/\/
iPr Me
0] 0]
202 203
48%3? 37%*2

Table 11: 2lsolated yield, "Determined by 'H NMR spectroscopy of the mixture

Precursors 200-203 were then subjected to both racemic and enantioselective palladium-
catalysed decarboxylative allylic alkylation conditions (Table 12). The alkylated products 205,
207 and 208 were produced in 91-95% yields using Pd(PPhs)s (10 mol%) in 1,4-dioxane.
Unfortunately, ester-containing substrate 201 did not decarboxylate to give 206, with starting

material 201 being recovered exclusively.

Based on the lower reactivity of ketone substrates compared to ester substrates found for the
5-membered cyclic sulfones, the same catalyst loadings were used for the 6-membered
sulfones. Ester-containing substrates underwent Pd-DAAA using Pdz(dba)s (2.5 mol%) and
(S,S)-ANDEN phenyl Trost ligand (6.5 mol%), whereas ketone-containing substrates required
Pd.(dba)s (5 mol%) and (S,S)-ANDEN phenyl Trost ligand (13 mol%).
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Pdy(dba); (2.5-5mol%) o o O

QP 7 Pd(PPh3)4 (10 mol%) QL 7 (S,S) L33(6 5-13 mol%) IJ\
g 3)a o) ¢ :S)-L3 (6.5- o R,
pe S<ae oS

1,4-dioxane R 1,4- dioxane
N\ d N\
204 Racemic Conditions A 199 Enantioselective Conditions B (R)-204
OPh OMe
A\ A
205 206
A2 92% -
Ba P 96%, 64% ee -
00 O 00 O
N/ \\S//
iPr Me
A\ \
207 208
A? 95% 91%
Ba P 94%, 88% ee 93%, 32% ee

Table 12: 2Isolated yield, ee determined by chiral HPLC

For ester-appended substrates, only the phenyl ester substituted sulfone 200 underwent the
Pd-DAAA process, affording alkylated sulfone 205 in good yield, with a moderate ee of 64%.
Substrate 201 did not decarboxylate under either racemic or enantioselective conditions, even

with double catalyst-loading.

For the ketone substrates, when the steric bulk of the substituent was greater, as in isopropyl
ketone substituted sulfone 207, a good ee of 88% was observed. The enantioselectivity was
decreased considerably to 32% ee when a small methyl ketone substituent 208 was appended
to the sulfone. These results suggest steric bulk could be an important factor in determining

the enantioselectivity for this system.
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2.6 Future Work

2.6.1 Mechanistic Work

To gain additional mechanistic evidence for this process, future work will build on this research
to include repeat experiments for the malonate crossover (vide supra, Section 2.3.3) using
more acidic 1,3-dicarbonyls, such as 1,3-diketone 209 (Figure 12), which may lead to
observation of crossover. Indeed, the intermediate enolate can be protonated with a strong
acid, as was evidenced by the non-alkylated product formation when acetic acid was used as

an additive in the reaction (vide supra, Section 2.4).

O O

28

209

Figure 12: Structure of 3-methyl-2,4-pentanedione
2.6.2 Substrate Scope Extension

Future work will include further extension of the substrate scope. Of particular interest will be
bulky alkyl ketone substituents on both the 5- and 6-membered sulfones due to the high
enantioselectivity observed with substrates bearing an isopropyl ketone substituent, 195 and
207, relative to smaller substituents. Substrates to test will include tert-butyl and adamantyl

ketone substituents (210-213) appended to a cyclic sulfone (Figure 13).

SV VI VI Y
\ N N N
210 211 212 213

Figure 13

A thorough investigation of 6-membered aryl ketone substrates is also warranted, and
substrates to test will include sulfones bearing phenyl (214), para-tolyl (215), para-methoxy
(216) and para-fluoro (217) substituents (Figure 14).

O\\ //O O O\\ //O O O\\ //O O O\\ //O O
oM
N N N e N F
214 215 216 217

Figure 14
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Once highly enantioenriched products have been produced, the cyclic sulfone substrates will
be transformed into spirocyclic amine compounds using the electron withdrawing ester or
ketone handle and the allylic chain in a ring-closing process (Scheme 56). Since the
enantioselectivity will already be imparted on the substrates, these routes will enable access
to enantioenriched spirocycles. Functionalisation of esters will give rise to unsubstituted
spirocyclic complexes 219, whereas substrates bearing a ketone substituent are of particular
interest as the spirocyclic complex 221 produced will comprise two contiguous stereocentres,

maximising the interrogation of three-dimensional chemical space.

O\\S//O (”)\ Steps Q\S//O _:—NPG
\
218 219
oo O R
S

220 221

Scheme 56: General scheme to transform 218 and 220 into spirocyclic amine complexes 219 and 221
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2.7 Conclusions

The aims of this project were to perform a mechanistic study of the Pd-DAAA of cyclic sulfones
bearing ester and ketone substituents, optimise the reaction conditions; and extend the

substrate scope of this process.

The mechanistic study was performed to establish whether an inner- or outer-sphere alkylation
mechanism operates for both ester and ketone substituted sulfones. In particular, we sought
to determine whether the Pd-DAAA of sulfones bearing an ester substituent occurs via a
different mechanism to that of sulfones bearing a ketone substituent in light of the marked
difference in enantioselectivity between the two processes. The mechanistic investigation

encompassed both crossover experiments and relative stereochemistry determination.

Enolate crossover studies indicated that sulfone substrates containing 2-methyl substituted
allylic esters were considerably less reactive than their non-substituted counterparts, and so
were deemed unsuitable for a crossover experiment. Instead, ?H-labelling of the allylic ester
with 93% deuterium incorporation was achieved, and enolate crossover experiments were
successfully performed. These experiments provided evidence that an outer-sphere alkylation
mechanism was in operation for both ester and ketone substrates due to the observation of
significant crossover, which concurred with previous work on allylic alkylation reactions of

unstabilised a-sulfonyl anions.

Furthermore, relative stereochemistry determination experiments were attempted to
conclusively confirm the mechanism of the Pd-DAAA of cyclic sulfones. Although
stereochemical probes of both ester and ketone substrates were successfully made, Pd-DAAA
reactions for these two substrates were unsuccessful, with no reaction occurring over a period
of 7 days with temperatures of up to 120 °C, presumably due to the sterically hindered nature

of the allylic electrophile.

An additive screen was performed in order to optimise the Pd-DAAA reaction of cyclic sulfones
in terms of enantioselectivity. Various salt and acid additives were used in the reaction, with

no increase in enantioselectivity compared to the additive-free conditions.

Since the reaction could not be further optimised using additives, previously optimised
conditions were used to broaden the substrate scope of this reaction. The substrate scope for
5-membered sulfones bearing ester and ketone substituents has been substantially
broadened. Generally, high ees can be obtained, however, the reaction is sensitive to both

steric and electronic factors.

70



A range of 6-membered cyclic sulfones were also synthesised for comparison with the 5-
membered cyclic sulfones. Only one alkylated ester substituted sulfone was produced, bearing
a phenyl ester substituent, and affording a moderate ee of 64%. For the ketone substrates,
enantioselectivity appeared to correlate to steric bulk, with a bulky tert-butyl ester substituted

sulfone giving a good ee of 88%.

To conclude, whilst the result could not be confirmed by means of stereochemical labelling,
the crossover reaction provided strong evidence for the operation of an outer-sphere alkylation
mechanism for this process. Additionally, a number of novel 5- and 6-membered alkylated
products have been successfully synthesised, and future work has been proposed for the
transformation of enantioenriched alkylated products into spirocyclic building blocks for drug

discovery.
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Chapter 3: Experimental

3.1 General Procedures

Oven-dried glassware was used for all reactions under an argon atmosphere. Dry solvents
were obtained from commercial sources or obtained from an Innovative Technologies
PureSolv solvent drying system. All reagents and solvents were used as supplied. Petrol refers
to the fraction of petroleum that boils between 40 °C and 60 °C. Aqueous solutions were
saturated unless otherwise stated. Removal of solvents in vacuo refers to the use of a rotary

evaporator at 40 °C, with further drying on a high vacuum line.

VWR Chemicals silica gel (40-63 pm particle size) was used for flash column chromatography.
Thin layer chromatography (TLC) was carried out using Merck KgaA silica gel 60 F254
aluminium-backed plates. Ultraviolet irradiation (254 nm) and staining with potassium

permanganate solutions as appropriate were used to visualise TLC plates.

'H NMR spectra were obtained using either a Bruker AVANCE 11 400 spectrometer or a Bruker
FOURIER 300 spectrometer, in CDCls. C NMR spectra were recorded on the same
spectrometers at 100 MHz or 75 MHz, respectively. For '"H NMR spectra recorded in CDCls,
the residual protic solvent CHCI3 (&n = 7.26 ppm) was used as the internal reference. For *C
NMR spectra, the central resonance of CDCI3 (6¢c = 77.0 ppm) was used as the internal
reference. NMR data are reported as follows: chemical shift, dx (in parts per million, ppm),
(number of protons, multiplicity, coupling constant, J in Hertz, and assignment). Couplings are
expressed as one, or a combination of: s, singlet; br s, broad singlet; d, doublet; t, triplet; q,
quartet; quint, quintet; sextet; septet and m, multiplet. When coincidental couplings constants
were observed in the NMR spectra, the apparent multiplicity of the proton resonance in these
cases was reported. Various NMR experiments (DEPT-135, COSY, HSQC, HMBC) were used
in order to assign the 'H and "*C NMR spectra. The atoms of the products reported below are
numbered for clarity in NMR assignments, however, the numbering does not correspond to

IUPAC nomenclature.

High resolution mass spectra (HRMS) were recorded using a Shimadzu LCMS-IT-TOF
instrument using ESI or APCI conditions. Infra-red spectra were recorded on an Agilent
Technologies Cary 630 FTIR spectrometer. Melting points were measured on a Sanyo
Gallenkamp capillary melting point apparatus. Enantiomeric excesses were determined by
chiral HPLC on a Shimadzu NEXERA X2 UHPLC instrument equipped with a UV detector,
using either a CHIRALCEL OD-H or CHIRALPAK AD-H column. Optical rotations were

measured in CHCIz using an AA-65 Automatic Polarimeter.
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3.2 Synthetic Procedures

3.2.1 Synthesis of Precursors for Reaction Optimisation

Allyl tetrahydrothiophene-2-carboxylate 1,1-dioxide 117

QP O

6 8
18450/\/
7

2 3

Sulfolane (3.00 g, 25 mmol) was dissolved in THF (200 mL) and the solution was cooled to
—78 °C. LiIHMDS (1 M in THF, 50 mL, 50 mmol) was added dropwise at —78 °C. The solution
was stirred at —78 °C for 1 hour. Allyl chloroformate (2.97 mL, 28 mmol) was added dropwise
at—78 °C. The solution was allowed to reach room temperature and was stirred overnight. The
solution was quenched with aq. HCI (1 N, 50 mL), and the mixture was extracted with EtOAc
(3 x 20 mL). The combined organic phase was washed with brine (20 mL), dried (MgSQ4), and
concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc 2:1] gave 117 (2.43 g, 74%) as a yellow oil. R = 0.21 [petrol:EtOAc 2:1].

'H NMR: (400 MHz, CDCls) 8 5.97 (1H, ddt, J = 17.2, 10.5, 5.9 Hz, H7), 5.42 (1H, dq, J = 17.2,
1.4 Hz, H8a), 5.32 (1H, dg, J = 10.4, 1.2 Hz, H8b), 4.76 (2H, m, H6), 3.97 (1H, t, J = 7.6 Hz,
H4), 3.18-3.04 (2H, m, H1), 2.59-2.49 (1H, m, H3a), 2.43-2.30 (2H, m, H3b and H2a), 2.21-
2.09 (1H, m, H2b).

13C NMR: (100 MHz, CDCls) & 165.3 (C5), 131.2 (C7), 119.3 (C8), 67.1 (C6), 64.7 (C4), 51.6
(C1), 26.0 (C3), 20.4 (C2).

HRMS (m/z): (APCI) calcd for CsH1204S [M—H]™ 203.0384, found 203.0381.

IR: Vmax (neat): 2969 (C-H), 1737 (C=0) cm™.

2-Allyl 2-phenyl dihydrothiophene-2,2(3H)-dicarboxylate 1,1-dioxide 104
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117 (50 mg, 0.25 mmol) was dissolved in THF (2 mL). NaHMDS (1 M in THF, 0.28 mL, 0.28
mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Phenyl chloroformate (35 pL, 0.28 mmol) was added dropwise, and the solution was stirred
overnight. The solution was quenched with aq. HCI (1 N, 2 mL). The mixture was extracted
with EtOAc (3 x 2 mL), washed with brine (2 mL), dried (MgSO.), and concentrated under
reduced pressure. Purification by flash column chromatography [hexane:EtOAc 9:1-4:1] gave
104 (63.4 mg, 79%) as a colourless solid. Rs = 0.19 [petrol:EtOAc 4:1]. m.p.: 58-60 °C.

'H NMR: (300 MHz, CDCls) & 7.43-7.36 (2H, m, H12), 7.30-7.25 (1H, m, H13), 7.20-7.14 (2H,
m, H11), 5.96 (1H, dddd, J = 16.2, 10.4, 6.7, 5.9 Hz, H7), 5.45 (1H, dq, J = 17.2, 1.5 Hz, H8a),
5.32 (1H, dq, J = 10.4, 1.2 Hz, H8b), 4.84 (2H, m, H6), 3.50-3.34 (2H, m, H1), 2.92 (1H, quint,
J = 7.8 Hz, H3a), 2.79 (1H, quint, J = 7.5 Hz, H3b), 2.33 (2H, quint, J = 8.4 Hz, H2).

13C NMR: (75 MHz, CDCls) & 164.2 (C5), 162.9 (C9), 150.2 (C10), 130.5 (C7), 128.9 (C12),
126.9 (C13), 121.3 (C11), 120.0 (C8), 75.2 (C4), 68.0 (C6), 50.6 (C1), 30.3 (C3), 17.4 (C2).

HRMS (m/z): (ESI) calcd for C1sH1606S [M+Na]* 347.0560, found 347.0553.

IR: Vimax (neat): 3017 (C—H), 2967 (C-H), 1765 (C=0), 1735 (C=0) cm™".

Allyl 2-benzoyltetrahydrothiophene-2-carboxylate 1,1-dioxide 106

117 (1.00 g, 4.90 mmol) was dissolved in THF (50 mL) and NaHMDS (1 M in THF, 5.39 mL,
5.39 mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Benzoyl chloride (0.63 mL, 5.39 mmol) was added dropwise, and the solution was heated to
80 °C overnight. The solution was allowed to cool to room temperature and was quenched with
aq. HCI (1 N, 40 mL). The mixture was extracted with EtOAc (3 x 40 mL), washed with brine
(40 mL), dried (MgSOs), and concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 9:1—-4:1] gave 106 (1.13 g, 75%) as a colourless solid.
R: = 0.18 [petrol:EtOAc 4:1]. m.p.: 81-83 °C.

'H NMR: (300 MHz, CDCl3) 8 7.96-7.92 (2H, m, H11), 7.58 (1H, tt, J = 6.5, 1.3 Hz, H13), 7.49-
7.43 (2H, m, H12), 5.63 (1H, dddd, J = 15.9, 10.3, 7.4, 5.5 Hz, H7), 5.19-5.11 (2H, m, H8),
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4.62 (2H, dt, J = 5.9, 1.4 Hz, H6), 3.49-3.22 (2H, m, H1), 3.14 (1H, quint, J = 6.9 Hz, H3a),
2.72 (1H, quint, J = 6.6 Hz, H3b), 2.40-2.17 (2H, m, H2).

3C NMR: (75 MHz, CDCls) 5 188.5 (C9), 166.3 (C5), 135.4 (C10), 133.8 (C13), 130.2 (C7),
129.0 (C11), 128.7 (C12), 120.0 (C8), 77.8 (C4), 67.3 (C6), 51.9 (C1), 31.9 (C3), 17.6 (C2).

HRMS (m/z): (ESI) calcd for C1sH1605S [M+Na]* 331.0611, found 331.0597.

IR: Vimax (neat): 3066 (C—H), 2954 (C—H), 1735 (C=0), 1685 (C=0) cm™".

3.2.2 Synthesis of 2-Methyl Allyl Ester Crossover Experiment Precursors

2-Methylallyl imidazole-1-carboxylate 127%°

1,1'-Carbonyldiimidazole (1.46 g, 9.00 mmol) was dissolved in THF (65 mL) and the solution
was cooled to 0 °C. A solution of 2-methyl-2-propen-1-ol (0.50 mL, 5.94 mmol) in CH2Cl, (22
mL) was added dropwise at 0 °C. The solution was stirred at 0 °C for 2 hours. The reaction
mixture was concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc 4:1] gave 127 (937 mg, 95%) as a colourless solid. Rs = 0.32
[petrol:EtOACc 4:1].

'H NMR: (400 MHz, CDCls) 8 8.17 (1H, br s, H1), 7.45 (1H, br s, H2), 7.09 (1H, br s, H3), 5.09
(1H, s, H7a), 5.06 (1H, s, H7b), 4.82 (2H, s, H5), 1.82 (3H, s, H8).

3C NMR: (100 MHz, CDCls) & 148.8 (C4), 138.5 (C1), 137.2 (C6), 130.7 (C3), 117.2 (C2),
115.0 (C7), 71.4 (C5), 19.4 (C8).

HRMS (m/z): (ESI) calcd for CgH1oN2O, [M+H]" 167.00815, found 167.0810.

Analytical data matches literature values.?°
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(2-Methylallyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 128
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Sulfolane (334 mg, 2.78 mmol) was dissolved in THF (25 mL) and the solution was cooled to
—78 °C. LIHMDS (1 M in THF, 5.57 mL, 5.57 mmol) was added dropwise at —78 °C. The
solution was stirred at —78 °C for 1 hour. A solution of 127 (500 mg, 3.00 mmol) in THF (5 mL)
was added dropwise at —78 °C. The solution was allowed to reach room temperature and was
stirred overnight. The solution was quenched with aq. HCI (1 N, 8 mL), and the mixture was
extracted with EtOAc (3 x 8 mL). The combined organic phase was washed with brine (8 mL),
dried (MgSO.), and concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc 2:1] gave 128 (485 mg, 80%) as a colourless oil. R = 0.32
[petrol:EtOACc 2:1].

'H NMR: (400 MHz, CDCls) 5 5.05 (1H, t, J = 1.2 Hz, H8a), 4.97 (1H, quint, J = 0.8 Hz, H8b),
4.71 (1H, d, J = 12.8 Hz, H6a), 4.64 (1H, d, J = 12.8 Hz, H6b), 3.95 (1H, t, J = 7.5 Hz, H4),
3.18-3.07 (2H, m, H1), 2.62-2.52 (1H, m, H3a), 2.45-2.32 (2H, m, H2a and H3b), 2.23-2.12
(1H, m, H2b), 1.80 (3H, s, H9).

13C NMR: (100 MHz, CDCl3) & 165.4 (C5), 139.1 (C7), 114.4 (C8), 70.0 (C6), 64.9 (C4), 51.4
(C1), 25.9 (C3), 20.3 (C2), 19.6 (CI).

HRMS (m/z): (APCI) calcd for CgH1404S [M+H]* 219.0686, found 219.0676.

IR: Vimax (neat): 3084 (C—H), 2952 (C-H), 1735 (C=0) cm™.

2-(2-Methylallyl) 2-(p-tolyl) dihydrothiophene-2,2(3H)-dicarboxylate 1,1-dioxide 105
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128 (240 mg, 1.10 mmol) was dissolved in THF (10 mL) at room temperature. NaHMDS (1 M

in THF, 1.35 mL, 1.35 mmol) was added dropwise. The solution was stirred at room
76



temperature for 30 minutes. p-Tolyl chloroformate (200 pL, 1.35 mmol) was added dropwise,
and the solution was stirred overnight. The solution was quenched with aq. HCI (1 N, 10 mL).
The mixture was extracted with EtOAc (3 x 10 mL), washed with brine (10 mL), dried (MgSO.),
and concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc 9:1-4:1] gave 105 (213 mg, 55%) as a yellow solid. Rs = 0.30 [petrol:EtOAc
4:1]. m.p.: 70-71 °C.

'H NMR: (400 MHz, CDCls) 8 7.18 (2H, d, J = 8.5 Hz, H13), 7.05 (2H, dt, J = 9.0, 2.4 Hz, H12),
5.10 (1H, t, J = 1.1 Hz, H8a), 5.00 (1H, quint, J = 0.8 Hz, H8b), 4.80 (1H, d, J = 12.9 Hz, H6a),
4.75 (1H, d, J = 12.8 Hz, H6b), 3.48-3.36 (2H, m, H1), 2.91 (1H, quint, J = 7.5 Hz, H3a), 2.79
(1H, quint, J = 7.4 Hz, H3b), 2.38-2.28 (5H, m, H2 and H15), 1.79 (3H, s, H9).

13C NMR: (100 MHz, CDCls) 5 164.4 (C5), 163.2 (C10), 148.1 (C11), 138.6 (C7), 136.5 (C14),
130.1 (C13), 120.9 (C12), 114.8 (C8), 75.1 (C4), 70.6 (C6), 50.6 (C1), 30.3 (C3), 20.9 (C15),
19.4 (C9), 17.3 (C2).

HRMS (m/z): (APCI) calcd for C17H2006S [M+H]" 353.1053, found 353.1052.

IR: Vimax (neat): 3017 (C—H), 2970 (C-H), 2920 (C-H), 1765 (C=0), 1730 (C=0) cm"".

(2-Methylallyl) 2-(p-toluoyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 107

128 (240 mg, 1.10 mmol) was dissolved in THF (10 mL) and NaHMDS (1 M in THF, 1.35 mL,
1.35 mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
p-Toluoyl chloride (180 pL, 1.35 mmol) was added dropwise, and the solution was heated to
80 °C overnight. The solution was allowed to cool to room temperature and was quenched with
aq. HCI (1 N, 10 mL). The mixture was extracted with EtOAc (3 x 10 mL), washed with brine
(10 mL), dried (MgSO.), and concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 9:1—4:1] gave 107 (306 mg, 83%) as a yellow oil. R¢
= 0.30 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCl3) 5 7.85 (2H, d, J = 8.6 Hz, H13), 7.25 (2H, d, J = 8.6 Hz, H12), 4.86
(1H, s, H8a), 4.86 (1H, s, H8b), 4.53 (2H, s, H6), 3.49-3.34 (2H, m, H1), 3.13 (1H, quint, J =
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7.6 Hz, H3a), 2.69 (1H, quint, J = 7.2 Hz, H3b), 2.39 (3H, s, H15), 2.35-2.19 (2H, m, H2), 1.46
(3H, s, H9).

13C NMR: (100 MHz, CDCls) 5 187.5 (C10), 166.3 (C5), 144.9 (C14), 138.2 (C7), 132.9 (C11),
129.6 (C12), 129.2 (C13), 115.1 (C8), 77.8 (C4), 70.4 (C6), 51.9 (C1), 32.0 (C3), 21.7 (C15),
19.3 (C9), 17.6 (C2).

HRMS (m/z): (APCI) calcd for C17H200sS [M+H]* 337.1104, found 337.1096.

IR: Vimax (neat): 3062 (C—H), 2952 (C-H), 1733 (C=0), 1682 (C=0) cm™".

2-(2-Methylallyl) 2-phenyl dihydrothiophene-2,2(3H)-dicarboxylate 1,1-dioxide 129
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128 (100 mg, 0.46 mmol) was dissolved in THF (6 mL). NaHMDS (1 M in THF, 0.51 mL, 0.51
mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Phenyl chloroformate (64 pL, 0.51 mmol) was added dropwise, and the solution was stirred
overnight. The solution was quenched with aq. HCI (1 N, 6 mL). The mixture was extracted
with EtOAc (3 x 6 mL), washed with brine (6 mL), dried (MgSO.), and concentrated under
reduced pressure. Purification by flash column chromatography [hexane:EtOAc 4:1] gave 129
(77 mg, 50%) as a colourless oil. Rs = 0.21 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCl3) 5 7.41-7.37 (2H, m, H12), 7.29-7.25 (1H, m, H14), 7.19-7.16 (2H,
m, H13), 5.10 (1H, s, H8a), 5.00 (1H, s, H8b), 4.79 (1H, d, J = 12.6 Hz, H6a), 4.74 (1H, d, J =
12.8 Hz, H6b), 3.45-3.32 (2H, m, H1), 2.91 (1H, quint, J = 8.4 Hz, H3a), 2.78 (1H, quint, J =
7.6 Hz, H3b), 2.31 (2H, quint, J = 8.0 Hz, H2), 1.80 (3H, s, H9).

13C NMR: (100 MHz, CDCl3) 5 164.3 (C5), 162.3 (C10), 150.3 (C11), 138.5 (C7), 129.6 (C12),
126.7 (C14), 121.2 (C13), 114.7 (C8), 75.2 (C4), 70.6 (C6), 50.6 (C1), 30.3 (C3), 19.5 (C9),
17.5 (C2).

HRMS (m/z): (APCI) calcd for C1H1806S [M+H]" 339.0897, found 339.0895.

IR: Vmax (neat): 3073 (C-H), 2956 (C-H), 1735 (C=0) cm™.
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(2-Methylallyl) 2-benzoyltetrahydrothiophene-2-carboxylate 1,1-dioxide 130

128 (100 mg, 0.46 mmol) was dissolved in THF (6 mL) and NaHMDS (1 M in THF, 0.51 mL,
0.51 mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Benzoyl chloride (59 pL, 0.51 mmol) was added dropwise, and the solution was heated to 80
°C overnight. The solution was allowed to cool to room temperature and was quenched with
aq. HCI (1 N, 6 mL). The mixture was extracted with EtOAc (3 x 6 mL), washed with brine (6
mL), dried (MgSOQ4), and concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc 4:1] gave 130 (100 mg, 65%) as a colourless oil. Rs = 0.22
[petrol:EtOAC 4:1].

'H NMR: (400 MHz, CDCls) 8 7.93 (2H, d, J = 8.3 Hz, H12), 7.54 (1H, t, J = 7.2 Hz, H14), 7.42
(2H, t, J = 7.7 Hz, H13), 4.78 (2H, s, H8), 4.49 (2H, t, J = 14.0 Hz, H6), 3.47-3.33 (2H, m, H1),
3.10 (1H, quint, J = 6.8 Hz, H3a), 2.69 (1H, quint, J = 6.8 Hz, H3b), 2.34-2.15 (2H, m, H2),
1.40 (3H, s, H9).

13C NMR: (100 MHz, CDCl3) 5 188.2 (C10), 166.2 (C5), 138.2 (C7), 135.4 (C11), 133.9 (C14),
129.0 (C12), 128.8 (C13), 115.1 (C8), 77.7 (C4), 70.3 (C6), 51.8 (C1), 32.0 (C3), 19.2 (CI),
17.7 (C2).

HRMS (m/z): (APCI) calcd for C1H1s05S [M+H]" 323.0948, found 323.0955.

IR: Vimax (neat): 3062 (C—H), 2950 (C-H), 1733 (C=0), 1685 (C=0) cm™".
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3.2.3 Synthesis of ?H Labelled Allyl Ester Crossover Experiment Precursors

Prop-2-ynyl imidazole-1-carboxylate 139

(0]
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1,1'-Carbonyldiimidazole (2.51 g, 15.5 mmol) was dissolved in CH.Cl> (20 mL). Propargyl
alcohol (0.5 mL, 8.59 mmol) was added dropwise. The mixture was stirred at room temperature
for 1 hour. The reaction mixture was concentrated under reduced pressure. Purification by
flash column chromatography [Petrol:EtOAc 2:1] gave 139 (607 mg, 47%) as an off-white solid.
R = 0.26 [petrol:EtOAc 2:1].

'H NMR: (400 MHz, CDCls) 5 8.16 (1H, s, H1), 7.44 (1H, s, H2), 7.08 (1H, s, H3), 4.99 (2H, d,
J = 2.4 Hz, H5), 2.62 (1H, t, J = 2.5 Hz, H7).

13C NMR: (100 MHz, CDCls) & 148.0 (C4), 137.1 (C1), 130.9 (C2), 117.2 (C3), 76.9 (C6), 75.8
(C7), 55.5 (C5).

IR: Vmax (n€at): 3010 (C-H), 2911 (C—H), 2827 (C-H), 2130 (C=C), 1752 (C=0) cm™".

Analytical data matches literature values.>®

Phenyl tetrahydrothiophene-2-carboxylate 1,1-dioxide 142
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Sulfolane (120 mg, 1.00 mmol) was dissolved in THF (10 mL) and the solution was cooled to
—78 °C. LIHMDS (1 M in THF, 2 mL, 2.00 mmol) was added dropwise at —78 °C. The solution
was stirred at —=78 °C for 1 hour. Phenyl chloroformate (140 uL, 1.10 mmol) was added
dropwise at —78 °C. The solution was allowed to reach room temperature and was stirred
overnight. The solution was quenched with aq. HCI (1 N, 10 mL). The mixture was extracted
with EtOAc (3 x 10 mL), washed with brine (10 mL), dried (MgSOs4), and concentrated under
reduced pressure. Purification by flash column chromatography [hexane:EtOAc 9:1-4:1] gave
142 (77 mg, 32%) as a yellow oil. Rf = 0.25 [petrol:EtOAc 4:1].
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'H NMR: (300 MHz, CDCl3) & 7.39 (2H, t, J = 5.6 Hz, H7), 7.26 (1H, tt, J = 5.3, 1.0 Hz, H9),
7.19-7.16 (2H, m, H8), 4.17 (1H, t, J = 5.6 Hz, H4), 3.24-3.12 (2H, m, H1), 2.69-2.60 (1H, m,
H3a), 2.52-2.34 (2H, m, H2a and H3b), 2.26-2.15 (1H, m, H2b).

13C NMR: (75 MHz, CDCls) & 164.8 (C5), 150.5 (C6), 129.5 (C7), 126.4 (C9), 121.5 (C8), 64.7
(C4), 52.0 (C1), 26.0 (C3), 20.5 (C2).

HRMS (m/z): (APCI) calcd for C11H1204S [M+H]* 241.0529, found 241.0531.

IR: Vimax (neat): 3021 (C—H), 2960 (C—H), 2887 (C-H), 1754 (C=0) cm™".

3-Trimethylsilylprop-2-ynyl imidazole-1-carboxylate 144
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A solution of 1,1'-carbonyldiimidazole (8.51 g, 52.5 mmol) in THF (200 mL) was cooled to
0 °C. (3-Trimethylsilyl)propargyl alcohol (5.18 mL, 35 mmol) was added dropwise at 0 °C. The
reaction mixture was stirred at 0 °C for 2 hours. The reaction mixture was concentrated under
reduced pressure. Purification by flash column chromatography [Petrol:EtOAc 9:1—4:1] gave
144 (3.35 g, 43%) as a colourless oil. Rs = 0.32 [petrol:EtOAc 2:1].

'H NMR: (400 MHz, CDCl3) 8 8.21 (1H, br s, H1), 7.48 (1H, t, J = 1.4 Hz, H2), 7.11 (1H, dd, J
= 1.65, 0.80 Hz, H3), 5.01 (2H, s, H5), 0.22 (9H, s, H8).

13C NMR: (100 MHz, CDCl3) 5 148.1 (C4), 137.3 (C1), 130.7 (C2), 117.2 (C3), 96.7 (C6), 94.7
(C7), 56.2 (C5), —0.42 (C8).

HRMS (m/z): (APCI) calcd for C1oH14N202Si [M+H]* 223.0897, found 223.0890.

IR: Vimax (neat): 2961 (C—H), 2902 (C—H), 2186 (C=C), 1763 (C=0) cm™".

3-Trimethylsilylprop-2-ynyl 1,1-dioxothiolane-2-carboxylate 145
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Sulfolane (600 mg, 5 mmol) was dissolved in THF (40 mL) and the solution was cooled to
—78 °C. LIHMDS (1 M in THF, 10.5 mL, 10.5 mmol) was added dropwise at —78 °C. The
solution was stirred at —78 °C for 1 hour. The solution was allowed to reach room temperature,
and a solution of 144 (1.22 g, 5.5 mmol) in THF (10 mL) was added dropwise. The mixture
was stirred at room temperature for 1 hour. The reaction was quenched with ag. HCI (1 N, 30
mL), and the mixture was extracted with EtOAc (3 x 30 mL). The combined organic phase was
washed with brine (30 mL), dried (MgSO4), and concentrated under reduced pressure.
Purification by flash column chromatography [hexane:EtOAc 9:1-4:1] gave 145 (645 mg, 47%)
as a colourless solid. R = 0.29 [petrol:EtOAc 2:1]. m.p.: 105-106 °C.

'H NMR: (400 MHz, CDCl3) & 4.92 (1H, d, J = 15.5 Hz, H6a), 4.70 (1H, d, J = 15.8 Hz, H6éb),
3.96 (1H, t, J = 7.0 Hz, H4), 3.18-3.06 (2H, m, H1), 2.60-2.51 (1H, m, H3a), 2.45-2.32 (2H, m,
H2a and H3b), 2.22-2.11 (1H, m, H2b), 0.17 (9H, s, H9).

13C NMR: (100 MHz, CDCls) 5 165.2 (C5), 97.7 (C7), 93.2 (C8), 64.6 (C4), 54.6 (C6), 51.6
(C1), 26.2 (C3), 20.5 (C2), -0.37 (C9).

HRMS (m/z): (APCI) calcd for C11H1504SiS [M+H]" 275.0768, found 275.0767.

IR: Vimax (neat): 2965 (C—H), 2902 (C—H), 2190 (C=C), 1739 (C=0) cm™".

2-(3-Trimethylsilylprop-2-ynyl) 2-tolyl dihydrothiophene-2,2(3H)-dicarboxylate 1,1-

dioxide 148
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145 (588 mg, 2.15 mmol) was dissolved in THF (25 mL). NaHMDS (1 M in THF, 2.37 mL, 2.37
mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes. p-
Tolyl chloroformate (0.34 mL, 2.37 mmol) was added dropwise, and the solution was stirred at
room temperature for 5 hours. The reaction was quenched with ag. HCI (1 N, 20 mL). The
mixture was extracted with EtOAc (3 x 20 mL), washed with brine (20 mL), dried (MgSQ4), and
concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc 9:1-6:1] gave 148 (538 mg, 61%) as a colourless oil. Rs = 0.61 [petrol:EtOAc
2:1].
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'H NMR: (400 MHz, CDCl3) 5 7.18 (2H, d, J = 8.5 Hz, H13), 7.08 (2H, d, J = 9.0 Hz, H12), 4.91
(2H, d, J = 2.1 Hz, H6), 3.50-3.32 (2H, m, H1), 2.94 (1H, quint, J = 7.5 Hz, H3a), 2.75 (1H,
quint, J = 6.9 Hz, H3b), 2.37-2.27 (5H, m, H2 and H15), 0.16 (9H, s, H9).

13C NMR: (100 MHz, CDCls) & 164.0 (C5), 162.8 (C10), 148.1 (C11), 136.4 (C14), 130.0 (C13),
121.0 (C12), 97.1 (C7), 93.9 (C8), 74.8 (C4), 55.3 (C6), 50.6 (C1), 30.3 (C3), 20.9 (C15), 17.3
(C2), -0.43 (C9).

HRMS (m/z): (APCI) calcd for C1sH2406SiS [M+H]" 409.1136, found 409.1126.

IR: Vimax (neat): 3034 (C—H), 2960 (C—H), 2193 (C=C), 1746 (C=0) cm™".

2-(Prop-2-ynyl) 2-tolyl dihydrothiophene-2,2(3H)-dicarboxylate 1,1-dioxide 150
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148 (20.4 mg, 0.05 mmol) was dissolved in THF (2 mL). Acetic acid (3.2 uL, 0.055 mmol) and
tetrabutylammonium fluoride (1 M in THF, 55 pL, 0.055 mmol) were added, and the reaction
mixture was stirred at room temperature for 2 hours. The solution was quenched with aq.
NaHCO3 (10 mL). The mixture was extracted with EtOAc (3 x 10 mL), washed with brine (10
mL), dried (MgSQ4), and concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc 4:1] gave 150 (14 mg, 83%) as a pale brown solid. R = 0.32
[petrol:EtOAC 2:1]. m.p.: 96-97 °C.

'H NMR: (400 MHz, CDCl3) & 7.19 (2H, d, J = 8.4 Hz, H12), 7.07 (2H, d, J = 8.5 Hz, H11), 4.92
(2H, qd, J = 15.4, 2.4 Hz, H6), 3.47-3.35 (2H, m, H1), 2.93 (1H, quint, J = 7.4 Hz, H3a), 2.79
(1H, quint, J = 7.7 Hz, H3b), 2.55 (1H, t, J = 2.5 Hz, H8), 2.37-2.30 (5H, m, H2 and H14).

13C NMR: (100 MHz, CDCls) 5 163.9 (C5), 162.8 (C9), 148.1 (C10), 136.5 (C13), 130.1 (C12),
120.8 (C11), 76.4 (C8), 76.0 (C7), 74.9 (C4), 54.5 (C6), 50.6 (C1), 30.2 (C3), 20.9 (C14), 17.4
(C2).

HRMS (m/z): (APCI) calcd for C1sH1606S [M+H]* 337.0740, found 337.0734.

IR: Vmax (neat): 3012 (C—H), 2965 (C-H), 2918 (C—H), 2850 (C—H), 2126 (C=C), 1769 (C=0),
1743 (C=0) cm™".
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2-(3-’H-Prop-2-ynyl) 2-tolyl dihydrothiophene-2,2(3H)-dicarboxylate 1,1-dioxide 151
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148 (414 mg, 1.01 mmol) was dissolved in THF (15 mL). Deuterium oxide (5 mL) was added,
followed by tetrabutylammonium fluoride (1 M in THF, 1.12 mL, 1.12 mmol), and the reaction
mixture was stirred at room temperature for 2 hours. The solution was diluted with water. The
mixture was extracted with EtOAc (3 x 15 mL), washed with brine (15 mL), dried (MgSQ4), and
concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc 6:1-4:1] gave 151 (304 mg, 89%, 96% D) as a pale yellow solid. R = 0.32
[petrol:EtOAc 2:1]. m.p.: 97-98 °C.

'H NMR: (400 MHz, CDCl3) & 7.19 (2H, d, J = 8.4 Hz, H12), 7.07 (2H, d, J = 8.5 Hz, H11), 4.92
(2H, qd, J = 15.4, 2.4 Hz, H6), 3.47-3.35 (2H, m, H1), 2.93 (1H, quint, J = 7.4 Hz, H3a), 2.79
(1H, quint, J = 7.7 Hz, H3b), 2.55 (0.04H, t, J = 2.4 Hz, H8), 2.37-2.30 (5H, m, H2 and H14).

13C NMR: (100 MHz, CDCls) 8 163.9 (C5), 162.8 (C9), 148.1 (C10), 136.5 (C13), 130.1 (C12),
120.8 (C11), 74.9 (C4), 54.5 (C6), 50.6 (C1), 30.2 (C3), 20.9 (C14), 17.4 (C2),

C7 and C8 signals not observed.
HRMS (m/z): (APCI) calcd for C16H1sDOsS [M+H]" 338.0803, found 338.0794.

IR: Vmax (neat): 3017 (C—H), 2965 (C-H), 2918 (C—-H), 2850 (C-H), 2579 (C-D), 1984 (C=C),
1767 (C=0), 1743 (C=0) cm™".

2-(3-’H-Allyl) 2-tolyl dihydrothiophene-2,2(3H)-dicarboxylate 1,1-dioxide 152

A suspension of 151 (194 mg, 0.58 mmol), Pd/CaCOs; (19.4 mg) and quinoline (136 L, 1.15

mmol) in EtOAc (11.5 mL) was degassed with argon. The mixture was cooled to 0 °C, and
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then stirred at 0 °C under a hydrogen atmosphere for 20 minutes. The suspension was filtered
though a pad of celite, washed with ag. HCI (1 N, 15 mL) and brine (15 mL), dried (MgSO.),
and concentrated under reduced pressure. Purification by flash column chromatography
[hexane:EtOAc 9:1] gave 152 (160 mg, 82%, 93%D) as a colourless solid. R = 0.32
[petrol:EtOAc 2:1]. m.p.: 60-61 °C.

'H NMR: (400 MHz, CDCls) & 7.18 (2H, d, J = 8.2 Hz, H12), 7.05 (2H, d, J = 9.2 Hz, H11),
6.00-5.91 (1H, ddt, J = 17.2, 10.5, 5.8 Hz, H7), 5.47 (0.24H, dq, J = 17.2, 1.3 Hz, H8a), 5.34
(0.83H, dg, J = 10.5, 1.1 Hz, H8b), 4.86 (2H, dq, J = 5.7, 1.3 Hz, H6), 3.49-3.35 (2H, m H1),
2.94 (1H, quint, J = 7.8 Hz, H3a), 2.82 (1H, quint, J = 7.8 Hz, H3b), 2.39-2.31 (5H, m, H2 and
H14).

13C NMR: (100 MHz, CDCls) & 164.2 (C5), 163.2 (C9), 148.1 (C10), 136.5 (C13), 130.5 (C7),
130.1 (C12), 120.8 (C11), 119.5 (t, J = 93.6 Hz, C8), 75.0 (C4), 67.7 (C6), 50.5 (C1), 30.2 (C3),
21.0 (C14), 17.3 (C2).

HRMS (m/z): (APCI) calcd for C1H17DO6S [M+H]" 340.0960, found 340.0947.

IR: Vmax (neat): 3034 (C—H), 2954 (C-H), 1735 (C=0) cm™.

2-(3-°H-Propyl) 2-tolyl dihydrothiophene-2,2(3H)-dicarboxylate 1,1-dioxide 154

A suspension of 151 (16.9 mg, 0.05 mmol), Pd/CaCOs (2 mg) and quinoline (12 pyL, 0.1 mmol)
in EtOAc (1 mL) was degassed with argon, and then stirred at room temperature under a
hydrogen atmosphere for 30 minutes. The suspension was filtered though a pad of celite,
washed with aq. HCI (1 N, 10 mL) and brine (10 mL), dried (MgSOQs), and concentrated under
reduced pressure. Purification by flash column chromatography [hexane:EtOAc 9:1-3:1] gave
154 (1 mg, 6%, >99% D) as a colourless solid. R = 0.36 [petrol:EtOAc 2:1]. m.p.: 66-67 °C.

'H NMR: (400 MHz, CDCls) 8 7.19 (2H, d, J = 8.7 Hz, H12), 7.05 (2H, d, J = 8.5 Hz, H11), 4.31
(2H, ddt, J = 19.3, 10.7, 6.6 Hz, H6), 3.48-3.37 (2H, m, H1), 2.90 (1H, quint, J = 7.6 Hz, H3a),
2.77 (1H, quint, J = 7.3 Hz, H3b), 2.36-2.29 (5H, m, H2 and H14), 1.76 (2H, quint, J = 7.0 Hz,
H7), 1.04-0.98 (2H, m, H8).
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13C NMR: (100 MHz, CDCls) 5 164.5 (C5), 163.4 (C9), 148.0 (C10), 136.6 (C13), 130.1 (C12),
120.9 (C11), 75.1 (C4), 69.1 (C6), 50.5 (C1), 30.2 (C3), 21.8 (C7), 20.9 (C14), 17.3 (C2), 10.0
(t, J = 76.8 Hz, C8).

HRMS (m/z): (APCI) calcd for C1H1sDO6S [M+H]* 342.1116, found 342.1104.

IR: Vimax (neat): 3017 (C—H), 2969 (C-H), 1767 (C=0), 1733 (C=0) cm™".

p-Tolyl 1,1-dioxothiolane-2-carboxylate 153

A suspension of 151 (16.9 mg, 0.05 mmol) and Pd/CaCOs (2 mg) in pyridine (1 mL) was
degassed with argon, and then stirred at room temperature under a hydrogen atmosphere for
30 minutes. The suspension was filtered though a pad of celite, diluted with EtOAc (10 mL),
washed with water (10 mL) and brine (10 mL), dried (MgSOQ.), and concentrated under reduced
pressure to afford 153 (13 mg, quant.) as a pale yellow solid. R = 0.20 [petrol:EtOAc 2:1].
m.p.: 137-138 °C.

'H NMR: (400 MHz, CDCls) & 7.18 (2H, d, J = 8.3 Hz, H8), 7.05 (2H, d, J = 8.5 Hz, H7), 4.16
(1H, t, J = 7.5 Hz, H4), 3.24-3.12 (2H, m H1), 2.70-2.60 (1H, m, H3a), 2.52-2.34 (5H, m, H2a,
H3b and H10), 2.27-2.16 (1H, m, H2b).

13C NMR: (100 MHz, CDCls) & 164.8 (C5), 148.3 (C6), 136.2 (C9), 130.1 (C8), 121.0 (C7),
64.7 (C4), 51.8 (C1), 26.0 (C3), 20.9 (C10), 20.5 (C2).

HRMS (m/z): (APCI) calcd for C12H1404S [M+H]" 255.0686, found 255.0676.

IR: Vmax (neat): 3032 (C—H), 2952 (C—H), 2924 (C—H), 2853 (C—H), 1754 (C=0) cm".

3-Trimethylsilylprop-2-ynyl 2-(4-methylbenzoyl)-1,1-dioxo-thiolane-2-carboxylate 149
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145 (533 mg, 1.95 mmol) was dissolved in THF (20 mL) and NaHMDS (1 M in THF, 2.14 mL,
2.14 mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
p-Toluoyl chloride (283 pL, 2.14 mmol) was added dropwise, and the mixture was heated to
80 °C overnight. The solution was allowed to cool to room temperature and was quenched with
aq. HCI (1 N, 20 mL). The mixture was extracted with EtOAc (3 x 20 mL), washed with brine
(20 mL), dried (MgSOs), and concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 9:1-4:1] gave 149 (577 mg, 75%) as a colourless oil.
R: = 0.52 [petrol:EtOAc 2:1].

'H NMR: (400 MHz, CDCl3) & 7.88 (2H, d, J = 8.3 Hz, H12), 7.26 (2H, d, J = 8.1 Hz, H13), 4.74
(2H, q, J = 15.6 Hz, H6), 3.47 (1H, ddd, J = 12.9, 9.0, 6.4 Hz, H1a), 3.35 (1H, ddd, J = 13.4,
8.7, 6.1 Hz, H1b), 3.20 (1H, dt, J = 14.4, 7.1 Hz, H3a), 2.65 (1H, quint, J = 6.6 Hz, H3b), 2.40
(3H, s, H15), 2.33-2.22 (2H, m, H2), 0.12 (9H, s, H9).

13C NMR: (100 MHz, CDCls) 5 186.5 (C10), 165.9 (C5), 145.1 (C14), 132.6 (C11), 129.5 and
129.4 (C12 and C13), 97.0 (C7), 93.5 (C8), 77.4 (C4), 54.7 (C6), 51.9 (C1), 32.0 (C3), 21.8
(C15), 17.6 (C2), —0.42 (C9).

HRMS (m/z): (APCI) calcd for C19H2405SiS [M+H]" 393.1186, found 393.1170.

IR: Vmax (neat): 2957 (C—H), 2917 (C—H), 2849 (C—H), 2186 (C=C), 1740 (C=0), 1683 (C=0)
cm™.

(3-2H-Prop-2-ynyl) 2-(4-methylbenzoyl)-1,1-dioxo-thiolane-2-carboxylate 155

149 (517 mg, 1.32 mmol) was dissolved in THF (15 mL). Deuterium oxide (5 mL) was added,
followed by tetrabutylammonium fluoride (1 M in THF, 1.98 mL, 1.98 mmol), and the reaction
mixture was stirred at room temperature for 6 hours. The solution was diluted with water (15
mL). The mixture was extracted with EtOAc (3 x 15 mL), washed with brine (15 mL), dried
(MgSOQO4), and concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc 6:1] gave 155 (343 mg, 81%, 98% D) as a colourless solid.
R = 0.24 [petrol:EtOAc 2:1]. m.p.: 143-144 °C.

'H NMR: (400 MHz, CDCl3) & 7.86 (2H, d, J = 8.2 Hz, H12), 7.26 (2H, d, J = 8.3 Hz, H11), 4.78
(1H, d, J=15.2 Hz, H6a), 4.68 (1H, d, J = 15.4 Hz, H6b), 3.52-3.36 (2H, m, H1), 3.18 (1H, dt,
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J = 14.7, 7.4 Hz, H3a), 2.69 (1H, quint, J = 6.8 Hz, H3b), 2.56 (0.02H, s, H8), 2.40 (3H, s,
H14), 2.36-2.22 (2H, m, H2).

13C NMR: (100 MHz, CDCls) & 186.8 (C9), 165.9 (C5), 145.3 (C13), 132.7 (C10), 129.5 and
129.4 (C11 and C12), 77.4 (C4), 53.9 (C6), 51.9 (C1), 32.0 (C3), 21.8 (C14), 17.7 (C2),

C7 and C8 signals not observed.
HRMS (m/z): (APCI) calcd for C16H1sDOsS [M+H]" 322.0854, found 322.0838.

IR: Vmax (neat): 3013 (C—H), 2958 (C—H), 2920 (C—H), 2578 (C-D), 1981 (C=C), 1744 (C=0),
1677 (C=0) cm™.

(3-2H-Allyl) 2-(4-methylbenzoyl)-1,1-dioxo-thiolane-2-carboxylate 156

A suspension of 155 (212 mg, 0.66 mmol), Pd/CaCOs (21.2 mg) and quinoline (156 pL, 1.32
mmol) in EtOAc (13 mL) was degassed with argon, and then stirred under a hydrogen
atmosphere at room temperature for 15 minutes. The suspension was filtered though a pad of
celite, washed with aq. HCI (1 N, 15 mL) and brine (15 mL), dried (MgSOa), and concentrated
under reduced pressure. Purification by flash column chromatography [hexane:EtOAc 9:1-6:1]
gave 156 (152 mg, 71%, 93% D) as a colourless solid. Rs = 0.34 [petrol:EtOAc 2:1]. m.p.: 68—
69 °C.

'H NMR: (300 MHz, CDCl3) 5 7.83 (2H, d, J = 8.4 Hz, H12), 7.24 (2H, d, J = 8.0 Hz, H11), 5.65
(1H, dddd, J = 16.7, 10.7, 6.2, 6.0 Hz, H7), 5.19-5.11 (1.07H, m, H8), 4.61 (2H, dd, J=7.8, 1.2
Hz, H6), 3.47-3.31 (2H, m, H1), 3.1 (1H, quint, J = 6.9 Hz, H3a), 2.68 (1H, quint, J = 7.3 Hz,
H3b), 2.38 (3H, s, H14), 2.33-2.16 (2H, m, H2).

3C NMR: (75 MHz, CDCls) 5 187.7 (C9), 166.5 (C5), 145.1 (C13), 133.1 (C10), 130.2 (C7),
129.4 (C11), 129.2 (C12), 119.9 (t, J = 92.4 Hz, C8), 77.7 (C4), 67.3 (C6), 51.8 (C1), 31.9 (C3),
21.7 (C14), 17.6 (C2).

HRMS (m/z): (APCI) calcd for C1H17DOsS [M+H]" 324.1010, found 324.0997.

IR: Vmax (neat): 3050 (C—H), 3017 (C=H), 2999 (C—H), 2953 (C—H), 1733 (C=0), 1675 (C=0)
cm™.
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3.2.4 Enolate Crossover High Resolution Mass Spectrometry Data

Crossover Experiment for Ester Substrates

o O
\\// \\S// _
0" >F""D  pd,(dba)s (5 mol%) Crossover
(S,S)-L3 (13 mol%) products
1,4-dioxane 120, 121,
rt,2h 158 and 159
104

Crossover Experiment for Ketone Substrates

O\\//O 0] O\\/P Q
S O/\/ S O/\/""’ D PdZ(dba)3 (10 mOI%) Crossover
0,
< . o (S,S)-L3 (26 mol A’L products
1,4-dioxane 124, 125,
t,2h 161 and 162
106 160
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p-Tolyl 2-(3-2H-allyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 158

Event#: 1 MS(C+) Ret. Time : 0.222 - 0.475->0.998 Scan# : 29 - 61 -> 127

1.800e6
1.6006&f
1.400e5‘rf
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2.000e5f
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C15 H17 2H 04 S [M+H]+ : Predicted region for 296.1061 m/z
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Rank Score Formula (M)

lon

Meas. m/z  Pred. m/z Df. (mDa) Df. (ppm) Iso

3 45.76 C15H172H04 S

M+H]+

296.1048  296.1061 -1.3 -4.39  50.00
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Phenyl 2-(3-*H-allyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 159

op 9
(@)
D
Event#: 1 MS(C+) Ret. Time: 0.206 - 0.016 -> 0.998 Scan#:27-3->127
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2.500e6
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281.0827
100.0- |
i
I
|
Il
1
I
BN
f
50.0- [
|
| |
N
I\ 282.0859
[ A\\ 283.0815
| |
/ \ /N
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Rank Score Formula (M) lon Meas. m/z  Pred. m/z Df. (mDa) Df. (ppm) Iso DBE
1 14.05 C14H152H 04 S M+ 281.0820 281.0827 -0.7 -2.49 14.59 7.0
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p-Tolyl 2-(allyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 120

Event#: 1 MS(C+) Ret. Time : 0.222-0.475->0.998 Scan#:29-61->127

296.1048
1.800e6

1.600e67
1.400e67
1.200e6]
1.000e67
8.000e5+
6.000e5-
4.000e5
2.000e5

313.1300
284.2923

281.0815 298.1095
295.0985

312.1231
313.2759
299.1120

256.2627 285.2906

A L] - l

312.3214 || 318.0875

Ly Ly . ](]1’

Ll iy

| L

342.1078

L L,

341.3056
338.3421

0 i
250.0 260.0 270.0 280.0 290.0 300.0 310.0 320.0

330.0 340.0

Measured region for 295.0985 m/z

296.1048
100.04

50.07 295.0985

297.1059

" 2050 " 2055 " 206.0 " 2065

2970 2975

C15 H18 O4 S [M+H]+ : Predicted region for 295.0999 m/z
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Rank Score Formula (M) lon Meas. m/z
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Df. (ppm) Iso DBE

1 4323 C15H1804 S [M+H]+ 295.0985 295.0999
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Phenyl 2-(allyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 121

Event#: 1 MS(C+) Ret. Time :0.127 ->0.317-0.095 -> 0.965 Scan#:17->41-13->123
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Rank Score Formula (M) lon Meas. m/z  Pred. m/z Df. (mDa) Df. (ppm) Iso DBE
2 46.36 C14H16 04 S [M+H]+ 281.0831 281.0842 -1.1 -3.91  50.00 7.0
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(2-(3-*H-Allyl)-1,1-dioxidotetrahydrothiophen-2-yl)(p-tolyl)methanone 161

w)

Event#: 1 MS(C+) Ret. Time : 0.253 - 0.143 Scan#:33-19
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Rank Score Formula (M) lon Meas. m/z  Pred. m/z Df. (mDa) Df. (ppm) Iso DBE
1 36.59 C15H172H 03 S [M+H]+ 280.1119 280.1112 0.7 2.50 38.01 7.0
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(2-(3-?H-Allyl)-1,1-dioxidotetrahydrothiophen-2-yl)(phenyl)methanone 162

\//

@)

Event#: 1 MS(C+) Ret. Time : 0.253 - 0.063 -> 0.191 Scan#:33-9->25
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Rank Score Formula (M) lon Meas. m/z  Pred. m/z_Df. (mDa) Df. (ppm) Iso DBE
1 66.98 C14H152H03S [M+H]+ 266.0946  266.0956 -1.0 -3.76  71.95 7.0
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(2-(Allyl)-1,1-dioxidotetrahydrothiophen-2-yl)(p-tolyl)methanone 124

Event#: 1 MS(C+) Ret. Time : 0.253 - 0.063 -> 0.191 Scan#:33-9->25
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(2-(Allyl)-1,1-dioxidotetrahydrothiophen-2-yl)(phenyl)methanone 125

Event#: 1 MS(C+) Ret. Time :0.253 - 0.016 ->0.979 Scan# :33 -3 -> 125
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Rank Score Formula (M) lon Meas. m/z  Pred. m/z Df. (mDa) Df. (ppm) Iso DBE
1 29.80 C14H16 03 S [M+H]+ 265.0884  265.0893 -0.9 -3.40 31.71 7.0
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3.2.5 Synthesis of Precursors for Relative Stereochemistry Determination

3-Ethoxy-5-phenyl-cyclohex-2-en-1-one 169>

5-Phenyl-1,3-cyclohexanedione (1.85 g, 9.83 mmol) and p-toluenesulfonic acid monohydrate
(25.8 mg, 0.14 mmol) were dissolved in a mixture of ethanol (23 mL) and toluene (45 mL), and
the mixture was heated to 120 °C with a Dean-Stark trap for 3 hours. The reaction was cooled
to room temperature, then concentrated under reduced pressure. The residue was dissolved
in Et2O (30 mL), and the solution was washed with NaOH (2 N, 3 x 25 mL) and brine (30 mL),
dried (MgSO4), and concentrated under reduced pressure to afford 169 (1.87 g, 88%) as a
colourless solid. R = 0.24 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCls) & 7.37-7.32 (2H, m, H10), 7.28-7.23 (3H, m, H11 and H12), 5.44
(1H, d, J = 1.0 Hz, H2), 4.00-3.88 (2H, m, H7), 3.40-3.32 (1H, m, H5), 2.72-2.52 (4H, m, H4
and H6), 1.38 (3H, t, J = 7.0 Hz, H8).

13C NMR: (100 MHz, CDCls) 5 199.2 (C3), 177.2 (C1), 142.9 (C9), 128.8 (C10), 127.0 (C12),
126.7 (C11), 102.6 (C2), 64.6 (C7), 43.8 (C4 or C6), 39.5 (C5), 36.6 (C4 or C6), 14.1 (C8).

HRMS (m/z): (APCI) calcd for C1sH1602 [M+H]* 217.1223, found 217.1219.

Analytical data matches literature values.>*

5-phenylcyclohex-2-en-1-one 170>

A solution of 169 (500 mg, 2.30 mmol) in Et2O (15 mL) was cooled to 0 °C. Lithium aluminium
hydride (68.5 mg, 1.80 mmol) was added in small portions at 0 °C. The mixture was stirred at
0 °C for 30 minutes, then allowed to warm to room temperature and the mixture was stirred for
30 minutes. The reaction was quenched with aq. HCI (1 N, 10 mL). The mixture was extracted

with EtOAc (3 x 10 mL), washed with brine (10 mL), dried (MgSOs4), and concentrated under
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reduced pressure. Purification by flash column chromatography [hexane:EtOAc 4:1] gave 170
(181 mg, 46%) as a colourless oil. Rs = 0.40 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCl3) & 7.38-7.24 (5H, m, H8, H9 and H10), 7.05 (1H, ddd, J = 10.0, 5.7,
2.5Hz, H1),6.17-6.14 (1H, m, H2), 3.36 (1H, dddd, J = 12.6, 10.2, 5.3, 4.8 Hz, H5), 2.75-2.61
(3H, m, H4a and H6), 2.54 (1H, ddt, J = 18.6, 10.7, 2.6 Hz, H4b).

13C NMR: (100 MHz, CDCl3) 5 199.2 (C3), 149.4 (C1), 143.3 (C7), 129.8 (C2), 128.8 (C9),
127.0 (C10), 126.7 (C8), 44.9 (C4), 41.0 (C5), 33.7 (C6).

HRMS (m/z): (APCI) calcd for C12H120 [M+H]* 173.0961, found 173.0965.

Analytical data matches literature values.>*

cis-5-Phenyl-2-cyclohexen-1-ol 171

A solution of 170 (565 mg, 3.28 mmol) and cerium(lll) chloride heptahydrate (1.14 g, 3.05
mmol) in MeOH (30 mL) was cooled to 0 °C. Sodium borohydride (115 mg, 3.05 mmol) was
added in small portions at 0 °C. The mixture was stirred at 0 °C for 5 minutes. The reaction
mixture was concentrated under reduced pressure. Purification by flash column
chromatography [Petrol:EtOAc 3:1] gave 171 (490 mg, 86%) as a colourless solid. R = 0.40
[petrol:EtOAC 3:1].

'H NMR: (400 MHz, CDCls) & 7.35-7.30 (2H, m, H9), 7.25-7.20 (3H, m, H8 and H10), 5.85 (1H,
ddt, J = 10.0, 4.4, 1.9 Hz, H1), 5.78-5.74 (1H, m, H2), 4.48 (1H, dddd, J = 11.5, 7.8, 4.0, 2.1
Hz, H3), 2.92 (1H, dddd, J = 13.3, 11.1, 5.2, 2.5 Hz, H5), 2.34-2.25 (2H, m, H4a and Hé6a),
2.19-2.10 (1H, m, H6b), 1.74 (1H, ddd, J = 12.7, 12.1, 9.9 Hz, H4b).

13C NMR: (100 MHz, CDCl3) 5 145.5 (C7), 131.0 (C2), 128.7 (C1), 128.6 (C9), 126.8 (C8),
126.4 (C10), 68.6 (C3), 39.6 (C4), 39.3 (C5), 33.8 (C6).

IR: Vmax (neat): 3275 (O—H, broad), 3080 (C—H), 3062 (C—-H), 3023 (C—H), 2931 (C~H), 2917
(C—H), 2892 (C~H), 2838 (C~H).

Analytical data matches literature values.>*
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(cis-5-Phenylcyclohex-2-en-1-yl) imidazole-1-carboxylate 172

171 (45 mg, 0.26 mmol) was dissolved in CH.Cl, (5 mL) at room temperature. 1,1'-
Carbonyldiimidazole (105 mg, 0.65 mmol) was added in portions at room temperature. The
suspension was stirred at room temperature for 2 hours. The reaction mixture was
concentrated under reduced pressure. Purification by flash column chromatography
[Petrol:EtOACc 3:1] gave 172 (63 mg, 90%) as a colourless solid. Rt = 0.24 [petrol:EtOAc 3:1].
m.p.: 105-107 °C.

'H NMR: (400 MHz, CDCls) & 8.09 (1H, br's, H1), 7.39 (1H, br s, H2), 7.35-7.31 (2H, m, H12),
7.26-7.22 (3H, m, H13 and H14), 7.06 (1H, br s, H3), 6.07 (1H, ddt, J = 9.7, 4.6, 2.2 Hz, H7),
5.84-5.80 (1H, m, H6), 5.75 (1H, dddd, J = 11.3, 7.5, 4.2, 2.2 Hz, H5), 3.05 (1H, dddd, J = 12.9,
10.4, 5.1, 2.6 Hz, H9), 2.51-2.36 (2H, m, H8a and H10a), 2.32-2.23 (1H, m, H8b), 2.05 (1H,
td, J = 12.6, 9.8 Hz, H10b).

13C NMR: (100 MHz, CDCls) & 148.4 (C4), 144.4 (C11), 137.2 (C1), 132.2 (C7), 130.6 (C3),
128.7 (C12), 126.8 (C13), 126.7 (C14), 125.3 (C6), 117.1 (C2), 75.5 (C5), 38.7 (C9), 35.0
(C10), 33.2 (C8).

HRMS (m/z): Molecular ion not observed.

IR: Vmax (neat): 3157 (C=H), 3152 (C—H), 3034 (C—H), 2950 (C-H), 2931 (C—H), 2891 (C—H),
1741 (C=0) cm™.

(cis-5-Phenylcyclohex-2-en-1-yl) 1,1-dioxothiolane-2-carboxylate 173

Sulfolane (123 mg, 1.02 mmol) was dissolved in THF (10 mL) and the solution was cooled to
—78 °C. LIHMDS (1 M in THF, 2.1 mL, 2.10 mmol) was added dropwise at —78 °C. The solution

was stirred at —78 °C for 1 hour. A solution of 172 (300 mg, 1.12 mmol) in THF (5 mL) was
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added dropwise at—78 °C. The mixture was allowed to reach room temperature and was stirred
overnight. The reaction was quenched with ag. HCI (1 N, 10 mL). The mixture was extracted
with EtOAc (3 x 10 mL), washed with brine (10 mL), dried (MgSOs), and concentrated under
reduced pressure. Purification by flash column chromatography [hexane:EtOAc 4:1] gave 173
(125 mg, 38%) as a 1:1 mixture of diastereoisomers as a colourless oil. R = 0.21 [petrol:EtOAc
4:1].

'"H NMR: (400 MHz, CDCls, mixture of diastereoisomers) 8 7.35-7.30 (2H, m, H13), 7.26-7.22
(3H, m, H14 and H15), 5.99 (1H, dddd, J=7.7, 6.2, 5.2, 3.1 Hz, H7), 5.80 (d, J = 10.2 Hz) and
5.73-5.66 (m) (2H, H6 and H8), 3.92 (1H, q, J = 7.4 Hz, H4), 3.18-3.06 (2H, m, H1), 3.02-2.94
(1H, m, H10), 2.55 (1H, sextet, J = 8.0 Hz, H3a), 2.44-2.32 (4H, m, H2a, H3b, H9a and H11a),
2.26-2.10 (2H, m, H2b and H9b), 2.02-1.92 (1H, m, H11b).

3C NMR: (100 MHz, CDCls, mixture of diastereocisomers) & 165.4 and 165.3 (C5), 144.9 and
144.8 (C12), 131.3 and 130.8 (C7), 128.7 and 128.6 (C13), 126.8 and 126.8 (C14), 126.6 and
126.5 (C15), 126.4 and 126.2 (C8), 73.7 and 73.5 (C6), 64.9 (C4), 51.7 (C1), 39.0 and 38.9
(C10), 34.9 and 34.7 (C11), 33.3 and 33.3 (C9), 26.0 and 25.9 (C3), 20.4 (C2).

HRMS (m/z): Molecular ion not observed.

IR: Vmax (neat): 3157 (C=H), 3142 (C—H), 3034 (C—H), 2950 (C-H), 2931 (C—H), 2891 (C—H),
1741 (C=0) cm™.

2-Benzyl 2-(cis-5-phenylcyclohex-2-en-1-yl) 1,1-dioxothiolane-2,2-dicarboxylate 174

\\//
475 O
16

173 (58 mg, 0.18 mmol) was dissolved in THF (2 mL) and NaHMDS (1 M in THF, 0.2 mL, 0.20

mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.

Benzyl chloroformate (27 pL, 0.20 mmol) was added dropwise, and the solution was stirred at
room temperature overnight. The reaction was quenched with aq. HCI (1 N, 5 mL). The mixture
was extracted with EtOAc (3 x 10 mL), washed with brine (10 mL), dried (MgSOs), and

concentrated under reduced pressure. Purification by flash column chromatography
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[hexane:EtOAc 9:1-4:1] gave 174 (20 mg, 25%) as a 1:1 mixture of diastereoisomers as a
colourless oil. Rs = 0.25 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCl;, mixture of diastereoisomers) & 7.41-7.15 (10H, m, H13, H14, H15,
H19, H20 and H21), 5.93 (1H, tdd, J = 10.5, 4.4, 1.9 Hz, H7), 5.69-5.65 (m) and 5.58-5.54 (m)
(2H, H6 and H8), 5.35-5.29 (2H, m, H17), 3.37-3.32 (2H, m, H1), 2.94 (1H, tdd, J = 12.9, 5.1,
3.0 Hz, H10), 2.77-2.73 (2H, m, H3), 2.30-2.13 (4H, m, H2 and H9 or H11), 1.84-1.64 (2H, m,
H9 or H11).

3C NMR: (100 MHz, CDCls3, mixture of diastereoisomers) & 164.4 and 164.3 (C16), 164.0 and
163.9 (C5), 144.7 and 144.6 (C-Ar), 134.5 and 134.4 (C-Ar), 131.2 and 131.1 (C7), 128.7 (C-
Ar), 128.6 (C-Ar), 128.5 and 128.4 (C-Ar), 126.8 and 126.8 (C-Ar), 126.6 (C-Ar), 125.8 (C-
Ar), 125.6 (C8), 75.0 (C4), 74.4 and 74.3 (C6), 68.7 (C17), 50.3 (C1), 38.9 and 38.8 (C10),
34.4,34.3 and 33.1 (C9 and C11), 30.0 (C3), 17.1 (C2).

HRMS (m/z): (APCI) calcd for C25H2606S [M+Na]* 447.1342, found 447.1350.

IR: Vimax (neat): 3062 (C—H), 3032 (C-H), 2954 (C-H), 2837 (C-H), 1729 (C=0) cm™".

(cis-5-Phenylcyclohex-2-en-1-yl) 2-benzoyl-1,1-dioxo-thiolane-2-carboxylate 175

173 (58 mg, 0.18 mmol) was dissolved in THF (2 mL) and NaHMDS (1 M in THF, 0.2 mL, 0.20
mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Benzoyl chloride (23 L, 0.20 mmol) was added dropwise, and the solution was heated to 80
°C overnight. The solution was allowed to cool to room temperature and was quenched with
aq. HCI (1 N, 5 mL). The mixture was extracted with EtOAc (3 x 10 mL), washed with brine (10
mL), dried (MgSOQ4), and concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc 9:1-4:1] gave 175 (22 mg, 29%) as a 1:1 mixture of

diastereoisomers as a colourless oil. Rs = 0.23 [petrol:EtOAc 4:1].

'"H NMR: (400 MHz, CDCls, mixture of diastereoisomers) 8 7.99-7.96 (2H, m, H18), 7.66-7.55
(1H, m, H20), 7.48 (2H, td, J = 8.0, 1.8 Hz, H19), 7.33-7.20 (3H, m, H14 and H15), 7.14-7.11
(2H, m, H13), 5.85 (1H, dddd, J=9.8, 5.2, 4.6, 2.2 Hz, H7), 5.63 (1H, ddddd, J=8.1, 5.9, 4.0,
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3.9, 2.2 Hz, H6), 5.36 (1H, tt, J = 10.9, 2.3 Hz, H8), 3.49-3.34 (2H, m, H1), 3.12 (1H, ddt, J =
14.5, 8.4, 7.2 Hz, H3a), 2.94-2.82 (1H, m, H10), 2.75 (1H, quint, J = 7.0 Hz, H3b), 2.37-2.20
(3H, m, H2 and H9a), 2.15-2.02 (2H, m, H9b and H11a), 1.57 (1H, dddd, J = 13.2, 12.2, 10.0,
3.3 Hz, H11b).

3C NMR: (100 MHz, CDCls, mixture of diastereocisomers) & 188.7 and 188.6 (C16), 166.0 and
166.0 (C5), 144.6 and 144.5 (C12), 135.6 (C17), 133.7 (C20), 131.6 and 131.4 (C7), 130.2
(C18), 129.0 and 128.9 (C19), 128.6 and 128.5 (C14), 126.7 (C13), 126.5 (C15), 125.2 and
125.1 (C8), 77.9 and 77.9 (C4), 74.1 and 74.0 (C6), 51.8 (C1), 38.8 (C10), 34.1 and 34.0 (C11),
33.2 and 33.2 (C9), 31.9 and 31.8 (C3), 17.7 (C2).

HRMS (m/z): (APCI) calcd for C24H2405S [M+Na]* 447.1237, found 447.1230.

IR: Vimax (neat): 3062 (C—H), 3029 (C-H), 2954 (C-H), 1728 (C=0), 1687 (C=0) cm"".

3.2.6 Additive Screen for Optimisation of the Pd-DAAA Reaction

2-Allyl 2-benzyl dihydrothiophene-2,2(3H)-dicarboxylate 1,1-dioxide 96

117 (1.00 g, 4.90 mmol) was dissolved in THF (50 mL). NaHMDS (1 M in THF, 5.39 mL, 5.39
mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Benzyl chloroformate (0.77 mL, 5.39 mmol) was added dropwise, and the solution was stirred
overnight. The reaction was quenched with ag. HCI (1 N, 40 mL). The mixture was extracted
with EtOAc (3 x 40 mL), washed with brine (40 mL), dried (MgSOs), and concentrated under
reduced pressure. Purification by flash column chromatography [hexane:EtOAc 19:1-4:1]
gave 96 (1.16 g, 70%) as a colourless oil. Rs = 0.28 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCls) & 7.39-7.33 (5H, m, H12, H13 and H14), 5.79 (1H, dddd, J = 16.4,
10.4, 6.6, 5.8 Hz, H7), 5.35-5.29 (1H, m, H8a), 5.21 (1H, dg, J = 10.6, 1.3 Hz, H8b), 4.70 (2H,
dt, J = 5.9, 1.4 Hz, H6), 3.33 (2H, t, J = 6.4 Hz, H1), 2.75-2.72 (2H, m, H3), 2.28-2.21 (2H, m,
H2).
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13C NMR: (100 MHz, CDCls) & 164.2 (C9), 163.9 (C5), 134.4 (C11), 130.5 (C7), 128.6 and
128.3 (C12 and C13), 119.5 (C8), 75.1 (C4), 68.9 (C10), 67.7 (C6), 50.3 (C1), 30.1 (C3), 17.2
(C2).

HRMS (m/z): (ESI) calcd for C16H1s06S [M+Na]* 361.0716, found 361.0701.

IR: Vmax (n€at): 3034 (C—-H), 3017 (C—H), 2961 (C-H), 1754 (C=0), 1724 (C=0) cm™".

(R)-Benzyl 2-allyltetrahydrothiophene-2-carboxylate 1,1-dioxide 97

96 (50.7 mg, 0.15 mmol), Pdzx(dba)s (3.5 mg, 0.00375 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (7.9 mg, 0.00975 mmol) were stirred in 1,4-dioxane (1.5 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 97 (39.7 mg, 90%) as a yellow oil. Rf= 0.20
[petrol:EtOACc 4:1].

'H NMR: (400 MHz, CDCl3) 8 7.39-7.33 (5H, m, H11, H12 and H13), 5.54 (1H, dddd, J = 17.2,
10.0, 7.9, 6.2 Hz, H6), 5.29 (1H, d, J = 12.9 Hz, H9a), 5.19 (1H, d, J = 12.0 Hz, H9b), 5.14-
5.09 (2H, m, H7), 3.20 (1H, quint, J = 5.8 Hz, H1a), 3.14-3.05 (2H, m, H1b and H5a), 2.80-
2.72 (1H, m, H3a), 2.14 (1H, dd, J = 14.4, 8.2 Hz, H5b), 2.30-2.18 (1H, m, H2a), 2.13-2.01
(2H, m, H2b and H3b).

13C NMR: (100 MHz, CDCls) 5 167.4 (C8), 134.9 (C10), 131.0 (C6), 128.6 (C11 or C12), 128.5
(C13), 128.4 (C11 or C12), 120.6 (C7), 70.4 (C4), 68.4 (C9), 51.4 (C1), 37.2 (C5), 30.9 (C3),
18.4 (C2).

HRMS (m/z): (APCI) calcd for C1sH1504S [M+H]* 295.0999, found 295.0986.
IR: Vimax (neat): 3066 (C—H), 3034 (C—H), 2954 (C-H), 1733 (C=0) cm™".

Chiral HPLC: CHIRALPAK AD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (major) = 20.4

min, tg (minor) = 22.4 min. 86% ee.

[a]%): =55.1 (¢ 0.118, CHCls).
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Benzyl tetrahydrothiophene-2-carboxylate 1,1-dioxide 98

09
1 45067 9
2 3 8 10

96 (50.7 mg, 0.15 mmol), Pd»>(dba)s (3.5 mg, 0.00375 mmol), (S,S)-ANDEN Phenyl Trost ligand
(7.9 mg, 0.00975 mmol) and acetic acid (0.86 uL, 0.015 mmol) were stirred in 1,4-dioxane (1.5
mL) at room temperature for 2 hours. The reaction mixture was concentrated under reduced
pressure. Purification by flash column chromatography [hexane:EtOAc 4:1] gave 98 (33.0 mg,
87%) as a yellow oil. Rf = 0.17 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCls) & 7.42-7.33 (5H, m, H8, H9 and H10), 5.26 (2H, q, J = 12.5 Hz,
H6), 3.95 (1H, t, J = 8.0 Hz, H4), 3.16-3.07 (2H, m, H1), 2.63-2.50 (1H, m, H3a), 2.45-2.31
(2H, m, H2a and H3b), 2.23-2.09 (1H, m, H2b).

13C NMR: (75 MHz, CDCls) 5 165.5 (C5), 134.8 (C7), 128.6 (C8 or C9), 128.5 (C10), 128.4
(C8 or C9), 68.4 (C6), 64.7 (C4), 51.6 (C1), 26.0 (C3), 20.4 (C2).

HRMS (m/z): (APCI) calcd for C12H1404S [M+Na]* 277.0505, found 277.0499.

IR: Vimax (neat): 3066 (C—H), 3034 (C—H), 2954 (C-H), 1735 (C=0) cm™".

(R)-(2-Allyl-1,1-dioxidotetrahydrothiophen-2-yl)(phenyl)methanone 103

106 (48.7 mg, 0.15 mmol), Pdz(dba)s (6.9 mg, 0.0075 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (15.9 mg, 0.0195 mmol) were stirred in 1,4-dioxane (1.5 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 103 (30.8 mg, 86%) as a colourless oil. Ry
= 0.27 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCls) & 8.02-7.98 (2H, m, H10), 7.55 (1H, tt, J = 6.1, 1.4 Hz, H12), 7.49-
7.43 (2H, m, H11), 5.32 (1H, dddd, J = 16.9, 10.1, 7.8, 6.6 Hz, H6), 5.02-4.98 (1H, m, H7a),
4.87 (1H, dq, J = 16.7, 1.4 Hz, H7b), 3.34-3.05 (4H, m, H1, H3a and H5a), 2.63 (1H, dd, J =
14.7, 8.1 Hz, H5b), 2.33-2.02 (3H, m, H2 and H3b).
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13C NMR: (75 MHz, CDCls) & 194.0 (C8), 136.2 (C9), 132.9 (C12), 130.3 (C6), 129.5 (C10),
128.6 (C11), 120.9 (C7), 73.9 (C4), 53.8 (C1), 39.3 (C5), 32.6 (C3), 18.8 (C2).

HRMS (m/z): (APCI) calcd for C14H1603S [M+H]* 265.0893, found 265.0885.
IR: Vimax (neat): 3066 (C—H), 2950 (C-H), 1675 (C=0) cm™".

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 90:10 hexane:i-PrOH, 30.0 °C, ta (minor) = 13.4

min, ts (major) = 18.0 min. 72% ee.

[a]%): —44.9 (c 0.345, CHCl).

(1,1-Dioxidotetrahydrothiophen-2-yl)(phenyl)methanone 178

106 (48.7 mg, 0.15 mmol), Pdz>(dba)s (6.9 mg, 0.0075 mmol), (S,S)-ANDEN Phenyl Trost ligand
(15.9 mg, 0.0195 mmol) and acetic acid (0.86 pL, 0.015 mmol) were stirred in 1,4-dioxane (1.5
mL) at room temperature for 2 hours. The reaction mixture was concentrated under reduced
pressure. Purification by flash column chromatography [hexane:EtOAc 4:1] gave 178 (30.0
mg, 89%) as a yellow oil. Ry = 0.12 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCl3) 8 8.09-8.05 (2H, m, H7), 7.66-7.60 (1H, m, H9), 7.55-7.49 (2H, m,
H8), 4.88 (1H, t, J = 7.7 Hz, H4), 3.25-3.07 (2H, m, H1), 2.92-2.79 (1H, m, H3a), 2.46-2.15
(3H, m, H2 and H3b).

13C NMR: (75 MHz, CDCls) 5 189.9 (C5), 136.3 (C6), 134.3 (C9), 129.1 and 129.0 (C7 and
C8), 65.4 (C4), 52.7 (C1), 26.1 (C3), 20.7 (C2).

HRMS (m/z): (APCI) calcd for C11H1203S [M+H]" 225.0580, found 225.0570.

IR: Vimax (neat): 3066 (C—H), 2974 (C—H), 2950 (C-H), 1679 (C=0) cm™".
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3.2.7 Synthesis of 5-Membered Cyclic Sulfone Precursors

2-Allyl 2-(t-butyl) dihydrothiophene-2,2(3H)-dicarboxylate 1,1-dioxide 182

117 (200 mg, 0.98 mmol) was dissolved in THF (15 mL). NaHMDS (1 M in THF, 1.08 mL, 1.08
mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes. Boc
anhydride (250 uL, 1.08 mmol) was added dropwise, and the mixture was stirred overnight.
The reaction was quenched with aq. HCI (1 N, 15 mL). The mixture was extracted with EtOAc
(3 x 15 mL), washed with brine (15 mL), dried (MgSQO4), and concentrated under reduced
pressure. Purification by flash column chromatography [hexane:EtOAc 4:1] gave 182 (101 mg,
34%) as a colourless oil. Rs = 0.29 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCls) & 5.99-5.86 (1H, m, H7), 5.40 (1H, dq, J = 17.3, 1.4 Hz, H8a), 5.27
(1H, dg, J = 10.7, 1.4 Hz, H8b), 4.76-4.72 (2H, m, H6), 3.29 (2H, t, J = 7.6 Hz, H1), 2.66 (2H,
td, J = 7.3, 2.7 Hz, H3), 2.20 (2H, quint, J = 7.6 Hz, H2), 1.48 (9H, s, H11).

13C NMR: (75 MHz, CDCls) & 164.5 (C5), 163.0 (C9), 130.8 (C7), 119.4 (C8), 84.9 (C10), 75.5
(C4), 67.3 (C6), 50.2 (C1), 29.9 (C3), 27.7 (C11), 16.9 (C2).

HRMS (m/z): (APCI) calcd for C13H2006S [M+H]" 305.1053, found 305.1039.

IR: Vimax (neat): 2980 (C—H), 1730 (C=0) cm™.

2-Allyl 2-methyl dihydrothiophene-2,2(3H)-dicarboxylate 1,1-dioxide 183

00 O

\\S// 6 8

1 45 O/\/
7

2 3 >0

1) \10

117 (200 mg, 0.98 mmol) was dissolved in THF (15 mL). NaHMDS (1 M in THF, 1.08 mL, 1.08
mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.

Methyl chloroformate (83 pL, 1.08 mmol) was added dropwise, and the mixture was stirred
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overnight. The reaction was quenched with ag. HCI (1 N, 15 mL). The mixture was extracted
with EtOAc (3 x 15 mL), washed with brine (15 mL), dried (MgSOs), and concentrated under
reduced pressure. Purification by flash column chromatography [hexane:EtOAc 4:1] gave 183
(141 mg, 55%) as a yellow oil. Rf = 0.18 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCls) & 5.92 (1H, ddt, J = 16.1, 10.5, 5.8 Hz, H7), 5.39 (1H, dq, J = 17.2,
1.5 Hz, H8a), 5.29 (1H, dq, J = 10.4, 1.2 Hz, H8b), 4.77 (2H, dt, J = 5.7, 1.3 Hz, H6), 3.88 (3H,
s, H10), 3.34 (2H, t, J = 7.2 Hz, H1), 2.73 (2H, td, J = 7.2, 2.3 Hz, H3), 2.26 (2H, quint, J = 7.2
Hz, H2).

13C NMR: (75 MHz, CDCl3) & 164.9 (C9), 164.1 (C5), 130.7 (C7), 119.5 (C8), 75.0 (C4), 67.5
(C6), 53.9 (C10), 50.2 (C1), 30.1 (C3), 17.1 (C2).

HRMS (m/z): (APCI) calcd for C1oH1406S [M+H]" 263.0584, found 263.0577.

IR: Vimax (neat): 2957 (C-H), 1733 (C=0) cm™.

Allyl 2-(4-methoxybenzoyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 184

117 (200 mg, 0.98 mmol) was dissolved in THF (15 mL), and NaHMDS (1 M in THF, 1.08 mL,
1.08 mmol) was added dropwise. The mixture was stirred at room temperature for 30 minutes.
4-Methoxybenzoyl chloride (150 L, 1.08 mmol) was added dropwise, and the mixture was
heated to 80 °C overnight. The solution was allowed to cool to room temperature and was
quenched with aq. HCI (1 N, 15 mL). The mixture was extracted with EtOAc (3 x 15 mL),
washed with brine (15 mL), dried (MgSOs), and concentrated under reduced pressure.
Purification by flash column chromatography [hexane:EtOAc 9:1-4:1] gave 184 (109 mg, 33%)
as a yellow oil. Rs = 0.14 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCls) 5 7.96 (2H, dt, J = 9.7, 2.8 Hz, H11), 6.98-6.92 (2H, m, H12), 5.77-
5.64 (1H, m, H7), 5.23-5.14 (2H, m, H8), 4.64 (2H, dt, J = 5.9, 1.2 Hz, H6), 3.87 (3H, s, H14),
3.50-3.32 (2H, m Hz, H1), 3.17 (1H, quint, J = 8.1 Hz, H3a), 2.68 (1H, quint, J = 6.9 Hz, H3b),
2.37-2.19 (2H, m, H2).
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13C NMR: (75 MHz, CDCl3) & 185.9 (C9), 166.3 (C5), 164.0 (C13), 131.7 (C11), 130.3 (C7),
128.2 (C10), 119.9 (C8), 113.9 (C12), 77.7 (C4), 67.2 (C6), 55.5 (C14), 51.9 (C1), 31.9 (C3),
17.6 (C2).

HRMS (m/z): (APCI) calcd for C1H1806S [M+H]" 339.0897, found 339.0889.

IR: Vimax (neat): 3065 (C—H), 2956 (C—H), 1733 (C=0), 1675 (C=0) cm™".

Allyl 2-(p-toluoyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 185

117 (100 mg, 0.49 mmol) was dissolved in THF (6 mL) and NaHMDS (1 M in THF, 0.54 mL,
0.54 mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Benzoyl chloride (71 L, 0.54 mmol) was added dropwise, and the solution was heated to 80
°C overnight. The mixture was allowed to cool to room temperature and was quenched with
aq. HCI (1 N, 6 mL). The mixture was extracted with EtOAc (3 x 6 mL), washed with brine (6
mL), dried (MgSO.), and concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc 4:1] gave 185 (79 mg, 50%) as a colourless solid. Rs = 0.14
[petrol:EtOAC 4:1]. m.p.: 6466 °C.

'H NMR: (400 MHz, CDCl3) 5 7.83 (2H, d, J = 8.4 Hz, H12), 7.24 (2H, d, J = 8.0 Hz, H11), 5.65
(1H, dddd, J = 16.7, 10.7, 6.2, 6.0 Hz, H7), 5.19-5.11 (2H, m, H8), 4.61 (2H, dt, J = 5.9, 1.2
Hz, H6), 3.46-3.31 (2H, m, H1), 3.11 (1H, quint, J = 6.9 Hz, H3a), 2.68 (1H, quint, J = 7.3 Hz,
H3b), 2.38 (3H, s, H14), 2.33-2.16 (2H, m, H2).

13C NMR: (100 MHz, CDCls) 5 187.7 (C9), 166.5 (C5), 145.1 (C13), 133.1 (C10), 130.2 (C7),
129.4 (C11), 129.2 (C12), 119.9 (C8), 77.7 (C4), 67.3 (C6), 51.8 (C1), 31.9 (C3), 21.7 (C14),
17.6 (C2).

HRMS (m/z): (APCI) calcd for C16H1s0sS [M+H]* 323.0948, found 323.0944.

IR: Vimax (neat): 3076 (C—H), 3022 (C-H), 2993 (C-H), 1739 (C=0), 1679 (C=0) cm"".
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Allyl 2-(o-toluoyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 186

117 (200 mg, 0.98 mmol) was dissolved in THF (15 mL) and NaHMDS (1 M in THF, 1.08 mL,
1.08 mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
o-Toluoyl chloride (140 uL, 1.08 mmol) was added dropwise, and the solution was heated to
80 °C overnight. The reaction was allowed to cool to room temperature and was quenched
with ag. HCI (1 N, 15 mL). The mixture was extracted with EtOAc (3 x 15 mL), washed with
brine (15 mL), dried (MgSOa4), and concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 9:1-4:1] gave 186 (133 mg, 42%) as a colourless
solid. Rs = 0.20 [petrol:EtOAc 4:1]. m.p.: 74-75 °C.

'H NMR: (300 MHz, CDCl3) 5 7.37-7.31 (2H, m, H12 and H13), 7.25-7.15 (2H, m, H11 and
H14), 5.45 (1H, ddt, J = 16.4, 10.4, 6.1 Hz, H7), 5.15-5.04 (2H, m, H8), 4.56-4.40 (2H, m, H6),
3.53-3.43 (1H, m, H1a), 3.34 (1H, quint, J = 6.3 Hz, H1b), 3.01 (1H, quint, J = 7.5 Hz, H3a),
2.82-2.72 (1H, m, H3b), 2.43 (3H, s, H16), 2.34-2.24 (2H, m, H2).

13C NMR: (75 MHz, CDCls) & 195.3 (C9), 165.0 (C5), 138.2 (C15), 136.9 (C10), 131.8 (C14),
131.5 (C12), 130.2 (C7), 126.0 (C13), 125.3 (C11), 119.6 (C8), 79.9 (C4), 67.4 (C6), 51.2 (C1),
31.9 (C3), 20.4 (C16), 17.6 (C2).

HRMS (m/z): (APCI) calcd for C16H1805S [M+Na]" 345.0767, found 345.0759.

IR: Vimax (neat): 3071 (C—H), 3022 (C-H), 2956 (C-H), 1744 (C=0), 1694 (C=0) cm"".

Allyl 2-acetyltetrahydrothiophene-2-carboxylate 1,1-dioxide 187
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117 (200 mg, 0.98 mmol) was dissolved in THF (15 mL) and NaHMDS (1 M in THF, 1.08 mL,
1.08 mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.

Acetyl chloride (77 uL, 1.08 mmol) was added dropwise, and the solution was heated to 80 °C
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overnight. The reaction was allowed to cool to room temperature and was quenched with aq.
HCI (1 N, 15 mL). The mixture was extracted with EtOAc (3 x 15 mL), washed with brine (15
mL), dried (MgSOQ4), and concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc 9:1-4:1] gave 187 (121 mg, 50%) as a yellow oil. R = 0.26
[petrol:EtOAC 4:1].

'H NMR: (300 MHz, CDCls) & 5.93 (1H, ddt, J = 16.7, 9.9, 5.8 Hz, H7), 5.39 (1H, dq, J = 17.4,
1.4 Hz, H8a), 5.32 (1H, dq, J = 10.4, 1.1 Hz, H8b), 4.76 (2H, dg, J = 5.6, 0.9 Hz, H6), 3.38-
3.17 (2H, m, H1), 2.83 (1H, ddd, J = 14.4, 8.2, 6.5 Hz, H3a), 2.58-2.48 (4H, m, H3b and H10),
2.33-2.08 (2H, m, H2).

13C NMR: (75 MHz, CDCl5) 5 195.5 (C9), 164.9 (C5), 130.4 (C7), 120.3 (C8), 79.9 (C4), 67.7
(C6), 51.2 (C1), 29.4 (C10), 28.7 (C3), 17.4 (C2).

HRMS (m/z): (APCI) calcd for C1oH1405S [M+H]" 247.0635, found 247.0625.

IR: Vimax (neat): 2956 (C—H), 1718 (C=0) cm™.

Allyl 2-(2-methylpropanoyl)-1,1-dioxo-thiolane-2-carboxylate 188

117 (250 mg, 1.12 mmol) was dissolved in THF (20 mL) and NaHMDS (1 M in THF, 1.35 mL,
1.35 mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Isobutyryl chloride (140 uL, 1.35 mmol) was added dropwise, and the mixture was heated to
80 °C overnight. The reaction was allowed to cool to room temperature and was quenched
with ag. HCI (1 N, 15 mL). The mixture was extracted with EtOAc (3 x 15 mL), washed with
brine (15 mL), dried (MgSOa4), and concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 188 (184 mg, 60%) as a yellow oil. Rf= 0.33
[petrol:EtOACc 4:1].

'H NMR: (300 MHz, CDCls) & 5.96 (1H, ddt, J = 16.6, 10.5, 6.1 Hz, H7), 5.42 (1H, dd, J = 17.3,
1.2 Hz, H8a), 5.32 (1H, d, J = 10.5 Hz, H8b), 4.77 (2H, d, J = 5.9 Hz, H6), 3.35-3.16 (3H, m,
H1 and H10), 2.76 (1H, quint, J = 7.7 Hz, H3a), 2.60 (1H, quint, J = 7.4 Hz, H3b), 2.19 (2H,
quint, J = 7.1 Hz, H2), 1.18 (3H, d, J = 6.5 Hz) and 1.10 (3H, d, J = 6.9 Hz) (H11 and H12).
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13C NMR: (75 MHz, CDCls) 5 203.6 (C9), 164.7 (C5), 130.4 (C7), 120.6 (C8), 80.2 (C4), 67.7
(C6), 50.7 (C1), 39.7 (C10), 29.0 (C3), 20.5 and 19.5 (C11 and C12), 17.0 (C2).

HRMS (m/z): (APCI) calcd for C12H1s0sS [M+H]* 275.0948, found 275.0943.

IR: Vimax (neat): 2978 (C—H), 2877 (C-H), 1735 (C=0), 1718 (C=0) cm™.
3.2.8 5-Membered Sulfone Pd-DAAA Reaction Products

(R)-Phenyl 2-allyltetrahydrothiophene-2-carboxylate 1,1-dioxide 121
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104 (48.7 mg, 0.15 mmol), Pdz>(dba)s (3.5 mg, 0.00375 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (7.9 mg, 0.00975 mmol) were stirred in 1,4-dioxane (1.5 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash

column chromatography [hexane:EtOAc 4:1] gave 121 (38.5 mg, 90%) as a yellow oil. Rs =
0.20 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCl3) 8 7.42-7.36 (2H, m, H11), 7.25 (1H, tt, J= 7.2, 1.3 Hz, H12), 7.15
(2H, d, J = 9.1 Hz, H10), 5.79 (1H, dddd, J = 17.1, 10.2, 7.3, 6.7 Hz, H6), 5.37-5.26 (2H, m,
H7), 3.33-3.24 (2H, m, H1a and H5a), 3.19-3.10 (1H, m, H1b), 2.93-2.82 (1H, m, H3a), 2.54
(1H, dd, J=14.0, 7.7 Hz, H5b), 2.39-2.25 (1H, m, H2a), 2.21-2.08 (2H, m, H2b and H3b).

3C NMR: (75 MHz, CDCls) 5 166.6 (C8), 150.7 (C9), 130.8 (C6), 129.7 (C11), 126.3 (C12),
121.4 (C10), 120.9 (C7), 70.2 (C4), 51.6 (C1), 37.4 (C5), 31.2 (C3), 18.5 (C2).

HRMS (m/z): (APCI) calcd for C14H1604S [M+H]* 281.0842, found 281.0832.
IR: Vmax (neat): 3079 (C-H), 2952 (C-H), 1750 (C=0) cm™.

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 90:10 hexane:i-PrOH, 30.0 °C, ta (major) = 14.5

min, tg (minor) = 17.2 min. 94% ee.

[a]%): —68.5 (¢ 0.073, CHCls).
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(R)-t-Butyl 2-allyl tetrahydrothiophene-2-carboxylate 1,1-dioxide 190

182 (43 mg, 0.14 mmol), Pdx(dba)s (3.2 mg, 0.0035 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (7.4 mg, 0.0091 mmol) were stirred in 1,4-dioxane (1 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 190 (34 mg, 94%) as a colourless oil. R =
0.32 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCls) & 5.63 (1H, dddd, J = 17.1, 10.0, 7.8, 6.5 Hz, H6), 5.23-5.16 (2H,
m, H7), 3.21-3.14 (1H, m, H1a), 3.09-3.02 (2H, m, H1b and H5a), 2.73-2.68 (1H, m, H3a), 2.37
(1H, dd, J = 14.4, 8.3 Hz, H5b), 2.27-2.17 (1H, m, H2a), 2.10-1.96 (2H, m, H2b and H3b), 1.50
(9H, s, H10).

13C NMR: (100 MHz, CDCls) 5 166.6 (C8), 132.0 (C6), 120.2 (C7), 84.6 (C9), 71.4 (C4), 52.1
(C1), 38.2 (C5), 31.5 (C3), 28.5 (C10), 19.1 (C2).

HRMS (m/z): (APCI) calcd for C12H2004S [M+Na]* 283.0975, found 283.0970.
IR: Vimax (neat): 3081 (C—H), 2978 (C-H), 1728 (C=0) cm™".

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (minor) = 7.89

min, ts (major) = 8.83 min. 38% ee.

[a]%): =75.0 (¢ 0.10, CHCls).

(R)-Methyl 2-allyl tetrahydrothiophene-2-carboxylate 1,1-dioxide 191
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183 (77 mg, 0.29 mmol), Pdx(dba)s (6.7 mg, 0.0073 mmol) and (S,S)-ANDEN Phenyl Trost

ligand (15.3 mg, 0.091 mmol) were stirred in 1,4-dioxane (2 mL) at room temperature for 2

=

hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 191 (58 mg, 92%) as a colourless oil. Rs =

0.32 [petrol:EtOAc 4:1].
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'H NMR: (400 MHz, CDCl3) & 5.61 (1H, dddd, J = 17.3, 9.9, 7.9, 6.3 Hz, H6), 5.24-5.16 (2H,
m, H7), 3.84 (3H, s, H9), 3.25-3.18 (1H, m, H1a), 3.13-3.05 (2H, m, H1b and H5a), 2.80-2.73
(1H, m, H3a), 2.42 (1H, dd, J = 14.1, 7.9 Hz, H5b), 2.31-2.20 (1H, m, H2a), 2.14-2.02 (2H, m,
H2b and H3b).

13C NMR: (100 MHz, CDCls) 5 168.0 (C8), 131.2 (C6), 120.7 (C7), 70.3 (C4), 53.5 (C9), 51.4
(C1), 37.1 (C5), 30.8 (C3), 18.5 (C2).

HRMS (m/z): (APCI) calcd for CoH1404S [M+H]* 219.0686, found 219.0680.
IR: Vimax (neat): 3081 (C—H), 3006 (C—H), 2954 (C-H), 1735 (C=0) cm™".

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (minor) = 17.3

min, ts (major) = 19.0 min. 70% ee.

[a]%): =56.7 (¢ 0.30, CHCls).

(R)-(2-Allyl-1,1-dioxidotetrahydrothiophen-2-yl)(4-methoxyphenyl)methanone 192
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184 (77 mg, 0.23 mmol), Pdx(dba)s (10.0 mg, 0.011 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (24.3 mg, 0.030 mmol) were stirred in 1,4-dioxane (2 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 192 (62 mg, 92%) as a colourless oil. Rs =
0.19 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCls) & 8.05 (2H, d, J = 9.9 Hz, H10), 6.95 (2H, d, J = 9.7 Hz, H11),
5.39-5.29 (1H, m, H6), 5.02 (1H, d, J = 9.8 Hz, H7a), 4.92 (1H, dd, J = 16.7, 1.4 Hz, H7b), 3.90
(3H, s, H13), 3.34-3.18 (3H, m, H1 and H5a), 3.10 (1H, ddd, J = 14.2, 7.7, 5.4 Hz, H3a), 2.64
(1H, dd, J = 14.2, 7.7 Hz, H5b), 2.29-2.04 (3H, m, H2 and H3b).

13C NMR: (100 MHz, CDCls) 5 191.8 (C8), 163.7 (C12), 132.1 (C10), 130.4 (C6), 128.8 (C9),
120.6 (C7), 113.7 (C11), 74.0 (C4), 55.5 (C13), 53.9 (C1), 39.7 (C5), 32.5 (C3), 18.6 (C2).

HRMS (m/z): (APCI) calcd for C15H1803S [M+H]" 295.0999, found 295.0986.

IR: Vimax (neat): 3079 (C—H), 3006 (C—H), 2950(C—H), 2842 (C—H), 1668 (C=0) cm".
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Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 90:10 hexane:i-PrOH, 30.0 °C, ta (minor) = 23.0

min, tg (major) = 33.5 min. 10% ee.

[a]%): =7.4 (c 0.336, CHCls).

(R)-(2-Allyl-1,1-dioxidotetrahydrothiophen-2-yl)(p-tolyl)methanone 124

185 (30 mg, 0.093 mmol), Pdx(dba)s (4.6 mg, 0.005 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (9.8 mg, 0.012 mmol) were stirred in 1,4-dioxane (1 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 124 (23 mg, 89%) as a colourless solid. R¢
= 0.22 [petrol:EtOAc 4:1]. m.p.: 81-82 °C.

'H NMR: (300 MHz, CDCls) & 7.93 (2H, d, J = 8.6 Hz, H11), 7.26 (2H, d, J = 7.9 Hz, H10),
5.41-5.27 (1H, m, H6), 5.00 (1H, dt, J = 10.1, 0.9 Hz, H7a), 4.90 (1H, dg, J = 16.8, 1.4 Hz,
H7b), 3.36-3.05 (4H, m, H1, H3a and H5a), 2.63 (1H, dd, J = 14.6, 7.9 Hz, H5b), 2.40 (3H, s,
H13), 2.32-2.01 (3H, m, H2 and H3b).

13C NMR: (75 MHz, CDCl3) & 193.0 (C8), 143.9 (C12), 133.4 (C9), 130.3 (C6), 129.7 (C11),
129.2 (€10), 120.7 (C7), 73.9 (C4), 53.9 (C1), 39.6 (C5), 32.5 (C3), 21.7 (C13), 18.8 (C2).

HRMS (m/z): (APCI) calcd for C1sH1s0sS [M+H]* 279.1049, found 279.1041.
IR: Vmax (n€at): 3066 (C—H), 2954 (C—H), 2926 (C—H), 2854 (C—H), 1675 (C=0) cm™".

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (minor) = 21.2

min, ts (major) = 33.4 min. 62% ee.

[a]%): —68.8 (¢ 0.109, CHCls).
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(R)-(2-Allyl-1,1-dioxidotetrahydrothiophen-2-yl)(o-tolyl)methanone 193
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186 (77 mg, 0.24 mmol), Pdz(dba)s (11.0 mg, 0.012 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (25.4 mg, 0.031 mmol) were stirred in 1,4-dioxane (2 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 193 (63 mg, 95%) as a colourless oil. R =
0.23 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCls) 8 7.75 (1H, d, J = 8.4 Hz, H10), 7.34 (1H, t, J = 8.1 Hz, H11), 7.30-
7.25 (2H, m, H12 and H13), 5.41 (1H, ddt, J = 17.1, 10.1, 7.4 Hz, H6), 5.04 (1H, dd, J = 9.7,
0.8 Hz, H7a), 4.86 (1H, dd, J = 19.9, 4.2 Hz, H7b), 3.30-3.22 (1H, m, H1a), 3.19-3.11 (2H, m,
H1b and H5a), 2.96-2.87 (1H, m, H3a), 2.55 (1H, ddd, J = 14.4, 7.7, 0.9 Hz, H5b), 2.35-2.25
(4H, m, H2a and H15), 2.16-2.08 (2H, m, H2b and H3b).

13C NMR: (100 MHz, CDCl3) 5 198.4 (C8), 138.1 (C14), 136.7 (C9), 131.8 (C13), 130.9 (C11),
130.3 (C6), 127.0 (C10), 125.2 (C12), 120.9 (C7), 74.4 (C4), 52.4 (C1), 38.5 (C5), 32.6 (C3),
20.7 (C15), 18.8 (C2).

HRMS (m/z): (APCI) calcd for C15H1803S [M+H]" 279.1049, found 279.1044.
IR: Vimax (neat): 3062 (C—H), 2954 (C-H), 2928 (C-H), 1685 (C=0) cm™".

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (minor) = 16.7

min, tg (major) = 22.8 min. 10% ee.

[a]%): —2.0 (c 0.510, CHCls).
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(R)-(2-Allyl-1,1-dioxidotetrahydrothiophen-2-yl)(methyl)methanone 194
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187 (55 mg, 0.22 mmol), Pdx(dba)s (10.0 mg, 0.011 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (23.2 mg, 0.029 mmol) were stirred in 1,4-dioxane (1.5 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash

column chromatography [hexane:EtOAc 4:1] gave 194 (40 mg, 90%) as a yellow oil. Ry = 0.21
[petrol:EtOAC 4:1].

'H NMR: (400 MHz, CDCls) & 5.56-5.45 (1H, m, H6), 5.23-5.16 (2H, m, H7), 3.17-3.00 (3H, m,
H1 and H5a), 2.79 (1H, quint, J = 6.2 Hz, H3a), 2.57 (1H, dd, J = 15.4, 7.7 Hz, H5b), 2.34 (3H,
s, H9), 2.19-1.99 (2H, m, H2), 1.90 (1H, quint, J = 7.3 Hz, H3b).

13C NMR: (100 MHz, CDCls) & 200.8 (C8), 130.8 (C6), 120.9 (C7), 74.2 (C4), 51.6 (C1), 36.9
(C5), 29.3 (C3), 28.0 (C9), 17.9 (C2).

HRMS (m/z): (APCI) calcd for CgH1403S [M+H]* 203.0736, found 203.0737.
IR: Vmax (neat): 3082 (C—H), 2954 (C-H), 1713 (C=0) cm™.

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (minor) = 15.5

min, ts (major) = 16.9 min. 20% ee.

[a]%): —23.2 (¢ 0.345, CHCls).

(R)-1-(2-Allyl-1,1-dioxo-thiolan-2-yl)-2-methyl-propan-1-one 195

188 (50 mg, 0.18 mmol), Pdx(dba)s (8.2 mg, 0.0091 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (19 mg, 0.023 mmol) were stirred in 1,4-dioxane (2 mL) at room temperature for 2 hours.
The reaction mixture was concentrated under reduced pressure. Purification by flash column
chromatography [hexane:EtOAc 4:1] gave 195 (40 mg, 97%) as a yellow oil. R = 0.29
[petrol:EtOACc 4:1].

117



'H NMR: (300 MHz, CDCls) & 5.49 (1H, dddd, J = 17.2, 9.7, 8.4, 5.4 Hz, H6), 5.24-5.16 (2H,
m, H7), 3.24-3.04 (4H, m, H1, H5a and H9), 2.79-2.70 (1H, m, H3a), 2.63 (1H, dd, J = 15.3,
8.6 Hz, H5b), 2.20-1.95 (3H, m, H2 and H3b), 1.18 (3H, d, J = 6.6 Hz) and 1.15 (3H, d, J = 6.8
Hz) (H10 and H11).

13C NMR: (75 MHz, CDCls) & 208.0 (C8), 130.8 (C6), 120.8 (C7), 75.0 (C4), 51.6 (C1), 38.2
(C9), 36.3 (C5), 28.6 (C3), 20.5 and 19.8 (C10 and H11), 17.6 (C2).

HRMS (m/z): (APCI) calcd for C11H1s0sS [M+H]* 231.1049, found 231.1042.
IR: Vmax (n€at): 3083 (C—H), 2976 (C—H), 2939 (C-H), 2876 (C-H), 1709 (C=0) cm™".

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (minor) = 10.5

min, ts (major) = 12.6 min. 88% ee.

[a]%): —173.1 (c 0.182, CHCls).

(R)-Phenyl 2-(2-methylallyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 119

129 (30 mg, 0.089 mmol), Pdz(dba)s (2.1 mg, 0.0025 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (4.7 mg, 0.0058 mmol) were stirred in 1,4-dioxane (1 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 19:1—4:1] gave 119 (16 mg, 62%) as a colourless oil.
R: = 0.21 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCls) & 7.42-7.35 (2H, m, H12), 7.28-7.22 (1H, m, H13), 7.18-7.13 (2H,
m, H11), 4.99 (1H, s, H7a), 4.86 (1H, s, H7b), 3.36-3.23 (2H, m, H1a and H5a), 3.18-3.09 (1H,
m, H1b), 2.99-2.89 (1H, m, H3a), 2.55 (1H, d, J = 14.7 Hz, H5b), 2.38-2.07 (3H, m, H2 and
H3b), 1.82 (3H, s, H8).

3¢ NMR: (75 MHz, CDCls) 5 167.1 (C9), 150.7 (C10), 139.7 (C6), 129.5 (C12), 126.4 (C13),
121.4 (C11), 115.4 (C7), 70.1 (C4), 51.5 (C1), 40.4 (C5), 31.1 (C3), 23.4 (C8), 18.7 (C2).

HRMS (m/z): (APCI) calcd for C15H1804S [M+H]" 295.0999, found 295.0999.

IR: Vmax (neat): 3075 (C—H), 2948 (C—H), 1752 (C=0) cm".
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Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (major) = 18.9

min, tg (minor) = 20.9 min. 82% ee.

[a]%): —217.4 (c 0.046, CHCls).

(R)-(p-Tolyl) 2-(2-methylallyl)tetrahydrothiophene-2-carboxylate 1,1-dioxide 118

105 (30 mg, 0.085 mmol), Pdz(dba)s (2.1 mg, 0.0021 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (4.5 mg, 0.0055 mmol) were stirred in 1,4-dioxane (1 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 19:1—4:1] gave 118 (16 mg, 60%) as a colourless oil.
R = 0.25 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCls) 5 7.16 (2H, d, J = 9.0 Hz, H12), 7.02 (2H, t, J = 8.8 Hz, H11), 4.98
(1H, s, H7a), 4.85 (1H, s, H7b), 3.35-3.22 (2H, m, H1a and H5a), 3.18-3.08 (1H, m, H1b),
2.97-2.88 (1H, m, H3a), 2.54 (1H, dd, J = 15.0, 0.7 Hz, H5b), 2.34 (3H, s, H14), 2.32-2.07 (3H,
m, H2 and H3b), 1.81 (3H, s, H8).

13C NMR: (75 MHz, CDCls) 5 167.0 (C9), 148.5 (C10), 139.7 (C6), 136.3 (C13), 130.2 (C12),
121.2 (C11), 115.3 (C7), 70.0 (C4), 51.4 (C1), 40.4 (C5), 31.1 (C3), 23.3 (C8), 20.9 (C14), 18.6
(C2).

HRMS (m/z): (APCI) calcd for C16H2004S [M+H]* 309.1155, found 309.1145.
IR: Vimax (neat): 3075 (C—H), 3032 (C-H), 2948 (C-H), 1750 (C=0) cm™".

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (major) = 18.6

min, tg (minor) = 21.6 min. 86% ee.

[a]%): =100.0 (c 0.10, CHCls).
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(R)-(2-(2-Methylallyl)-1,1-dioxidotetrahydrothiophen-2-yl)(phenyl)methanone 123

130 (30 mg, 0.093 mmol), Pdx(dba)s (4.6 mg, 0.005 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (9.8 mg, 0.012 mmol) were stirred in 1,4-dioxane (1 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 19:1—4:1] gave 123 (17 mg, 65%) as a colourless oil.
R: = 0.27 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCl3) 5 8.01-7.99 (2H, m, H12), 7.54 (1H, tt, J = 6.2, 1.4 Hz, H13), 7.48-
7.43 (2H, m, H11), 4.77 (1H, s, H7a), 4.58 (1H, s, H7b), 3.37 (1H, d, J = 15.0 Hz, H5a), 3.32-
3.13 (3H, m, H1 and H3a), 2.73 (1H, d, J = 15.6 Hz, H5b), 2.35-2.09 (3H, m, H2 and H3b),
1.41 (3H, s, H8).

13C NMR: (75 MHz, CDCls) 5 194.9 (C9), 139.2 (C6), 136.1 (C10), 132.8 (C13), 129.6 (C12),
128.4 (C11), 115.9 (C7), 73.9 (C4), 53.4 (C1), 42.5 (C5), 32.6 (C3), 23.2 (C8), 19.0 (C2).

HRMS (m/z): (APCI) calcd for C15H1803S [M+H]" 279.1049, found 279.1043.
IR: Vimax (neat): 3067 (C-H), 2950 (C-H), 1675 (C=0) cm™.

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (minor) = 18.3

min, tg (major) = 26.6 min. 14% ee.

[a]%): —83.3 (¢ 0.054, CHCls).

(R)-(2-(2-methylallyl)-1,1-dioxidotetrahydrothiophen-2-yl)(p-tolyl)methanone 122

107 (30 mg, 0.089 mmol), Pdx(dba)s (4.1 mg, 0.005 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (9.8 mg, 0.012 mmol) were stirred in 1,4-dioxane (1 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 19:1—4:1] gave 122 (15 mg, 59%) as a colourless oil.

R: = 0.27 [petrol:EtOAc 4:1].
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'H NMR: (300 MHz, CDCl3) 5 7.93 (2H, d, J = 8.5 Hz, H12), 7.25 (2H, d, J = 8.0 Hz, H11), 4.77
(1H, s, H7a), 4.59 (1H, s, H7b), 3.38 (1H, d, J = 15.1 Hz, H5a), 3.31-3.10 (3H, m, H1 and 3a),
2.73 (1H, dd, J = 15.1, 0.9 Hz, H5b), 2.39 (3H, s, H14), 2.30-2.08 (3H, m, H2 and H3b), 1.42
(3H, s, H8).

13C NMR: (75 MHz, CDCls) 5 194.3 (C9), 143.7 (C13), 139.5 (C6), 133.6 (C10), 130.0 (C12),
129.0 (C11), 116.1 (C7), 73.8 (C4), 53.4 (C1), 42.6 (C5), 32.5 (C3), 23.1 (C8), 21.7 (C14), 18.9
(C2).

HRMS (m/z): (APCI) calcd for C16H200sS [M+H]* 293.1206, found 293.1202.
IR: Vmax (n€at): 3067 (C—H), 2950 (C—H), 2924 (C—H), 2854 (C-H), 1664 (C=0) cm™".

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (minor) = 19.3

min, ts (major) = 32.1 min. 10% ee.

[a]%): —66.4 (¢ 0.10, CHCls).

3.2.9 Synthesis of 6-Membered Cyclic Sulfone Precursors

Thiane 1,1-dioxide 197%°

Tetrahydrothiopyran (2.02 mL, 19.6 mmol) and potassium permanganate (6.18 g, 39.1 mmol)
were added to a 3:1 mixture of H>O:CH.Cl, (200 mL). The reaction mixture was stirred
vigorously at room temperature overnight. The mixture was filtered under reduced pressure
and the aqueous layer was extracted with CH>Cl, (3 x 50 mL). The combined organic phase
was washed with aq. Na2S,03 (10 %, 30 mL), dried (MgSO.) and concentrated under reduced
pressure to afford 197 (2.604 g, 99%) as a colourless solid.

'H NMR: (300 MHz, CDCls) 5 2.98 (4H, t, J = 6.0 Hz, H1), 2.13-2.05 (4H, m, H2), 1.67-1.59
(2H, m, H3).

13C NMR: (75 MHz, CDCls) & 52.2 (C1), 24.3 (C2), 23.9 (C3).
HRMS (m/z): (APCI) calcd for CsH100,S [M+H]* 135.0474, found 135.0468.

Analytical data matches literature values.>®
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Allyl 1,1-dioxothiane-2-carboxylate 198
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197 (2.00 g, 14.9 mmol) was dissolved in THF (120 mL) and the solution was cooled to —78
°C. LIHMDS (1 M in THF, 29.8 mL, 29.8 mmol) was added dropwise at —78 °C. The solution
was stirred at —78 °C for 1 hour. Allyl chloroformate (1.75 mL, 16.4 mmol) was added dropwise
at —78 °C. The mixture was allowed to reach room temperature and was stirred overnight. The
reaction was quenched with ag. HCI (1 N, 40 mL), and the mixture was extracted with EtOAc
(3 x40 mL). The combined organic phase was washed with brine (40 mL), dried (MgSOs), and
concentrated under reduced pressure. Purification by flash column chromatography
[Petrol:EtOAc 4:1] gave 198 (2.27 g, 70%) as a yellow oil. Rs = 0.17 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCl3) & 5.92 (1H, ddt, J=17.2, 10.3, 5.7 Hz, H8), 5.38 (1H, dq, J = 17.1,
1.4 Hz, H9a), 5.29 (1H, dq, J = 10.4, 1.1 Hz, H9b), 4.71 (2H, d, J = 5.7 Hz, H7), 3.88 (1H, ddd,
J=6.5,4.7,1.9 Hz, H5), 3.48-3.39 (1H, m, H1a), 3.03-2.94 (1H, m, H1b), 2.41-2.25 (2H, m,
H4), 2.15-2.07 (2H, m, H2), 1.98-1.84 (1H, m, H3a), 1.66-1.55 (1H, m, H3b).

13C NMR: (75 MHz, CDCls) 5 165.6 (C6), 131.0 (C8), 119.5 (C9), 66.8 (C7), 65.0 (C5), 51.0
(C1), 28.0 (C4), 24.2 (C2), 20.7 (C3).

HRMS (m/z): (APCI) calcd for CoH1404S [M+H]* 219.0686, found 219.0677.

IR: Vimax (neat): 2939 (C—H), 2870 (C—H),1731 (C=0) cm™".

2-Allyl 2-phenyl 1,1-dioxothiane-2,2-dicarboxylate 200
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198 (300 mg, 1.37 mmol) was dissolved in THF (20 mL). NaHMDS (1 M in THF, 1.51 mL, 1.51
mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Phenyl chloroformate (190 pL, 1.51 mmol) was added dropwise, and the mixture was stirred
overnight. The reaction was quenched with ag. HCI (1 N, 15 mL). The mixture was extracted
with EtOAc (3 x 15 mL), washed with brine (15 mL), dried (MgSOs), and concentrated under
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reduced pressure. Purification by flash column chromatography [hexane:EtOAc 4:1] gave 200
(195 mg, 43%) as a yellow oil. Rs = 0.22 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCl3) 5 7.41 (2H, t, J = 7.7 Hz, H13), 7.28 (1H, t, J = 7.4 Hz, H14), 7.14
(2H, d, J = 7.9 Hz, H12), 5.94 (1H, ddt, J = 22.8, 13.8, 7.5 Hz, H8), 5.40 (1H, dg, J = 23.0, 2.0
Hz, H9a), 5.31 (1H, dq, J = 13.9, 1.5 Hz, H9b), 4.73 (2H, d, J = 7.7 Hz, H7), 3.60-3.54 (1H, m,
H1a), 3.46-3.40 (1H, m, H1b), 2.67 (2H, q, J = 6.4 Hz, H4), 2.13 (2H, quint, J = 5.5 Hz, H2),
1.78 (2H, quint, J = 5.5 Hz, H3).

13C NMR: (100 MHz, CDCl3) 5 163.6 (C6), 162.8 (C10), 150.1 (C11), 130.5 (C8), 129.6 (C13),
126.7 (C14), 121.2 (C12), 120.0 (C9), 76.5 (C5), 67.7 (C7), 52.1 (C1), 32.5 (C4), 24.1 (C2),
20.0 (C3).

HRMS (m/z): (APCI) calcd for C1H1806S [M+H]" 339.0897, found 339.0884.

IR: Vmax (neat): 3017 (C—H), 2985 (C—H), 2946 (C—H), 2872 (C—H), 1767 (C=0), 1737 (C=0)

cm™.

2-Allyl 2-methyl 1,1-dioxothiane-2,2-dicarboxylate 201
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198 (300 mg, 1.37 mmol) was dissolved in THF (20 mL). NaHMDS (1 M in THF, 1.51 mL, 1.51
mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Methyl chloroformate (120 pL, 1.51 mmol) was added dropwise, and the mixture was stirred
overnight. The reaction was quenched with ag. HCI (1 N, 15 mL). The mixture was extracted
with EtOAc (3 x 15 mL), washed with brine (15 mL), dried (MgSOs), and concentrated under
reduced pressure. Purification by flash column chromatography [hexane:EtOAc 4:1] gave 227
mg of a 1:1 mixture of 201 and 198, corresponding to 155 mg, 41% of 201 as a yellow oil. Rs
= 0.20 [petrol:EtOAc 4:1].

'H NMR: (400 MHz, CDCls) & 5.97-5.86 (1H, m, H8), 5.39 (1H, dq, J = 17.2, 1.5 Hz, H9a), 5.30
(1H, dd, J = 10.5, 1.1 Hz, H9b), 4.76 (2H, dt, J = 5.6, 1.3 Hz, H7), 3.88 (3H, s, H11), 3.48-3.39
(2H, m, H1), 2.55 (2H, t, J = 5.8 Hz, H4), 2.14-2.06 (2H, m, H2), 1.73-1.69 (2H, m, H3).

3C NMR: (100 MHz, CDCls) 3 164.4 (C10), 163.8 (C6), 130.6 (C8), 119.5 (C9), 76.4 (C5),
67.4 (C7), 53.9 (C11), 51.9 (C1), 32.5 (C4), 24.0 (C2), 19.9 (C3).
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HRMS (m/z): (APCI) calcd for C11H1606S [M+H]* 277.0740, found 277.0735.

IR: Vmax (neat): 2939 (C-H), 2870 (C-H), 1733 (C=0) cm™".

Allyl 2-(2-methylpropanoyl)-1,1-dioxo-thiane-2-carboxylate 202

198 (300 mg, 1.37 mmol) was dissolved in THF (20 mL) and NaHMDS (1 M in THF, 1.51 mL,
1.51 mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Isobutyryl chloride (150 uL, 1.51 mmol) was added dropwise, and the mixture was heated to
80 °C overnight. The reaction was allowed to cool to room temperature and was quenched
with ag. HCI (1 N, 15 mL). The mixture was extracted with EtOAc (3 x 15 mL), washed with
brine (15 mL), dried (MgSOa4), and concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 9:1—4:1] gave 202 (191 mg, 48%) as a yellow oil. R¢
= 0.32 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCls) & 5.92 (1H, ddt, J = 16.5, 10.4, 6.1 Hz, H8), 5.40 (1H, dq, J = 17.3,
1.4 Hz, H9a), 5.32 (1H, dd, J = 10.3, 1.2 Hz, H9b), 4.75 (2H, tt, J = 6.8, 1.2 Hz, H7), 3.66-3.59
(1H, m, H1a), 3.22 (1H, dt, J = 14.2, 4.8 Hz, H1b), 3.08 (1H, septet, J = 6.8 Hz, H11), 2.50
(1H, ddd, J = 15.1, 11.3, 3.3 Hz, H4a), 2.39 (1H, ddd, J = 15.4, 6.3, 3.3 Hz, H4b), 2.09-2.02
(2H, m, H2), 1.77-1.68 (1H, m, H3a), 1.59-1.50 (1H, m, H3b), 1.18 (3H, d, J = 6.5 Hz) and 1.14
(3H, d, J = 6.7 Hz) (H12 and H13).

3C NMR: (100 MHz, CDCls) 3 202.4 (C10), 165.2 (C6), 130.5 (C8), 120.8 (C9), 81.3 (C4),
67.5 (C7), 52.4 (C1), 40.6 (C11), 31.3 (C4), 24.0 (C2), 20.7, 19.9 and 19.9 (C3, C11 and C12).

HRMS (m/z): (APCI) calcd for C13H200sS [M+H]* 289.1104, found 289.1097.

IR: Vimax (neat): 2976 (C—H), 2939 (C-H), 2876 (C-H), 1744 (C=0), 1716 (C=0) cm"".
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Allyl 2-acetyl-1,1-dioxo-thiane-2-carboxylate 203
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198 (300 mg, 1.37 mmol) was dissolved in THF (20 mL) and NaHMDS (1 M in THF, 1.51 mL,
1.51 mmol) was added dropwise. The solution was stirred at room temperature for 30 minutes.
Acetyl chloride (110 pL, 1.51 mmol) was added dropwise, and the mixture was heated to 80
°C overnight. The reaction was allowed to cool to room temperature and was quenched with
aq. HCI (1 N, 15 mL). The mixture was extracted with EtOAc (3 x 15 mL), washed with brine
(15 mL), dried (MgSOs), and concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 9:1—4:1] gave 203 (132 mg, 37%) as a yellow oil. R¢
= 0.33 [petrol:EtOAc 4:1].

'H NMR: (300 MHz, CDCls) & 5.95-5.84 (1H, m, H8), 5.39 (1H, dq, J = 17.0, 1.4 Hz, H9a), 5.33
(1H, dg, J = 10.4, 1.1 Hz, H9b), 4.76 (2H, dq, J = 5.7, 1.5 Hz, H7), 3.69-3.60 (1H, m, H1a),
3.18 (1H, dt, J = 13.7, 4.3 Hz, H1b), 2.53-2.33 (5H, m, H4 and H11), 2.13-2.01 (2H, m, H2),
1.83-1.73 (1H, m, H3a), 1.69-1.54 (1H, m, H3b).

13C NMR: (75 MHz, CDCl3) 5 194.2 (C10), 165.2 (C6), 130.2 (C8), 120.4 (C9), 80.6 (C5), 67.5
(C7), 52.2 (C1), 31.2 (C4), 29.7 (C11), 23.9 (C2), 19.8 (C3).

HRMS (m/z): (APCI) calcd for C11H1605S [M+H]* 261.0791, found 261.0786.

IR: Vmax (neat): 2939 (C-H), 2870 (C-H), 1718 (C=0) cm™.
3.2.10 6-Membered Sulfone Pd-DAAA Reaction Products

(R)-phenyl 2-allyl-1,1-dioxo-thiane-2-carboxylate 205

12
13

ol o) 11
\ 7/ 10,
S \U’\O > 12

; 5.0
(j\e—\
2 4 7\

3 8

200 (40 mg, 0.12 mmol), Pdx(dba)s (2.7 mg, 0.003 mmol) and (S,S)-ANDEN Phenyl Trost

ligand (6.3 mg, 0.0078 mmol) were stirred in 1,4-dioxane (1 mL) at room temperature for 2
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hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 205 (34 mg, 96%) as a yellow oil. Ry = 0.21
[petrol:EtOAC 4:1].

'H NMR: (400 MHz, CDCls) & 7.45-7.39 (2H, m, H11), 7.29 (1H, tt, J = 6.9, 1.1 Hz, H13), 7.15-
7.12 (2H, m, H12), 5.97 (1H, dddd, J = 16.8, 10.2, 8.6, 6.2 Hz, H7), 5.36-5.28 (2H, m, H8),
3.51-3.40 (1H, m, H1a), 3.33 (1H, ddt, J = 14.1, 6.0, 1.4 Hz, H6a), 3.14 (1H, dt, J = 14.1, 5.1
Hz, H1b), 2.77 (1H, dd, J = 14.4, 8.4 Hz, H6b), 2.47 (1H, ddd, J = 14.8, 6.4, 3.5 Hz, H4a),
2.22-2.11 (3H, m, H2 and H4b), 1.95-1.85 (1H, m, H3a), 1.82-1.73 (1H, m, H3b).

13C NMR: (100 MHz, CDCl3) 5 167.1 (C9), 150.3 (C10), 130.8 (C7), 129.6 (C11), 126.6 (C13),
121.4 (C12), 120.8 (C8), 71.0 (C5), 50.4 (C1), 35.6 (C6), 33.1 (C4), 24.0 (C2), 20.4 (C3).

HRMS (m/z): (APCI) calcd for C1sH104S [M+H]* 295.0999, found 295.0985.
IR: Vimax (neat): 3079 (C—H), 2935 (C-H), 2856 (C-H), 1750 (C=0) cm™".

Chiral HPLC: CHIRALPAK AD-H, 1 mL/min, 90:10 hexane:i-PrOH, 30.0 °C, ta (major) = 11.8

min, tg (minor) = 14.5 min. 64% ee.

[a]%): =55.1 (¢ 0.245, CHCls).

(R)-1-(2-allyl-1,1-dioxo-thian-2-yl)-2-methyl-propan-1-one 207

00 O
N2 11
1@“\
6
4 12

2
7
Y

202 (40 mg, 0.14 mmol), Pdx(dba)s (6.4 mg, 0.007 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (14.8 mg, 0.018 mmol) were stirred in 1,4-dioxane (1 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 207 (32 mg, 94%) as a yellow oil. Ry = 0.22
[petrol:EtOACc 4:1].

'H NMR: (300 MHz, CDCls) & 5.49 (1H, dddd, J = 16.7, 10.0, 8.5, 5.6 Hz, H7), 5.24-5.16 (2H,
m, H8), 3.48 (1H, septet, J = 6.9 Hz, H10), 3.27-3.00 (3H, m, H1 and H6a), 2.74 (1H, dd, J =
15.2, 8.5 Hz, H6b), 2.28 (1H, ddd, J = 14.8, 10.2, 3.8 Hz, H4a), 2.11-2.00 (3H, m, H2 and
H4b), 1.78-1.66 (1H, m, H3a), 1.63-1.50 (1H, m, H3b), 1.16 (3H, d, J = 6.6 Hz) and 1.13 (3H,
d, J = 6.6 Hz) (H11 and H12).
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3C NMR: (75 MHz, CDCls) 8 209.4 (C9), 130.3 (C7), 120.5 (C8), 75.7 (C5), 50.9 (C1), 37.3
(C10), 34.6 (C6), 29.6 (C4), 24.1 (C2), 30.4 and 20.2 (C11 and C12), 19.7 (C3).

HRMS (m/z): (APCI) calcd for C12H2003S [M+H]* 245.1206, found 245.1208.
IR: Vimax (neat): 2973 (C—H), 2937 (C-H), 2874 (C-H), 1709 (C=0) cm™

Chiral HPLC: CHIRALPAK AD-H, 1 mL/min, 90:10 hexane:i-PrOH, 30.0 °C, ta (minor) = 7.3

min, tg (major) = 7.8 min. 88% ee.
[a]%): —167.5 (c 0.20, CHCls).

(R)-1-(2-Allyl-1,1-dioxo-thian-2-yl)ethanone 208

5 \\J\

UHS

203 (40 mg, 0.15 mmol), Pdx(dba)s (6.9 mg, 0.010 mmol) and (S,S)-ANDEN Phenyl Trost
ligand (15.8 mg, 0.020 mmol) were stirred in 1,4-dioxane (1 mL) at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure. Purification by flash
column chromatography [hexane:EtOAc 4:1] gave 208 (30 mg, 93%) as a yellow oil. R = 0.20
[petrol:EtOAC 4:1].

"H NMR: (300 MHz, CDCl3) 5 5.62-5.49 (1H, m, H7), 5.24-5.17 (2H, m, H8), 3.22-2.99 (3H, m,
H1 and H6a), 2.69 (1H, dd, J = 14.4, 7.7 Hz, H6b), 2.43 (3H, s, H10), 2.32 (1H, ddd, J = 14.7,
9.3, 3.5 Hz, H4a), 2.10-1.98 (3H, m, H2 and H4b), 1.85-1.72 (1H, m, H3a), 1.66-1.54 (1H, m,
H3b).

13C NMR: (75 MHz, CDCls) 5 201.7 (C9), 129.8 (C7), 120.7 (C8), 75.2 (C5), 50.6 (C1), 35.0
(C6), 30.1 (C4), 28.9 (C2), 20.0 (C3).

HRMS (m/z): (APCI) calcd for C1oH1603S [M+H]* 217.0893, found 217.0884.
IR: Vimax (neat): 2941 (C—H), 2868 (C-H), 1709 (C=0) cm™.

Chiral HPLC: CHIRALCEL OD-H, 1 mL/min, 95:5 hexane:i-PrOH, 30.0 °C, ta (major) = 16.3

min, tg (minor) = 17.9 min. 32% ee.

[a]%): =55.1 (¢ 0.336, CHCls).
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3.2.11 Chiral HPLC Traces

rtment of bancasler

niversity *°%

Chiral HPLC Analysis

121

1PDA Muiti 1 200nm,4nm
2PDA Muiti 2 210nm,4nm
3PDA Muiti 3 220nm,4nm
4PDA Muiti 4 230nm, 4nm
SPDA Muiti 5 245nm,4nm

Sample Name : EPB-011-2
Sample ID : EPB-011-RAC-181121-002
Data File : EPB-011-2-RAC-181121-002.1cd
Batch File : Batch-181120-002.Icb
Viak# 12
Injecti o Volume :5
Method File : Method_181120.kcm
Date Acquired :21/11/2018 11:38:59
Date Processed :21/11/2018 13:45:46
Chromatogram
EPB-011-2 EPB-011-2-RAC-181121-002.lcd
mAU
50+
40+
30+
20+
10+
o -
p—y—p———— T
0.0 5.0 75 10.0 125
Peak Table
Chl 200nm
Name Peak# Ret. Time Area Area% Mark
1 14 456 1055507 50.081] ™M
2 17.206 1052085 45918 M
Total| 2107602 100.000
Ch2 210nm
Name Peak# Ret. Time Area Area% Mark
1 14 456 1079097 45965| M
2 17.206 1080602 50.035) ™M
Totall 2159699 100.000
Ch3 220nm
Name Peak# Ret. Time Area Area% Mark
1 4495 566365 50.052
2 7.206 983 45948
Totall 1331343 100.000
PDA Cha 220nm
Name Peak# Ret. Time Area Aread Mark
1 14 456 392858 50.043] ™M
2 17.207 392187 45957| M
Totall 785045 100.000
ChS 245nm
Name Peak# Ret. Time Area Area% Mark
1 14 457 27 50.196] M
2 17.208 6135 45.804] M
Total| 253265 100.000
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Sample Name

Chiral HPLC Analysis

:EPB-013-2

Sample ID : EPB-013-2-NOADD-181121-002
Data File : EPB-013-2-NOADD-181121-002.Icd
Batch File : Batch-181120-002.kcb
Vial# 14
Injecti @ Volume :5 (@)
Method File : Method_181120.lcm \// | J\
Date Acquired :21/11/2018 12:15:41 S W
Date Processed :21/11/2018 13:58:48 \ (0]
Chromatogram \
EPB-013-2 EPB-013-2-NOADD-181121-002.lcd
(R)-121
mAU
] 1PDA Muiti 1 200nm,4nm
1 2PDA Muiti 2 210nm,4nm
1 3PDA Muiti 3 220nm, 4nm
1 4PDA Muiti 4 230nm, 4nm
150+ SPDA Muiti 5 245nm,4nm
100+
50
0 e — L
) T v T ' v ‘ T T v v ' v T v ' L T d v I v T v v T b v ]
0.0 25 5.0 75 10.0 125 175 20.0
min
Peak Table
Chl 200nm
Name Peak# Ret. Time Area Areade Mark
1 14.420 3773047 96.834] M
2 17.378 121145 3.106[sV
Totall 3500193 100.000
Ch2 210nm
Name Peak# Ret. Time Area Area% Mark
1 14420 3982461 97.011|S
2 17.366 122720 2.989
Total| 4105180 100.000
PDA Ch3 220nm
Name Peak# Ret. Time Area Area% Mark
1 4420 2475480 96.99%
2 7.364 76580 3.001
Totall 2552060 100.000
Ch4 220nm
Name Peak# Ret. Time Area Aread Mark
1 14.420 1471840 97.091
2 17.370 44033 2.909
Totall 1515939 100.000
PDACRS 245nm
Name Peak# | Ret Time Area Area’ Mark |
1 44 476872 97.4
) 3 R L) O 1.5
Totall 937 100.000
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Chiral HPLC Analysis

Sample Name : EPB-133A-2-RAC
Sample ID : EPB-133A-2-RAC
Data File : EPB-133A-2-RAC-001.1cd
Batch File : 220820189 batch.lcb
Vial# 13
Injecti @ Volume 17
Method File : Basicmethod2-25min.lcm O\ / O
Date Acquired : 06/05/2019 13:39:47 &/
Date Processed : 05/05/20195 08:35:37 o
Chromatogram \
EPB-133A-2-RAC EPB-133A-2-RAC-001.1cd
mAU 190
15+ 1PDA Muiti 1 205nm,4nm
J 2PDA Muiti 2 210nm,4nm
| 3PDA Muiti 3 215nm,4nm
4PDA Muits 4 220nm,4nm
| SPDA Muiti 5 230nm,4nm
104
] |
5—
0
e BN S e S s S e S S e s e Tt
0 10 15 25 30
min
Peak Table
Chl 205nm
Name Peak# Ret. Time Area% Mark
1 7.886 5365 45.300] ™M
2 8.873 158013 50.700f ™M
Totall 311664 100.000
Ch2 210nm
Name Peak# Ret. Time Area Area% Mark
1 7.886 131536 45.548
2 8.873 133938 50452 ™M
Totall 265474 100.000
Ch3 215nm
Name Peak# Ret. Time Area Area% Mark
1 7.886 2497. 50.157( ™M
2 8.873 4194 45843 M
Totall 249173 100.000
Chda 220nm
Name Peak# Ret. Time Area Area¥ Mark
1 7.886 129103 45682] M
2 8.873 130756 50.318| ™M
Totall 25985 100.000
ChS 230nm
Name Peak# Ret. Time Area Area% Mark
1 7.886 562¢ 50303 M
2 8.873 4 45697] M
Totall 228 100.000
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(R)-190

1PDA Muiti 1 225nm, 4nm
2PDA Muiti 2 227nm, 4nm
3PDA Muiti 3 230nm,4nm
4PDA Muiti 4 235nm, 4nm
SPDA Multi 5 240nm,4nm

' niversity
Chiral HPLC Analysis
Sample Name : EPB-1338
Sample ID : EPB-1338
Data File : EPB-133B.Icd
Batch File : BATCH150903.Icb
Vial# :9
Injecti @ Volume $11
Method File : Basicmethod2-25min.lcm
Date Acquired : 05/05/201S 15:26:19
Date Processed :10/05/2015 05:18:16
Chromatogram
EPB-133B EPB-133B.Icd
mAU
40~
30+
20+
104
c —
T v T v T v v T v v v v T v
0.0 25 5.0 75
Peak Table
Chl225nm
Name Peak# Ret. Time Area Area% Mark
1 7.870 234661 31.223
2 8.829 516300 68.777
Totall 751561 100.000
PDACh2 227nm
Name Peak# Ret. Time Area Area% Mark
1 7.870 227648 31.212
2 8.829 501720 68.788
Totall 729368 100.000
PDA Ch3 230nm
Name Peak# Ret. Time Area Area% Mark
1 7.870 2112 31.226
2 8.829 4 774
Totall 7639 100.000
PDA Chd 235nm
Name Peak# Ret. Tim Area Area¥ Mark
1 7.870 7337 31.323
2 8.829 380135 677
Total 553512 100.000
PDA ChS 240nm
Name Peak# t. Tim Area Area% Mark
1 7.870 123903 3L g_?__m
2 8.829 285220 852
Totall 41425 100.000
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Chiral HPLC Analysis

Sample Name : EPB-134A-2-RAC
Sample ID : EPB-134A-2-RAC
Data File : EPB-134A-2-RAC-002.1cd
Batch File : 22082019 batch.lcb
Vial# :4
Injecti o Volume :5 e
Method File : Basicmethod2-25min.lcm \ /)
Date Acquired : 06/05/2015 21:37:27 S
Date Processed :09/09/2018 12:33:28 O/
Chromatogram \
EPB-134A-2-RAC EPB-134A-2-RAC-002.1cd
mAU 191
) 1PDA Muiti 1 210nm,4nm
2PDA Muiti 2 215nm,4nm
2.54 3PDA Muiti 3 220nm,4nm
4 4PDA Muits 4 225nm, 4nm
. | SPDA Muiti 5 230nm,4nm
0.0 ‘
N
NN
iy (WL
-2.5- ‘(
-5, T e e S e A —T T - —
0 5 10 15 20 25 30
min
Peak Table
Chl210nm
Name Peak# Ret. Time Area Aread Mark
1 17.330 118663 45.087] ™M
2 19.340 123079 50.813] M
Totall 241743 100.000
PDA Ch2 215nm
Name Peak# Ret. Time Area Area’ Mark
1 17.331 111417 43,85 M
2 19.340 112087 50.150] M
Total 223505 100.00¢
PDA Ch3 220nm
Name Peak# Ret. Time Area Area’ Mark
1 17.331 09921 45606 M
2 19.340 11669 50.394] M
Total 221590 100.000
Chd 225nm
Name Peak# Ret. Time Area Aread Mark
1 17.330 84331 45,602
2 19.340 85683 50.398
Tota 170014 100.000
PDA ChS 230nm
Name Peak# Ret. Time Area Area’ Mark
1 7.331 21 49,899
2 341 50.101
Total| 133111 100.00

132



'ljancaster

niversity *

Chiral HPLC Analysis

Sample Name : EPB-1348
Sample ID : EPB-1348
Data File : EPB-1348.1cd
Bztch File : BATCH150309.Icb
Vial# 110
Injecti o Volume 110 \/ 0
Method File : Basicmethod2-25min.lcm g |J\
Date Acquired :05/05/2015 16:12:05 o O/
Date Processed :10/05/2015 03:20:33
Chromatogram \
EPB-134B EPB-134B.Icd
(R)-191
mAU
] 1PDA Muiti 1 225nm, 4nm
2PDA Muiti 2 210nm,4nm
1 3PDA Muiti 3 220nm,4nm
B 4PDA Muiti 4 215nm,4nm
] SPDA Muiti 5 205nm,4nm
50+
25+
o — )\_A A
T L S e e LA T
0.0 25 5.0 75 100 125 15.0 175 225 250
min
Peak Table
Chl225nm
Name Peak# Ret. Time Area Area’ Mark
1 17.297 230644 15533
2 15.004 1254228 84.467
Totall 1484871 100.000
Ch2 210nm
Name Peak# Ret. Time Area Area’ Mark
1 17.297 330845 15.686
2 19.004 1778351 84314
Total 2109197 100.000
Ch3 220nm
Name Peaké# Ret. Time Area Area’ Mark
1 17.297 266072 15.563
2 19.004 1443524 84437
Totall 17095 100.000
PDACh4 215nm
Name Peak# Ret. Time Area Area’ Mark
1 7.297 290227 15.611
2 9.004 1568848 389
Total 1859076 100.000
ChS 205nm
Name Peak# Ret. Time Area Area’ Mark
1 17.297 393603 15.891
2 15.004 211 84.109
Totall 2514661 100.000
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Lancaster &3
University *°*

Chiral HPLC Analysis

: EPB-136A-2-90:10-002

Sample ID : EPB-136A-2-90:10-002
Data File : EPB-136A-2-90.10-002.1cd
Batch File : BATCH.Ikcb
Vial# 03 o)
Injecti o Volume $11 N/
Method File : Method_181214.lcm S
Date Acquired :12/05/2015 11:57:20
Date Processed :12/05/2015 15:55:13
(6)
Chromatogram \
EPB-136A-2-90:10-002 EPB-136A-2-90.10-002.1cd
mAU 192
| 1PDA Muiti 1 205nm,4nm
) 2PDA Muiti 2 210nm, 4nm
15+ 3PDA Muiti 3 215nm,4nm
g 4PDA Muiti 4 220nm,4nm
SPDA Muiti 5 225nm,4nm
10
S—
0~
—Tr—r—r—r— —r—rr—r—r—Tr —Tr—r—r—r—T—r
0 10 15 20 25 35 40
min
Peak Table
PDA Chl 205nm
Name Peaki# Ret. Time Area Aread Mark
1 23.393 635470 458471 M
2 34,254 639363 50.153| V
Totall 1274833 100.000
Ch2 210nm
Name Peaki# Ret. Time Area Area’ Mark
1 23.393 557430 45.306
2 34.255 573192 50.694
Totall 1130681 100.000
PDACh3 215nm
Name Peaki# Ret. Time Area Area’ Mark
1 23.389 582959 45.739
2 34,259 583084 50.261
Totall 1172043 100.000
PDA Chd 220nm
Name Peak# Ret. Time Area Area’ Mark
1 23.389 647650 45909
2 34253 650000 50.091
Totall 1297650 100.000
PDA ChS 225nm
Name Peak# Ret. Time Area Area’ Mark
1 23.388 631884 50.167
2 34,254 62768 49833
Totall 1259565 100.000
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Chiral HPLC Analysis

: EPB-136B-2-50:10

Sample ID : EPB-1368-2-50:10
Data File : EPB-1368-2-90.10.lcd
Batch File : BATCH.Icb
Vial# :5 0]
Injecti @ Volume 110 \ /)
Method File : Method_181214.lcm S \l
Date Acquired :12/09/2015 13:29:51 o
Date Processed :12/05/2015 15:54:34
\ (0]
Chromatogram
EPB-1368-2-90:10 EPB-1368-2-50.10.1cd
mAU (R)-192
1 1PDA Muiti 1 205nm,4nm
1 2PDA Muiti 2 210nm,4nm
1 3PDA Muiti 3 215nm,4nm
1 4PDA Muits 4 220nm, 4nm
150+ SPDA Muiti 5 230nm,4nm
100
50+
0 A A \
T T T T - T T —rTrrrr
0 5 10 15 20 25 30 35 40 45 50
min
Peak Table
PDA Ch1 205nm
Name Peak# Ret. Time Area Aread Mark
1 22.966 7188263 45527 M
2 33.540 8600821 54473 M
Totall 15785084 100.000
Ch2 210nm
Name Peak# Ret. Time Area Area’ Mark
22967 6588255 45634
2 33.541 75 54.366
Totall 14437134 100.000
Ch3 215nm
Name Peak# Ret. Time Area Area’ Ma
1 22967 6775519 45581
2 33.541 8089400 54415
Totall 14864918 100.000
PDA Chd 220nm
Name Peak# Ret. Time Area Area’ Mark
1 22967 74707 45,652
2 33.540 88936 54,348
Total[ 1636439 100.000
ChS 230nm
Name Peak# | Ret Time Area Area’ Mark
1 22.967 4976701 45%
2 33.541 5350520 54.456
Totall 10927221 100.000
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Chiral HPLC Analysis

Sample Name : EPB-094A-2-RAC
Sample ID : EPB-094A-2-RAC-001
Data File : EPB-094A-2-RAC-001.Icd
Batch File : 22082018 batch.Icb
Vial# 3
Injecti o Volume 12 O\\ ,/O @)
Method File : Basicmethod2-25min.lcm S
Date Acquired :22/08/2015 16:41:58
Date Processed :24/08/2019 13:29:28
Chromatogram \
EPB-094A-2-RAC EPB-094A-2-RAC-001.1cd
mAU 124
4 1PDA Muiti 1 254nm, 4nm
] 2PDA Muiti 2 227nm,4nm
50— 3PDA Muiti 3 200nm,4nm
1 4PDA Muiti 4 210nm,4nm
4 SPDA Muiti 5 220nm,4nm
40+
30+
20+
10+
o J N
L L vy T T &Py vYVwWwmyyYyyyvyYyyyYeyYyTyYyYTYTYM
0 10 15 20 25 30 35
min
Peak Table
Chl 254nm
Name Peak# Ret. Time Are3 Area% Mark
1 21.180 2044803 50.265
2 33.815 2023220 45735
Totall 4068023 100.000
PDA Ch2 227nm
Name Peak# Ret. Time Area Area% Mark
1 21.180 502134 45.950
2 33.816 503131 50.050
Totall 1005265 100.000
Ch3 200nm
Name Peak# Ret. Time Area Area% Mark
1 21.181 1640861 45711
2 33.822 1659963 50.289
Totall 3300823 100.000
PDA Chd 210nm
Name Peak# Ret. Time Area Area¥ Mark
1 21179 1774063 50.626
2 33.818 1730198 45374
Total| 3504261 100.000
PDA ChS 220nm
Name Peak# Ret. Time Area Area Mark
1 21,181 45113 50.318
2 33.817 30611 45.681
Totall 2275724 100.000
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Chiral HPLC Analysis

Sample Name : EPB-0948-2
Sample ID : EPB-0948-2-001
Data File : EPB-0948-2-001.Icd
Batch File : 22082019 batch.Icb
Vial# :9
Injecti o Volume 13
Method File : Basicmethod2-25min.lcm
Date Acquired : 22/08/201S 20:10:56
Date Processed : 22/08/201S 20:50:57
Chromatogram
EFB-0948-2 EPB-0348-2-001.lcd
mAU (R)-124
1257 1PDA Muiti 1 254nm,4nm
1 2PQA Muiti 2 227nm, 4nm
4 3PPA Muiti 3 200nm,4nm
1 4PDA Muiti 4 210nm, 4nm
100 spfiA Muiti 5 220nm,4nm
754
50
254
0—
T oy —r—r—T T —r—r—r—r—r—
0 10 15 20 25 35 =2
min
Peak Table
Chl 254nm
Name Peak# Ret. Time Area Area’ Mark
1 21.193 1656434 18.718
2 33.358 7193028 81.282
Totall 8849522 100.000
PDA Ch2 227nm
Name Peak# Ret. Time Area Area’ Mark
1 21.154 42011 18.500
2 33.360 1802727 81.100
Total 2222842 100.000
PDA Ch3 200nm
Name Peak# Ret. Time Area Area’ Mark
1 21.196 1333343 18652 M
2 33.358 5815244 81.348
Totall 7148587 100.000
Cha 210nm
Name Peak# Ret. Time Area 3% Mark
1 21.193 1432633 12.835
2 33.360 6171832 81161
Totall 7604464 I
PDA ChS 220nm
Name Peak# Ret. Time Area Area¥ Mark
1 21.193 930910 18.895
2 33.359 3595913 81.105
Totall 4526823 100.000

137



rtment of bancaster
hemistry | University $=%

Chiral HPLC Analysis

Sample Name :EPB-137A
Sample ID :EPB-137A
Data File : EPB-137A.lcd
Batch File : BATCH150309.Icb
Vial# 17
Injecti o Volume 17 O\\//o 0
Method File : Basicmethod2-25min.lcm S
Date Acquired : 05/05/201S 16:42:35
Date Processed : 09/05/201S 17:09:37
Chromatogram \
EPB-137A EPB-137A.lcd
mAU 193
) 1PDA Muiti 1 210nm,4nm
1 2PDA Muiti 2 215nm, 4nm
] 3PDA Muiti 3 220nm,4nm
2507 4PDA Muiti 4 230nm,4nm
1 SPDA Muiti 5 245nm,4nm
200
150+
1004
50+
. | S
T T L B e e e S e S e e U B e e e
0.0 25 5.0 75 100 125 15.0 175 200 225 250
min
Peak Table
Chl 210nm
Name Peak# Ret. Time Area Aread Mark
16.822 7122653 50.029
2 23.090 7114282 45571
Totall 14236942 100.000
Ch221%nm
Name Peak# Ret. Time Area Aread Mark
16.822 558253 50.051
2 23.090 5571144 45545
Total 1115367% 100.000
PDA Ch3 220nm
Name Peak# Ret. Time Area Area% Mark
1 16.822 391032¢ 50.045
2 23.090 39027 45951
Totall 781303 100.000
PDA Ché 230nm
Name Peak# Ret. Time Area Area¥ Mark
16.822 2105448 50.152
2 23.0%0 2092648 49,848
Total 4192096 100.000
PDA ChS 245nm
Name Peak# | Ret Time | |_Mark |
1 16.822 367109, 49,891
2 23.090 - 50.108
Totall 735817 100.000
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Chiral HPLC Analysis

Sample Name :EPB-1378
Sample ID : EPB-1378
Data File : EPB-1378.lcd
Batch File : BATCH1S0303.Icb
Vial# :13
Injecti @ Volume 17 \/O O
Method File : Basicmethod2-25min.lcm \S/
Date Acquired :05/05/2015 17:13:03 WY
Date Processed :10/05/2015 09:21:23
Chromatogram \
EPB-137B EPB-137B.Icd
mAU (R)-193
1 1PDA Muiti 1 254nm,4nm
1 2PDA Muiti 2 279nm,4nm
7 3PDA Muiti 3 260nm,4nm
300+ 4PDA Muits 4 240nm 4nm
4 SPDA Muiti 5 270nm,4nm
200
100
T B e e e e e S S S e S e e e e S S S 1T T
0.0 25 5.0 75 100 125 15.0 175 200 225 250
min
Peak Table
PDA Chl 254nm
Name Peak# Ret. Time Area Area% | Mark
1 16.723 8818932 44.805] M
2 22.872 10863775 55.195| M
Totall 19682707 100.000
PDA Ch2 279nm
Name Peak# Ret. Time Area Area% Mark
1 16.724 1773230 45.060
2 22.873 2162031 54.540
Totall 3935260 100.000
PDA Ch3 260nm
Name Peak# Ret. Time Area Area Mark
1 16.723 6815703 45121
2 22.872 8289558 54 875
Totall 15105261 100.000
PDA Chd 240nm
Name Peak# Ret. Time Area Area’ Mark
1 16.723 6283244 45.111
2 22.873 7645044 54.88%
Tota 13528288 100.000
ChS 270nm
Name Peak# | Ret Time Area Mark
1 16.724 370293 45234
2 22.873 86973 54766
Totall 524002 100.000
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Chiral HPLC Analysis

Sample Name : EPB-138A-2-RAC
Sample ID : EPB-138A-2-RAC
Data File : EPB-138A-2-RAC00L.Icd
Batch File : 220820189 batch.Icb
Vial# :8
Injecti @ Volume :5 00 O
Method File : Basicmethod2-25min.lcm Y4
Date Acquired : 06/05/2015 23:35:26 S
Date Processed :05/05/2015 12:35:44
Chromatogram \
EPB-138A-2-RAC EPB-1338A-2-RAC001.Icd
mAU 194
1 1PDA Muiti 1 210nm, 4nm
30 2PDA Muiti 2 215nm, 4nm
| 3PDA Muiti 3 220nm,4nm
4 4PDA Muits 4 205nm, 4nm
| SPDA Muiti 5 217nm,4nm
20+
10+
0 ——— e
| r hag e e ———————————
————— T T T T T T T T T
0 5 10 15 20 25 30
min
Peak Table
PDA Chl 210nm
Name Peak# Ret. Time Area Area% Mark
15.519 478371 45914
2 16.957 480618 50.086| V
Total 959588 100.000
A Ch2 215nm
Name Peak# Ret. Time Area Aread Mark
1 15.519 267218 45993
2 16.957 267292 50.007
Totall Q 100.000
PDA Ch3 220nm
Name Peak# Ret. Time Area Area’ Mark |
1 15.520 114637 50.086
2 16.996 114243 45514
Totall 228830 100.000
Cha 205nm
Name Peak# Ret. Time Area Area¥ Mark
1 15.519 299 49.854
2 16.996 336 50.146| V
Total 1263574 100.000
PDACRS 217nm
Name Peak#t | Ret Time A Areate | Mark |
1 519 93969 49935
2 997 94473 50.065
Totall 388442 100.000
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Chiral HPLC Analysis

Sample Name : EPB-1288
Sample ID : EPB-1388
Data File : EPB-1388.1cd
Batch File : 22082018 batch.lcb
Vial# :14
Injecti o Volume 17 O\\ //O Q
Method File : Basicmethod2-25min.lcm S \\”\
Date Acquired : 06/05/2015 19:45:43 “
Date Processed :05/05/2019 15:06:19
Chromatogram \
EPB-1388 EPB-138B.lcd
mAU (R)-194
| 1PDA Muiti 1 210nm,4nm
ol 2PDA Muiti 2 214nm,4nm
] 3PDA Muiti 3 220nm, 4nm
] 4PDA Muiti 4 217nm, 4nm
4 SPDA Muiti 5 205nm,4nm
75+
50
25+
0 ) T
e e IS S S s S e s S S S e e e S AN s e e
0 5 10 15 20 25 30
min
Peak Table
PDA Chl 210nm
Name Peakdt | Ret.Time | Area | Area% | Mark
1 15.455 1146211 35.595
2 16.923 1748620 60.405
Totall 2894831 100.000
PDA Ch2 214nm
Name Peak# Ret. Time Area Area’ Mark
1 15.455 744319 39.637
2 16.930 1133519 60.363
Total 1877838 100.000
PDA Ch3 220nm
Name Peak# Ret. Time Area Area’ Mark
1 5,495 272001 39.598
2 5.931 4143038 60.402
Totall 686903 100.000
PDA Chd 217nm
Name Peak# Ret. Time Area Area’ Mark
1 15.455 464432 39.617
2 16.930 707863 60.383
Total 1172294 100.000
PDA ChS 205nm
Name Peak#t | Ret. Time Aread Mark |
1 495 1505581 38.73
2 929 2283353 60.2
Total| 3788934 100.000
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Chiral HPLC Analysis

Sample Name : EPB-143A
Sample ID : EPB-143A
Data File : EPB-143A.Icd
Batch File : BATCHO21019.Icb
Vial# i 4 O
Injecti @ Volume :5 \/
Method File : Method_181214 lcm S
Date Acquired : 15/10/2015 14:34:06
Date Processed : 15/10/2019 15:05:00
Chromatogram \
EPB-143A EPB-143A.Icd
mAU 195
4 1PDA Muiti 1 205nm,4nm
2PDA Muiti 2 210nm,4nm
3PDA Muiti 3 215nm, 4nm
4PDA Muiti 4 203nm,4nm
SPDA Muiti 5 213nm, 4nm
50
25+
. A —
LB S o e e e e e S S S S e S s S S e S e S e e e o e
0.0 25 5.0 75 100 125 15.0 175 225 250
min
Peak Table
PDA Chl 205nm
Name Peak# Ret. Time Area Areat Mark
1 10.454 863172 48.302
2 12.669 923864 51.698
Totall 1787035 100.000
Ch2210nm
Name Peak# Ret. Time Area Area’ Mark
1 10.454 665175 48274 M
2 12.669 712730 51726 M
Tota 1377905 100.000
Ch321%nm
Name Peak# Ret. Time Area Area’ Mark
1 10.454 381893 45287 M
2 12.668 392934 50.713] M
Totall 774827 100.000
Cha 203nm
Name Peak# Ret. Time Area Area’ Mark
1 10.454 821947 483355
2 12.670 878559 51.665
Tota 1700506 100.000
PDAChS 213nm
Name Peak# Ret. Time Area Area’ Mark
1 10.454 501154 47.948
2 12,668 544054 52.052
Totall 1045208 100.000
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Chiral HPLC Analysis

Sample Name : EPB-1438
Sample ID : EPB-1438
Data File : EPB-143B.1cd
Batch File : BATCHO21015.1cb
Vial# :15
Injecti @ Volume :5 O\\ //O 0
Method File : Method_131214 Icm S W
Date Acquired :15/10/2019 20:36:01 *
Date Processed :16/10/2015 08:15:11
Chromatogram \
EPB-143B EPB-143B.Icd
mAU (R)-195
60- 1PDA Muiti 1 205nm,4nm
R 2PDA Muiti 2 210nm,4nm
) 3PDA Muiti 3 215nm,4nm
J 4PDA Muiti 4 220nm, 4nm
SO-. SPDA Muiti 5 213nm, 4nm
40~
30+
20+
104
o A
— T T —
0 5 10 15 20 25 30
min
Peak Table
PDACh1 205nm
Name Peak# Ret. Time Area Areat Mark
1 0.459 7405 6.523
2 2.626 5887 93.477
Totall 1033292 100.000
PDA Ch2 210nm
Name Peak# Ret. Time Ares Area’ Mark
1 10.501 48652 6.142
2 12.626 743481 93.858
Tota 792133 100.000
Ch3215nm
Name Peak# Ret. Time Ares Area’ Mark
1 10.501 24351 5395| M
2 12.626 426397 94.605
Totall 451347 100.000
Cha 220nm
Name Peak# Ret. Time Area Area¥ Mark
1 0.459 0354 5.234] M
2 2.626 1874 94.766
Total 197 100.000
PDACRS 213nm
Name Peak# | Ret Time Area Area% Mark |
1 0.501 3374 E g_g M
2 2.626 S6 34
Total| 59528¢ 100.000
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Chiral HPLC Analysis

Sample Name : EPB-0S5A-2-RAC
Sample ID : EPB-0S5A-2-RAC-001
Data File : EPB-035A-2-RAC-001.Icd
Batch File : 220820189 batch.Icb
Vial# 110
Injecti @ Volume 12 00 O
Method File : Basicmethod2-25min.lcm N/
Date Acquired :22/08/2015 17:18:28
Date Processed :22/08/2015 17:41:30 0]
Chromatogram
EPB-0S5A-2-RAC EPB-0S5A-2-RAC-001.Icd
mAU 119
] 1PDA Muiti 1 210nm,4nm
. 2PPA Mults 2 205nm, 3nm
] Multi 3 200nm,4nm
20+
15+
10+
5—1
o_
-5
rFvrfrllllirfrflrffryrryrrrrfryrsrrrfresrrJrsyrrryrr7vyrjrvrver
0.0 25 5.0 75 10.0 125 15.0 175 200 225
min
Peak Table
A Chl 210nm
Name Peak# Ret. Time Area Areat Mark
1 19.104 578011 50.418
2 20.896 568425 45.582
Totall 1146436 100.000
PDA Ch2 205nm
Name Peak# Ret. Time Area Areat Mark
1 19.104 720873 50.138 M
2 20.897 716310 49862 M
Totall 1437790 100.000
Ch3 200nm
Name Peak# Ret. Time Area Area’ Mark
1 19.104 599964 45.980|5
2 20.901 600438 50.020
Totall 1200402 100.000
PDA Chd 220nm
Name Peak# Ret. Time Area Area’ Mark
1 19.104 395 50.203
2 20.895 336782 49.797
Totall 76 100.000
PDA ChS 220nm
Name Peak# | Ret Time Area Area’ Mark
1 19.105 99953 50.201
2 20.897 98355 45.799
Totall 98308 100.000
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Chiral HPLC Analysis

Sample Name : EPB-0S58-2
Sample ID : EPB-0558-2-001
Data File : EPB-0558-2-001.Icd
Batch File : 220820189 batch.Icb
Vial# :11
Injecti o Volume 13
Method File : Basicmethod2-25min.lcm
Date Acquired :22/08/201S 20:51:24
Date Processed :24/08/2015 13:45:29
Chromatogram
EPB-0958-2 EPB-0558-2-001.lcd
AU (R)-119
J 1PDA Muiti 1 210nm,4nm
| 2PDA Muiti 2 205nm,4nm
4 3PDA Muiti 3 200nm,4nm
1504 4PDA Muiti 4 220nm,4nm
4 SPDA Muiti 5 230nm,4nm
100
50—
0 1
LB s S S e S SR S e e Y T—r—r—r—r—r—
0 s 10 15 20 25 35 40
min
Peak Table
Chl1210nm
Name Peak# | Ret. Time | Ares | Area% Mark
1 18.937 4142882 91.187
2 20.928 400380 813| V
Total| 4543262 100.000
Ch2 20%nm
Name Peak# Ret. Time Area Area% Mark
1 8.937 5160225 90.656
2 20.928 5318 S. SV
Totall 5692083 100.000
Ch2 200nm
Name Peak# Ret. Time | Area | Area% Mark
1 18.937 42739243 90.953
2 20.920 425358 S.041| V
Total| 4704601 100.000
PDA Chd 220nm
Name Peak# Ret. Time Area Area¥ Mark
1 18.937 2497453 91.047
2 20926 245534 953| V
Total| 2743046 100.000
PDA ChS 230nm
Name Peak# | Ret.Time | A Area Mark |
1 18.937 1458880 91.496] M
2 20.927 135599 504
Total| 1594473 100.000
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Chiral HPLC Analysis

Sample Name : EPB-057-2-RAC
Sample ID : EPB-097-2-RAC-001
Data File : EPB-057-2-RAC-001.1cd
Bztch File : 220820189 batch.Icb
Vial# :14 e)
Injecti @ Volume 03 W
Method File : Basicmethod2-25min.lcm
Date Acquired : 22/08/2019 18:15:25 0]
Date Processed :22/08/2015 18:43:27
Chromatogram
EPB-057-2-RAC EPB-097-2-RAC-001.Icd
mAU 118
75+ 1PDA Muiti 1 205nm,4nm
d 2PDA Muiti 2 210nm,4nm
3PDA Muiti 3 220nm,4nm
4PDA Muiti 4 230nm,4nm
] SPDA Multij$ 240nm,4nm
50+
25+
0 vv —~——
A e e e e e e S S S S S S S e e m e e e e s e e s o e
0.0 25 5.0 75 100 125 15.0 175 200 225
min
Peak Table
PDACh1 205nm
Name Peak# Ret. Time rea Areat ark
1 18.649 29845 50.020
2 21518 2128163 45930] ™M
Totall 4258007 100.000
PDA Ch2 210nm
Name Peak# Ret. Time Ares Area% Mark
1 18.648 1861533 50.345( M
2 21,517 1835750 49651
Tota 3697284 100.000
Ch3 220nm
Name Peak# Ret. Time Area Area’ Mark
1 18.648 1278810 50.23%
2 21,517 1266666 49.761
Total 2545476 100.000
Ch4 230nm
Name Peak# Ret. Time Area Aread Mark
1 18648 78503 50.413
2 21,517 77199 49581
Tota 15570 100.000
PDA ChS 240nm
Name Peak# | Ret Time A Area%¢ | Mark |
1 18.648 M_Qgg M
2 21.517 441 2%%%
Total| 390127 100.000
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Chiral HPLC Analysis

Sample Name : EPB-093-2
Sample ID : EPB-099-2-001
Data File : EPB-099-2-001.Icd
Batch File : 22082019 batch.Icb
Vial# 116
Injecti o Volume 13 \ 7
Method File : Basicmethod2-25min.lcm \S/ ”\
Date Acquired :22/08/2015 22:12:25
Date Processed :22/08/2015 22:52:27
Chromatogram
EPB-093-2 EPB-095-2-001.lcd
mAU (R)-118
100+ 1PDA Muiti 1 205nm,4nm
J 2PDA Muiti 2 210nm, 4nm
1 3PDA Muiti 3 220nm,4nm
4 4PDA Muiti 4 230nm,4nm
E SPDA Muiti 5 240nm,4nm
754
50+
25+
0 _~ _—
1 T T v l T v T ' T v l T v Al l v T I v d ' T v I L T g v '
0 5 10 15 20 25 30 35 40
min
Peak Table
Chl205nm
Name Peak# Ret. Time Area Area’ Mark
1 18.606 2896495 92.992
2 21.653 218268 7.008
Totall 3114763 100.000
Ch2210nm
Name Peak# Ret. Time Area Area’ Mark
1 18.606 2556662 93.212
2 21.657 186173 6.788
Total 27428 100.000
PDA Ch3 220nm
Name Peak# Ret. Time Area Area’ Mark
1 18.606 1713545 93.421
2 21.653 20667 6.579
Totall 1834212 100.000
Chda 230nm
Name Peak# Ret. Time Area Area¥ Mark
1 18.606 1052191 93.398
2 21.655 74370 6.602
Totall 1126561 100.000
PDA ChS 240nm
Name Peak# Ret. Time Area Area’ Mark
1 1 5%_ 592004 93321
2 21657 42802 6679
Totall 640806 100.000
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Chiral HPLC Analysis

Sample Name : EPB-096A-2-RAC
Sample ID : EPB-096A-2-RAC-001
Data File : EPB-096A-2-RAC-001.1cd
Batch File : 22082019 batch.Icb
Vial# :12
Injecti @ Volume 13 O 0 (0]
Method File : Basicmethod2-25min.lcm W/
Date Acquired : 22/08/2019 17:43:55
Date Processed :22/08/2015 18:18:57
Chromatogram
EPB-096A-2-RAC EPB-096A-2-RAC-001.Icd
mAU 123
I 1PDA Muiti 1 250nm,4nm
150_‘ 2PDA Muiti 2 205nm, 4nm
1 3PDA Muiti 3 200nm,4nm
] 4PDA Multi 4 235nm,4nm
125 SPDA Multi 5 220nm,4nm
1005
75+
50
=
o — e
] Ll
———r—— T T —
0 5 10 15 20 25 30
min
Peak Table
PDAChl 250nm
Name Peak# Ret. Time Area Areade Mark
1 18.254 4215101 45.736
2 26.546 4251315 50.214
Totall 8466415 100.000
PDA Ch2 205nm
Name Peak# Ret. Time Area Area’ Mark
1 18.2585 4108553 45.861
2 26.546 4131477 50.138| M
Tota 8240030 100.000
Ch2 200nm
Name Peak# Ret. Time Area Area’ Mark
1 18.2595 3571655 49,555
2 26.547 3635788 50.445] M
Totall 7207443 100.000
Ch4 235nm
Name Peak# | Ret Time Area Area% | Mark |
1 18.254 4961 45.793
2 26.546 2516907 50.207
Tota 5013043 100.000
PDA ChS 220nm
Name Peaké# | Ret Time rea Area’ Mark |
1 18.285 29589 457
2 26.546 72 50.264
Total 3276461 100.000
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Chiral HPLC Analysis

Sample Name : EPB-0968-2
Sample ID : EPB-0968-2-001
Data File : EPB-0568-2-001.Icd
Batch File : 22082019 batch.lcb
Vial# :13
Injecti o Volume 03 ./
Method File : Basicmethod2-25min.lcm ‘o’
Date Acquired :22/08/2019 21:31:55 s
Date Processed :22/08/2015 22:11:57
Chromatogram
EPB-0568-2 EPB-0968-2-001.Icd
mAU (R)-123
4 1PDA Muiti 1 250nm,4nm
2PDA Muiti 2 205nm,4nm
) 3PDA Muiti 3 200nm,4nm
4 4PDA Muiti 4 235nm, 4nm
4 SPDA Muiti 5 220nm,4nm
50
25+
0 ~
7 T v T v l v T l T v ' T v T v ' v T g T l v T v ' v T v T '
0 5 10 15 20 25 35 =2
min
Peak Table
A Chl 250nm
Name Peak# | Ret Time Area Area’ Mark
1 18.348 1849665 42713] M
2 26.593 2430761 57.287| M
Total| 4330426 100.000
PDA Ch2 205nm
Name Peak# Ret. Time Area Area Mark
1 18.348 1836753 42935
2 26.554 2441255 57.065
Tota 4278012 100.000
PDA Ch3 200nm
Name Peak# Ret. Time Area Area% Mark_|
1 18.349 1601216 42.897
2 26.554 2131488 57.103
Total| 3732704 100.000
Chd4 235nm
Name Peak# Ret. Time Area Area¥ Mark
18.348 1096843 42.607
2 26.593 1477463 57.393
Tota 2574312 100.000
ChS 220nm
Name Peak# Ret. Time Area Area’ Mark
1 18.348 717993 42673
2 26.594 964564 57.327
Total| 1682557 100.000
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Chiral HPLC Analysis

Sample Name : EPB-098-2-RAC
Sample ID : EPB-098-2-RAC-001
Data File : EPB-038-2-RAC-001.1cd
Batch File : 220820189 batch.Icb
Vial# :15
Injecti @ Volume :3 OO0 O
Method File : Basicmethod2-25min.lcm N/
Date Acquired : 22/08/2019 18:45:55 S
Date Processed :22/08/2015 19:25:57
Chromatogram
EPB-098-2-RAC EPB-098-2-RAC-001.Icd
mAU 122
1PDA Muiti 1 203nm, 4nm
91 2PDA Muiti 2 230nm, 4nm
75+ 3PDA Muiti 3 220nm,4nm
4PDA Muits 4 210nm, 4nm
SPDA Muiti 5 240nm,4nm
50+
25+
0
L T Y T T ey T vy L T T 1
0 s 10 15 20 25 30 35 40
min
Peak Table
PDA Ch1 203nm
Name Peak# Ret. Time Area Area’ Mark
1 19.340 2601867 49.853
2 32.232 2617187 50.147
Totall 5215054 100.000
Ch2 220nm
Name Peak# Ret. Time Area Areat Mark |
19.339 74353 45,745
2 32.232 581280 50.255
Total 135! 100.000
Ch3 220nm
Name Peak# Ret. Time Area Area’ Mark |
1 19.339|  1618033| 49,889
2 32.231 1625220 50.111
Totall 3243253 100.000
PDA Ch4 210nm
Name Peak# Ret. Time Area Area% | Mark |
1 19.333 4362 50.114
2 32.231 2425208 49.8386] M
Totall 4361504 100.000
ChS 240nm
Name Peak# | Ret Time Area Area’ Mark |
1 19.340 127131 49951
2 32.232 129360 50.045
Totall 2256491 100.000
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Chiral HPLC Analysis

Sample Name : EPB-100-2
Sample ID : EPB-100-2-001
Data File : EPB-100-2-001.lcd
Bztch File : 22082019 batch.Icb
Vial# 018
Injecti o Volume 13 O\\ /,O O
Method File : Basicmethod2-25min.lcm S \l
Date Acquired :22/08/201S 23:33:24 ot
Date Processed :23/08/2015 00:13:26
Chromatogram
EPB-100-2 EPB-100-2-001.Icd
R)-122
mAU ( )
4 1PDA Muiti 1 203nm,4nm
754 2PDA Muiti 2 230nm, 4nm
3PDA Muiti 3 220nm,4nm
) 4PDA Muiti 4 210nm,4nm
1 SPDA Muiti 5 240nm,4nm
50+
25+
0 - AN —A - — -
B e e e e SN B —r—r—T T prp——————
0 5 10 15 20 25 35 40
min
Peak Table
Chl203nm
Name Peak# Ret. Time Area Area% Mark
19.316 2475728 44818
2 32.122 3048262 55.182
Totall 5523983 100.000
PDA Ch2 2230nm
Name Peak# Ret. Time Area Area% Mark
1 19.316 636369 44745
2 32.126 785857 55.255
Total 1422225 100.000
Ch3 220nm
Name Peak# Ret. Time Area Area’ Mark
1 19.315 1522064 44667
2 32.126 1885487 55.333
Totall 3407551 100.000
PDA Cha 210nm
Name Peak# Ret. Time Area Area’ Mark
1 19.315 2299177 44731
2 32.124 2835106 55.219
Total| 5134283 100.000
PDA ChS 240nm
Name Peak# Ret. Time Area Area’ Mark
1 9315 1059602 44668
2 125 1312589 55332
Totall 2372192 100.000
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Sample Name : EPB-155A
Sample ID : EPB-155A
Data File : EPB-155A Icd
Batch File : BATCH251013.Icb
Vial# :2
Injecti @ Volume 17
Method File : Basicmethod2-25min.lcm 0
Date Acquired :06/11/2015 09:13:33 0,0
Date Processed :06/11/2019 09:32:14 \S/
(0]
Chromatogram
EPB-155A EPB-155A.Icd \
mAU 205
] 1PDA Muiti 1 205nm,4nm
E 2PDA Muiti 2 210nm,4nm
150- 3PDA Muiti 3 215nm, 4nm
)y 4PDA Muiti 4 220nm,4nm
] SPDA Muilti 5 225nm,4nm
125+
1004
754
50+
o
o | A _
e B S s S S S s S S S SRR N S e s e p s e T
0.0 25 5.0 75 100 125 15.0 175
min
Peak Table
Chl 205nm
Name Peak# Ret. Time Area Area% Mark
1 842 2475257 45410
2 14510 2534347 50.590
Totall 5009603 100.000
PDA Ch2 210nm
Name Peak# Ret. Time Area Area% Mark
1 1.842 2078273 45.382
2 14510 2130290 50.618
Total 4208563 100.000
PDACRH3 215n0m
Name Peak# Ret. Time rea Area% Mark
1 1.842 61731 45413
2 4510 6557 50.587
Totall 32730 100.000
PDA Chd 220nm
Name Peak# Ret. Time Area Area¥ Mark
1 842 1325361 45434
2 4510 1352997 50.516
Totall 2678357 100.
PDACRS 225n0m
Name Peak# Ret. Time Area% Mark
1 1.842 053979 454
2 4510 0%§ 50 5‘2
Totall 214295 100.000
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Chiral HPLC Analysis

Sample Name : EPB-1558
Sample ID : EPB-1558
Data File : EPB-1558.Icd
Batch File : BATCH251018.Icb
Viak# 14
Injecti o Volume 17
Method File : Basicmethod2-25min.lem oo O
Date Acquired :06/11/2015 10:33:41 N\ |
Date Processed :07/11/201S 10:47:33 S v 0
Chromatogram \
EPB-1558B EPB-155B.Icd
mAU (R)-205
4 1PDA Muiti 1 205nm,4nm
4 2PDA Muiti 2 210nm,4nm
200+ 3PDA Muiti 3 215nm,4nm
4 4PDA Muiti 4 220nm, 4nm
] SPDA Muiti 5 225nm,4nm
1504
100+
50+
o . ‘L A
7 v L v ' v v T T ' T v v r l ¥ r T v l T T v T ' T T T g l T v g T
0.0 25 5.0 75 10.0 125 15.0
min
Peak Table
PDA Chl 205nm
Name Peak# Ret. Time Area Area% Mark
1 .838 3327288 82.030
2 14524 728896 17.570
Totall 4056183 100.000
PDA Ch2 210nm
Name Peak# Ret. Time Area Area% Mark
1 1.838 2834427 82.332] M
2 14524 608273 17.668
Total 3442700 100.000
PDACRh3 215n0m
Name Peak# Ret. Time | Area Area% Mark |
1 838 2192733 82.375
2 4523 46915 17.625
Totall 2661 100.000
PDA Chd 220nm
Name Peak# Ret. Time | Area | Area% Mark
1 838 1737259 82.033
2 4523 380507 17.967] M
Total| 2117766 100.000
PDA ChS 225nm
Name Peak# Ret. Time % Mark_|
1 .82;& 14 82.470
2 4524 . 17.530
Totall 174431 100.000
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Chiral HPLC Analysis

Sample Name : EPB-157A
Sample ID : EPB-157A
Data File : EPB-157A lcd
Bztch File : BATCH251013.Icb
Vial# :4
Injecti o Volume :8
Method File : Basicmethod2-25min.lcm 0
Date Acquired :05/11/2019 12:23:48 g
Date Processed :05/11/2015 13-01:45 S
Chromatogram
EPB-157A EPB-157A.lcd \
mAU 207
253 1PDA Muiti 1 207nm,4nm
E 2PDA Muiti 2 210nm, 4nm
b} 3PDA Muiti 3 213nm,4nm
20— 4PDA Muiti 4 215nm,4nm
- SPDA Muiti 5 217nm,4nm
154
10
~
o —————— ——
e
LB S o S S S S S S S mn e s s e —r—Tr—Tr—r—r—7
0 10 15 20 25 35 40
min
Peak Table
A Chl 207nm
Name Peak# Ret. Time Area Area% Mark
1 13.586 457061 45.834
2 4481 460103 50.166| V
Totall 917170 100.000
Ch2 210nm
Name Peaki# Ret. Time Area Area’ Mark
1 13.586 377951 45844
2 14,480 380320 50.156| V
Totall 758271 100.000
PDACh3 213nm
Name Peak# Ret. Time Area Area’ Mark
1 13.586 294452 45.840
2 14 480 296348 50.160] V
Totall 590800 100.000
PDA Ché 215nm
Name Peak# Ret. Time Area Area’ Mark
1 13.586 230688 49,826
2 14 480 232302 50.174| V
Totall 462991 100.000
PDAChS 2170m
Name Peakd Ret. Time Area Area’ Mark
1 3.586 174343 49,852
2 4481 175991 50.148| V
Total| 350940 100.000
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Chiral HPLC Analysis

Sample Name : EPB-1578
Sample ID : EPB-1578
Data File : EPB-1578.1cd
Batch File : BATCH251019.Icb
Vial# :13
Injecti @ Volume :10 oo O
Method File : Basicmethod2-25min.lcm N7
Date Acquired :05/11/2015 20:56:57 S oy
Date Processed :06/11/2015 07-09:30
Chromatogram \
EPB-157B EPB-157B.lcd
mAU (R)-207
200 1PDA Muiti 1 207nm,4nm
1 2PDA Muiti 2 210nm,4nm
4 3PDA Muiti 3 213nm,4nm
4 4PDA Muiti 4 215nm,4nm
1 SPDA Muiti 5 217nm,4nm
150+
100+
50
0 A A
e T T
0 5 10 15 20 25 30
min
Peak Table
Chl 207nm
Name Peak# Ret. Time Area Area’ Mark
1 13.329 3986333 94.026
2 14,421 253253 5574| V
Totall 4238592 100.000
Ch2 210nm
Name Peak# Ret. Time Area Area’ Mark
1 3.329 3311160 94.0
2 4421 205094 S. v
Total| 3520254 100.
PDACh3 213nm
Name Peak# Ret. Time Area Area’ Mark
1 13.329 2581247 94.067
2 14421 162800 5933|V
Totall 2744047 100.000
Cha 215nm
Name Peak# | Ret Time Area Area¥ Mark
1 13329 1999997 94.732| M
2 14 421 11079 5.262
Total| 2111076 100.000
PDAChS 217nm
Name Peak# Ret. Time Area Mark
1 3.329 1528747 94.066
2 4421 96437 5934| V
Totall 1625184 100.000
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Chiral HPLC Analysis

Sample Name : EPB-155A
Sample ID : EPB-155A
Data File : EPB-1539AIcd
Batch File : BATCHO21019.Icb
Vial# :9
Injecti @ Volume :5 (@]
Method File : Method_131214 Icm Y2
Date Acquired :15/10/2015 17:38:20 S
Date Processed :15/10/2015 18:41:45
Chromatogram
EPB-159A EPB-159A.Icd \
mAU 208
: 1PDA Muiti 1 205nm,4nm
| 2PDA Muiti 2 210nm,4nm
4 3PDA Muiti 3 215nm,4nm
40 4PDA Muiti 4 207nm,4nm
)} SPDA Muiti 5 213nm,4nm
304
20+
10+
. - N
v T L e S e e S S S S B ML S S S e S e e e e s e e S e e e e
0.0 25 5.0 75 100 125 150 175 200 225
min
Peak Table
PDA Chl 205nm
Name Peak# Ret. Time Area Area’ Mark
1 16.349 1025280 50.785] M
2 17.933 597442 45.215| M
Totall 2026722 100.000
Ch2 210nm
Name Peak# Ret. Time Area Area’ Mark
1 16.349 806603 50.793| M
2 7.933 781416 45.207
Total 1588018 100.000
PDACh3 215nm
Name Peak# Ret. Time Area Area’ Mark
1 16.350 476986 50.610] M
2 17.933 465484 45.390
Totall 942470 100.000
PDA Chd 207nm
Name Peak# Ret. Time Area Area’ Mark
16.349 995414 45.733] M
2 17.932 1005856 50.261
Total 2001271 100.000
ChS 213nm
Name Peak# Ret. Time Area Area’ Mark
1 16.349 622847 50.843| M
2 17.933 6021 45.157
Totall 1225032 100.000
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Chiral HPLC Analysis

Sample Name : EPB-1598
Sample ID : EPB-1598
Data File : EPB-1598.1cd
Batch File : BATCHO21019.Icb
Vial# 017
Injecti @ Volume :5 0]
Method File : Method_131214 kcm N\ |
Date Acquired : 15/10/201S 21:06:23 oy
Date Processed :16/10/2015 08:15:51
Chromatogram \
EPB-1598 EPB-159B.Icd
mAU (R)-208
] 1PDA Muiti 1 205nm,4nm
1 2PDA Muiti 2 210nm,4nm
€0 3PDA Mufti 3 215nm,4nm
] 4PDA Muiti 4 207nm,4nm
1 SPDA Muiti 5 213nm,4nm
50+
tt
304
204
107
o —
oy r——r—r—T —T T
0 10 15 20 25 30
min
Peak Table
PDA Ch1 205nm
Name Peak# Ret. Time Area Area% Mark
1 16.287 1435128 65.764
2 17.927 747122 34.236
Total| 2182250 100.000
PDA Ch2 210nm
Name Peak# Ret. Time Area Area’ Mark
1 16.287 1143803 65.899
2 17.927 591882 34.101
Tota 1735684 100.000
Ch3 215nm
Name Peak# Ret. Time Area Area’ Mark
1 16.288 686706 66.028
2 17.928 353314 33972
Total| 1040020 100.000
PDACh4d 207nm
Name Peak# Ret. Time Area Area’ Mark
1 5.288 1385961 65.848
2 7.928 718830 34.152
Tota 2104791 100.000
ChS 213n0m
Name Peak# | Ret Time Area Area Mark
1 16.288 884041 65.966
2 17.928 456100 34.034
Totall 1340141 100.000
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