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Abstract

Development and Application of a New Class of Potent Bifunctional Organocatalysts

Alistair J. M. Farley Wadham College D. Phil. Trinity Term 2015

This thesis describes the development and application of a new class of bifunctional
organocatalysts, incorporating the novel triaryliminophosphorane organosuperbases, for
asymmetric synthesis. This thesis seeks to address some of the limitations of
organocatalysis, namely long reaction times, high catalyst loadings and poor atom
economy was sought. Chapter 2 outlines the design and synthesis of the bifunctional

iminophosphorane (BIMP) catalysts such as 1 which were synthesised on gram scale.

R
- .P(O)Ph
PPN, O - PO / ;/U
1-10 mol% 1 2
1J|\ 2 B — RZ'J\/NOZ N
R R2 MeN02 R1 3 SYNH .
20 examples up to 97% vyield, FsC NH R

up to 95% ee

CFs
Chapter 3 describes the application of the BIMP catalysts to the first general
organocatalytic enantioselective ketimine nitro-Mannich reaction. Twenty ketimines 2
were investigated and the B-nitroamine products 3 were formed in up to 97% vyield and
95% ee. The reaction was demonstrated on a 10 gram preparative scale with 1 mol%

catalyst.

o 0 H \1/ s \/K
0.05-5mol%4  R2 Pho N~ JU N
R2 SH + \)J\OW o R\S/\‘)J\OR1 \n/\” H SPPMP),
5 R R® 7 Ph O
31 examples PMP = p-OMeCgH,4
up to >99% yield and 96 % ee



Chapter 4 describes the first organocatalytic enantioselective sulfa-Michael addition of
alkyl and benzylic thiols 5 to simple a-substituted o,B-unsaturated esters 6. The reaction
required the development of BIMP catalysts such as 4 that incorporated an amide thiourea
H-bond donor group. 31 examples were investigated with quantitative yields and up to
96% ee obtained in the formation of B-mercaptoesters 7. Catalyst loadings as low as

0.05 mol% were achieved on a 100 mmol scale.

Chapter 5 describes some structure and stability properties of the BIMP catalysts. The
work disclosed in chapter 6 demonstrates the rate enhancements of the BIMP catalysts
relative to tertiary amine bifunctional organocatalysts in the key steps of Dixon’s total
syntheses of nakadomarin A. Rate enhancements of up to 1300 times were observed in

related reactions such as the Michael addition of B-amido ester 8 to nitrostyrene 7.

OZN/\/ Ph

Ph 5 o) 0N
) 10 mol% 1 2N
7 O5N > (0]
20 mol% 1 2 S ! - - z
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THF MeOOC | it 4 davs R OR
MeOOC— " “\— 0 : 10 e "
9 ! up to 99% yield
15 minutes, 97% yield | up to 73% ee
8 6.0:1dr, 84% ee !

Chapter 7 describes a miscellany of reactions catalysed by the BIMP catalysts to
demonstrate the efficacy of the new catalysts. The organocatalytic enantioselective
addition of nitromethane to [B-substituted a,p-unsaturated esters 10 such as methyl
crotonate is disclosed with quantitative yields and enantiomeric excesses up to 73%

achieved.
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1 Introduction

1.1 Introduction to Organocatalysis

Chemistry has transformed our way of life over the last hundred and fifty years through
advances in materials and life sciences. To fuel technological growth, chemists continue to
synthesise new and more complex chemical entities. In the pharmaceutical, agrochemical
and fine chemical industries, many final molecules contain one or more stereogenic centres
and methods to generate single enantiomers are central to the synthesis of new target
molecules and the efficiency of individual reactions and processes. Asymmetric synthesis
is regarded as the most valuable method for the preferential formation of a stereoisomer in

a reaction sequence.

O 0]
@) N N 0]
HN NH
O O o O
1 (S)1

(R)- )-
(R)-thalidomide (S)-thalidomide
sedative teratogen

Figure 1 Example of the differing properties of enantiomers.

Up until the 1960s, and owing in large part to the use of thalidomide 1 to alleviate the
onset of morning sickness in pregnant women, very little consideration was made for the
differing effects of enantiomers in a biological organism (Figure 1). Unbeknownst at the
time, only the (R)-enantiomer was effective to this end and tragically (S)-thalidomide was
teratogenic, resulting in appalling deformities in the new-born babies.! Whilst not all
enantiomeric pairs of drug molecules display such dichotomous properties in vivo, a
detailed understanding of the biological properties of the various stereoisomers is
nevertheless required to obtain FDA approval.

Methods to synthesise drug molecules in an enantiopure form are thus paramount.??

Historically, this has been accomplished by chiral resolution or chromatographic

1



separation of the racemic mixtures;*® however, these techniques necessarily suffer from a
detrimental 50% loss of material associated with the undesired enantiomer. Alternatively,
the development of chiral auxiliaries, where a chiral molecule is covalently bound to a
substrate to induce asymmetry and subsequently cleaved to afford the highly
enantiomerically enriched product, greatly contributed to the growth of asymmetric
synthesis.®” Although a highly effective method for the installation of chirality in a
molecule, additional steps in a reaction sequence are required for the installation and
removal of the auxiliary. Moreover, the auxiliary must be used in stoichiometric quantities
and the atom economy of the sequence is poor.

Asymmetric catalysis, where only catalytic quantities of chiral molecules are required to
induce asymmetry in a product, is on the other hand a much more efficient strategy for the
synthesis of enantioenriched molecules. Enzymes — ‘Nature’s catalysts’ — have been
exploited on industrial scale for their ability to impart extraordinary levels of
enantiocontrol during a reaction.>*® The high specificity of enzymes to catalyse a
particular reaction under diffusion control can conversely be an inherent limitation as the
scope of an individual enzyme is generally narrow. Alternatively, the use of transition
metals, in conjunction with a suitable chiral organic ligand framework, is another branch of
asymmetric catalysis that has received tremendous interest from the organic chemistry
community.** In 2001, Knowles, Noyori and Sharpless were jointly awarded the Chemistry
Nobel Prize for their seminal work on catalytic asymmetric hydrogenation and oxidation
reactions. The high catalytic activity of many transition metals have enabled reactions to be
performed with exceptionally low catalyst loadings (0.01 mol% typical) on multi-ton scale
in the synthesis drug molecules.’? However, the use of transition metal catalysts often
requires stringent reaction conditions and can present problems pertaining to the removal

and disposal of trace toxic metal contaminants.



The start of the 21 century has seen asymmetric organocatalysis — the use of small organic
molecules as catalysts — emerge as a new and complimentary area to enzymatic and metal
approaches. Since MacMillan’s conceptualisation of the field in 2000 by coining the term
‘organocatalysis’, research activity into this fundamental area has increased exponentially.
Organocatalysts are generally readily synthesised in just a few steps from commercially
available chiral building blocks and furthermore organocatalytic reactions can be
performed under mild conditions without the exclusion of moisture and atmospheric
oxygen. These advantages, as well as the development of various different classes of
organocatalysts to perform numerous distinct reaction types have resulted in the synthetic
community’s widespread interest in these molecules and their applications.

As early as 1949, Langebeck used ‘organic catalysts’ to describe catalysts that did not
contain metal centres’® and intermittent illustrations of metal-free asymmetric catalysts
have appeared in the literature over the course of the last century. With the benefit of
hindsight, these examples can now be viewed as frontrunners to the field of
organocatalysis. This introduction seeks to provide a brief historical overview in
approximately chronological order of metal-free catalysis and organocatalysis, highlighting
seminal and arguably the most notable advances whilst contextualising the work disclosed

in this thesis.

1.2 Forerunners to Organocatalysis and Founding Examples

The very first example of a metal-free enantioselective carbon-carbon forming reaction
was reported in 1913 by Georg Bredig (Scheme 1a).** Quinine 3, extracted from the bark
of cinchona trees, was demonstrated to impart some levels of asymmetric induction in the
product in the addition of hydrogen cyanide to benzaldehyde 2. Nearly half a century later,

Pracejus described an early example of a metal free catalyst affording significant levels of



enantiocontrol in a reaction. Phenyl(methyl)ketene 5 was treated at low temperature with
methanol in the presence of 1 mol% acylated quinine catalyst 6 to afford the ester 7 in up
to 74% ee (Scheme 1b)."® The enantioselectivity of the product was believed to arise from
preferential protonation of the transient enolate, which was formed by the addition of

MeOH to 5, by the chiral protonated tertiary amine of the catalyst.

a)
OH
4

b)

S
0
Xy Ph
5 N~ 1% ~ Q‘

® 4
+ toluene, -111 °C o H—-NRj3
&
MeOH 7 — =
74% ee Proposed pre-TS

Scheme 1 a) Bredig's hydrocyanation reaction of benzaldehyde; b) Pracejus’ synthesis of 7 catalysed by quinine.

(S)-Proline 8, another small naturally occurring chiral molecule, was highly effective in
catalysing an enantioselective intramolecular aldol reaction of prochiral trione 9
(Scheme 2a). The bicyclic product 10 was formed in a highly impressive 93% ee and was
an extremely useful intermediate in the synthesis of various steroid molecules. The
reaction is believed to occur via attack of the intermediate enamine to one of the prochiral
ketones. Discrimination of the two ketones was facilitated by H-bonding between the
carboxylic acid proton with one of the carbonyls to afford the highly enantioenriched
bicycle 10 in quantitative yield.* This transformation and the related condensation reaction
would later be known as the Hajos-Parrish-Eder-Sauer-Wiechert reaction in recognition of

the contributions of the principal scientists at Hoffmann-La Roche'’ and Schering AG.*
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90 10 OH

100% yield 0
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0] 0]
SH quinine (3) o
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tBu S
11 12 13 Bu
one of 15 examples
62% ee OMe
c)

2mol% 14
©) + toluene ©)\ Bn
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2
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97% ee
Scheme 2 a) The Hajos-Parrish-Eder-Sauer-Wiechert reaction catalysed by proline; b) Hiemstra and Wynberg's

quinine catalysed conjugate addition of thiols to cyclohexenone; c) Inoue’s cyclic peptide catalysed hydrocyanation
reaction to benzaldehyde.

Proposed pre-TS

In 1981, Hiemstra and Wynberg published a comprehensive study on the conjugate
addition of aromatic thiols such as 11 to cyclic enones with moderate to good levels of
enantiocontrol using cinchona alkaloids as catalysts (Scheme 2b).** The authors
demonstrated, for the first time, that the presence of the free hydroxyl moiety was critical
for the enantioselectivity. Furthermore, when the diastereomer of 1, 9-epiquinine, was used
as the catalyst the enantioselectivity was reduced to 18%. The author’s proposed transition
state showed the deprotonated thiol aligned by the tertiary ammonium salt with the
hydroxyl group activating the enone. They postulated that m-m stacking between the
aromatic thiol moiety and the quinoline heterocycle also contributed to the enantiocontrol

in the formation of 13.



In an early example of a metal-free asymmetric catalyst that was designed, Inoue and co-
workers, discovered that the cyclic dipeptide 14 — synthesised by the condensation of L-
phenylalanine and L-histidine — was an effective catalyst in the hydrocyanation of
benzaldehyde (Scheme 2¢).2>** A series of dipeptide catalysts containing the Bronsted
basic imidazole moiety from L-histidine were evaluated in the reaction and the authors
were able to achieve the formation of cyanohydrin 4 in 97% ee with 97% conversion with
just 2 mol% of catalyst. In a working model to explain the observed enantioselectivity,
benzaldehyde interacted through H-bonding interactions with the conformationally rigid
keto piperazine with the sterically bulkier phenyl group pointing away from the concave
face of the catalyst. The nucleophile could then preferentially attack one face of the
aldehyde to afford the enantioenriched product 4.

It was not until the year 2000 however, that the potential of organic molecules as
asymmetric catalysts was realised and that the field of organocatalysis was born. Two
landmark papers set the foundations of enamine and iminium organocatalysis. List and co-
workers demonstrated the generality of enamine catalysis when they performed a proline
catalysed cross-aldol reaction between ketones and aldehydes (Scheme 3a).?® The authors
proposed that the secondary amine catalyst condensed with the carbonyl of 15 to yield the
enamine which then reacted with a non-enolisable aldehyde 16 to afford the a-hydroxy
ketone 17. Furthermore, they proposed that the key carbon-carbon bond forming step
proceeded via a Zimmerman-Traxler-like transition state and the carboxylic acid of the
proline activated the aldehyde, with the bulky substituent sitting in the equatorial position

of the chair transition state.
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Scheme 3 a) List's intermolecular aldol reaction catalysed by (S)-proline; b) MacMillan’s asymmetric Diels-Alder
reaction catalysed by an imidazoline catalyst.

In the same year, MacMillan et al. showed the generality of iminium catalysis as a
complementary use of chiral amines (Scheme 3b).?* The authors reported that the Diels-
Alder cycloaddition between a,B-unsaturated enals such as 18 and cyclohexadiene could be
catalysed with just 5 mol% of imidazoline 20. Condensation of the amine with the enal
afforded the more reactive iminium ion which then readily underwent a cycloaddition
reaction with cyclohexadiene. The authors proposed that the presence of the benzyl group
on the catalyst blocked the Si face of the iminium to attack and allowed the formation of
the product 21 with excellent enantioselectivities and endo selectivity.

These two seminal papers, examples of covalent catalysis, propelled organocatalysis to the
forefront of asymmetric synthesis. The HOMO raising properties of enamine catalysis and
LUMO lowering effects of iminium catalysis have enabled reactions between a plethora of
electrophile/pro-nucleophile combinations where at least one of the reagents is capable of
condensation with the amine catalyst. These include enolisable aldehydes and ketones as

pro-nucleophiles and o,B-unsaturated enals and enones as electrophiles.?>?°



1.3 Non-Covalent Organocatalysis

Non-covalent organocatalysis, primarily achieved through hydrogen bonding, is another
area of research that has greatly contributed to the recent surge of interest in
organocatalysis.”’*° In 1985, early work on H-bond donor catalysis by Hine and co-
workers showed that biphenylenediol 22 catalysed the epoxide ring opening of 23
(Scheme 4a). The authors demonstrated that the diol had the ability to form dual H-bonds
with carbonyl moieties and other Lewis bases in both the solid and solution state.***? The
first catalytic enantioselective reaction using chiral diols was not reported until 2003 by
Rawal et al. who used a TADDOL derivative 27 in the hetero-Diels-Alder reaction
between 26 and 2 with excellent levels of enantiocontrol (Scheme 4b).3® Further catalyst
development led to a range of alternative bis-hydroxyl containing chiral catalysts for a

variety of organocatalytic transformations.?’

a) OH OH
Ph/O\/AO 0.0 O O\H NMe;
"13 15 mol% 22 OH B o= PNl'\\'A';"GZ
Ph/O\)\/NEtZ O ot 2
Et,NH
24 25 Dual H-bond activation
b)

Ar
H — -
TBSO >< \ii OH TBSO Ph
O Ph
.+ Ar Ar | O AcCI,
10 mol% 27 0

<N 2 toluene, -40 °C SN 29
26 =1- L 28 . one of 8 examples
Ar=1-Np 70% yield
99% ee

Scheme 4 a) Biphenylenediol catalysed ring opening of aziridines and evidence for dual H-bonding; b) Rawal’s
TADDOL catalysed hetero-Diels-Alder reaction.

In 1995, Curran and co-workers demonstrated that a N,N’-diphenyl urea 31, an alternative
dual H-bond donor group, could catalyse a Claisen rearrangement of 30 in an early

example of urea catalysis (Scheme 5a).* Evidence of a urea’s ability to form dual H-bonds



with carbonyls had been shown several years earlier by Etter’s crystallographic studies.*
In 2003, Schreiner, a stalwart of thiourea organocatalysis, published a comprehensive
study on the rate enhancements of the Diels-Alder reaction between methyl vinyl ketone
33 and cyclopentadiene by a series of thioureas (Scheme 5b).*® The use of the symmetrical
electron deficient 3,5-(CF3).CgH3 thiourea 35b enhanced the rate of reaction by a factor of

9 relative to an aliphatic thiourea 35a.

a) 0) 0 NO2 NO2
W g 40 mol% 31 Q i o i
P .
80 °C, CeD
Ph 670 Ph RO,C ”J\” CO,R
30 32 31

Kl 5.0 to uncatalysed

R = Cghlr7
1.
R. R
N .
.\ @ 1 mol% 35 / 35a, R = CgHyg
| hexane 35b, R = 3,5-(CF3)2C6H3
/=0
33 34 Kre 8.8 36

Scheme 5 a) Curran's urea catalysed Claisen rearrangement; b) Schreiner’s thiourea catalysed Diels-Alder
reaction.

The 3,5-(CF3),CgH3 thiourea moiety would later emerge as a ‘privileged” H-bond donor
group in organocatalysis (vide infra).>"*® The inductively electron withdrawing
trifluoromethyl groups at the meta position of the aromatic ring increases the acidity of the
protons of the thiourea. Furthermore, hydrogen bonding interactions between the sulfur
thiourea and the proton at the ortho position increases the rigidity of the system
(Figure 2).** The preorganisation of the thiourea reduces the activation barrier for
complexation of Lewis bases through H-bonding as there are fewer conformational degrees
of freedom of the free thiourea. The thiourea moiety can readily be incorporated into a
catalyst by treating an amine with the commercially available 3,5-(CF3),CsH3

isothiocyanate.
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Figure 2 General representation of the 3,5-(CF3),C¢H5 thiourea moiety showing the rigidifying H-bond interaction
between the ortho proton and the sulfur of the thiourea. R represents chiral and achiral structural motifs of
organocatalysts that incorporate the 3,5-(CF;),CgH3 thiourea moiety.

In 1998, when investigating chiral Schiff bases bearing a thiourea as ligands such as 37,
Jacobsen et al. made the unexpected discovery that these were themselves highly
efficacious as catalysts in the asymmetric Strecker reaction to N-allylimine 38
(Scheme 6).** Subsequent investigations expanded the scope of the reaction to include
other imines such as N-benzyl imines and ketimines with slight modifications to the

catalyst structure.***®

\l/ S
H -
2 mol% 37 o Ph _N_ _~. Q
/\/ o ~ v
IN -78 °C, toluene FBC)J\N/\/ \H/\” ”
J. then TFAA : ° 4 NS
N
3g HCN Ph73 CN HO

one of 6 examples
78% yield, 91% ee Bu OMe

Scheme 6 Jacobsen's initial Schiff base thiourea catalysed hydrocyanation of N-allyl imines.

A range of catalysts, all containing the amide-thiourea moiety were found to catalyse the
addition of a range of pro-nucleophiles to imines such as phosphites,*” silyl-ketene
acetals*® and nitroalkanes.* The reactions are believed to all occur via H-bond activation
of the imine by the thiourea moiety and recently related catalysts were shown to be
effective in the acyl-Pictet-Spengler,®® acyl-Mannich® and Cope-type hydroamination

reactions.>

1.4 Tertiary Amine Brgnsted Base H-Bond Donor Bifunctional Organocatalysis

The aforementioned catalysts are efficacious in reactions where activation of the
electrophile through hydrogen bonding interactions is sufficient to allow product formation
via a ‘pull’-type mechanism. There are reactions, however, that also require activation of
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the pro-nucleophile, for example by deprotonation.>® To address some of the reactivity
issues, Takemoto et al. reported the first example of an explicitly designed bifunctional
thiourea catalyst 42 bearing a tertiary amine and the 3,5-(CF3),C¢H3 thiourea moiety in the
addition of diethylmalonate 40 to nitro-olefins such as nitrostyrene 41 (Scheme 7).>*

CF3

S
e NS
FsC NJ\N\‘

EtOMOEt H H o O
40 10mol% 42 ~ >
+ EtO OEt
toluene, rt, 24 h NO,
NO Sk Ph
P X NO2 43

41 1 of 8 examples
86% yield, 93% ee
Scheme 7 Takemoto's conjugate malonate Michael addition to nitro-olefins catalysed by bifunctional catalyst 42.

The catalysts act by simultaneously activating the electrophile by H-bonding interactions
and the pro-nucleophile by deprotonation; control experiments demonstrated that the
presence of both functional groups was critical to achieve enantioselective catalysis. The
authors postulated that the nitro-olefin is bound to the thiourea in the transition state, thus
activating it towards nucleophilic attack. The tertiary amine deprotonates the pro-
nucleophile to afford the enolate which can then preferentially attack one face of the
electrophile (Figure 3a). In later computational studies, So6s and Papai proposed an
alternative mechanism whereby the enol is bound to the thiourea by hydrogen bonds and
the tertiary ammonium salt activates the nitro-olefin (Figure 3b).>> The calculations
revealed that in both models, the rate determining step was the formation of the carbon-
carbon bond and that transition state b) was 2.7 kcal/mol lower than that proposed by

Takemoto.
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Figure 3 a) Takemoto’s postulated pre-transition state; b) alternative transition state according to So6s and P4pai.

In Takemoto’s seminal papers on the conjugate addition reactions to nitro-olefins with
catalyst 42 a range of different acidity 1,3 dicarbonyl pro-nucleophiles were added to
nitrostyrene (Table 1).>**® Interestingly, a clear correlation between the acidity of the pro-
nucleophile and the rate of reaction was observed. The Michael addition of malononitrile
(pKa in DMSO 11.1) to nitrostyrene catalysed by 10 mol% was complete in 15 minutes at
room temperature whereas the analogous reaction using acetyl acetone (pK, in DMSO
13.3) as the pro-nucleophile required 1 hour to reach completion (Table 1, entries 1 and 2).
The Michael addition reactions using dimethyl and diethyl malonate, pro-nucleophiles with
pK, values of 15.9 and 16.4 in DMSO respectively, required reaction times of 9 and 24 h to
afford the 1,4 addition products under otherwise identical conditions. Qualitatively, there
appears to be a link between the thermodynamic pK, values and the rate of the conjugate
addition as a more acidic pro-nucleophile will be more extensively deprotonated by the

tertiary amine base and hence the rate of reaction will be increased.
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CF,
40,44-46 10 mol% 42 RIR/ /@\ s
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NO .
toluene, rt Ph 2 FsC N)J\N\
H H
42

Ph/\/NOZ
41 43,47 - 49 N

Pro- _ pPKa Time  Yield ee

BNty Nucleophile  RT (domsoy  Product - pT o yop o
1 44 CN 11.1% 47 025 85% 25

2 45 C(O)Me 13.3%® 48 1 80°° 89

3 46 C(O)OMe  159% 49 9 89°° 86

4 40 C(O)OEt 16.4°8 43 24 86> 93

Table 1 Effect of the acidity of the pro-nucleophile on the rate of the conjugate addition to nitrostyrene catalysed
by 42.

Following Takemoto’s seminal report, various groups have designed alternative tertiary
amine bifunctional catalysts; those derived from cinchona alkaloids are particularly
prominent (Figure 4).>*%® |n 2004, Deng and co-workers developed a quinidine derived
catalyst 51 where the methoxy group of the quinoline heterocycle was substituted with the
free hydroxyl moiety.®® The authors initially applied the catalyst system to the conjugate
addition of malonate esters to aromatic nitro-olefins. The presence of the free hydroxyl
group, which was proposed by the authors to activate the electrophile, was critical for the

formation of the addition product with high levels of enantiocontrol.
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Figure 4 Representative tertiary amine Brgnsted base/H-bond donor bifunctional organocatalysts.

Pedrosa

Hiemstra

In 2005, four research groups independently developed the cinchona derived bifunctional
thiourea organocatalysts such as 53. Sods and co-workers reported the application of the
bifunctional organocatalysts to the Michael addition of nitromethane to chalcone
derivatives with up to 98% ee.®* Meanwhile, Chen et al. applied the catalysts to the
enantioselective conjugate addition of thiophenol to o,B-unsaturated enones and imides.®?
The groups of Connon®® and Dixon® both reported that this class of catalyst was highly
efficacious in the conjugate addition of malonates to nitro-olefins. Analogously to
Takemoto’s work using the cyclohexyl diamine derived bifunctional organocatalyst 42, the
presence of both the Brgnsted base and the H-bond donor group was critical for the
formation of enantioenriched product. The relative stereochemistry of the catalyst was
found to be imperative for the synergistic activation of both the pro-nucleophile and the
electrophile; when the epimer at the C-9 position of 53 was trialled both the
enantioselectivity and reactivity were significantly reduced in the conjugate addition of

malonate to nitrostyrene.®®
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In 2006, Hiemstra et al. disclosed that the cinchona derived thiourea catalyst 52 was highly
effective in the enantioselective Henry reaction of nitromethane to aromatic aldehydes.®
Two years later, Pedrosa and co-workers reported that the conjugate addition of malonate
esters to nitro-olefins could also be effectively catalysed by an alternative tertiary amine
bifunctional thiourea organocatalyst 54 derived from o-amino acids.®

Since the development of these tertiary amine bifunctional thiourea organocatalysts, the
authors and many other research groups have exploited the bifunctional nature of the
catalysts to catalyse numerous asymmetric reactions that include Michael and hetero-
Michael addition reactions,®® 1,2-additions’®"* and desymmetrisations’> amongst others.
Comprehensive reviews on the development of tertiary amine bifunctional organocatalysts

can be found in the literature and only illustrative examples have been mentioned here.

1.5 Organocatalysts Incorporating Superbases

Tertiary amine Brgnsted base bifunctional H-bond donor organocatalysts have found
tremendous application in expanding the scope of pro-nucleophiles and electrophiles
amenable to asymmetric union. There are however, instances in the literature of catalytic
reactions that use alternative and stronger achiral Brgnsted bases than tertiary amines
(pKgn-+ of triethylamine is 9.0 in DMSO). For example, Kobayashi and co-workers recently
disclosed the conjugate addition of sulfonyl imidate 56 to methyl crotonate 55a using

5 mol% of the organosuperbase, proazaphosphatrane 57 (Scheme 8).”

_SO,Ph g =Py
') N/SOZPh 5 mol% 57 o) NI ISLLJJEIN N'Bu
+ | ~ -
/\)J\o/ \)\0/ 05MDMF O 0 \\ )
rt, 18 h N
55a 56 58 57

78% yield, 1.6:1 dr
Scheme 8 Kobayashi’s conjugate addition of sulfonyl imidate 56 to methyl crotonate in an example of a reaction
that required the use of an organosuperbase to proceed.
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1.5.1 Organosuperbases

The use of the term ‘superbase’ is equivocal with several interpretations; in the textbook,
Superbases for Organic Synthesis,” editor Ishikawa and his co-authors adopt the term
superbase to include compounds with basicities greater than that of proton-sponge® 60
(DMAN). In an earlier report, Caubére attempted to impose a definition: "

The term “superbases” should only be applied to bases resulting from a mixing of two (or
more) bases leading to new basic species possessing inherent new properties. The term
“superbase ” does not mean a base is thermodynamically and/or kinetically stronger than

another, instead it means that a basic reagent is created by combining the characteristics
of several different bases.

An illustration of this is the enhanced basicity of DMAN 60 relative to N,N-
dimethylaniline 59 (18.6 vs 11.4 in MeCN, Figure 5).”” Due to unfavourable steric
interactions of the methyl groups the N-lone pairs cannot conjugate as effectively in the
aromatic system and the basicity is also increased due to the cooperative chelating effect of
the two amine bases in close proximity. However, the former definition is of greater

practical use when describing relative basicity strengths.

base 1 + base 2 — superbase
~. \: =7
59 60
proton sponge®
11.4 (2.5) 18.6 (7.5)

Figure 5 Definition of a superbase according to Caubere and enhanced basicity of DMAN relative to N,N-
dimethylaniline; pKgy. Units are given in acetonitrile (and in DMSO).

Amidines and guanidines are the most commonly employed superbases and have been
found in a variety of natural products.”® Their exact basicity varies according to the
substituents they possess but a representative example of each is given in Figure 6 (62 and
63 respectively). The enhanced basicity with respect to tertiary amines is due to increased
resonance stabilisation of the protonated amidinium or guanidinium cation from the
additional nitrogen lone pairs.
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O Q fxﬁ e v,

NM62
64
DBU MTBD P,-Bu
18.82 24.34 25.49 26.98

Figure 6 Representative examples of common organosuperbases with pKgy. values in MeCN. Triethylamine is
included for comparison.

An example of a P1-phosphazene 64 is also given in Figure 6 which was introduced in the
1970s and subsequently expanded in the 1980s by Schwesinger.” Phosphazenes are
inherently more basic than amidines and guanidines and their basicities can be increased
further by the addition of other phosphazene units (Figure 7).2° The basicity increases

significantly as the number of N atoms increases in the molecule.

ItBu
tBu Bu Bu NMe; N NMe,
\ N NMe, NMe, II\IJ NMe, Me,N—P=N-P-N=P—NMe,
Me,N—P-NMe, Me,N— I? N= |? NMe, Me,N— I? =N-P-N= ||D NMe, NMe; NMe,
NMe, NMe, NMe, NMe, Nl\/le2 NMe, Me,N—P—NMe,
64 64a 64b 64c rluvle2
P1 P2 P3 P4
26.98 33.49 38.6 427

Figure 7 Higher order phosphazenes with pKgy. values given in acetonitrile.

As a result of phosphazenes being non-nucleophilic and hydrolytically stable strong bases,
they have found use in a wide range of reactions.®* Much attention has been devoted to the
design and synthesis of novel superbases including proazaphosphatrane (Verkade)
bases 65,%% cyclopropenimine® 66 and N,N’-bis(imidazolyl)guanidine (BIG) 67 bases

(Figure 8).%°

NBu Pr
PN NP JNPr N PrN
A NS /L

" \ )
ProN NPr.
2 2 ’Pr Pr

proazaphosphatrane cyclopropenimine N,N'-bis(imidazolyl)guanidine
65 66 67
29.0 26.9 29.2 (THF)

Figure 8 Miscellaneous organosuperbases with pKgp. values given in MeCN (or THF).
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1.5.2 Asymmetric Organocatalysis with Organosuperbases

Recognising the importance of superbases, several research groups successfully
incorporated an organosuperbase into a chiral scaffold to afford effective asymmetric
organocatalysts (Figure 9). The most prevalent superbase incorporated into organocatalysts
are guanidines.®® In 1999, Corey described bicyclic guanidine 68 as an effective catalyst in
the asymmetric Strecker reaction.’” The guanidinium salt, formed by deprotonation of the
pro-nucleophile, is postulated to act as an effective H-bond donor group.®® Tan et al.
demonstrated that a similar C2 symmetric guanidine 69 acted as a bifunctional catalyst in

the conjugate addition of a-fluoro-p-ketoesters to N-alkyl maleimides.®

Ph Ar
H
—(\N” N OH N
R R
N/I*N A N
H MeN~ "NMe H
)—/.,/ Ar

Ar = m,m-(DBP)2C6H3

=N

68, R = Ph, Corey 70 71
69, R = Bu, Tan Ishikawa Terada
s HN  HN
A )J\ o~ A A = 7N\
N N~ \ N H—N
H H / @O\
Ar = 3,5-(CF3),CgH ©)
( 3)2 6Hs3 OTF
72 73
Nagasawa Johnston

;Me ME[ ijoH C /&n ;3

I PN
. N~
A Ph" K{ H’N;/‘\Ph
R = jBu, Ar= p-FCeH4 Cy,N NCy, Ph Ph

74 75 76
Ooi Lambert Terada

Figure 9 Representative chiral superbase organocatalysts.

Ishikawa, an early proponent of chiral superbases, developed a bifunctional chiral

guanidine 70 with a hydroxyl group as the key H-bond donor group in the addition of
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glycine imine to acrylic esters.”®®* Terada et al. designed an axially chiral guanidine 71 as
an effective catalyst in the conjugate addition of malonates to nitro-olefins.®? The authors
were able to demonstrate the applicability of their catalyst in a range of other
transformations such as the asymmetric Henry reaction with benzaldehydes,® the aldol
reaction between furanones and aldehydes® and a-amination of a-ketoesters.”

Nagasawa and co-workers disclosed that a bifunctional catalyst 72 bearing a guanidine
moiety as Brgnsted base and two thioureas as H-bond donor groups was effective in
catalysing the Mannich reaction between N-Boc imines and malonates.” The catalyst was
also able to promote the 1,4-type Friedel-Crafts reaction between phenols and
nitroolefins.”’

Johnston et al. reported that a bisamidine salt 73 was effective in the nitro-Mannich
reaction between a range of aromatic N-Boc aldimines and nitroalkanes.”® A later report
from the same authors described that the basicity of the amidine catalyst could be enhanced
by the addition of electron donating groups to the aromatic ring, increasing reaction rates
in the nitro-Mannich reaction.*® In 2007, Ooi and co-workers disclosed the first chiral P-1
phosphazene possessing a P-spirocyclic structure 74 as an effective organocatalyst in the
Henry addition of nitroalkanes to a range of aldehydes with excellent levels of diastereo-
and enantiocontrol.®® The same catalyst system has found subsequent applications in a
range of other reactions such as the enantioselective hydrophosphonylation of aldehydes

101

and dimethylphosphite,®* the addition of azlactones to imines'® and in conjugate additions

to activated o,B-unsaturated esters.*%>%4
Since the commencement of the DPhil project, two research groups reported the
development of new classes of asymmetric organocatalysts incorporating superbases. In

2012, Lambert et al. published the use of chiral cyclopropenimines bearing a hydroxyl

group such as 75 as highly effective catalysts in the enantioselective conjugate addition of
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glycine imines such as 77 to acrylates.®* The authors proposed that the increased basicity
of cyclopropenimines relative to guanidines was responsible for the observed enhanced
rate of reaction for the cyclopropenimine catalyst relative to Ishikawa’s chiral guanidine

catalyst 70 in the conjugate addition reaction of 77 to 78 (Table 2).

t 5 Ph\r/ NYCOZtBu
Ph\r/N - CO2Bu . \)J\ catalyst 70 or 75 . pn =
Ph OMe neat, rt j/\
0~ _"OMe
77 78 79
Loading : o o
Entry Catalyst pPKgH+ Imol% Time Yield/ % ee /%
1 70 23.56° 20 3 days 98 93
2 75 26.9° 10 5 min 99 91

Table 2 Addition of glycine imine 77 to methyl acrylate catalysed by 70 or 75 with comparative pKgy. values
included in MeCN of structurally related achiral superbases; ? pKgy. of BTMG; ° pKgy. of 66 (Figure 6).

The subsequent year, the authors demonstrated that their cyclopropenimine catalyst was
also able to promote the Mannich reaction between N-Boc protected imines and glycine
imines on gram scale with excellent levels of stereocontrol.'® The mechanism of the
conjugate addition to acrylates was probed from both a kinetic and computational
perspective and a comprehensive screen of catalysts was performed. '’

In another recent report on chiral organosuperbases, Terada described the enantioselective
a-amination of cyclic ketones using a bis(guanidino)iminophosphorane catalyst 76, in a
catalyst design incorporating the salient structural features of Ooi’s P1-phosphazene

catalyst.*®

1.6 Limitations of Tertiary Amine Bifunctional H-Bond Donor Organocatalysis and
DPhil Aims

The field of organocatalysis has advanced tremendously since its inception with the
rational design of new catalysts enabling the discovery of numerous novel asymmetric

transformations. The historical examples of metal-free catalysts predominantly used single
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enantiomer natural products such as quinine to catalyse a reaction. Over the last decade,
with the development of effective H-bond donor groups such as the thiourea, many new
organocatalyst designs feature these with a chiral backbone derived from a natural product
or other readily available chiral building block. These bifunctional Brgnsted base H/bond
donor catalysts include structures such as Takemoto’s cyclohexyl diamine derived catalyst
42 and the cinchona alkaloid thiourea catalysts such as 53 (Figure 4). The catalysts
typically include a tertiary amine as the Brensted base and have been broadly effective in a
range of transformations (vide supra).

We recognised however, that there were instances in the literature where some limitations
of tertiary amine Brgnsted base H-bond donor catalysts became apparent. Long reaction
times (1 — 2 days) and high catalyst loadings (10 — 20 mol%) are typical and therefore from
an industrial perspective, addressing these considerations would be highly beneficial in
order for organocatalysis to be used as a widespread green technology. One example that
particularly drew our attention was work published within the Dixon group where the
authors investigated the conjugate addition between p-amido ester 80 and nitrostyrene 41
using a cinchona derived bifunctional thiourea catalyst 53 (Scheme 9a).2% The reaction
required 20 mol% catalyst and a 14 day reaction time to afford the Michael adduct 81 in
good yield and enantioselectivity at —20 °C. The authors also reported that the reaction to
synthesise rac-81 with 20 mol% DABCO, an achiral tertiary amine base, at room
temperature necessitated a three day reaction time. This reaction is therefore an example
where the Brgnsted base bifunctional H-bond donor catalysts were operating at their limits
of reactivity. A possible explanation for the low reactivity observed in this reaction under
tertiary amine catalysis is the relatively high pK, value of 80. In Takemoto’s seminal
papers on the conjugate addition of 1,3-dicarbonyls a correlation was observed between the

acidity of the pro-nucleophile and the rate of reaction (vide supra). Therefore if the pK,
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value of the pro-nucleophile is too high for the pKgy.+ Of the Bragnsted base of the catalyst
the reaction will proceed much slower. Although, the exact pK, value of 80 is unknown it
can probably be reasonably estimated at around 18 in DMSO, similar to that of f-
ketoamides and therefore is an example of a low acidity pro-nucleophile that is just in

range of tertiary amine bifunctional organocatalysts.

a)
Ph
O.N" ™% Ph
A !
, " ~
MeOOC 14 days MeOOC
80 N\ 81 O
(@) 92% vyield
5.25:1 dr, 92% ee
b) 0
0] O o
82 OfBu 10 mol% 84 ©:/§)\Ot8u
—_—— /

CH,Cl,,

+
Q -20°C,2h k’&o
\)\XR 85
83

XR

83% yield, 96% ee

XR = S(1-naphthyl) one of 14 examples

Scheme 9 a) Conjugate addition of cyclic p-amido ester 80 to nitrostyrene catalysed by cinchona derived
bifunctional thiourea catalyst 53; b) addition of p-ketoester 82 to a,B-acrylic ester 83 catalysed by 10 mol%o 84.

In a separate publication, the Dixon group also inadvertently highlighted another limitation
of tertiary amine Brensted base bifunctional organocatalysts when they reported the
conjugate addition between various B-ketoesters such as 82 and activated acrylic ester
derivatives 83 (Scheme 9b).'° The reaction proceeded smoothly to afford the Michael
adduct 85 bearing a fully substituted carbon atom in good yield and with excellent levels of
enantiocontrol in just two hours. For the reaction to proceed however, it was necessary to
use an activated acrylic ester derivative. Moreover, the use of activated esters reduces the
atom economy of the transformation and additional steps are required for their installation

and removal. In an initial screen of reactivity using DABCO the authors found that the
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Michael addition did not occur with ethyl acrylate 86 as the electrophile even after 7 days
at room temperature. However, when the ester group was substituted to an aryl thioamide

moiety, the reaction was complete in just 30 minutes (Table 3).

Entry  Electrophile XR Time? Conversion/ %
1 83 S(1-naphthyl) 30 min >05
2 86 OEt 7 days 0

Table 3 Select examples of Rigby and Dixon’s reactivity study in the optimisation of the Michael addition of 82 to
a,p-unsaturated esters; reactions were performed with 10 mol% DABCO at rt (Scheme 9b).

Additionally, a closer inspection of pro-nucleophiles/electrophile combinations reported in
the literature highlighted that only the most reactive combinations were amenable to
asymmetric union under tertiary amine Brgnsted base bifunctional H-bond donor catalysis.
Aldimines 87, imines derived from aldehydes are used routinely whereas additions to
ketimines are much less prevalent (Figure 10). Nitro-olefins 88 are excellent Michael
acceptors that have been used extensively with a wide foray of pro-nucleophiles. Other
electrophiles such as enals and enones (89) have also been utilised due to their relatively
low lying LUMO. In addition, the carbonyls of these electrophiles readily undergo
condensation with primary and secondary amines making them amenable to iminium
catalysis. Addition reactions to low energy electrophiles such as o,-unsaturated esters, on
the other hand are much more challenging due to the mesomerically electron donating OR
group. Iminium catalysis is not viable for these electrophiles and to address the poor
reactivity, ester surrogates such as imides 90a, oxazolidinones 90b, N-acyl pyrroles 90c or
thioamides 90d have been utilised. Additional steps, however, are required in a synthesis
for their installation and removal. Extending the range of electrophiles amenable to
organocatalysis to include simple a,B-unsaturated esters such as acrylic, methacrylic and
crotonic esters and other feedstock chemicals would represent significant progress in the

field of asymmetric catalysis.
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Figure 10 Examples of prevalent electrophiles in organocatalysis.

In a similar vein, only relatively high acidity pro-nucleophiles are amenable to tertiary
amine bifunctional organocatalysis (Figure 11). The pK, value of the carbon or hetero-
centred acid must be appropriately matched to the pKgy+ of the catalyst. Therefore pro-
nucleophiles such as acetyl acetone and other 1,3 di-carbonyls are commonly used whereas
high pK, carbon centred acids such as the solvents ethyl acetate and acetonitrile with pK,
values in DMSO of 29.5 and 31.5 respectively require inorganic bases to be deprotonated.

NC._CN j\/ﬁ\ U —NO, )?\ )?\ —CN
e B0 " ~OEt OFt

44 91a 91b 91c 91d
11.1 13.3 16.4 17.2 26.5 29.5 31.3

Figure 11 pK, values in DMSO of a range of carbon centred acids.>"%8'2 The pKg,,, value of triethylamine is 9.0
in DMSO.**

One solution to address the limits of reactivity of bifunctional organocatalysts is to
consider catalyst designs that incorporate alternative Brgnsted bases to tertiary amines such
as superbases (Figure 12). Several groups have successfully used chiral organosuperbases
such as guanidines, P-1 phosphazenes and cyclopropenimines as effective organocatalysts
(Figure 9) although arguably these catalyst designs do not allow for ready tunability and

library generation which would facilitate catalyst optimisation.
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Figure 12 Schematic of the evolution of bifunctional organocatalysis and proposed design of new organocatalysts
containing an organosuperbase; SB represents a superbase.

For several years the Dixon group explored the incorporation of an organosuperbase into a
chiral scaffold in an attempt to synthesise superior organocatalysts to tertiary amine

Bransted base organocatalysts (Scheme 10).***

A late stage generation of the Bronsted base
was beneficial to avoid handling of the strongly basic compound and therefore the
Staudinger reaction between azide 92 and tris(dimethylamino)phosphine 93 to afford a

chiral P-1 phosphazene 94 was chosen.

~
o~ . 0
N\ H
N\ H
= o N NG =
N3 X ,l] toluene, heat r}ll | X
| NN " N/P P
e N
92 SN 93 Vie,N NMe;” 94
0 O o
e) §02Mes M
N THF, rt OBu
OtBu 48 h

MesO,SHN™ 96

85% conv, 31% ee

Scheme 10 Synthesis of a chiral P-1 phosphazene 94 via the Staudinger reaction and evaluation in the
enantioselective ring opening of aziridines.

The P-1 phosphazenes were catalytically active in the ring opening of aziridines such as 95
using 82 as a pro-nucleophile, a reaction that required the use of superbases to proceed and
afforded the product in moderate levels of enantiocontrol. The synthesis of the P-1
phosphazenes was, however, challenging as the Staudinger reaction required prolonged

heating. Therefore the generation of a library of catalysts that incorporated a H-bond group
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and the P1-phosphazene would be problematic. Although this catalyst design was
promising, the difficulties associated with the synthesis of the superbase led us to consider
alternative Bransted bases.

We believed, therefore that a new class of catalyst that successfully incorporated an
effective hydrogen bond-donor group and an organosuperbase which demonstrated good
reactivity across a wide-ranging spectrum of transformations, would be a notable and
powerful contribution to the field of bifunctional organocatalysis. A modular catalyst
design with a late generation of the Brensted base to minimise difficulties working with
highly basic moieties was desirable. Ready tuning of the catalyst pKgy+ to match the
acidity of the pro-nucleophile would be advantageous. Furthermore, the modular design
would facilitate the generation of a catalyst library to expedite catalyst optimisation.

The broad aims of this thesis were, therefore, to design a new class of bifunctional
organocatalysts and assess their performance in a variety of reactions. More specifically,
we sought to apply them to the asymmetric union of new and challenging pro-
nucleophile/electrophile combinations such as reactions involving ketimines and simple
a,B-unsaturated esters. A primary objective throughout this DPhil was to demonstrate the
applicability of the organocatalysts on preparative scale with the focus on minimising
reaction times and catalyst loadings which are two of the primary limitations of Brgnsted
base bifunctional H-bond donor organocatalysts. Finally, establishing a catalyst library that
encompassed a broad range of structural diversity would facilitate catalyst optimisation in

reactions of interest.
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2 Concept, Design and Synthesis of a New Class of
Organosuperbase Catalysts

2.1 Concept of Bifunctional Iminophosphorane Catalysts

From the onset, our catalyst design incorporated a strong Brgnsted base with a H-bond
donor group linked via an appropriate chiral scaffold. We also recognised that a late stage
generation of the Brgnsted moiety would be beneficial, as this would greatly simplify the
synthesis, purification and handling of these strongly basic compounds. Building on the
prior work in the Dixon group on chiral superbases and the synthesis of P-1 phosphazenes
via the Staudinger reaction (Scheme 10), we considered triaryliminophosphoranes, the
intermediates formed in the Staudinger reaction between an organoazide and a trivalent
phosphine, as the crux of our catalyst design (Scheme 11).

potent bifunctional
organocatalyst?

™ M
5-R Staudinger
N N; + P R 2 N :Ns R
EWG™ H reaction EWG™ H P’
-N, IR
variable scaffold and variable ‘ H-bond ’ ‘Brznsted
H-bond donor group phosphine donor base

Scheme 11 Concept and design of a new class of bifunctional organocatalysts.

The active bifunctional iminophosphorane (BIMP) catalysts could be readily generated in
one step by treating a chiral azide bearing a H-bond donor group with a trivalent
phosphine. The modular design would allow the ready generation of a library of catalysts

to expedite identification of the optimal catalyst.
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2.2 History of the Staudinger Reaction and Uses of Triaryliminophosphoranes

Hermann Staudinger and Jules Meyer, in 1919, reported the reaction between phenyl azide

115
0,

97 and triphenylphosphine 98 to afford an iminophosphorane 10 in a transformation

that would later be known as the Staudinger reaction (Scheme 12).1161

Ns _No N
Ph—N3 + PPh; — pp” " °N “PPh, -Nz, Ph™ ~PPhs

phosphazide iminophosphorane
97 98 99 100

Scheme 12 Staudinger's seminal report on the synthesis of iminophosphoranes.

Mechanistic studies on the Staudinger reaction revealed that the rate equation is
approximately first order with respect to both the trivalent phosphine 102 and the azide 101
(Scheme 13). Deviations from the second rate order, result from the stability of the
phosphazide intermediate 103 which determines the overall kinetics. The rate of reaction is
dependent on both the electronic and steric properties of the azide, phosphine and the

phosphazide.**®

R' R kN R k |Ry, TR i
\ ® ) + FI’/R _— N:N\ |/R —_— N:P\/ —_— RI /P/R
N=N=N R N=F ! "R -N, SNED
R N==N
101 102 103 104 105

Scheme 13 Mechanism of the Staudinger reaction.

The first step involves the reversible nucleophilic attack of the trivalent phosphorous atom
at the terminal nitrogen of the azide to afford the phosphazide 103. These are generally
unstable intermediates, decomposing with loss of nitrogen to the iminophosphorane via the
4-membered transition state 104 in a 4z electrocyclization and retro [2+2] cycloaddition,
however in particular cases they can be isolated. The rate of thermolysis of the
phosphazide is shown to have little solvent dependency which is consistent with a
pericyclic process.™ Isotopic labelling studies showed that the proximal nitrogen of the
azide to the R’ group remained in the iminophosphorane.'?**** EPR spectroscopy did not

122

reveal the presence of radicals in the rearrangement™“ and importantly the Staudinger
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reaction proceeds with retention of configuration of the phosphorous moiety if the trivalent
phosphine is chiral.*2**2*

Staudinger detected the intermediate phosphazide at very low temperature® but others can
be detected at ambient temperature such as 106 (Figure 13).}%° X-ray crystallography
revealed that the phosphazide 106 is acyclic and the central N-N linker has E-configuration
and partial double bond characteristics.****?" An isolated report described the phosphazides

as less basic than their iminophosphorane counterparts and that protonation occurs at the N

atom adjacent to phosphorous.*?®

O5N
e s
02N N:N\ /N
N=P<
I N
106 [Nj\\/o
O

Figure 13 Example of a stable phosphazide.

There have been numerous reports in the literature of the use of triaryliminophosphoranes
as Lewis bases.'?***° The nitrogen lone pair acts as a two electron ¢ donor and although
iminophosphoranes are relatively labile ligands, they have found uses in a number of metal
catalysed reactions such as hydrogenation,**  cross-couplings’® and olefin
polymerisation.*

Synthetically, the most prevalent occurrence of iminophosphoranes is as an intermediate in
the Staudinger reduction of azides where they are subsequently hydrolysed to the amine
and triphenylphosphine oxide. Another use exploits the strongly nucleophilic character of
the nitrogen ylide of an iminophosphorane which enables it to react with a range of
electrophiles such as carbonyls to form imines via the aza-Wittig reaction.*
Iminophosphoranes have also found applications in bioorganic chemistry in the Staudinger
ligation — a transformation that is becoming increasingly useful in the bioconjugation of

molecules due to its high chemoselectivity and excellent yields in vitro.**>**
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2.3 Determination of pKgy+ Values of Triaryliminophosphoranes

Triaryliminophosphoranes, due to the high energy o donor orbitals of the nitrogen are
effective Lewis bases; however, their ability to act as Brgnsted bases has been much less
explored. To the best of our knowledge there have been no reports of their use as Brgnsted
bases. An isolated report in the literature describing triaryliminophosphorane substituted
proton sponges 107 indicated that triaryliminophosphoranes were stronger bases than
amines (Scheme 14).2¥'*® The authors concluded however, that since the
iminophosphorane moiety decomposed upon removal of the acidic proton, these reagents

would not be synthetically useful.**

- S+ - } S+
~ H L
<y N=PPh <y MEPPhs

B 107a ) ~ 107b )

Scheme 14 Iminophosphorane substituted proton sponge and qualitative basicity measurement.

We initially sought to quantify the basicity of triaryliminophosphoranes and accordingly
synthesised two model iminophosphoranes derived from cyclohexyl azide. Cyclohexyl
bromide 108 was treated with NaN3 in DMSO and then with triphenylphosphine
(Scheme 15). To avoid isolation of the small and potentially explosive azide 109, upon
work up of the Sn2 reaction, the azide was kept in solution and used in situ. The
Staudinger reaction was allowed to occur for 24 h at rt in Et,O and then anhydrous
hydrogen chloride in Et,O was added. The resultant precipitate was collected and purified
by silica gel chromatography to afford 110asHCI in 23% vyield over three steps. The
triphenyl iminophosphorane was stored as the hydrochloride salt due to its increased

hydrolytic stability compared to the free base form. Analogously, the reaction was
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performed using tris 4-methoxyphenylphosphine, a more electron rich phosphine, to afford

the salt 110beHCI in 57% vyield over three steps.'

Br N3 N /PR3 T\]H,’PRS
@ a olln @ c @
R — P — e R —
108 109 110 110+HCI

90
D f@@

(ohe

110a°HCI 110b-HCI
R =Ph R = pOMe(CgHy)
23% over 3 steps 57% over 3 steps

Scheme 15 Synthesis of iminophosphoranes derived from cyclohexyl azide as their hydrochloride salts; a: NaNs,
DMSO, 60 °C, 16 h; b: PPh3 or p-(OCH;CgH,)sP, Et,0, rt, 20 h; ¢: 2 M HCl in Et,0, rt, 1 h.

We elected to use NMR spectroscopy for pK, determination.'*>*** By exploiting the
different chemical shifts of the protonated and free base forms of a Brgnsted base and
using equimolar gquantities of a base of known basicity, the pKgy+ can be rapidly

determined.

[A7][HB] _[A™]?
[HA][B-] [HA]?

HA+ B~

A + HB where K; =

On the NMR timescale the rate of proton exchange is fast and therefore the observed
chemical shift is the weighted average of the free base and protonated forms. This is
represented by the equation 6,,s = x;6; + x,8,, where §; and §, are the chemical shifts
in ppm of the protonated and free base forms and x; and x, are their respective mole
fractions. As x; + x, = 1 the equation can be rewritten as:

Oops = X161 + (1 —x1)6, = 6, +x1(6; — 62)

' The yield of 110a*HCI was calculated from cyclohexyl bromide whereas the yield for 110bsHCI was
calculated based on tris(4-methoxyphenylphosphine) and 2 eq of cyclohexyl bromide was used.
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- (5obs _52)
T (6,6

K; can be represented in terms of the pK, values of the base of known basicity and that of
the unknown basicity.

o 2 AT [BIHT] K,
Y7 [HA]  [HB] K,

~ logK, = logK, — logK,
since pK, = — logK, and pK, = —logK, - pK, = pK, —logK,

2 2
X2 (1—x) :

where K; = — = ————— and pK,, is a known value
X1 X1

The pKgy+ values of many organosuperbases are measured in acetonitrile and therefore ds-
MeCN was used as solvent in the NMR experiments.”” The free base form of the
iminophosphoranes were conveniently generated by stirring the salt at rt with PS-BEMP
for 1 h and then filtering off the polymer supported base to afford essentially pure
iminophosphorane (Scheme 16)." The NMR spectra were measured for both the salt and
free base and compared. The *H NMR shift of the CH adjacent to the iminophosphorane
shifted slightly in the two spectra, as did the **C peak. The difference in the *H NMR
chemical shifts of the CHN=PR3 signal of the salt and free base were 0.16 ppm for 110a
and 0.15 ppm for 110b. The *C signals of CHN=PR; shifted 0.26 ppm for 110a and
0.62 ppm for 110b whereas the difference in the *'P NMR spectra was 26 and 25 ppm
respectively for 110a and 110b. Accordingly, we elected to use the *3C and *!P chemical

shifts to independently determine the pKgy. Of triaryliminophosphoranes.

" The iminophosphoranes partially hydrolysed in the NMR tube (Figure 15b) and trace phosphine oxide was
observable (~10%). Removing the water content from the solvent would increase the hydrolytic stability of
the iminophosphorane. However, no oxide was observed in the spectrum of the salt and less than 0.5% oxide
was present in the pKgy. determination experiment (Figure 15c).
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Scheme 16 Synthesis of free base iminophosphoranes by treatment with PS-BEMP.

The choice of the base of known pKgy. value was important as it needed to be of

comparable strength to that which was being determined and after several trials TMG

(PKen+ in MeCN of 23.3)*3* was found to be ideal."

Entry } 110a-H?fl ; 110b-HC3:
C NMR P NMR C NMR P NMR
Exp.1 22.7 23.0 25.1 24.8
Exp.2 22.8 22.9 25.1 24.9
Exp.3 22.6 23.2 25.2 25.0
Average 22.7 23.0 25.1 24.9

Table 4 Estimated pKgy. values of 110asHCI and 110bsHCI in CD5CN determined by *C and 3P NMR.

" The pKgy. determination experiments were performed in collaboration with Dr M. G. N(fiez.
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Figure 14 Representative P NMR spectra for the determination of the pKgy. of triaryliminophosphorane
110a+HCl in d3-MeCN; a) **P NMR spectrum of 110a-HCI; b) *'P NMR spectrum of 110a (trace phosphine oxide
observable at 25.4 ppm due to partial hydrolysis of the iminophosphorane in ds-MeCN); c) 3P NMR spectrum of
the experiment between equimolar 110asHCI and TMG 112.

The pKgu-+ Of the triphenylphosphine derived iminophosphorane was determined to be 22.7
in acetonitrile and therefore comparable to other organosuperbases such as BTMG and
DBU 62 (Figure 16 and Table 4). Importantly, the pKgy+ of the iminophosphorane was

found to be around 4 orders of magnitude greater than that of triethylamine.
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Figure 15 Representative P NMR spectra for the determination of the pKgy. of triaryliminophosphorane
110bsHCl in d3-MeCN; a) 3P NMR spectrum of 110b*HCI; b) *'P NMR spectrum of 110b (trace phosphine oxide
observable at 25.4 ppm due to partial hydrolysis of the iminophosphorane in d;-MeCN); c) *'P NMR spectrum of
the experiment between equimolar 110b-HCl and TMG 112.

Significantly, when performing the same experiments on the tris(4-
methoxyphenyl)phosphine derived iminophosphorane 110beHCI the pKgp+ value was

found to have increased by two units to 25.0 (Figure 15 and Table 4).“’

v The synthesis of tris(4-chlorophenyl)phosphine derived iminophosphorane of cyclohexyl azide was
attempted but under the described conditions an intractable and insoluble mixture was obtained thus
preventing pKgy. determination experiments.

35
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pKgH+18.82 22.7 23.56 24.34 25.0 26.98

Figure 16 pKgy. of triethylamine and some common organosuperbases. Two novel triaryliminophosphorane bases
are also included.

The ease with which the basicity of the iminophosphorane could be tuned by simply
varying the electronics of the phosphine moiety was extremely encouraging, as fine-tuning
of the catalyst basicity would be beneficial during reaction optimisation. The highly basic
iminophosphorane moiety was readily synthesised in good yields under mild conditions
from an azide and commercially available phosphine. The late stage generation of the
organosuperbase under mild conditions would not only allow for rapid library generation
between a range of azides and phosphines but also alleviate the problems associated with
the purification and handling of highly basic and polar compounds. Thus, a catalyst design
integrating triaryliminophosphoranes as the Brgnsted base appeared to be attractive due to
its modularity and the ready synthesis of triaryliminophosphoranes.

With quantification of the basicity complete, we next needed to incorporate
iminophosphoranes into a chiral scaffold bearing an effective hydrogen bond donor group

and evaluate their performance in a range of asymmetric transformations.

2.4 Design and Synthesis of Bifunctional Iminophosphorane Catalysts

The design of an effective asymmetric bifunctional organocatalyst requires judicious
incorporation of the H-bond donor group and Brgnsted base. Drawing inspiration from
existing tertiary amine bifunctional organocatalyst designs (Figure 4) the recurrent 3,5-
(CF3).CsHs3 thiourea motif was selected as the hydrogen bond donor group. The use of
chiral vicinal 1,2-diamines as a linker between the hydrogen bond donor group and the
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Brensted base predominates the literature. Pedrosa’s bifunctional organocatalyst design 54,
utilising chiral vicinal diamines derived from a-amino acids as the chiral linker between
the base and H-bond donor group, appealed to us due to its simplicity. Our initial catalyst
design is given in Figure 17.

potent bifunctional

Chiral vicinal
organocatalyst? 1 2-diamine
@ derived from L-valine
*
- P,
N
_N ‘Ns _R
EWG™ 'y ?\R  m— SYN\H @
R

F3C N. Organosuperbase
H-bond | [Brensted 114
donor base Pri\éileged H-bond
onor grou
CFs group

Figure 17 |Initial design of a BIMP catalyst incorporating the 3,5-(CF3),C¢H; thiourea and a
triaryliminophosphorane linked by a chiral 1,2-vicinal diamine derived from L-valine.

The BIMP catalyst 114 could be synthesised by the Staudinger reaction between
triphenylphosphine 98 and the chiral azide 115 bearing the 3,5-(CF;3),CgH; thiourea
(Scheme 17). The catalysts could be made in situ by premixing equimolar quantities of the
catalytically inactive azide and phosphine. The catalyst precursor bearing the H-bond
donor could be synthesised from the N-Boc protected amino azide 116 and 3,5-(CF3),CsH3
isothiocyanate. The N-Boc protected amino azide 116 would be readily synthesised from

the a-amino acid L-valine.

SN S _N. O
H H
FsC N\H — F5C N\H = Ng = OH
NHBoc NH,
114 115 116 117
CF4 CF4

Scheme 17 Retrosynthetic analysis of BIMP catalysts.

Structural variations to the catalyst backbone would be facile due to the widespread
availability of many natural and unnatural a-amino acids. In addition, the modular design

of the catalyst would readily allow the generation of a diverse catalyst library. A range of
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azides containing various H-bond donor groups could easily be synthesised from the
common N-Boc protected amino azide 116 with a variety of isocyanates, isothiocyanates

and acid chlorides.

2.4.1 Synthesis of L-Valine and D-Phenylglycine Derived BIMP Pre-Catalysts

L-Valine was reduced to the amino alcohol without racemisation by in situ generated BH3

according to McKennon et al.**

and then the amine was N-Boc protected in 68% vyield
over two steps. Tosylation of the alcohol under standard conditions afforded 118 in 68%
yield and subsequent Sy2 displacement of the tosylate with sodium azide gave the N-Boc
protected amino azide 116 in 51% yield. Removal of the N-Boc group by treatment with
neat trifluoroacetic acid, basification with aqueous sodium hydroxide and then addition to
3,5-bis(trifluoromethyl)phenyl isothiocyanate afforded the thiourea azide 115 in 56% yield
(Scheme 18).

The D-phenylglycine derived precatalyst was synthesised in an analogous manner to the L-
valine precatalyst. The tosylate 120 was synthesised in 48% yield over three steps and was
displaced with sodium azide in 76% yield to afford 121. The catalyst precursor 122 was

synthesised by removal of the N-Boc group and addition to 3,5-bis(trifluoromethyl)phenyl

isothiocyanate in 81% yield.
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Scheme 18 Synthesis of 115 derived from L-valine and 122 and derived from D-phenylglycine. a: NaBHy, I,, THF,
teps; c:TsCl, NEt;, CH,Cl,, 68%; d: NaN;, DMF, 45 °C, 519%;
e: TFA, then 3,5-(CF3),CsH3NCS, 56%; f: NaBHy,, I, THF, reflux; g: Boc,O, NEt;, CH,Cly; h:TsCl, NEts, CH,Cl,,

reflux; b: Boc,O, NEt;, CH,Cl,, 68% over 2 s
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48% over 3 steps; i: NaNs, DMF, 45 °C, 76%; j: TFA, then 3,5-(CF;),CsHsNCS, 81%.

2.4.2 Synthesis of L-tert-Leucine Derived BIMP Pre-Catalyst

The synthesis of a catalyst precursor
centre required an alternative strategy
L-tert-leucine 127 and subsequent N-
70% yield. However when the tosyla

azide the yields of the desired amino a

incorporating a tert-butyl group at the stereogenic
to that described above (Scheme 20). Reduction of
Boc protection afforded the amino alcohol 128 in
te 123 (or mesylate 124) was treated with sodium

zide 125 were found to be low due to the competing

formation of the undesired oxazolidinone side product 126 (Scheme 19).

S

NaN;
OR solvent o
NHBoc T, t NHBoc \<
123, R=Ts 125 1260
124, R=Ms
Entry R= Solvent T (CC),t(h) Yield 125 (%) Yield 126 (%)
1 Ts DMF 60 °C,8h 32 26
2 Ms DMF 80°C,1h 328 52°
3 Ms DMSO 50°C,5h 6° 54°

Scheme 19 Formation of undesired oxazolidinone by-product; * conversion was measured by integration of the

tert-butyl signals by 'H NMR.



A viable alternative was to perform a Mitsunobu reaction on 128 to substitute the hydroxyl
moiety with phthalimide to afford 129 in 89% vyield (Scheme 20). The phthalimide
protecting group was removed by treatment with hydrazine monohydrate in refluxing
ethanol to afford the diamine 130 in quantitative yield. The amino azide 125 was
synthesised by treatment of the diamine with the recently developed diazotransfer
reagent,*® N3SO,Im.HCI 133*HCI and 1 mol% CuSO,+5H-0, to afford the desired product
in 85% isolated yield on a 1.25 g scale. Subsequent N-Boc deprotection and coupling
afforded 131 in 88% vyield. Furthermore the structure of 131 was confirmed by single

crystal analysis (Figure 18).
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Scheme 20 Synthesis of 131 via a Mitsunobu-Gabriel diazotransfer sequence; a: NaBH,, 1, THF, reflux; b: Boc,0O,
NEt;, CH,Cl,, 70% over 2 steps; ¢: DIAD, PPhs, phthalimide, THF, 89%; d: N,H,.H,O, EtOH, reflux, 99%; e:
N3SO,Im.HCI, K,CO;3, CuSO4¢5H,0, MeOH, 85%; f: TFA, then 3,5-(CF3),CsH3NCS, 88%.

4

Sa N
H
FsC N.
8 H
131
CFs

Figure 18 Single X-ray crystal structure of 131.
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The diazotransfer reagent 133 was initially synthesised as the hydrochloride salt.
Treatment of sulfuryl chloride 132 with one equivalent of sodium azide, imidazole and
subsequent protonation with hydrogen chloride in EtOH afforded the reagent 133<HCI as a

precipitate which was collected in 67% isolated yield (Scheme 21).

i NaNs, imidazole, MeCN O, 0
SO.Cl, ” ,
i acetyl chloride, EtOH N5~ “Im.HCI
132 133-HCI
2.8 mL 0 i
34 mmol 67% vyield

Scheme 21 Synthesis of isolated diazotransfer reagent 134sHCI.

Whilst the reagent is believed to be more stable than some other diazotransfer reagents
such as TfNs, the procedure should be performed taking appropriate precautions. The
authors published an amendment to their original paper where they reported that an

explosion had occurred when mother liquors were being concentrated in vacuo.*’ There

148

have also been reports of the formation of hydrazoic acid and sulfuryl diazide™ side

products which are known to be highly explosive.**°

A study on the thermal and Kinetic
stability of 133*HCI demonstrated it to be shock-sensitive and that other salts were more

stable although these would be more difficult to synthesise.*

o.,0 0. .0
(@] /O N\ A\
N4 MeOTf _S? NaN
N//\N/S\N/\\ N\//;',\l N/\\N+_ 8 N3/ \Im
=N CHxCl = = ot COACHO in EtoAc
134 135 133
100 g
OH K2CO3 OH
O\\ /O [
o % 1% CuS0,.5H,0 o
HO * Ny im ~ HO
HO in EtOA MeOH, rt HO
n C [¢) 7
136 12 OH 133 85% yield 137 Ns OH
103 g

Scheme 22 Synthesis of in-situ diazotransfer reagent 133 and application on scale to the azidation of glucosamine.

The development of a safer alternative has been sought by various groups and recently the
in situ use of 133 has been described (Scheme 22).2* The authors describe the synthesis of

133 on a 100 g scale by treatment of sulfuryl diimidazole 134 with substoichiometric

41



(0.90 eq) methyl triflate in quantitative yield. The activated imidazole could be displaced
with sodium azide to afford 133 as a stock solution in EtOAc. They demonstrated the
azidation reaction on a hundred gram scale of glucosamine 136 with comparable yields to
when the purified reagent was used.

Encouraged by the scale-up capabilities of the diazotransfer reagent, we then performed

the synthesis of amino azide 125 on a 10 g scale in a satisfactory 74% isolated yield

(Scheme 23).
Q 0, O CuS0,+5H,0
OH =, NH, T N5 im KoCO3 Ny
NH, NHBoc in EtOAC MeOH NHBoc
127 130 133 125
1049 109 8.39,74%

Scheme 23 Synthesis of 125 using in situ generated diazotransfer reagent.

2.4.3 Synthesis of BIMP Catalyst Precursor Derived from L-Serine

To install the benzhydryl moiety at the alpha position of the stereogenic centre L-serine
methyl ester hydrochloride 138 was used as the starting material; this was N-Boc protected
and then treated with 2,2-dimethoxypropane to afford 139 (Scheme 24). Nucleophilic
attack with phenyl magnesium bromide afforded 140 and removal of the benzylic alcohol
was accomplished by hydrogenation in formic acid to give the amino alcohol 141 in 68%
yield. Under the same conditions used for the L-valine and D-phenylglycine scaffolds
(Section 2.4.1) the tosylate 142 was obtained in 83% yield, substitution afforded the amino

azide 143 in 68% vyield. Lastly, the catalyst precursor 144 was synthesised in 76% yield.
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Ph
NH, - HCI K( )\A
z a- c d-f
N_B —_— —_— 7
HO . ooMe o oc [ N-Boc Ph T OH
oC
138 139 140 141
Ph Nj
g
o
S _N. Ph Ph
H .
FAC T DL Ph)\;/\N3 ~h Ph)\;/\OTs
H NHBoc NHBoc
144 143 142
CFj4

Scheme 24 Synthesis of benzhydryl BIMP precatalyst 144 from L-serine methyl ester hydrochloride; a: Boc,0,
NEts, THF, 50 °C; b: 2,2-dimethoxypropane, BFz*Et,0, 99% yield over 2 steps; ¢: PhMgBr, THF, —20 °C, 54%;d:
H,, Pd(OH),, HCO,H, 60 °C; e: NaOH, MeOH/H,0, reflux; f: Boc,0, NEt;, CH,Cl,, 68% over 3 steps; g: TsCl,
NEts, CH,Cl,, rt, 83%; h: NaN3, DMF, 50 °C, 68%; i: TFA then 3,5-(CF3),CsH3NCS, 76%.

2.5 Synthesis and Characterisation of Bifunctional Iminophosphoranes

With the synthesis of catalyst precursors complete, the isolation and purification of the
bifunctional iminophosphoranes was investigated. L-tert-Leucine derived azide 131 was
reacted with one equivalent of triphenylphosphine 98 in Et,0O at rt for 24 h (Scheme 25).
The volatiles were removed in vacuo and the catalyst was triturated by addition of pentane
to afford the bifunctional iminophosphorane 145 as a colourless powder in 73% yield after
filtration." The bifunctional iminophosphorane 147 was synthesised by the addition of
tris(4-methoxyphenyl)phosphine 146 to 131 and isolated in 88% yield after precipitation
and filtration from the reaction mixture. The synthesis of the iminophosphorane can be
readily performed on gram scale, although necessary precaution for the evolution of

nitrogen gas should be taken.

V' The low yield is due to difficulties encountered during filtration on moderate scale and should be higher
when the reaction is performed on larger scale.
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N3
Et,O .
SNy s B0 ﬂ\ﬁw
FsC N m.24h S N
3 ~ ~
H P NH
H

CF;
131 98, R=H 145, R=H, 73%
146, R = OMe CF3 147, R = OMe, 88%
Scheme 25 Isolation of L-tert-leucine derived bifunctional iminophosphoranes 145 and 147.

Similarly, bifunctional iminophosphoranes 148 and 149 derived from D-phenylglycine and
L-serine respectively were synthesised by treatment of the corresponding azide with
equimolar tris(4-methoxyphenyl)phosphine 146 and both were isolated in 90% yield

(Scheme 26).

N3
~N
R o
lil Et,0 R\/\N//P
rt, 24 h ril Q
O
|
CF3
122, R = Ph 146 148, R = Ph, 90%
144, R = Ph,CH Fa 149, R = Ph,CH, 90%

Scheme 26 Isolation of BIMP catalysts derived from D-phenylglycine and L-serine.

The bifunctional iminophosphorane catalysts were fully characterised by NMR
spectroscopy and HRMS but unambiguous confirmation of the bifunctional
iminophosphoranes was made by single X-ray crystallography.” Crystals of 147 and 148
were grown of sufficient quality for single crystal X-ray diffraction showing the key
nitrogen phosphorous bond. The N=P bond was found to be 1.59 A which is consistent

with that reported in the literature for other triaryliminophosphoranes.*3*%*

Y The bifunctional iminophosphorane catalysts show interesting dynamic behaviour in solution. See
Chapter 5 for details.
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Figure 19 Single X-ray crystal structures of 147 and 148.

With a preliminary catalyst precursor library and select examples of isolated bifunctional
iminophosphoranes in hand, we were ready to evaluate their efficacy in a range of

challenging asymmetric reactions.
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3 Development of an Organocatalytic Ketimine
Nitro-Mannich Reaction

3.1 Chapter Overview

This chapter describes the application of the BIMP organocatalysts to the first general
organocatalytic ketimine nitro-Mannich reaction."" The products formed from the nitro-
Mannich reaction, B-nitro amines, are synthetically valuable building blocks that allow the
construction of 1,2-diamines and a-amino acids (vide infra). In comparison to the well-
developed organocatalytic aldimine nitro-Mannich reaction, the corresponding reaction to
ketimines (imines derived from ketones) has no general solution. Terada et al. described
the racemic reaction between N-diphenylphosphinoyl ketimine 150a and nitromethane to
afford the B-nitroamine adduct 152a (Scheme 27).2** Organosuperbases such as TMG 112
were required to catalyse the reaction and importantly triethylamine was ineffective. We
postulated that as the BIMP catalysts possess similar basicity to TMG, they may also be
efficacious in this reaction. The combination of both a challenging and synthetically useful
reaction provided us with an ideal platform to showcase the performance of our newly

developed BIMP catalysts. We therefore actively sought the development of the first

general enantioselective organocatalytic ketimine nitro-Mannich reaction.

NH
0 _P(O)Ph
N/P(O)th 10 mol% catalyst (O)Phy K - )J\ P
Py MeNO,, rt %Noz ~_N_~- NN
Ph 151 |
Ph T™MG
150a 152a 61 112

No reaction 14 h, 91%

Scheme 27 Terada’s racemic organocatalytic ketimine nitro-Mannich reaction between ketimine 150a and
nitromethane requiring the use of organosuperbases to proceed.

Y The work disclosed in this chapter was performed in collaboration with Dr M. G. N(fiez who made the
initial discovery of the BIMP catalysed ketimine nitro-Mannich reaction prior to the start of the DPhil
project. All of the results have been included in this chapter for completeness.
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3.2 Introduction and History of the Nitro-Mannich Reaction
3.2.1 Importance of the Nitro-Mannich Reaction and Early Examples

The addition of a carbon centred acid across a carbon-heteroatom double bond is a
fundamental reaction in organic chemistry™ and includes transformations such as the

155158 and Mannich reactions.”’ The nitro-Mannich or aza-Henry reaction is

aldol,™* Henry
the formation of a B-nitroamine 155 by the addition of a nitroalkane 154 via a nitronate to
an imine 153.” The B-nitroamine adducts are synthetically useful building blocks, as the
nitro group can be transformed into a carbonyl 156 via the Nef reaction™® or reduced to
form 1,2-diamines 157.*° Alternatively the nitro group can be removed to yield the
160

monoamine 158 (Scheme 28).

R.

NH
Nef RZJ\’&O
R\ / R1
R 9 ) NH ('N?+ < R3 156
5\1\ + R3>rNtO' RRF‘\K ;0" nitro reduction ~ "NH
R OR2 H ™ 2a r4R N R? NH,
B-nitroamine denitration R’ R4
153 154 155 \ R R® 157
“NH
RZJ\(R“
1
R R3 158
Scheme 28 Summary of the nitro-Mannich reaction and selected chemical transformations.
The nitro-Mannich reaction was first reported by Louis Henry in 1896 and the early

reports described the addition of nitroalkanes to imines synthesised in situ by the
dehydration of hemiaminals such as 159.*%1% Cerf de Mauny performed a systematic
study on Henry’s earlier nitro-Mannich reaction and isolated the bis nitro-Mannich adduct
160 in quantitative yield (Scheme 29).%* The nitro group was reduced to the amine 161 by
aluminium amalgam and the reaction scope was extended to higher order nitroalkanes to

form the corresponding B-nitroamine in excellent yields.
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NO,

SN - Al/Hg
OH 33% _33% aq. sol. sol. N >
J: Et,0, 0 °C J:
100% 60% NH,
159 160 161

Scheme 29 Cerf de Mauny's nitro-Mannich reaction.

The first nitro-Mannich reaction using preformed imines was not described until 1950 by

165

Hurd and Strong,™ using benzaldehyde derived imine 162 to form the B-nitroamine

product in modest yields (Scheme 30).

Ph\NH
N’Ph ~ EtOH reflux R
p rR N el R=n) "
Ph (o] y|e = NO
o, H = 2
162 151, x=H SO yeldR=Me) 4640 x=h
163, X =Me 164b, X =Me

Scheme 30 Hurd and Strong's nitro-Mannich reaction using preformed imines.

Anderson and co-workers, at the turn of the 21 century, reported the first
diastereoselective acyclic nitro-Mannich reaction with the addition of preformed nitronates
at —78 °C to N-PMB imines 165 (Scheme 31).1%® After quenching the reaction mixture with
AcOH, the B-nitroamines 167 were formed in good vyields with good levels of
diastereocontrol and the products were derivatised to 1,2-diamines 168.

PMB. PMB.
.PMB a

N N~ EE——
i + NO, 90% vyield ph/\l/\ 60% yield  Ph
Ph 10:1 dr NO NH
> 2
165 166 167 168
one of 7 examples

Scheme 31 Anderson's diastereoselective nitro-Mannich reaction from preformed nitronates and N-PMB imines.
a: "BuLi, THF, —78 °C then AcOH; b: Sml,, THF/MeOH.

H b

_—

H

nmz
iz

3.2.2 Catalytic Aldimine Nitro-Mannich Reactions

In 2000, Anderson disclosed that the addition of the TMS trapped nitronate 169 to N-PMB
and N-PMP protected imines could be catalysed by just 4 mol% of Sc(OTf)s in good yields
and with moderate levels of diastereocontrol (Scheme 32a).'*’ Following on from
Anderson’s seminal work, Qian and co-workers discovered that Yb(O'Pr); was also an

effective catalyst in the nitro-Mannich reaction of nitromethane to N-tosyl imines 170
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(Scheme 32b),'®® demonstrating that the reaction could proceed catalytically under mild

conditions.
2 PMB
N MB L ND.0TMS 4 mol% S(OTN; NH
| + ~__Et
o 60 MeCN, 0 °C P
165 169 167 NO
one of 10 examples
70% vyield, 2:1 dr
b)
I\ll/Ts . MeNO 5 mol% Yb(OPr); NS
2
ph) THF, rt, 5h Ph)\/NOZ
170 151 171
one of 7 examples
100% yield

Scheme 32 a) Anderson’s Sc(OTf); catalysed nitro-Mannich reaction using TMS protected nitronates; b) Qian’s
Yb(O'Pr); catalysed nitro-Mannich reaction between nitromethane and N-tosyl imines.

3.2.3 Enantioselective Metal Catalysed Aldimine Nitro-Mannich Reactions

In 1999, Shibasaki et al. described the first enantioselective nitro-Mannich reaction
utilizing the binaphthol ligated Yb/K heterobimetallic complex 174 to catalyse the addition
of nitromethane to N-diphenylphosphoryl imines 172 (Scheme 33a).'*® The reactions
necessitated high catalyst loadings (20 mol%) and reaction times were long, however the
products were afforded in good yields and enantioselectivities. The same group
subsequently published the use of a binaphthoxide Al/Li bimetallic catalyst to extend the

scope to higher order nitroalkanes.'”
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a) _P(O)Ph *
. HN (O)Ph, M
20 mol% 174 H-O O-H
NPOPR2  SeqMeNo,  ppaNO QO

0-Yb-0 OH
o M 472 toluene/THF 173 (d o)) -C OH OH
-40 °C, 60 h  one of 5 examples K
79% yield 174 OO
91% ee
b) PMP 20 mol% 177 _PMP

N” 20 mol% Cu(OTf), HN 0 0

Etofl + Me” “NO, __ 20 mol% NEts Etow Me , lj

CH,Cl,, 1t I NN/

0175 162 176 2 Ph Ph
one of 7 examples 177

61% yield, dr 70:30
97%, 95% ee

Scheme 33 a) Shibasaki's enantioselective nitro-Mannich reaction catalysed by bimetallic complex 174; b)
Jorgensen’s Cu(II)-BOX catalysed nitro-Mannich reaction to a-iminoesters.

In 2001, Jorgensen and co-workers reported the enantioselective nitro-Mannich reaction of
nitroalkanes to N-PMP-a-iminoesters 175 catalysed by 20 mol% Cu(OTf),, bisoxazoline
BOX ligand 177 and triethylamine. Although, the reaction scope was limited to 175, a

range of nitroalkanes were well tolerated.'"

3.2.4 Enantioselective Organocatalytic Aldimine Nitro-Mannich Reactions

The first enantioselective organocatalytic nitro-Mannich reaction was disclosed by
Takemoto et al. in 2006 (Scheme 34). Cyclohexyl diamine derived bifunctional thiourea 42
catalysed the addition of nitroalkanes to a range of N-DPP aromatic aldimines such as 172
with moderate levels of enantiocontrol.*’®> The reaction was also applicable to nitroethane

with no loss of enantiocontrol and with modest diastereocontrol (2.7:1 dr, 67% ee).

CF3
_P(O)Ph -P(O)Ph
'\Il (0) 2 “nNo, _10moi% 42 P OPh: s
Ph) 10 eq CH,ClI, Ph/'\/NOZ FsC N)J\N\“
172 r, 24 h ent-173 H o H
one of 9 examples 42 7
87% yield
67% ee

Scheme 34 Takemoto’s organocatalytic enantioselective nitro-Mannich reaction of nitromethane to N-DPP
aldimines.
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Following Takemoto’s publication, several other groups developed novel thiourea based
organocatalysts for the asymmetric organocatalytic nitro-Mannich reaction. Jacobsen and
co-workers reported the nitro-Mannich reaction of aromatic N-Boc imines such as 178 and
nitroalkanes.*® Due to the absence of a Bransted base moiety on catalyst 180, the addition
of one equivalent of DIPEA, a tertiary amine, was required for the reaction to proceed. The
reaction was applicable to a variety of imines, including two heteroaromatic substrates,
which afforded the B-nitroamines 179 with excellent levels of syn diastereoselectivity and
enantioselectivity (Scheme 35a). The reaction was extended to nitromethane with no loss

of enantiocontrol, however the authors noted that much longer reaction times were

required.
a)
Boc -~ 10 mol% 180 VL | \l/ S
N NO, 1 eq DIPEA L
| * q > NO /N N
) 25eq - Ph 2 W/\N N
Ph 4 AMS, 18 h H H
toluene, 4 °C o 180 HN O
178 162 179 \f
96% yield

15:1 dr, 92% ee
one of 14 examples

b)
Boc
.Boc HN~
)'\Il . 7 NO, 10 mol% 42 o \
> 2
Ph CH,Cl, 18 h Ph)\( NI
178 162 toluene, 4 °C 179 /
92% yield HN
9:1dr, 93% ee =s
one of 20 examples HN
c) Ph
.B
N~ =0° HN,Boc oHN

N
7

[ ~No, 10 mol% 183 S Ph

N02 O/
4AMS, 12 h o
° 3
181 162 MeCN, -20 °C 182
183

90% vyield FsC
96:4 dr, 98% ee
one of 29 examples

Scheme 35 a) Jacobsen's thiourea catalysed nitro-Mannich reaction to the syn p-nitroamine; b) Takemoto’s nitro-
Mannich reaction using N-Boc aryl imines; ¢) Wang’s nitro-Mannich reaction using a sulfonamide thiourea
bifunctional catalyst 183.

Takemoto and co-workers subsequently improved on their previous report by using N-Boc

imines 178 instead of N-DPP imines (Scheme 35b).}”® The B-nitroamines were formed
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with excellent levels of enantio- and diastereocontrol. The authors’ rationale for the
observed stereochemistry is that the thiourea and protonated tertiary amine simultaneously

coordinate the nitronate and the N-Boc imine 178 (Figure 20).

CF3 N,Boc S
j\ Q Ph) ?Ar\l J\Nm HN,Boc
g e e AL
H H NMe, Ph QN o)
0.0 BUO 179

Figure 20 Proposed activation mode in the nitro-Mannich reaction of nitroethane and N-Boc phenyl aldimine 178
catalysed by 42.

Wang et al. discovered that their sulfonamide thiourea bifunctional catalyst 183 was highly
effective in catalysing the nitro-Mannich of N-Boc imines 181 and nitroalkanes with
excellent levels of enantio- and diastereocontrol (typically 98-99% ee and >19:1 dr).}™* A

wide range of imines were tolerated, including an aliphatic example (Scheme 35c).

Z
o~
N . ! SiPh,
l\ NH HN - HN O\P//O
o 7\ 0" “OH
N _
Sl Yk SatNee
) SiPh,
OTf
FsC CF5
184 185 186
Ricci Johnston Rueping

Figure 21 A selection of organocatalysts used in the enantioselective aldimine nitro-Mannich reaction.

The addition of nitroalkanes to aldimines has been documented with a variety of other
organocatalysts such as Ricci’s report using a quinine-derived thiourea catalyst 184,'"

Johnston’s bis-amidine salt 185%9%:17

and Rueping’s phosphoric acid 186.""
Comprehensive reviews on the nitro-Mannich reaction can be found in the literature” and

only selected notable contributions have been mentioned here.
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3.2.5 Examples of Ketimine Nitro-Mannich Reactions

In contrast to the well-developed asymmetric nitro-Mannich reaction to imines derived
from aldehydes, the corresponding reaction of ketimines has been much less studied. The
enantioselective addition of nucleophiles into prochiral imines or ketones to afford the
amine or alcohol bearing a fully substituted carbon atom is synthetically much more
challenging. Enantiofacial discrimination between the two faces of the electrophile
becomes harder due to the smaller difference in size and electronic effects of the two
substituents. Moreover, the electrophilicity of the imine or ketone is also much lower due
to the inductive effects of two electron donating groups.'”®'”® An early report in 2008 by
Feng et al. on the ketimine nitro-Mannich reaction described the addition of nitromethane
into N-tosyl ketimines 187 using catalytic Na,CO3 to afford the racemic products in good
yields (Scheme 36a).'%° Zhou and co-workers disclosed the addition of nitromethane to N-
thiophosphoryl imines 189 derived from both aldimines and ketimines.'®® Interestingly,
whilst the reactions with aldimines 189a proceeded smoothly under standard tertiary amine
Brensted base H-bond donor bifunctional organocatalysis, the analogous reaction with

ketimines 189b necessitated the use of the superbase TMG to afford the racemate

(Scheme 36b).
a) N/Ts HN/TS
| . MeNO, 5 mol% Na,CO5 NO,
(10 eq) THF, rt, 48 h
Br 187 151 Br 188
one of 14 examples
94% vyield
_P(S)Ph
b) - F(S)Ph:

N,P(S)Ph2 NO,
| + MeN02 10 mol% TMG
R (10 eq) rt 190

189 151 190a, R = H, 10 min, 97% yield
190b, R = Me, 48 h, 57% yield

Scheme 36 a) Addition of MeNO, to N-Ts ketimines 187 catalysed by Na,COj3; b) TMG catalysed nitro-Mannich
reaction of N-thiophosphoryl imines 188.
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In 2007, Terada et al. described the first nitro-Mannich reaction of nitromethane to
ketimines catalysed by an organic base and found that the reaction required the use of
superbases.’® They investigated several protecting groups on the imine and found that
when using N-tosyl ketimine, the B-nitroamine adduct was not obtained; the exclusive
formation of the bis-nitro addition product was observed instead. This is presumably due to
the enhanced leaving ability of the NHTs moiety (Scheme 37a). With N-benzyl or N-
phenyl ketimines, no product was observed but when N-diphenylphosphinoyl (N-DPP)
ketimine was used the reaction proceeded smoothly. A brief optimisation of the reaction
conditions revealed that reaction rates rapidly diminished when nitromethane was not used
as solvent and that organosuperbases such as guanidines and P-1 phosphazenes were
required to catalyse the reaction. Importantly, triethylamine was ineffective in promoting
this transformation, thus suggesting that tertiary amine bifunctional organocatalysts would

also be impotent as catalysts in an asymmetric variant (Scheme 37b).

NO
a) N/Ts . 2
I 10 mol% TMG NO,
0.05 M MeNO,
190 , 48 h 191
> 99% yield
b) \-PO)Phz 10 mol% catalyst yn-F(OPh2
| 0.05 M MeNO, NO,
Ph 150 rt Ph 152

Tertiary amine Guanidine

t
4 )NLH fN/j \ N/Bj
|
~N e Y -
T T TJ\\N /N ] N\
N

P1-phosphazene

~_No~
I
61 112 63 64
No reaction 14 h, 91% 15 h, 90% 8 h, 89%
TMG MTBD t-Bu-P1

Scheme 37 Terada’s organocatalytic nitro-Mannich ketimine addition of nitromethane to N-DPP ketimines.

There have been several reports of the diastereoselective nitro-Mannich ketimine reaction,

including that by Ruano and Cid, disclosing the use of chiral N-sulfinyl imines 192 for
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both aldimines and ketimines using either NaOH or catalytic TBAF to afford the nitro-
Mannich adducts 193 with moderate to excellent levels of diastereocontrol. However, the
reaction with ketimines required the use of stoichiometric Yb(O'Pr); to increase the
reaction rate (Scheme 38a).2¥ In a similar report, Liu described the diastereoselective
nitro-Mannich reaction to fluoroalkyl o,B-unsaturated N-sulfinyl ketimines 194 requiring

the use of 20 mol% K,COjs for the reaction to proceed (Scheme 38b).*#

a) o o
&+ o 5 eq NaOH PN
PN : HN Tol
SN Tl 0 molv TBAF N 1eq Yb(O'Pr)s
A _NO, =< N"">Tol I _NO,
MeNO, | MeNO, ©
193a rt 4 AMS, 40 °C 193b
2.5h,1.8:1dr 192 72h,5.7:1dr
79% yield 60% yield
b)
20 mol% KzCO3
st _St
Ni(o} MeNO, HN™ YO
| rt, 3 h 0NN
; =
RFZC)\/\Ph R,:;?\/\Ph
194 195
R=F R = F, >95:5, 85% yield
R=H R =H, 2.6:1, 54% vield

Scheme 38 a) Ruano and Cid’s diastereoselective nitro-Mannich reaction to N-sulfinyl ketimines; b) Liu’s
diastereoselective nitro-Mannich reaction to fluoroalkyl a,fB-unsaturated N-sulfinyl ketimines.

The first enantioselective nitro-Mannich reaction of nitromethane to ketimines was
reported by Feng et al. in 2008. The authors required the use of 20 mol% of a chiral N,N’-
dioxide 197 Cu(l) complex to catalyse the formation of the B-nitroamine 196 bearing a
fully substituted carbon with good to excellent levels of enantiocontrol, albeit with long

reaction times and high catalyst loadings (Scheme 39a).'%*

Wang and co-workers published
the first organocatalytic variant, employing a cinchona alkaloid derived thiourea catalyst
200 to effectively catalyse the addition of nitroalkanes to cyclic trifluoromethyl ketimines
198 (Scheme 39b).'®> They were able to demonstrate that catalyst loadings as low as

1 mol% were viable, however, the presence of the CF3 moiety was critical for reactivity.
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This methodology could be applied to the elegant synthesis of the anti-HIV drug candidate

DPC 083 203 (Scheme 39c).

T
a) TS 20 mol% Cu(OT, HN'S < >
| 20 mol% 197 W)\/N% NS
PhOEt: MeNO, 5:1 © o= o
o O O
190 4AMS,0°C,10d 196 \H HN
64% yield, 88% ee Br 197 Bn
one of 16 examples
cl
Cl MeNO, 1 mol% 200 NH
/g 2eq toluene, N/go
198 Pvs 6h,rt 199 PMB

97% vyield, 95% ee
one of 12 examples R = C(S)NH(3,5-CF3),C¢H3

198 PMB toluene rt

c)
Fs NO,
cl FaC > _
Cl NH F3C, &
/g 1 m0|% 200 /g C|\©\)\NH
N (6]

202 PMB
O,N 203 H
2 % 91% vyield, 1.5:1 dr
201 90%, 70% ee DPC 083
Scheme 39 a) Feng’s Cu(I) catalysed enantioselective nitro-Mannich ketimine reaction, b) Wang’s organocatalytic
nitro-Mannich reaction to cyclic trifluoromethyl ketimines, c) synthesis of anti-HIV candidate DPC 083.

The lack of a general organocatalytic strategy for the enantioselective formation of -
nitroamines bearing a fully substituted carbon centre and the requirement of
organosuperbases for the racemic reaction to proceed presented us with an ideal
opportunity to showcase our new bifunctional iminophosphorane catalysts. Using Terada
et al.’s optimised conditions, we thus chose N-DPP ketimine 150a as the electrophile and

nitromethane as the pro-nucleophile to establish a proof of principle using a BIMP catalyst.

3.3 Synthesis of N-Diphenylphosphinoyl Ketimine 150a

N-Phosphinoyl, in particular N-diphenylphosphinoyl (N-DPP), imines are an increasingly
important class of imines in asymmetric synthesis.’®® N-DPP imines 172 are less
electrophilic than the corresponding N-tosyl*®’ and N-carbamoyl imines 170 and 178;'% a
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trend that has recently been quantified by Mayr and co-workers (Figure 22).1%%% The N-
protected aldimines are more reactive than the parent carbonyl compound 2 and
presumably the electrophilicity trends can be extended to ketimines. The greater reactivity
of N-tosyl imines with respect to N-alkyl and N-DPP imines was observed in Terada’s

racemic ketimine nitro-Mannich report (Scheme 37).

o N-P(O)Phz | -Boc TS
| | |
Ph/U\H Ph)\H Ph)\H Ph)\H
J172 | 178 |
Il

I 2 170
| |
T T

| |

| | | |
1 T T T T

T T
20 19 -18 -17 -16 -15 -14 -13 -12 -11
Electrophilicity E in DMSO
Figure 22 Mayr's quantification of imine electrophilicity. 18

In the presence of a chiral catalyst, providing that the imine is prochiral, the nucleophilic
attack onto the imine C=N double bond can result in the formation of enantioenriched
products due to differences in addition rates to each face. The polar functional groups of
the protecting group lower the LUMO of the imine and can provide greater enantiofacial
discrimination and hence enantioselectivities upon addition.

The lower electrophilicity of N-DPP imines facilitates their handling and purification by
increasing their hydrolytic stability. Furthermore, in many cases they can be purified by
flash column chromatography. N-DPP aldimines can be synthesised by the TiCl, mediated
condensation of the aldehyde with diphenylphosphinamide 204 according to a procedure
developed by Jennings and co-workers (Scheme 40a).*** The vyield for the analogous
reaction to synthesise N-DPP ketimines derived from acetophenone is, however, much
lower due to the lower electrophilicity of the ketone and competing enolisation. The
predominant and most general synthesis of both N-DPP aldimines and ketimines is the
reaction between the corresponding oxime and chlorodiphenylphosphine, first reported in
1968 by Kruglyak et al..**> The oxime is treated at low temperature (typically —40 °C) in

the presence of a tertiary amine Dbase with the dropwise addition of
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chlorodiphenylphosphine. After complete addition of the phosphorus (I1l) reagent, the

reaction mixture is slowly warmed to rt and stirred overnight (Scheme 40b).

a) _P(O)Ph
o) o ' N ( ) 2
| ||:|) T|C|4, NEt3 |
T H,N"1Ph
Ph CH,Cl,, 0 °C
2 204 172
58% vyield
b)
x 1 \-POPh;
— Xy O Ph| —= * . — I
Ph™ “N™T°P Ph” N O\FIVPh
Ph Ph
205, X =0 206a 206b 150a

2 E 206, X = N-OH

Scheme 40 a) Synthesis of N-DPP aldimines by condensation of diphenylphosphinamide and benzaldehyde; b)
Synthesis of N-DPP ketimines 150a via treatment of the oxime with chlorodiphenylphosphine and Hudson’s
proposed mechanism for the reaction: a) NH,OHeHCI, NaOAc; b) PPh,Cl, NEt;, CH,Cl,:hexane, —45 °C.

The mechanism?!®31%4

is believed to involve initial nucleophilic attack of the oxime to the
chlorodiphenylphosphine to form the intermediate 206a which has been observed
spectroscopically. Subsequent warming of the reaction causes homolytic fission of the N-O
bond (observed by EPR spectroscopy) and radical recombination forms the N-DPP imine
150a.

Although the reaction sequence outlined by Kruglyak and co-workers required two steps,

the reactions did not necessitate Lewis acid additives to proceed and we therefore chose

this method to synthesise 150a.

o _OH _P(O)Ph,
NH,OHeHCI N PPh,CI, NEt, N
O)k NaOAc, 1:1 EtOH:H,0 ©)\ 1:1 CH,Cly: hexane ©)\
205 206 -45°Ctort 150a
309 179¢g
89% yield 53% yield

Scheme 41 Synthesis of N-DPP ketimine 150a.

Accordingly, acetophenone was reacted with hydroxylamine hydrochloride and sodium
acetate in equal volumes of ethanol and H,O to afford, after distillation, 30 g of the oxime
206 in 89% yield (Scheme 41). The oxime was treated with chlorodiphenylphosphine and

triethylamine at —45 °C and the reaction mixture was allowed to warm to room temperature
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overnight. Ketimine 150a was obtained in a reproducible 53% vyield after purification by
flash column chromatography (17.9 g of product obtained in the largest scale experiment).
The moderate yield obtained for the ketimine is a reflection of its partial instability to silica

gel; unfortunately, it was not possible to develop reliable crystallisation methods.

3.4 Ketimine Nitro-Mannich Reaction Proof of Principle and Catalyst Optimisation
Studies

3.4.1 Proof of Principle

With copious quantities of ketimine 150a in hand, the performance of the BIMP catalysts
could be evaluated in the ketimine nitro-Mannich reaction. The L-valine derived BIMP 114
(chapter 2) was chosen as the initial catalyst to evaluate the reaction. An initial test reaction
using 10 mol% 114 on a 0.2 mmol scale of 150a with nitromethane (20 eq) as the solvent,
was performed at rt (Scheme 42). To our delight, the adduct 152a was formed with

excellent conversion (94% by *H NMR after 24 h) and in high levels of enantioselectivity

(77% ee).
_PPhg
N e
Nl/P(O)th 10moi% 114 pyy-F(OPh2
)\ 20 eq MeNO, " _NO, H
Ph T oan Ph HN._ N CFs
150a : 152a hid
94% conversion S
77% ee 114 CFs

Scheme 42 Proof of principle for the organocatalytic enantioselective ketimine nitro-Mannich reaction.

3.4.2 Optimisation of the Catalyst Scaffold

Following the successful proof of principle, a small library of catalysts with variations to
the backbone, as the primary point of investigation, was synthesised. To expedite the

screening process, the active catalysts were made in situ using equimolar quantities of the
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corresponding azide and triphenylphosphine by stirring for 24 h in Et,O, whereupon the

solvent was removed then ketimine 150a and nitromethane added (Figure 23).

N’F’(O)Ph2 MeNO, 10 mol% catalyst HN/P(O)Ph2
| + (20 eq) = Ly,
; NO
N .PPh, N//PPhg, N .PPh,
Ph
) Ph“/
H - H H
HN\H/N CF5 HN\”/N CF; HN\H/N CF;
S S S
114 207 208
CF; CF; CF;
94% conv, 77% ee 95% conv, 77% ee* 93% conv, 78% ee
N .PPh; Ph N .PPh3
H Ph - H
HN\H/N CF; HN\”/N CF;
S S
145 209
CF; CF;
98% conv, 85% ee 93% conv, 70% ee*
Phg,P\,}l
Ph
h/\/

CF;

P Oy

48% conv, 34% ee* 98% conv, 20% ee*

Figure 23 Catalyst backbone optimisation of the nitro-Mannich ketimine reaction; the use of * denotes the
preferential formation of (S)152a inline with the opposite absolute configuration of the catalyst.

The reactions using D-phenylglycine derived catalyst 207 and L-phenylalanine derived
catalyst 208 both afforded the product with high conversion and similar levels of
enantiocontrol (77 and 78% ee respectively). The more sterically hindered catalyst 145
(derived from L-tert-leucine) afforded the product with enhanced levels of enantiocontrol
(85% ee), whereas utilising the catalyst incorporating a benzhydryl group at the

stereogenic centre 209 resulted in a decrease in the enantioselectivity (70% ee). A brief
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exploration of other chiral 1,2-diamine building blocks as catalyst scaffolds, inspired by
other bifunctional catalyst systems, did not enhance the levels of enantiocontrol although
both the diphenylethylenediamine derived catalyst 210 (34% ee) and cyclohexyl diamine

derived catalyst 211 (20% ee) were catalytically active in this transformation (Figure 23).

3.4.3 Effect of the Hydrogen-Bond Donor Group in the Ketimine Nitro-Mannich
Reaction

With the optimal scaffold in hand, namely the one derived from L-tert-leucine, we
subsequently investigated the effect of the H-bond donor group of the catalyst on the

enantiocontrol imparted in the reaction.

R-NCO(S), N3
) R-COCI, NEts
>‘\‘AN i: TFA . >‘YN3 or R-SO,CI, NEt, >‘\H
3 ii: aq NaOH ($)0sy -N-

Y

NHBoc NH, THF \)I( H
125 212 R 213
N N
3 )° >I\HN3 ﬁ\ﬁ | ’
O<__N. ﬁ\ﬁ O~__N. o)
NH S _N. O Ny H 5Ny
FsC N. H o~
H N.
@ SN
CF;214 215 FsC 516 CFs NO, 217 218
71% yield 68% yield 61% yield 53% yield  25% yield

Figure 24 Synthesis of a range of BIMP catalyst precursors incorporating various H-bond donor groups from
amino azide 125.

A range of azides bearing different hydrogen bond groups (including thiourea, urea, amide,
carbamate and sulfonamide) were synthesised from the N-Boc protected amino azide 125
(Figure 24). The corresponding bifunctional iminophosphorane catalysts were made in situ
by the addition of triphenylphosphine to the azide and then screened for efficacy in the

reaction (Figure 25).
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Figure 25 Investigation into the effect of the hydrogen donor group on the enantioselectivity in the ketimine nitro-
Mannich reaction.

In all cases, the reactions proceeded with high levels of conversion to the product 152a.
When the urea 219 was used, a reduction in the enantioselectivity from 85% to 79%
relative to the thiourea analogue 145 was observed, presumably due to the reduced acidity
of the N-H and hence reduced H-bonding capability.**> Thiourea 220 bearing a p-NO,
phenyl group afforded 152a with very similar levels of enantioselectivity to 145 (84% vs
85%), which we postulated to be due to the similar electron deficiencies on the aromatic
ring. The use of more electron rich aryl thioureas resulted in a lowering of the
enantioselectivity. When electron deficient amides were used as H-bond donor groups, the
levels of enantiocontrol fell away drastically to 11% and 5% respectively for catalysts 225

and 226. Catalysts 227 and 228 bearing sulfonamide and carbamate moieties respectively
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as H-bond donor groups did not impart any enantiocontrol in the ketimine nitro-Mannich
reaction.

These results are in agreement with work by Cheng and co-workers, who performed a
comprehensive study into the structure-activity-enantioselectivity relationships of
bifunctional thioureas in the conjugate addition between malonates and nitro-olefins.*®
They concluded that the enantioselectivity obtained for the product was dependent on the
acidity of the thiourea moiety of the catalyst.

Whilst the data given in Figure 25 gives no indication of the rates of the catalysed
reactions, as all reactions have reached complete conversion, a qualitative observation was
made by TLC that the reaction catalysed by 228 proceeded faster than that catalysed by
145. These findings are incongruous with other reports of thiourea H-bond donor groups
enhancing the rates of organocatalysed reactions. The reaction using catalyst 145
containing the 3,5-(CF3),CsHj3 thiourea proceeded slower and with greater enantiocontrol
than catalysts bearing a poor H-bond donor group. This may have resulted from the
catalyst reducing the rate of formation of the minor enantiomer. An alternative explanation
may be that as a result of the greater acidity of the protons of the 3,5-(CF3).CsH3 thiourea
relative to the NH of the carbamate of 228, the basicity of the iminophosphorane moiety
was reduced through inter and intramolecular H-bonding interactions. Therefore, the

observed rate of reaction was decreased (see Chapter 5 for further discussion).

3.4.4 Effect of the Brgnsted Basicity on the Ketimine Nitro-Mannich Reaction

The ability to tune the Brgnsted basic moiety by changing the phosphine gave rise to the
third, and arguably the greatest, variation to the catalyst library. We showed in section 2.3
that the basicity of the iminophosphorane could be tuned by changing the electronic

characteristics of the phosphine. Electron deficient phosphines would decrease the basicity
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of the iminophosphorane moiety due to stabilisation of the nitrogen lone pair by the
electron withdrawing aromatic groups and conversely, more electron rich phosphines
increase the basicity by stabilising the conjugate acid. Therefore, if the extent of
deprotonation was key to the activation of low acidity pro-nucleophiles, then a marked
increase in the rate of reaction when using electron rich iminophosphoranes as the catalysts
would be observed. The effect of the pK, of the iminophosphorane on the rate of the
ketimine nitro-Mannich reaction was unknown and therefore experiments to verify this

hypothesis would be worthy of investigation.

N/P(O)th MeNO, 10 mol% catalyst HN/P(O)th
+ >
Ph)l\ (20 eq) 1 eq mesitylene ;1' NO,
150a 151 0.40 mL dg-THF 152
0.16 mmol

‘] o

Conversion (%)

H-
T T T T N
200 300 400 500 HoNg
Time (min) /@\ 53
e 147, R = OMe, ee 81% m— 145, R = H, ee 85% FsC CF3
229, R = C, e 88% e 53, c€ ..

Figure 26 Rate of ketimine nitro-Mannich reaction as a function of iminophosphorane substituents and
comparison with a cinchona alkaloid derived catalyst. The ee was determined in reactions performed under
standard conditions with 10 mol% catalyst in 20 eq MeNO, and quenched after 24 h. 'H NMR spectra were
collected every 10 minutes. Reactions were performed on 0.16 mmol scale of 150a.

The formation of nitro-Mannich adduct 150a as a function of time was conveniently
measured by *H NMR Kinetic experiments as they readily allow the conversion to be
measured without disturbing the reaction medium. After some optimisation of the reaction
conditions, reactions performed in dg-THF on 0.16 mmol scale of 150a using 10 mol%

catalyst (synthesised in situ from the azide and the corresponding phosphine) and
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mesitylene as an internal standard were found to be practical (Figure 26). The conversion
was measured both against the internal standard and by starting material vs product for
comparison.

The graph demonstrates that the reaction rate was governed by the aryl substituents of the
iminophosphorane. The tris(4-chlorophophenylphosphine) derived catalyst 229 was
approximately ten times slower than the triphenylphosphine derived catalyst 145
(90 minutes versus 9 minutes to reach 20% conversion respectively), consistent with an
electron withdrawing group reducing the basicity of the iminophosphorane moiety. The
reaction with catalyst 147 was slightly faster than that with 145, presumably due to the
greater basicity of the iminophosphorane moiety. As a comparison, the reaction was
performed under identical conditions using cinchona-derived catalyst 53 and the
conversion was found to be just 0.04% even after an extended reaction time of 32 h. The
basicity of the Brgnsted moiety is clearly having an effect on the rate of reaction. The
enantioselectivity was found to vary slightly with the phosphine moiety with 147 affording
the product in 81% ee whilst 229 afforded 152a in 88% ee at rt after 24 h.""

In a similar series of measurements, using the enantiomeric catalyst system derived from
p-phenylglycine, the *H NMR kinetic experiment was performed employing more electron
rich phosphine derived iminophosphoranes. As shown in Figure 27 catalyst 207 was
approximately 4 times slower than the tris(4-methoxyphenylphosphine) derived catalyst
148.  Iminophosphorane catalysts 230 and 231 derived from  tris(3,4-
methoxyphenylphosphine) and tris(3,4,5-methoxyphenylphosphine)™ respectively, did not

increase the rate of reaction significantly relative to 148.

Vil The enantioselectivities were obtained in separate experiments with 20 eq of MeNO, as solvent and
10 mol% catalyst (Table 5).
™ See section 8.2.11 for the synthesis of trivalent phosphines.
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Figure 27 Rate of nitro-Mannich reaction as a function of increasing the number of methoxy substituents on the
phosphine moiety. (See footnote xi for an explanation as to why no enantioselectivities are given in the graph).

The effect of the iminophosphorane moiety on the enantioselectivity obtained in the
ketimine nitro-Mannich reaction was investigated using catalysts derived from L-tert-
leucine (Table 5). The enantioselectivity using catalyst 147 was slightly diminished
relative to 145 (85% vs 81% ee respectively, Table 5 entries 1 & 2). Iminophosphorane
catalysts 232 and 233 imparted similar levels of enantiocontrol in the reaction to 147 (79%
vs 81% ee Table 5, entries 2 —4) whereas the enantioselectivity with the less Brgnsted
basic catalyst 229 was 88% (Table 5, entries 5). Therefore, as a trade-off between rate
(Figure 26) and enantioselectivity (Table 5) we selected catalyst 145 as the optimal catalyst

to investigate the scope of the ketimine nitro-Mannich reaction.
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SYN\H

F,C N.
3(? H
_P(O)Ph
N (O)Ph,

_P(O)Ph,
| CF3 10 mol% HIN
)\ e NO
Ph 20 eq MeNO, Ph 2
150a rt, 24 h 152a
Entry Catalyst PR3 Conversion/%  ee/ %
1 145 PPh; 98 85
2 147 P(4-(OCH3)CsHy)3 99 81
3 232 P(3,4-(OCHg3)2CeH3)3 99 79
4 233 P(3,4,5-(OCHz3)3CsH>)3 99 79
5 229 P(4-CICsHy)3 99 88

Table 5 Effect of the phosphine moiety on the enantioselectivity in the ketimine nitro-Mannich reaction. Reactions
were performed on 0.20 mmol scale of 150a and 20 eq of MeNO, and quenched after 24 h. Conversion determined
by 'H NMR.

A brief screen of solvents was performed on the ketimine nitro-Mannich reaction of 150a
and nitromethane to determine whether the enantioselectivity could be enhanced (Table 6).
Reactions were performed at rt for 24 h on a 0.20 mmol scale of 150a with 10 mol% 145,
20 equivalents of nitromethane and 0.40 mL of solvent. Conversion for all the solvents
screened was high after 24 h (80 — 90%). The enantioselectivities were moderate to good
(70 —83% ee) across a range of aprotic solvents. The highest enantioselectivity in this
series of experiments was obtained when CH,ClI, was used as the solvent (80% conversion
and 83% ee, Table 6, entry 2). The screen of solvents, however, did not increase the
enantioselectivity higher than that obtained when the reaction was performed under neat
conditions in the formation of 150a (Table 6, entry 1). The scope of the ketimine nitro-
Mannich reaction was therefore further probed performing the reactions using

20 equivalents of nitromethane as solvent.
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Entry  Solvent Conversion (%) ee /%

1 - 98 85
2 CH,Cl, 80 83
3 EtOAC 88 75
4 Dioxane 89 70
5 Toluene 83 73
6 THF 87 72
7 MTBE 86 77

Table 6 Solvent screen for the ketimine nitro-Mannich reaction. Reactions were performed on 0.20 mmol of 150a
using 10 mol% 145 and 20 eq MeNO, in 0.40 mL of solvent at rt for 24 h.

3.5 Probing the Scope of the Ketimine Nitro-Mannich Reaction

3.5.1 Synthesis of a Range of N-DPP Ketimines

With the optimal catalyst identified, a range of ketimines were synthesised in order to
investigate the reaction scope (Figure 28). The ketimines 150 were prepared according to

the method described in Section 3.3 in yields ranging from 37 to 62% from the parent

oxime.
NHI\IZ;)(I)—|AI;|CI j\ll\,OH PPh,CI. NEt, j\ll\,P(O)th
1 2 o
R" R EtOH:H,0 R" "R? 1:1 CH,Cl,: hexane R "R?
205 206 45°Ctort 150
O)Ph,
N~ P (©)Ph; N P(O)Ph, \-POPh
@ @ @ l
150e 150f F 150h 150m
55% vyield = 62% yield 42% yield 54% yield
P(O Ph,
P(O)Ph; _P(O)Ph, _P(O)Ph,
\ )
(ﬁ N S
150q 150r \ 150s N\ 150t
55% yield 38% yield 57% yield 37% yield

Figure 28 Two-step synthesis of a range of N-DPP ketimines via the oximes (synthesised in 60-85% yield). Yields
are quoted for the second step.
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The low yields were the result of the low stability of the ketimines to silica gel and
difficulties in the separation of impurities. The ketimines could be purified by trituration

with Et,0 after chromatography to increase the purity to >95%.*

3.5.2 Substrate Scope of the Ketimine Nitro-Mannich Reaction

Subsequent optimisation on ketimine 150a demonstrated a moderate dependence of
enantioselectivity in the ketimine nitro-Mannich reaction with respect to temperature. The
reaction was performed at 0 °C using 10 mol% catalyst 145 in 20 equivalents of MeNO,
and full conversion was observed after 24 h with an improvement of the enantioselectivity
to 91%. Lowering the temperature further to —15 °C afforded 152a in 89% conversion and
86% isolated yield after 96 h and with 95% ee. From a practical point of view four days
was set as the maximum reaction time. Reactions were performed at both 0 and —15 °C for
the ketimine substrates and the superior result with regards to both conversion and

enantioselectivity retained (Figure 29).

X The other ketimines used in the methodology were synthesised by Dr Irene Ortin Remon and M.G.N..
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Figure 29 Scope of the ketimine nitro-Mannich reaction. Reactions were performed at both 0 and -15 °C with the
superior result displayed. Reactions performed at 0 °C were left for a maximum of 48 h and 96 h for those at

-15°C.
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A considerable range of aromatic ketimines were well-tolerated and afforded the
corresponding B-nitroamines in excellent yields and enantioselectivities. Ketimines bearing
substitution at the meta and para positions of the aromatic ring gave high levels of
enantioselectivity although we found that only the more electron deficient substrates
proceeded smoothly at -15 °C. Substitution of a methoxy group at the ortho, meta and para
positions of the aryl ring afforded the nitro-Mannich adducts with enantioselectivities of 91
— 93%, however the yield was slightly diminished in the case of 0-OMe ketimine 150g.
Having a smaller ortho substituent such as fluorine did not diminish the yield or
enantioselectivity, however reactions performed using a ketimine substrate 1501 possessing
a bromine substituent at the ortho position resulted in dramatically lower levels of
reactivity, even at room temperature. The reaction scope was extended to include an ethyl
group as the aliphatic residue of the ketimine with little effect on the yield and
enantioselectivity. The yield for the nitro-Mannich adduct 152n, derived from the cyclic 1-
tetralone ketimine 150n was diminished although the levels of enantiocontrol remained
high. Indanone derived ketimine 1500 was much less reactive; performing the reaction at
room temperature and quenching after 4h was found to be a good balance of
enantioselectivity and conversion. The reaction scope included the heteroaromatic 3-
pyridyl 150r and 2-furyl ketimine 150s substrates with the respective B-nitroamines
formed in excellent yields and good levels of enantiocontrol. The reaction with 2-
thiophene 150t was slower than that with 2-furyl and we postulated this was due to the
presence of the large sulfur atom in close proximity to the site of electrophilic attack. The
reaction was also applicable to an aliphatic ketimine 150p; albeit with a moderate yield and
levels of enantioselectivity. Having successfully demonstrated that a wide range of
ketimines were well tolerated in the first general organocatalytic enantioselective ketimine

nitro-Mannich reaction we did not explore the substrate scope further at this point.
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3.5.3 Reversibility in the Ketimine Nitro-Mannich Reaction

During the course of our studies on the ketimine nitro-Mannich reaction we noted, that the
enantioselectivity of the B-nitroamine products diminished over time under the reaction
conditions.X The reversibility was initially probed using D-phenylglycine derived catalyst
148 (Table 7). As the reaction using 20 eq of nitromethane as solvent is a suspension for
much of its course and thus difficult to accurately sample, we performed separate
experiments for each time interval. The enantioselectivity was found to be highest

(76.5% ee) after two hours when the conversion was 90% and diminished to 60% after

48 h.
n=P(PMP)3
Phy
N OPRz 40 motos 148 - POP2 S
| —— o HN._ N CF;
Ph)\ 20 eq MeNO, NO, \ﬂ/
150a 152a S
148
Fs
Entry Time (h) Conversion /% ee /%
1 2 90 76.5
2 6 99 75
3 12 97 74
4 24 99 70
5 48 99 60

Table 7 Reversibility in the ketimine nitro-Mannich reaction using ketimine 150a catalysed by 148. Each entry
represents a separate experiment that was quenched by the addition of 1 M AcOH in CH,CI.,.

The effect of the Brensted basicity of the iminophosphorane catalyst on the rate of
racemisation in the ketimine nitro-Mannich was also investigated. A series of nitro-

Mannich reactions on ketimine 150a using catalysts 229, 145 and 147 were performed in

X' The reversibility of the nitro-Mannich reaction was discovered serendipitously when we decided to
measure the ee of the reactions performed in the kinetic *H NMR study in Figure 27. Upon completion of the
kinetic experiment the catalysts were not quenched and were therefore active over the course of several
weeks. When the enantioselectivity was measured after several weeks, the ee with catalyst 207 was 26% ee
whereas it was 0% with catalysts 148, 230 and 231.
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CH,Cl, with aliquots taken to determine the conversion and enantioselectivity (Figure 30).

The rate of racemisation was found to be correlated to the strength of the Brensted basicity.
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Figure 30 Graph comparing the effects of catalyst basicity on the ee in the ketimine nitro-Mannich reaction as a
function of time. Reactions were performed on a 0.5 mmol scale of 150a using 10 mol% catalyst in 1.0 mL of
CH,Cl,. Conversion for 152a after 24 h was 99%, 91% and 87% for catalysts 229, 145 and 147 respectively.

From these reversibility studies we concluded the absolute levels of enantiocontrol
imparted by the catalysts 229, 145 and 147 were very similar. The enhanced ee observed
upon quenching the reactions after 24 h (Table 5) when the BIMP catalyst 229, possessing
the less Brensted basic tris(4-chlorophenylphosphine) derived iminophosphorane was
used, may have resulted from less extensive racemisation.

The retro-nitro-Mannich reaction occurred to afford the parent ketimine and the

198,199 the reverse

nitronate.®” According to the Principle of Microscopic Reversibility,
reaction proceeded faster with the major enantiomer ((R)-150a when using BIMP catalysts
derived from L-tert-leucine) as the activation energy was lower than for the minor
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enantiomer in a qualititative simplified model of the overall reaction (Figure 31). In
addition, the retro-nitro-Mannich reaction occurred preferentially for the major enantiomer

as it was present in higher concentration than the minor.

A

Free
energy
ketimine """ttt
¥ + MeNO, ¥
AGS AGR + +
AGg > AGg
S enantiomer R enantiomer
minor major
HN,P(O)Ph2 ks N,P(O)Ph2 ke HN,P(O)Ph2 ks < kg
- —_ k's < k'
Ph, — 1 — ) no s < Kk
N02 k’S Ph)\ k'R Ph)\/ 2
MeN02

Figure 31 Simplified transition state diagram negating intermediary structures for the ketimine nitro-Mannich
reaction catalysed by 147 showing the retro-nitro-Mannich reaction occurred preferentially for the major
enantiomer.

As the inherent catalyst control in the reaction was not completely enantiospecific (15:1
selectivity, reflected in 88% ee) the ee of the product diminished over time. The minor
enantiomer, (S)-150a, accumulated and if left long enough, the reaction would reach
thermodynamic equilibrium and the two enantiomers would be present in equal quantities.
The rate of the forward reaction was greater than that of the retro-nitro-Mannich reaction
and therefore racemisation predominately occurred upon completion of the forward
reaction. The more basic BIMP catalyst 147 derived from tris(4-methoxyphenylphosphine)
increased the rate of the ketimine nitro-Mannich reaction relative to the less Brgnsted basic
catalyst 229 (Figure 26) and by extension also increased the rate of the retro reaction.

More drastic examples of reversibility issues were observed in the formation of 1520 from
the indanone derived ketimine 1500. At room temperature the enantiomeric excess was
71% ee after 2 h, but had decreased to 57% after an additional 2 h with only a modest
conversion to 32% as determined by 'H NMR (Table 8, Entries 1 & 2). Lowering the

temperature — in an attempt to reduce the retro-nitro-Mannich reaction, consistent with the
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Arrhenius equation — allowed the product to be formed in 87% ee although the rate of

reaction was significantly reduced (Table 8, Entry 4).

_ ,P(O)Ph,
N—P(O)Ph, 10 mol% 145

HN
/ =/ NO,
20 eq MeNO,

Entry Temp /°C Time /h Conversion /% ee (%)
1 23 2 22 71
2 23 4 32 57
3 0 96 29 55
4 -20 96 15 87

Table 8 Addition of nitromethane to indanone derived ketimine. Reactions performed on 0.2 mmol scale of 1500
with 10 mol%o 145 in 20 eq of MeNO,.

For a reaction to proceed, in the absence of external factors, the free energy of the products
is lower than the reagents and therefore AGgr is negative (Figure 32, scenario A).
Conversely if AGg is positive in a reaction then the equilibrium will predominantly lie
towards the reactants (scenario C).

In the ketimine nitro-Mannich reaction employing 150a (Figure 30), the high conversion of
the product 152a was an example of scenario A (Figure 32). However, in the ketimine
nitro-Mannich reaction to afford 1520 the rates of racemisation and low conversions to the
product suggested that the difference in free energies of reactants and products was less

than that observed in the formation of 152a (i. e. AGgr was less negative).

\ Free R P
Energy
AGR A(BR
P R P R
AGR<0 AGR=0 AGR>O
Scenario A Scenario B Scenario C
Reaction
Coordinate

Figure 32 Schematic representation of reactants and products in trivialised reactions with different free energies.

When we tried to extend the reaction scope to higher order nitroalkanes (such as

nitroethane) we were also faced with competing retro-nitro-Mannich reactions. Using
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20 eq of nitroethane as solvent, the conversion to 152u was just 63% after 96 h with
10 mol% 148. The levels of diastereo- and enantiocontrol were very low (Table 9, Entry
1). Repeating the reaction and quenching after one hour revealed 30% conversion and
modest enantioselectivities of 27 and 53% (Table 9, Entry 2). By performing the reactions
at lower temperatures we were able to increase the ee up to 72% (Table 9, Entry 4) albeit
with very low levels of conversion. The observed conversion of 63% after 96 h (Table 9,
Entry 1) was a reflection of the equilibrium position between the starting materials and
products when 20 eq of nitroethane was used; presumably the ee could be reduced to 0 for

both diastereomers at equilibrium.

n=P(PMP)3
Phy
NTOPR2 e, 10moi 148 T (OPN2 R
)|\ *0eq) T - . NG HN\”/N CFs
Ph Tt Ph % 2 S
150a 163 152u 148
CF;
Entry Temp/°C Time /h Conversion /% dr ee /%
1 23 96 63 24:1 5,3
2 23 1 36 1.2:1 27,53
3 0 1 30 2.7:1 64, 64
4 -20 1 8 1:1.6 66, 72

Table 9 Ketimine nitro-Mannich reaction of nitroethane to N-DPP ketimine 150a to afford 152u.

In an attempt to measure the equilibrium position in the ketimine nitro-Mannich reaction
with nitroethane, equimolar quantities of nitroethane and ketimine 150a were reacted with
10 mol% 147 at rt in dg-toluene (Scheme 43). The conversion after 24 h to 152u with one
equivalent of nitroethane was less than 5% by *H NMR. Unfortunately only one data point
was taken and therefore there was no evidence whether the low conversion was as a result
of kinetic or thermodynamic effects; however if the reaction mixture had reached
equilibrium, then this reaction was an example of scenario C (Figure 32). To the reaction

mixture was subsequently added 9 equivalents of nitroethane and the conversion after a
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further 72 h was found to be 27% by *H NMR. This was consistent with Le Chatelier’s
principle where the equilibrium position was shifted as a result of the extra equivalents of
nitroethane. The analogous reaction was performed using one equivalent of nitromethane
and the 'H NMR conversion was 68% after 24 h and 66% after 96 h and thus the

conversion was a reflection of the equilibrium position.

_P(O)Ph, 10 mol% 147 hn-POPh2
) + MO ool NO
(1 eq) . g-toluene . P
F’h)\ 163 rt U
150a 152u
24 h, <5% conv
_P(O)Ph ) _P(O)Ph
N| (O)Ph, MeNO, 10 mol% 147 HN (O)Ph,
Ph)\ (1eq) 0.5 M dg-toluene P;;"' NO,
150a 151 rt 152a

24 h, 68% conv
96 h, 66% conv

Scheme 43 Ketimine nitro-Mannich reaction of nitromethane and nitroethane to ketimine 150a catalysed by 147.
Reactions performed with one equivalent of nitroalkane in dg-toluene.

The faster retro-nitro-Mannich reaction, when using nitroethane as the pro-nucleophile
relative to nitromethane was likely due to increased repulsive steric interactions at the
contiguous tertiary and fully substituted carbon centres of 152u. The increased acidity of
nitroethane compared to nitromethane (16.7 vs 17.2 in DMSO respectively),?®® due to the
greater stability of the more substituted nitronate anion may also have been a contributing
factor. An interesting extension to these experiments would be the addition of
nitromethane in the presence of a Bragnsted base catalyst such as 147 to a solution of rac-
152u to observe the relative conversions of the two nitro-Mannich adducts and their

respective enantioselectivities.

X In hindsight, these reactions should have been followed more closely over time with respect to both the
conversion and enantiocontrol to unambiguously determine whether the conversion data shown in Scheme 43
are thermodynamic concentrations.
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Figure 33 Increased repulsive steric interactions for nitro-Mannich adduct 152u relative to 152a.

In a recent comprehensive study on the Michael addition of nitromethane and nitroethane
to PB,B-disubstituted a,B-unsaturated aldehydes under iminium catalysis, Hayashi and co-
workers reported very similar observations (Scheme 44).2°* They observed that conjugate
additions with nitroethane proceeded faster than those with nitromethane and postulated
this to be due to the increased acidity of the pro-nucleophile. The retro-Michael reaction
also proceeded faster with nitroethane but it only occurred at room temperature or above.
Competing kinetic experiments using equimolar quantities of the nitroalkanes revealed
nitroethane reacted faster with 234 (Scheme 44a). However, when the steric bulk at the -

position was increased further with 237 the reaction with nitromethane was more rapid

(Scheme 44b).
a) Ph
Ph
N
0 H235 OTMS 0
| H 10 mol% H +
EtO 14 eq MeNO, BOS 7. _No, EtO
O 234 14 2q2%tr:02 O 236a o /236b
’ 20% NMR yield 50% NMR vyield
b) o) o) o)
7 H 10 mol% 235 H . H
14 eq MeNO, ',’//NOQ “, NO,
14 eq EtN
237 o0 h02 238a 238b
’ 25% NMR yield 10% NMR yield

Scheme 44 Hayashi’s conjugate addition of nitromethane to f.B-disubstituted o,B-unsaturated enals using L-
prolinol catalyst 235. a) Competing addition between nitromethane and nitroethane to 234 showing the reaction
proceeds faster with EtNO,; b) Competing addition between nitromethane and nitroethane to 237 showing the
reaction proceeds faster with MeNO..

Further studies on the retro ketimine-nitro-Mannich reaction are required to fully
understand the various competing kinetic and thermodynamic factors. As a first port of

call, performing analogous experiments to those carried out by Hayashi and co-workers to
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establish which of the nitroalkanes reacts faster with 150a would be informative.
Qualitatively from the data shown in Table 9 and by comparison to ketimine nitro-
Mannich reactions performed with nitromethane the reactions proceeded slower with
nitroethane. These results are consistent to those reported by Hayashi when very sterically

hindered B,B-disubstituted a,B-unsaturated enals were used (Scheme 44b).

3.5.4 Origins of Enantiocontrol in the Ketimine Nitro-Mannich Reaction

Computational analysis, in collaboration with the Paton Group provided us with a putative
working model for the observed enantioselectivity. The thiourea efficiently bound the
nitronate formed from the reversible deprotonation of nitromethane. The N-H of the
protonated iminophosphorane could then act as an effective H-bond donor group to the N-
DPP group and align the ketimine. The attack of the nitronate then proceeded preferentially
to the si face of the ketimine (Figure 34). The lower enantioselectivity observed with less

acidic H-bond donor groups probably resulted from less efficient binding of the nitronate.

Staggered conformation around
newly forming C-C bond

wB97XD/cep-31G

Figure 34 Working model of the nitro-Mannich ketimine reaction. Calculations by Dr Robert Paton and Adam
Madarasz: Quantum-guided molecular mechanics (Q2MM); Monte Carlo conformational search of the transition
structures, followed by full DFT optimisations.
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3.6 Preparative Scale Synthesis of 150a and Derivatisation

With the substrate scope completed, we next focussed on performing the ketimine nitro-
Mannich reaction on a preparative scale. In the substrate scope, carried out on a 0.2 mmol
scale, 15 mg of catalyst were used for typically around 65 mg of substrate. Whilst
acceptable for a methodology, as maximising enantioselectivity was the principle
objective, it was impractical in any scale-up procedure. For a catalyst to be used on scale,
low catalyst loadings and reaction times are paramount.

_P(O)Ph
N/P(O)Ph2 a Catalyst, X mol% HN (O)Ph2

| > //I,)\/
Ph)\ X eq MeNO, b NO2
b 1 M AcOH in CH,Cl,

150a 152a
Mass Catalyst, Time Crud_e A Yield/ ee
Entry @) Eq, h) conversion/ Purification (%/%)
(mol%o) ee (%/%)
1 0.20 145, 10 6 92, 87 Recryst. (EtOAc) 29, 98.5
2 0.043  147,10° 2 99, 83.5 - -
3 0.043  147,10° 2 99, 86 - -
4 2.00 147, 1 50 90, 86 Recryst. (EtOAC) 47,99
5 0.43 147, 1 25 >90 Filt. (EtOAC) 56, 98
6 2.0 147, 1 20 >90 Filt. (EtOH) 26, 99.3
7 1.0 147,05 46 ~30 - -
8 1.0 147, 1 20° 96, 79 Recryst. (EtOAc) 42,98
9 1.0 145, 1 120 75, - - -
10 1.0 147, 1° 42° 90, 84 Recryst. (EtOAc) 38,99
¢ Recryst. (2 x
11 1.0 147, 1 22 >90, 82 iPrOH) 59,99.3
12 1.0 147, 1 22¢ 85 Filt. (iPrOH) 35,98.5
Recryst. (2 x
13 0.50 147, 1 21 90 iPrOH) 46, 99.7
14 10.0 147, 1 21 98, 86 Recryst. (iPrOH) 70, 98

Table 10 Optimisation studies for the preparative synthesis of 152a; ? 20 eq MeNO, used; ® Reaction performed at
13 °C; ® reaction quenched by elution through silica gel; ¢ purification by filtration of the reaction mixture.

From the onset, we wanted to optimise the reaction conditions so that the reaction would
be operationally simple, complete within a 24 h timeframe and did not necessitate
purification by chromatography (silica or preparative chiral HPLC) to afford

enantiomerically pure product. As a starting point, the reaction was repeated on 43 mg of
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150a using 10 mol% 147 and was found to be complete after just 2 h with a crude ee of
84% (Table 10, Entry 2). Reducing the equivalents of nitromethane to 10 increased the
enantioselectivity to 86% ee and the high conversion maintained (Table 10, Entry 3).
Significantly, when the catalyst loading of 147 was lowered down to 1 mol% the reaction
proceeded to greater than 90% conversion within 25 h (Table 10, Entries 5 and 6) and with
maintained enantioselectivity of 86% (Table 10, Entry 4). When the catalyst loading was
dropped to 0.5mol% of 147 only 30% conversion was reached after 2 days. For
comparison, the loading was dropped to 1 mol% using the triphenylphosphine derived
BIMP 145; however the reaction only reached 75% conversion after 5 days (Table 10,
Entry 9).

As the reaction mixture is a slurry due to the high concentration of the reagents and high
crystallinity of the products we tried to simply filter the reaction mixture upon completion
with minimal washings employing either EtOAc or EtOH. This proved to be possible with
excellent enhancement in the enantioselectivities (98 and 99.3% ee respectively), but the
yields of the isolated crystals were insufficient (Table 10, Entries 5 and 6). A screen of
solvents of crystallisation for 152a revealed excellent yields and enhancements in the ee

when using refluxing isopropanol (Table 10, Entries 11 and 13).

_P(O)Ph, NH/P(O)th
)Nl\ i- 1 mol % 147 (231 mg) /)V
NO,
Ph 17 mL MeNO, (10 eq) Ph
150a ° 152a
21°C, 21h, 83
1009 then recrystallisation =9

98% conv., 86% ee

70% vyield, 98 % ee
63% yield, 99.7% ee

(propan-2-ol)
Scheme 45 Preparative synthesis of 152a.
Taking all these considerations into account, the reaction was finally performed on a 10 g
scale of ketimine 150a with 231 mg of catalyst 147. After 21 h, the conversion to 152a was
found to be 98% by *H NMR and the enantiomeric excess of the crude mixture was 86%.

The reaction was quenched using 1 M AcOH in CH,ClI,, excess MeNO; and CH,Cl, were
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removed in vacuo and a slow crystallisation from 'PrOH afforded 152a in 70% vyield and
98% ee. A second recrystallisation gave 152a in 63 % isolated yield and 99.7% ee

(Table 10, Entry 14 and Scheme 45).

_P(O)Ph -P(O)Ph
HN (O)Phy a HN ©Phy NH, c NHBoc
I, NO —_— //ﬂ\ —_— /lﬂ\ —_— /,y\
Ph 2 Ph” “COOH Ph” “COOH Ph” “COOMe
152a 239 240 241
ee > 99% ee > 99%

Scheme 46 Derivatisation of 152a to the a-amino acid via an oxidative Nef reaction; a: KMnO,, KOH, KH,PO,,
'BUOH, rt, 3 h; b: 6 M HCI, rt, 16 h, 57% yield over 2 steps; c: SOCl,, MeOH, reflux, 9 h, then Boc,O, NaHCO3,
70 °C, 12 h, 65% yield over 2 steps.

To demonstrate the synthetic utility of the enantiopure B-nitroamine, we derivatised 152a
to the a-amino acid 240 (Scheme 46). An oxidative Nef reaction transformed the nitro
group to the carboxylic acid yielding 239. Removal of the N-DPP protecting group under
strong acid afforded 240 in 57% yield over two steps. In order to determine that no
racemisation had occurred during the derivatisation the a-amino acid was esterified to the

methyl ester and then N-Boc protected to afford 241 in 65% yield over two steps.

NH
Hn-POPh: a.b Hn-PO)Ph2 . , Rz
B —— e " —_— NHCbz
ey, NO ", NHCbz Ph
Ph 2 Ph
152a 242 243
ee > 99% ee > 99%

Scheme 47 Derivatisation of 152a to the enantiopure diamine; a: NaBH,, NiCl,»6H,0, MeOH, 0 °C, 30 min, 84%
yield; b: CbzCl, Na,COs3, H,O: dioxane, rt, 16 h, 90%; c: 12 M HCI, MeOH, rt, 13 h, 81%.

The 1,2-diamine 243 was synthesised by the sequential reduction of the nitro group
followed by removal of the N-DPP protecting group (Scheme 47). It was necessary to
perform the reactions in that order as the presence of the nitro group prevented the ready

cleavage of the protecting group.

3.7 Conclusion

We successfully developed the first general organocatalytic enantioselective ketimine

nitro-Mannich reaction. Considerable effort was exercised to identify the optimal catalyst
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and reaction conditions. Under the optimised conditions, twenty ketimine substrates were
trialled in the nitro-Mannich reaction demonstrating the broad scope of the reaction.
Complications arose with the discovery of the competing retro-nitro-Mannich reaction, but
by performing the reactions at low temperature and quenching the catalyst upon
completion of the reaction, optimal levels of enantiocontrol could be achieved. The
strength of the Bregnsted base was also found to be critical in determining whether any
enantiocontrol was observable at appreciable levels of conversion. The BIMP catalysts
appeared to have struck an optimal window between appropriate basicity strength to
catalyse the forward reaction efficiently and prevent the retro-nitro-Mannich reaction from
occurring too rapidly. We were able to perform the reaction on a 10 g preparative scale
with just 1 mol% catalyst to afford the enantiopure P-nitroamine in good Yyields.
Furthermore, the B-nitroamine product was derivatised to a 1,2-diamine and a-amino acid

bearing a fully substituted carbon in a demonstration of synthetic utility.

83



4 Sulfa-Michael Addition to a,p-Unsaturated
Esters

4.1 Chapter Overview

This chapter describes the first general enantioselective conjugate addition of alkyl and
benzyl thiols to unactivated a-substituted a,B-unsaturated esters." Reports in the literature
of organocatalytic conjugate addition reactions to unactivated o,B-unsaturated esters are
sparse and no true unactivated a or B-substituted a,B-unsaturated esters have been used.
With the overall aim of demonstrating the applicability of the BIMP catalysts across a
broad spectrum of pro-nucleophile/electrophile combinations, developing an efficient
methodology involving low energy electrophiles — feedstock chemicals — would be a good
gauge of performance. Building on the catalysts developed for the ketimine nitro-Mannich
reaction, initial reactivity was identified but the reaction necessitated the development of
new generations of bifunctional iminophosphorane catalysts. The scope was broadly
applicable to a range of alkyl and benzyl thiols and a-substituted acrylates. Investigations
into the scale-up capabilities of the reaction were performed and derivatisation of the B-

mercaptoester moieties undertaken.

4.2 Introduction

Sulfur, in a variety of oxidation states, is omnipresent in biological processes and is found
in many of the top selling drug molecules (Figure 35). The increasing requirement for
chiral single enantiomer drug molecules has led to the development of a variety of methods

for the catalytic formation of C-S bonds.?*? The sulfa-Michael addition (SMA) of thiols to

Xl The work disclosed in this chapter was performed in conjunction with Christopher Sandford, a part Il
student under the supervision of AJ.M.F. and all of the results have been included in this chapter for
completeness.
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a range of a,pf-unsaturated systems predominates the literature, owing to the high
nucleophilicity and synthetic utility of the sulfur moiety.?®® The oxidation state of the thiol
moiety can be manipulated or the sulfur atom can be used for the installation of various
other functional groups. The use of a-substituted a,p-unsaturated esters as electrophiles in
the SMA allows the formation of [-mercaptoesters bearing a tertiary o-Stereocenter.
Examples of drug molecules containing this functionality include penicillin G 245 and (-)-

Captopril 246 (Figure 35).

N O Ph o
/@:\}—s/’ N= /Y:l;'/ 0 \~OH
o ” L&\:/?i \)< HS/\L)J\D
o— /~oH -

244 245 O 246
Esomeprazole Penicillin G (-)-Captopril
o o
Ibuprofen Naproxen

Figure 35 Examples of single enantiomer biologically significant sulfur containing molecules and drug molecules
that can readily be accessed by cleavage of the C-S bond.

For all B-mercaptoesters with substitution at the a-position other than a methyl group,
reductive cleavage of the C-S bond formed during the conjugate addition yields ester
products with an o-stereocenter. This strategy provides direct access to biologically
significant molecules such as the nonsteroidal anti-inflammatory drugs (NSAID) Ibuprofen

247 and Naproxen 248 (Figure 35).

4.2.1 Diastereoselective Conjugate Additions of Mercaptans

Several research groups have disclosed SMA reactions of mercaptans to a,-unsaturated
ester surrogates containing a chiral auxiliary with high levels of diastereocontrol. In 1995,
Wu and co-workers disclosed the addition of thioacetic acid to a-substituted a,B-
unsaturated oxazolidinone 249 which proceeded at room temperature in the absence of a
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catalyst with high levels of diastereocontrol (Scheme 48a).** The authors proposed that
the high levels of diastereocontrol observed in the formation of 250 arose from preferential

protonation of the more accessible re-face of the intermediate enol 251.

(0] o O o O/H\O
Y& J\  AcsH )J\SAE)KNJ\O )J\SA%NJ\O
CH2CI2 : / . L

PR 249 t, 24 h 250 PR
84% yield, 97:3 dr

SPh O

b) o O . o
8 mol% PhSLi =
Ph/\)J\NJ\o Mg(ClQOy4),, PhSH /\)J\NJJ\O

252 ( EtCN, -78 °C, 1h \/‘

OCPh3 OCPh4
90% yield, 99:1 dr
one of 5 examples

Scheme 48 Examples of chiral auxiliary controlled asymmetric SMA reactions. a) Wu’s diastereoselective SMA of
thioacetic acid to 249; b) Tomioka’s diastereoselective SMA to B-substituted a,B-unsaturated ester surrogates such
as 252 requiring the use of stoichiometric Lewis acids.

In the same year, Tomioka et al. demonstrated the highly diastereoselective SMA of
thiophenol to [-substituted o,B-unsaturated ester surrogate 252 bearing a chiral
oxazolidinone (Scheme 48b).2% The reaction required stoichiometric magnesium salts as
Lewis acid to proceed, presumably to activate and rigidify the electrophile through
interactions with the two carbonyl moieties. The reaction proceeded rapidly at —78 °C with
catalytic lithium thiophenolate to afford 253 with excellent levels of diastereocontrol.

These examples allowed the construction of B-mercaptoester moieties containing a
stereogenic centre at either the o- or B- position. However, the use of stoichiometric
quantities of chiral auxiliaries reduced the atom economy of the reaction and additional
synthetic steps for their installation and removal were required. Therefore, the

development of effective catalytic enantioselective variants would be desirable.

86



4.2.2 Catalytic Enantioselective SMA Reactions to Enones

Following Wynberg and Hiemstra’s seminal report of the cinchona alkaloid catalysed
conjugate of aromatic thiols to cyclic enones (Scheme 2b), numerous reports have
appeared in the literature for metal and organocatalytic SMA to a,-unsaturated aldehydes
and ketones. Shibasaki et al. demonstrated that chiral bimetallic complex 256 could
catalyse the addition of benzyl and aromatic thiols to cyclic enones with moderate levels of
enantiocontrol (Scheme 49a).% In 2010, Singh et al. published the highly enantioselective
addition of aromatic thiols to a range of cyclic and acyclic enones using the cinchona

alkaloid derived bifunctional organocatalyst 184 with loadings down to 0.1 mol%

(Scheme 49b).%"”
e 0 A
BnSH 10 mol% 256 NaQ /O—/Na o o
+ bBn . O-La-0 -
toluene: THF 60:1 SBn (g 0) *CO = 0
-40°C,41h * \N/ *
254 255 257 a
one of 6 examples 256
87% yield, 83% ee
b
) o o
@ + PhsH 0.1 mol% 184
toluene SPh
258 259 rt, 5h 260

one of 38 examples
>99% yield, 94% ee

r
Ar = 3,5-(CF3)206H3
Scheme 49 Selected examples of enantioselective conjugate additions of mercaptans to enones; a) Shibasaki’s
bimetallic complex in the conjugate addition of mercaptams to cyclic enones; b) Singh’s organocatalytic addition
of aromatic thiols to cyclic and acylic enones catalysed by 184.

In the same year, Chen and co-workers reported that the tertiary bifunctional
organocatalyst 262 containing a squaramide moiety as the H-bond donor group was able to
catalyse the reaction between mercaptans and enones with good to excellent levels of
enantiocontrol (Scheme 50b).?® In 2014, Cheng and co-workers published the sulfa-
Michael addition of 265 to a-substituted a-B-unsaturated ketones catalysed by a primary

amine catalyst 267 via iminium catalysis (Scheme 50b).?>® The enantiodetermining step
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was believed to be the highly stereoselective protonation of the enamine intermediate from

the protonated tertiary amine.

a)
(0] SBn O
X 1 mol% 262 :
O O toluene O O
261 cl o 12h 263 cl H\
+ BnSH one of.18 examples Ar
255 89% vyield, 92% ee 262 O
b) o Ar = 3,5-(CF3),CgH3
10 mol% 267 Y (0]
Ph
___TOH _ g N~ -~ N
264 CHCl, \ﬂ/ §” Y "Ph
o + 40°C, 12 h O e - 2'\(';2
FSCJ\N/\/SH one of 18 examples
H 98% vyield, 91% ee
265

Scheme 50 a) Chen’s squaramide catalysed SMA of alkyl and aromatic thiols to acyclic enones; b) Cheng’s
primary amine catalysed SMA to a-substituted vinyl ketones via iminium catalysis.

4.2.3 Enantioselective SMA to Activated o, f-Unsaturated Esters

The conjugate addition of mercaptans to o,p-unsaturated ester derivatives has been much
less studied than the corresponding reaction to enone acceptors due to their reduced
electrophilicity. Furthermore, the substrates are not amenable to activation via iminium
catalysis as the amine catalyst cannot condense with the substrate. In a bid to address the
lower reactivity associated with a,-unsaturated esters, activated ester surrogates have been
employed in the organocatalytic SMA (Figure 36). The use of activated esters such as

210,211

imides,®* oxazolidinones or pyrazole esters®? in the enantioselective SMA is

commonplace.
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Chen Deng Singh
Imide Oxazolidinone Oxazolidinone
/\)OJ\ (@) C (0]
F
™ _N 3
F3C N AN
271 R/\)J\O)\CF:B FSC/\)J\O/\
272 273
Wang Wang Wang
4,4 4-Trifluorocrotonate Hexafluoroester 4,4 4-Trifluorocrotonate

Pyrazole ester
Figure 36 Examples of a-B-unsaturated ester surrogates used in the enantioselective SMA.

The ester surrogates increase the reactivity of the electrophile as they are inductively
electron withdrawing and therefore enable the electrophiles to exhibit similar reactivity to
that observed for enones. Furthermore, Takemoto et al. postulated that the presence of the
extra carbonyl moiety when using oxazolidinones or imides as ester surrogates allowed
additional H-bonding interactions with the H-bond donor group of the catalyst
(Figure 37).2* Wang successfully demonstrated the incorporation of fluorinated esters to
increase reactivity of a,B-unsaturated esters.?’* In an alternative strategy, the highly
electron withdrawing CF3 moiety could be installed at the B-position of the unsaturated
ester to augment the reactivity of the electrophile.?® The conjugate addition to the 4,4,4-
trifluorinated analogue of ethylcrotonate 273, for example, allowed the construction of a
stereogenic centre containing the biologically important trifluoromethyl group and the
216

mercaptan moiety.

CF3

FsC N

Figure 37 The presence of the extra carbonyl allows additional H-bonding interactions between the imide or
oxazolidinone and the H-bond donor group of a bifunctional catalyst.
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4.2.4 Chirality Derived from Enantioselective Protonation

The most efficient method for the creation of a tertiary o-Stereocenter is the
enantioselective protonation of a transient prochiral enolate using a catalytic chiral proton
source.r” In an early organocatalytic example, Pracejus and co-workers reported the
enantioselective SMA of benzyl mercaptan to methyl 2-phthalimidoacrylate 274 using
cinchona alkaloid catalyst 276 in 1977 (Scheme 51a).”*® No yields were disclosed and the
enantioselectivity of the product 275 was only moderate (54% ee), but proof of concept
was nevertheless established. Thirty years later, Tan et al. published an improvement to
Pracejus’ report with the use of a chiral guanidine 69 to catalyse the SMA enantioselective
protonation sequence (Scheme 51b).%* The authors found the tert-butyl ester to be critical
for high enantioselectivity and the scope was extended to include a range of aromatic thiols

and substitution around the phthalimide moiety.

a) _
5 mol% 276 = N
N\”)J\O/ g N\:)J\O/ .
O z

HO'
O 274 275 “SBn 276
54% ee
b)
PhSH
© 5 10 mol% 69 © 5 5 _(\N” o
> u B {=1V]
N Et,0 N NJQN
OBu  -50°C,05h OtBu N
o) o) 69
277 278 SPh

one of 16 examples
99% yield, 90% ee
Scheme 51 Addition of aromatic and benzylic mercaptans to 2-phthalimidoacrylates.

The enantiodetermining step in these reactions is the protonation of the prochiral transient
enolate formed after the initial conjugate addition of the thiolate anion to the a-substituted
a,B-unsaturated ester. The protonation step is rapid and enantioselectivity arises under
kinetic control due to preferential protonation of one of the prochiral faces of the enolate.

The o-stereocenter can be prone to racemisation (by reforming the enolate) and thus
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conditions for enantioselective protonation are usually quite subtle. The acidity of the
proton source is therefore important and should be appropriately matched to the acidity of
the substrate.

The SMA enantioselective protonation reactions shown in Scheme 51 are part of a wider
class of enantioselective protonation reactions whereby the addition of the small hydrogen
atom allows the construction of tertiary o-stereogenic centres. Early work into
enantioselective protonation as a method to impart enantiocontrol includes investigations
by Duhamel and co-workers who discovered that a-hydroxyketone 279 could be formed in

220 yyamamoto et al.

up to 80% ee from the protonation of the enediolate 280 (Scheme 52a).
developed a Lewis acid Brgnsted acid complex for the enantioselective protonation of silyl
enol ethers 282, as preformed enolate equivalents (Scheme 52b).?*' Enantioselective
protonation has been widely utilised as a strategy to install chirality in a molecule and has

d222,223

been comprehensively reviewe and only selected notable contributions have been

discussed here.

a) HO,C OPiv
Ph Ph Ph PivO  CO,H Ph
Phj/go KH —( 281 2 Ph ]/go
HO O \
j THF, -70 °C
OH K OH
279 280 (S)-279
82% yield
80% ee
b)

% 284 (@]
OTMS OH 2 mol%
50 mol% SnCl, oPh
Ph . > OH
toluene, -80 °C OH
282 283 285 OO 284

100% conversion
90% ee

Scheme 52 Early examples of enantioselective protonation reactions.
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4.3 Proof of Principle and Initial Catalyst Screen
4.3.1 Addition of 1-Propanethiol to Methyl Methacrylate

Due to the synthetic utility of B-mercaptoesters and the lack of a general strategy for their
asymmetric synthesis via a catalytic enantioselective conjugate addition of mercaptans to
simple o,B-unsaturated esters, we decided to invest considerable effort into the
development of a practical solution. To probe the conjugate addition of thiols to
unactivated a,B-unsaturated esters, we selected the smallest pro-nucleophile electrophile
combination devoid of protecting groups that would allow the construction of a stereogenic
centre @ to an ester. 1-Propanethiol 286a and methyl methacrylate 287a" were thus
chosen as our model reagents to optimise the sulfa-Michael addition to a-substituted a,[3-
unsaturated esters (Figure 38). We were delighted to observe the formation of the f-
mercaptoester 288a in quantitative yield using 10 mol% of 147 within just three hours and
with an ee of 72%.

_SH + \‘)?\O/ 10 mol% catalyst \/\S/\HJ\O/

0.5 M toluene, rt

286a 287a 288a
O/
_P
>I\‘/\N
S<_N.
Y H
147
FsC N. o
3 H /
© 3h FsC CF3
>99% yield 12 days

o
CF3 72% ee 0% yleld

Figure 38 Sulfa-Michael addition of 1-propanethiol to methyl methacrylate using 147 and comparison with
cinchona alkaloid catalyst 53.

XV At the time of writing 5 kg of methyl methacrylate could be purchased for £65.40 from Sigma-Aldrich.
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To allow for a comparison, the reaction was performed using cinchona alkaloid derived
catalyst 53 and no product was observed even after an extended reaction time of 12 days.
We were thus confident that we had discovered another reaction that required the use of

organosuperbases to proceed.

4.3.2 Temperature and Screen of Solvents

The formation of enantioenriched products in this reaction arises from protonation of the
pro-chiral transient enolate 289 formed after the initial attack of the sulfur nucleophile
(Figure 39). We therefore expected the solvent choice to be paramount in controlling the

levels of enantioselectivity.

(0]
. 0] 0]
YJ\OME ‘B 0 ,— ~ ) 3
287 PrS OMe 7 oM PrS 7 "OMe
+ e /H
PrS—H @ j289 enantio- 288a
H—B (©)
286 H-B determining

step
Figure 39 Representation of the stepwise mechanism of the SMA of 1-propanethiol to methyl methacrylate.

A screen of solvents was conducted using 5 mol% of catalyst 147 at rt and the reactions
were quenched after 3 h by the addition of 1 M AcOH in CH,CI, (Table 11). The reactions
were difficult to monitor by TLC analysis since the volatile 1-propanethiol 286a (boiling
point 68 °C) was used as the limiting reagent and therefore yields were taken as a measure
of conversion. The enantiocontrol was found to be very solvent dependent and higher
enantioselectivities in the formation of 288a were observed with apolar solvents such as
Et,0 (71% ee), benzene (70% ee) and hexane (73% ee) whereas the enantioselectivity was
significantly lowered in a polar aprotic solvent such as DMF (19%). Chlorinated solvents
also imparted lower levels of enantiocontrol (61% and 57% ee for CH,Cl, and CHCl;
respectively) and interestingly the rates of reaction were also lower. We postulated the

lower enantioselectivity in chlorinated solvents to be due to trace HCI content. Whilst the
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reaction proceeded quantitatively in MeOH, a polar protic solvent, the product 288a was
formed as a racemate, likely due to extensive protonation of the transient enolate from the

methanolic solvent cage.

(0] O
/\/SH . P 5 mol% 147 ~~ P
o 0.5 M solvent S O
rt, 3h

286a 287a 288a
Entry Solvent Yield/% ee/% | Entry Solvent Yield/ % ee/%
1 MeOH >99 0 7 CHCl; 57 57
2 DMF 85 19 8 TBME 74 70
3 EtOAC 71 67 9 Toluene >09 72
4 THF 80 65 10 Benzene 88 70
5 CH,Cl, 51 61 11  Cyclohexane 74 71
6 Et,O 82 71 12 Hexane 88 73

Table 11 Screen of solvents in the SMA addition of 1-propanethiol (0.20 mmol) and methylmethacrylate (5.0 eq)
catalysed by 5 mol% 147.

Since the screen of solvents did not lead to an improvement in the enantiocontrol in the
formation of 288a, a screen of temperatures was performed and surprisingly a remarkable
indifference in the enantioselectivity of 288a with respect to the reaction temperature was
observed (Table 12). Whilst the rate diminished at —40 °C the enantioselectivity remained
at 72% (Table 12, entry 1), with just a slight improvement to 74% ee at —20 °C and 0 °C
(Table 12, entries 2 and 3). Conversely, heating the reaction up to 50 °C only marginally
reduced the ee in the formation of 288a to 68% (Table 12, entry 5). Dilution of the reaction
to 0.05 M, whilst increasing the reaction time, did not significantly improve the ee

(Table 12, entry 6).
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Entry  Temp. Catalyst Loading Concentration Time  Yield ee

/°C / mol% / M (toluene) /h | % | %
1 —40 5 0.5 24 88 72
2 20 10 0.5 6 >99 74
3 0 10 0.5 6 >99 74
4 rt 10 0.5 3 >99 72
5 50 10 0.5 1 >99 68
6 rt 10 0.05 27 92 74

Table 12 Temperature screen for the SMA addition of 1-propanethiol 286a and methylmethacrylate 287a
catalysed by 147. Reactions were performed on 0.20 mmol scale of 1-propanethiol and 5 eq of methylmethacrylate.

Disappointingly, we were unable to significantly enhance the enantioselectivity beyond our
initial proof of principle value of 72%; although we noted that the invariance of the
enantioselectivity with temperature could be exploited when performing the reaction on
preparative scale (vide infra). It was also clear that the optimal catalyst for the ketimine
nitro-Mannich reaction did not perform equally well in the SMA of a-substituted a,f-

unsaturated esters and therefore catalyst optimisation studies were required.

4.3.3 Initial Screen of Catalysts

BIMP catalysts bearing a range of H-bond donor groups were synthesised and a brief
survey of their efficacy was conducted in the SMA reaction of 1-propanethiol 286a to
methyl methacrylate 287a (Figure 40). When the 3,5-(CF3),CgsH3 urea catalyst 290 was
used, the ee was reduced from 72% to 57% ee. This reduction in enantioselectivity could
probably be attributed to the less acidic H-bond donor groups not binding as effectively to
the prochiral enolate. Catalyst 291 gave identical enantiocontrol to the 3,5-(CF3),C¢H3
thiourea 147, presumably, as a result of the similar acidities of the thiourea hydrogens. The
use of a catalyst with a single H-bond donor capability, in the form of 292 reduced the
enantioselectivity to 37% and this could be rationalised from the catalyst only possessing

single H-bond donor capabilities. The use of the sulfonamide derived catalyst 293 resulted
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in lower yields and levels of enantiocontrol, again consistent with the ability of the catalyst
to form only weak H-bonding interactions with the reagents. The effect of the H-bond
donor group of the catalyst on the enantioselectivity imparted in the SMA reaction was

very similar to that observed previously in the ketimine nitro-Mannich reaction

(section 3.4.3).
NP (PMP)s
5-10 mol%
O HN. O
R
/\/SH + O/ \/\S O/
0.5 M toluene, rt, 3 h
286a 287a 288a
H CF;
;WN CF; y{é H /@/
(@) W E,? EES\S
S CF 7 N\
NO, 3 o ©O
290 CF,4 291 o 292 293
10 mol % 5 mol % 5 mol % 10 mol %
>99% yield >99% yield 57% yield 40% vyield
57% ee 72% ee 37% ee 4% ee

Figure 40 Screen of catalysts with variations to the hydrogen bond group on the sulfa-Michael addition of 1-
propanethiol to methyl methacrylate.

Various trivalent phosphines were trialled to determine the steric and electronic effects of
the iminophosphorane moiety on the yield and enantioselectivity of 288a (Table 13). The
PPh; derived catalyst 145 was slower than 147 in the formation of 288a and the ee was
slightly reduced, as was the p-Cl catalyst 229 (Table 13, entries 1 and 2). Similarly to the
ketimine nitro-Mannich reaction, the conversion to 288a after 3 hours was strongly
influenced by the iminophosphorane moiety, suggesting that the extent of deprotonation of
the pro-nucleophile was important. Increasing the number and varying the position of the
methoxy substituents around the aromatic ring did not enhance the enantioselectivity (68
and 67 % ee respectively for the catalysts 232 and 233, (Table 13, entries 3 and 4))
however the rate was maintained. Interestingly, the use of tri("butyl) phosphine to form

catalyst 294 reduced the enantioselectivity, presumably due to greater conformational
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flexibility of the chiral pocket associated with the alkyl phosphine moiety (Table 13,

T R
P
>‘Y\N \R

SYN\H

F,C N.
8 T ;/ H
0O 10 mol% 0]
y CFs
NS + o~ _ S Ng o~
286a 287a 05M tOIUene, rt, 3h 288a

entry 5).

Entry Catalyst PR3 Yield / % ee /%
1° 145 PPh; 14 64
2 229 P(pCICgH4)3 9 68
3 232 P(m,p(OCHs)2CeH3)3 97 68
4 233 P(m,m,p(OCH3)3CeHy)3 91 67
5 294 P("Bu)s 91 35

Table 13 Variation of the iminophosphorane moiety in the SMA to methyl methacrylate; ® reaction was performed
using 5 mol% catalyst.

4.4 Development of BIMP Catalysts Incorporating Amide-Thiourea H-Bond Donor
Groups

The catalyst optimisation studies in section 4.3.3 revealed that a new catalyst design was
necessary to enhance the enantioselectivity and thus we needed to expand our catalyst
library. Whilst the 3,5-(CF3),CsH3 thiourea moiety has been used extensively in
organocatalysis as an extremely effective H-bond donor group other structural thioureas
have also been explored. Jacobsen, for example, pioneered the amide thioureas as effective

H-bond donor catalysts in a variety of asymmetric transformations (Scheme 6).

\\340133~HC|
H \I/ s N3/ “ImeHClI H \I/ S
ph N A L 1% CuSOs5H0 ) 0 2 L
SYTONTON K,CO3, MeOH SN
5 H OH NH, it 15 h o H H ,
295 45% yield 296

Scheme 53 Synthesis of 296 via diazotransfer.
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Drawing inspiration from Jacobsen’s cyclohexyl diamine derived organocatalysts, we
synthesised the iminophosphorane analogue by initially transforming the primary amine
295 into the azide 296 (Scheme 53). The active catalyst 297 was then made in situ by
treatment of 296 with tris(4-methoxyphenylphosphine) 146 and evaluated in the SMA
between 1-propanethiol and methyl methacrylate (Figure 41). Disappointingly, whilst
demonstrating excellent rate, the catalyst 297 afforded the product 288a in just 9% ee. This
result is in line with our previous work on the ketimine nitro-Mannich reaction that catalyst
211 derived from cyclohexyl diamine bearing the Schreiner type thiourea also gave poor
enantioselectivities (section 3.4.2 and Figure 23). It was postulated therefore that the trans-

1,2-diamine was perhaps antagonistic with the iminophosphorane moiety.

SH Q 10 mol% catalyst Q
+ >
286a 287a  0-5Mtoluene, rt, 3 288a

|
Ph.__N M ‘N
~ S Ph._N Ny

N~ N ~ NJ\N SP(PMP);
H H H H

297 \P(PMP)C’) O 298
91% yield 97% yield

9% ee 76% ee

CF3

. Ph.__N N.
FsC NJ\N\ ~ N™ °N P(PMP)3
H H o H H
300

N\
299 ' SP(PMP),

40% yield 91% yield
6% ee 29% ee

~ WAH N SP(PMP), he WAH N SP(PMP),
O 301 Ph O 302
>99% vield >99% yield
84% ee 87% ee

Figure 41 Evaluation of BIMP catalysts bearing an amide thiourea H-bond donor in the SMA to methyl
methacrylate.
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We hypothesised that the amide-thiourea moiety of catalyst 297 could be incorporated with
the tert-leucine backbone that had been demonstrated to be optimal with the
iminophosphorane group. Thus, catalyst 298 was synthesised and to our delight an
enhancement in the enantioselectivity to 76% ee was observed. As a comparison, trans-1,2-
diaminocyclohexane derived catalyst 299 was evaluated in the reaction and the
enantiocontrol was just 6%. Interestingly, the yield (as a reflection of conversion) was also
lower. The diastereomer of 298 was synthesised and evaluated but the enantioselectivity
was reduced to 29% ee with catalyst 300. Importantly, the same major enantiomer was
formed and thus we concluded that the proximal stereocenter was dominating the
stereocontrol in the formation of 288a. Some fine-tuning of the amide group revealed the
secondary amide to be beneficial, with catalyst 301 increasing the ee to 84%. Increasing
the steric bulk of the amide moiety using catalyst 302, possessing a benzhydryl group

afforded the B-mercaptoester 288a in 87% ee.

~L ~L ~L

i H : b
HO\{(\NHBOC _a . Ph\(NmANHBOC _b.¢_ Pn NthCS

O 303 Ph O 304 Ph O 305
H \l/ 3
Ng 9 o Ns| o P N_ A~ Nj
NHBoc NH, \( Tﬁ” H
125 212 Ph O 306

Scheme 54 Synthesis of thiourea amide H-bond donor azide 306; a: Ph,CHNH,, DIPEA, EDCI, HOBt, CH,Cl,,
20 h, rt; b: 4 M HCI in dioxane, CH,ClI,, 4 h; c: CI,CS, ag NaHCOj3;, CH,Cl,, 30 mins, 84% yield over 3 steps;
d: TFA, then ag NaOH; e: 305, THF, 90% yield over two steps.

The synthesis of the amide thiourea H-bond donor catalysts followed the strategy outlined
in Scheme 54. According to a procedure developed by Jacobsen,??* amide coupling of
benzhydryl amine and N-Boc L-tert leucine, N-Boc deprotection of 304 and treatment of
the amine with thiophosgene afforded the isothiocyanate 305 in 84% vyield over three steps
on gram scale. The isothiocyanate was of sufficient purity to be used without purification

and could readily be stored for several months at —20 °C. Addition of the N-Boc protected
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amino azide 125 to the isothiocyanate under our previously developed conditions afforded
the azide 306 in 90% yield. The structure of 306 was confirmed by single crystal X-ray
diffraction (Figure 42). The BIMP catalyst 302 could then be made in situ by reacting the
azide with equimolar quantities of tris(4-methoxyphenylphosphine). The other BIMP
catalysts 298, 300 and 301 evaluated for efficacy in the SMA reaction between 1-
propanethiol and methyl methacrylate (Figure 41) were synthesised in an analogous

manner using the desired amine and the (R) or (S)-enantiomer of N-Boc tert-leucine 303.

Figure 42 Single X-ray crystal structure of 306.

Having observed an improvement in the enantioselectivity in the formation of 288a with
the amide thiourea BIMP catalysts, optimisation of the reaction conditions was undertaken
next. Performing the SMA reaction at lower temperature resulted in a slight decrease in the
enantioselectivity to 82% at —20 °C in the formation of 288a (Table 14, entry 3). Dilution
of the reaction mixture to 0.05 M increased the enantioselectivity of 288a to 91% ee albeit
with a slightly extended reaction time concomitant with dilution (Table 14, entry 3). A
solvent switch to Et,O increased the enantioselectivity of the -mercaptoester to 94% and

the product could be formed in quantitative yields after 24 h (Table 14, entry 8).
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Catalyst

Entry Temp Solvent Concentration Time Yield ee

Loading

/°C / mol% /M /h 1% %
1 rt 10 Toluene 0.5 3 >99 87
2 0 5 Toluene 0.5 5 >99 83
3 -20 5 Toluene 0.5 5 >99 82
4 50 5 Toluene 0.5 1 >99 86
5 rt 5 Toluene 0.05 6 74 91
6 rt 5 Toluene 0.01 24 14 91
7 rt 5 Et,O 0.5 3 86 89
8 rt 5 Et,O 0.05 24 97 94

Table 14 Optimisation table for the addition of 1-propanethiol to methyl methacrylate using catalyst 302.
Reactions were performed with 0.2 mmol of 1-propanethiol and 5 eq of methyl methacrylate and quenched by the
addition of 1 M AcOH in CH,CI,.

The catalyst 302 was synthesised in situ by premixing equimolar quantities of the azide
and tris(4-methoxyphenylphosphine). Several attempts were made to isolate the
iminophosphorane catalyst but issues pertaining to the stability of the catalyst when
isolated were encountered and as such the methodology was performed with the catalyst

synthesised in situ for 24 h prior to the experiment (see section 5.3 for further discussion).

45 Substrate Scope of the Sulfa-Michael Addition Reaction to a-Substituted o[-
Unsaturated Esters

4.5.1 Screen of Methacrylic Esters and Alkyl Thiols

With optimised conditions established, the generality of the reaction was probed and
variation of the ester moiety was the first point of investigation (Figure 43). The scope was
expanded to include ethyl methacrylate with a marginal decrease in yield but maintained
enantioselectivity in the formation of 288b. The enantioselectivities in the formation of -
mercaptoesters 288c and 288f from isopropyl and tert-butyl methacrylate respectively were
high, with a slight increase to 96% ee in the case of 288f. The reaction with tert-butyl

methacrylate proceeded slower and necessitated a 48 h reaction time, presumably due to
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increased steric interactions associated with the bulky ester. The SMA reaction was also
highly enantioselective when the ester was substituted to a benzyl or phenyl group (89 and

95% ee for the formation of 288d and 288e respectively).

0
0,
__SH + R 5 mol% 302 _ R" R
R O 0.05 M Et,0, rt, 24 h S O
286 Me 287 Me 288
0 0 0
_Et P
\/\S/\HJ\O/ \/\S/\HJ\O \/\S O// r
288a Me 288b Me 288c Me
97% vield 79% vyield 71% vyield
94% ee 92% ee 94% ee
o} 0 0
8
\/\S/\HJ\O/Bn \/\S/\HJ\O/Ph \/\S/\Hko/ u
288d Me 288e Me 2ggf Me
78% yield >99% yield 37% yield®
89% ee 95% ee 96% ee
)\ i (/\ i )\/\ I
~
o o o
288g Me 288h e 28gi Me
>99% yield >99% yield 86% yield
92% ee 94% ee 93% ee
0
o 0
S o) S O Me
288j Me 288k Me O 288l
81% yield 85% yield 89% vyield
89% ee 90% ee 89% ee

Figure 43 Substrate scope of the SMA with variations to the ester group and alky! thiols; ? the reaction was left for
48 h.

The scope with respect to the alkyl thiols in the addition to methyl methacrylate was
subsequently investigated. Primary and secondary mercaptans performed well in the
reaction with near quantitative yields after 24 h and with enantioselectivities in the range of
89 — 94%. The B-mercaptoester 288g was formed quantitatively whereas the yield of 288
was slightly reduced (819%), possibly as a result of increased repulsive steric interactions of

the cyclohexyl moiety reducing the nucleophilicity. -Mercaptoester products 288k and
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288l synthesised by the addition of benzyl and 4-methoxybenzyl mercaptans to methyl

methacrylate 287a were afforded with enantioselectivities of 90 and 89% respectively in

good yields.
o) o)
>(SH . o 5 mol% 302 j\ o
Yko 0.05 M Et,0 S/\HJ\O
286h 287e r, 96 h 288m
48% vyield
85% ee

Scheme 55 Addition of tert-butyl mercaptan to phenyl methacrylate.

When we investigated the addition of tert-butyl mercaptan to methyl methacrylate no
product was observed under the standard conditions.” However it was noted that the
addition of 1-propanethiol to phenyl methacrylate 287e proceeded faster (by TLC) than the
analogous reaction with methyl methacrylate (Figure 43). This was postulated to be due to
the electron withdrawing effect of the phenyl substituent lowering the LUMO of the
Michael acceptor relative to the methyl ester. Therefore, we reasoned that the use of phenyl
methacrylate 287e may vyield the desired B-mercaptoester when using the tertiary
mercaptan. Pleasingly, with an extended reaction time of 4 days, the desired product 288m
was isolated in 48% yield and 85% ee (Scheme 55).*”

Having established that a range of alkyl and benzylic thiols could successfully be added to
various methacrylate esters in quantitative yields and with up to 96% ee, we turned our
investigation towards the addition of alkyl thiols to other a-substituted a,B-unsaturated

esters.

4.5.2 Synthesis of a-Alkyl Substituted a,f-Unsaturated Esters

The synthesis of alkyl a-substituted o,f-unsaturated esters could be readily accomplished

in three steps following literature procedures.?” Initial hydrolysis of the mono-substituted

* The reaction with 10 mol% BEMP to afford the racemate in 0.5 M toluene proceeded in circa 50% yield.
™ The ee of 288m could not be determined by HPLC or GC analysis but was determined on the
corresponding sulfone. See Section 8.4.3.8 for details.
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diethylmalonate 307 followed by treatment of the crude diacid 308 with p-formaldehyde
and diethylamine in a decarboxylative aldol condensation afforded the o,B-unsaturated

acids 309 in yields ranging from 19 — 76% (Figure 44)."

o o o o O
M 2 M NaOH M Et,NH, HCHO \‘)\
EtO OBt reflux, 2 HO OH  EtoAc,0°C OH

R 307 R 308 then reflux, 2 h R 309
o) % o)
OH OH OH
OH OH
309a 309b 309c 309d 309e
429 429 3.8¢g 042¢g 0.45¢g
67% yield 76% vyield 61% yield 19% yield 49% yield

Figure 44 Synthesis of aliphatic a-substituted o,f-unsaturated acids 309 from mono substituted diethyl malonate.
Yields are given over the two steps.

The methyl esters 287g — i were synthesised by initial treatment of thionyl chloride with
MeOH to generate HCI and then addition of the corresponding acid 309. The reactions
were refluxed for 2 h then purified by basification and extraction (Figure 45). The products
were of sufficient purity to be used crude in the asymmetric sulfa-Michael addition

XViii

reactions.

o) o)
\‘)k SOCl, \‘)k
~
OH MeOH, 0 °C ©

R 309 then reflux, 2 h R 287
o (0]
O e
- (@)
(@)
%O/
| 287¢g 287h 287i
54% 50% 50%

Figure 45 Synthesis of a-substituted a,f-unsaturated methy| esters.

i The mono-substituted diethyl malonates were either bought from commercial suppliers (ethyl
diethylmalonate) or synthesised by the treatment of diethyl malonate with NaH and the corresponding alkyl
bromide in DMF. When installing the cyclohexyl or cyclopentyl groups the reactions necessitated refluxing
overnight.

I some of the decarboxylative aldol condensation reactions, we observed the competing formation
(typically less than 10%) of the decarboxylated product which proved inseparable either at the acid 309 or
ester 287 stage. Slow addition of the base and p-formaldehyde at 0 °C in the aldol reaction was necessary to
minimise the formation of the inseparable side product.

104



The phenolic esters were synthesised, by treatment of the a,-unsaturated acids 309 with
phenol, EDCI, DIPEA and catalytic DMAP, in yields ranging from 75 — 98% (Figure 46).
(o) PhOH, DIPEA 0]

y& EDCI, DMAP yk Ph
H 7
© CH,Cly, t -

R 309 14 h R 287

O o)
o % Ph
- _Ph
_Ph _Ph O o)
o) o)
287j 287k 2871 287m

75% vyield 98% yield 75% vyield 89% yield
Figure 46 Synthesis a-substituted o,p-unsaturated phenolic esters.

To install a tetrahydropyran moiety at the a-position of an a,f3-unsaturated ester we
modified the synthesis slightly due to the commercial availability of tetrahydropyran-4-one
310 (Scheme 56). A two-step Horner-Wadsworth-Emmons reaction using 310 and
hydrogenation of the double bond afforded the ester 311 in 85% yield over two steps.*?®
Acylation to afford the monosubstituted malonate 312 by the dropwise addition of
LIHMDS to a premixed solution of 311 and dimethylcarbonate was found to be optimal. A
decarboxylative aldol condensation afforded 313 in 47% vyield and subsequent
esterification yielded the desired a-substituted a,B-unsaturated ester 287m in 26% overall

yield over 6 steps.

LO O O 0] @)
(0]

~ PN _Ph
fjj a,b o) c o o d e OH ¢ o
(@)
310 o~ 31 © 312 © ©

313 287m

Scheme 56 Synthesis of 287m; a: triethylphosphonoacetate, NaH, THF, rt, 6 h; b: H,, Pd/C, MeOH, rt, 4 h, 85%
over 2 steps; c¢: dimethylcarbonate, LIHMDS, THF, -78 to 0 °C, 14 h, 96%; d: 2 M NaOH, reflux, 2 h; e: Et,NH,
HCHO, EtOAc, 0 °C then reflux, 2 h, 47%; f: PhOH, DIPEA, EDCI, DMAP, CH,ClI,, rt, 14 h, 67%.

4.5.3 Addition of 1-Propanethiol to Alkyl a-Substituted a,f-Unsaturated Esters

For simplicity, all the sulfa-Michael addition reactions to the range of a-substituted o,p-

unsaturated esters were performed using 1-propanethiol on the assumption that the other
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alkyl thiols would also be well-tolerated. The reaction was initially performed on
commercially available dimethyl itaconate (dimethyl 2-methylidenebutanedioate) to afford
the B-mercapto ester 288n in 85% yield and 90% ee (Figure 47). This result gave us
confidence that the reaction would be applicable to a wide range of substitutions at the a-
position. The addition of 1-propanethiol to the allyl a-substituent also proceeded smoothly
to afford 2880 in near quantitative yield (94% yield and 93% ee). However, the presence of
an ethyl group at the a-position reduced the yield of 288p significantly to 47% despite
using 5 eq of the electrophile. A separate experiment extending the reaction time to 48 h
had little effect on improving the yield. We showed in Figure 43 that the ee was minimally
affected by using a different ester and therefore the phenolic ester was chosen to increase
the electrophilicity of the substrate. This ester gave identical enantioselectivity (92% ee) in
the formation of the B-mercaptoester 288q but importantly with an improved yield of 85%.
Similarly, when the reaction was performed with the cyclohexyl a-substituent 287i, only a
trace of product formation was observed. As a trial, the SMA reaction to 287i was
attempted substituting the solvent to TBME and refluxing for 24 h but the yield of the B-
mercaptoester 288r was only 39% after 24 h. We therefore elected to use the more active
phenolic ester to afford the B-mercaptoester 288s in 93% yield and 85% ee at rt.
Analogously, the B-mercaptoester products bearing cyclopentyl 288t (96% yield and 90%
ee) and isopropyl 288u moieties (98% yield, 85% ee) at the a-position necessitated the use
of phenolic esters.™ Incorporating a saturated heterocycle at the a-position by synthesising

287n, the enantioselectivity in the formation of B-mercaptoester 288v was significantly

reduced to 54% ee.

XX The addition of 1-propanethiol to the methyl esters of 309c and 309e was attempted under the
methodology conditions but only trace product was observed. The reaction to afford the racemate using
10 mol% BEMP in 0.5 M toluene afforded in the products in moderate yields.
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SH + R 5 mol% 302 X R’
e o 005MELO, t24h > S o
286a R" 287 R" 288
e) O
NG ~ Q
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S O S o g o
288n o< 2880 | 288p
(@]
85% yield 94% yield 47% vyield
90% ee 93% ee 92% ee
o) (e}
O
oh S Ng O/ g O/Ph
\/\S O/
288q 288r 288s
85% vyield 39% yield? 93% yield
92% ee 85% ee 85% ee
o) 0 0
_Ph ~oN ~Ph
\/\S (0] \/\S O/Ph S e}
288t 288u 288v
98% vyield ©
96% yield ssg/yeee >99% yield
90% ee ° 54% ee

Figure 47 p-Mercaptoester products from the addition of 1-propanethiol to a range of alkyl a-substituted, a,p-
unsaturated esters; ® reaction was performed in 0.05 M TBME at 55 °C for 24 h.

4.5.4  Synthesis of a-Benzyl and a-Aryl Substituted, a,-Unsaturated Esters

With a series of B-mercaptoesters bearing a-aliphatic substituents synthesised in good
yields and enantioselectivities, the scope of the transformation was expanded to include
a,B-unsaturated esters bearing a-aryl and a-benzyl substituents. The a-benzyl acrylate
substrate 2870 was synthesised by alkylation of methyl acetoacetate with benzyl bromide
and subsequent aldol condensation with p-formaldehyde in 57% vyield over two steps

(Scheme 57).%’
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314 2870

Scheme 57 Synthesis of 2870 from methyl acetoacetate; a: 'BUOK, BnBr, THF, 70 °C; b: LiHMDS, p-
formaldehyde, THF, rt, 57% yield over two steps.

Several electron rich or neutral aryl a-substituted o,fB-unsaturated esters could be
synthesised by the strategy outlined by Singh et al. in the synthesis of their a-substituted
a,B-unsaturated oxazolidinones.?!* The para-methoxy a-substituent 317a was synthesised
by an initial Friedel-Crafts acylation of anisole to ethyl chlorooxoacetate with AICI; to
afford the oxoacetate. Alternatively, the oxoacetates 316 could be synthesised by lithium

halogen exchange of the aromatic bromide and subsequent trapping with diethyloxalate

(Figure 48).
£y - @*ﬁ
X=HorBr
315
O
o/\
317a 317b 317c OO 317d
_O
X=H X =Br X =Br X =Br
41% over 2 steps 20% over 2 steps 61% over 2 steps 15% over 2 steps

Figure 48 Synthesis of a-substituted a,p-unsaturated esters 317; a: X = H: AICl5, CIC(O)CO,Et, CH,Cl,, 0 °C; X =
Br: "BulLi, diethyloxalate, THF, —78 °C to 0 °C; b: MePPh;Br, "BuLi, THF, 78 °C.

Transesterification to the methyl ester was accomplished by treatment of the ethyl ester

317 with MeOH and thionyl chloride under reflux for 24 h (Figure 49).”

™ The transesterification reaction proceeded slower than esterification from the acid.
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© MeOH, 0 °C ©

R 317 then reflux, 24 h R 287
0 o)
o i
O/ O/
0
287p 287q 287r
o "o
~
78% yield 43% yield 61% yield

Figure 49 Preparation of methyl esters 287p - r.

According to a procedure by Felpin et al., methyl 2-(2-nitrophenyl)acetate 318 was reacted
in the presence of base and catalytic TBAI with p-formaldehyde to afford the SMA
precursor 287s in moderate vyield (Scheme 58a).?® Treatment of 319 with
tetramethyldiaminomethane and acetic anhydride afforded the o-Substituted o,p-

unsaturated ester 287t in 35% yield (Scheme 58b).

a) b) 0 o)
0 0 P _
_ _ ) o)
(@) a (@] b
NO, NO,
318 287s 319 287t
NO, NO,

Scheme 58 Synthesis of oNO,-phenyl a-substituent 287s and pNO,-phenyl a-substituent 287t; a: p-HCHO, K,CO3;,
TBAI, toluene, 53% yield; b: Me,NCH,NMe,, Ac,0, DMSO, 35% yield.

The enantioselective SMA of 1-propanethiol to the range of electronically and sterically
varied a-benzyl and a-aryl substituted o,B-unsaturated esters could be investigated
following the synthesis of the electrophiles. Although the yields in the synthesis of the
substrates were generally low to moderate, there was sufficient quantity of material to
evaluate the conjugate addition reaction and as such little attempt was made to optimise

these reactions.
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45,5 Addition of 1-Propanethiol to a-Benzyl and a-Aryl Substituted a,f-Unsaturated
Esters

The addition of 1-propanethiol to a-benzyl substituted ester 2870 proceeded smoothly to
afford the product 288w in quantitative yield and 86% ee, albeit with an increased reaction
time of 48 h (Figure 50). The reaction to afford the B-mercaptoester 288x with a phenyl
group at the a-position resulted in a slightly diminished ee of 83% and incorporation of a
methoxy group at the p-position of the aryl to yield 288y, gave comparable levels of
enantiocontrol. The enantioselectivity in the formation of 288z was reduced to 75% ee;
however when the 0-OMe substituted aryl 287r was used, the enantioselectivity of the
SMA reaction increased to 94% ee for the formation of 288aa. For comparison, when the
ethyl analogue 317c was trialled the yields and enantioselectivities of 288ab were very
similar (96% yield and 93 % ee). Increasing the steric bulk at the ortho position further by
using the a-1-naphthyl substituted o,f-unsaturated ester 317d lowered the enantiocontrol to

XXi

75% in the formation of B-mercaptoester 288ac.”™ The reaction was applicable to the a-
ortho nitro aryl substituted ester 287s affording the product 288ad in 98% yield and
84% ee. Extending the scope however, to the a-para-nitro aryl o,p-unsaturated ester 287t,
the addition product 288ae was only obtained in modest 36% yield and 2% ee. We noted

the presence of an intense pink coloured solution upon addition of the catalyst to the

reaction and in the synthesis of the racemate using BEMP the colour was a deep blue.

I Conversion is given for this substrate as it proved impossible to separate the f-mercaptoester from the
second equivalent of ester starting material. As the ee was only moderate, a repeat using one equivalent of
electrophile was not performed.
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SH + R’ 5 mol% 302 R
N 0 0.05MELO, 1t 24h > S o
286a R" 287 288 R
or 317
(0]
(@] (@] \/\S o P
\/\S O/ \/\S O/
288w 288x 288y
~
99% vyield?® 84% yield 78% yield
86% ee 83% ee 84% ee
O (0] 0]
\/\S O/ \/\S O/ \/\S O/\
0 Y
o
288z 288aa 288ab
>99% vyield 89% yield 96% yield
75% ee 94% ee 93% ee
(0]
(@] (@] \/\S o P
99
288ac 288ad N 02288ae
>99% conv 98% yield 36% yield
74% ee 84% ee 2% ee

Figure 50 Addition of 1-propanethiol to a-benzyl and a-aryl substituted a,p-unsaturated esters.

The low vyield associated with the synthesis of 288ae was due to the competing formation
of 320 as a result of the presence of excess electrophile (Scheme 59). Presumably, the -
mercaptoester is sufficiently acidic to undergo deprotonation and reprotonation at the a-
position allowing racemisation of the product. The transient enolate can also react with
excess 287t to afford the double addition product 320 in 64% vyield and as a 1.1:1
inseparable mixture of diastereomers. In the synthesis of the racemic [-mercaptoester
288ae, where an excess of 1-propanethiol was used (as the avoidance of excess thiol
reducing the enantioselectivity was not a concern) exclusive formation of the desired

product 288ae was observed. This indicated that the SMA reaction proceeded faster than
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the second conjugate addition. The competing side reaction implied that the catalyst 302
was sufficiently basic to abstract the proton at the tertiary a-position to generate a new pro-

nucleophile (see Section 7.5 for preliminary results).

0~ 5mol% 302 > S

/\/SH + 5 -
®d .05 M Et,0
286a 287t "24h 288ae
NO, NO,
o o
36% yield 64@ yield
0 1.1:1dr
2% ee
ee n.d.

Scheme 59 Addition of 1-propanethiol to 287t and formation of unexpected side product 320.
45.6 Determination of Absolute Configuration

The absolute configuration was determined by treatment of 288w with Raney®-nickel to
afford 321 in good yield (Scheme 60). The enantioselectivity was marginally eroded to
83% from 86% but nevertheless allowed the specific optical rotation of 321 (83% ee) to be
measured ([a]p?! = -27.2 (c 0.6, CHCIs)) and compared with those reported in the literature
((R)-321 1it.?*® [a]p = -35.3, (¢ 0.5, CHCl5) and (R)-321 1it.*° [0]p® = -33.7, (c 1, CHCIy)).
The absolute stereochemical configuration of 288w was thus determined to be (R) and the
absolute configuration of the remainder of the B-mercaptoesters in the SMA methodology

was assigned by analogy.

o) o)

Raney®-Ni Measured [a]p?' =-27.2 (c 0.6, CHCI3)

\/\s/\ﬁko/ > \ﬁj\o/ lit. (R)-321 [a]p = -35.3, (c 0.5, CHCl3)
EtOH, 50 °C, 2 h lit. (R)-321 [o]p = -33.7, (¢ 1, CHCI3)

Ph Ph
288w 321
86% yield
0,
86% ee 83% ee

Scheme 60 Treatment of 228w with Raney®-nickel to determine absolute stereochemical configuration.
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4.6 Preparative Synthesis of fi-Mercaptoesters

With the substrate scope of the SMA reaction extensively investigated, we next pursued
the synthesis of the f-mercaptoester moiety on a preparative scale to demonstrate practical
utility. The same criteria used in the scale-up of the ketimine nitro-Mannich reaction were
applied; namely that the procedure should be operationally simple, with no purification by
chromatography and complete within one day. An enantiomeric excess greater than 90%

was also desirable.

(0] @)
~_SH =+ \‘)J\ catalyst 302 .~ o~ /\HJ\
OR solvent, T S OR
time Me
286a 287a, R = Me 288a, R = Me
287e, R = Ph 288e, R =Ph
Catalyst .
Entry /%c;lgl R EZ% ?f 'I;eorrc]:p loading Solvent Time/h Y(i(eilodny&) /8050
/ mol%
1 0.20 Me 5.0 rt 5 0.05 M Et,0 24 97 94
2 020 Me 5.0 rt 5 0.5 M Et,0 3 86 89
3 0.20 Me 5.0 rt 1 0.5 M toluene 3 96 86
4 50 Me 5.0 50 0.05 1.0 M toluene 60 78 83
5 20 Ph 1.2 50 0.1 0.5 M toluene 18 (>98) 80
6 20 Ph 1.2 50 0.1 0.1 M toluene 72 (12) 90
7 20 Ph 1.0 50 0.1 0.25 M toluene 24 (77), 62 86
8 10 Ph 1.0 50 0.1 0.25 M TBME 14 (76) 91
9 123 Ph 1.0 50 0.1 0.25 M TBME 12 (62) 91
10 20 Ph 1.2 55 0.05 0.3 M TBME 23 (96) 90
11 100 Ph 1.2 55 0.02 0.3 M TBME 22 (75) -

12 100 Ph 1.2 55 0.01 0.3 M TBME 60 (54), 38 89
13 100 Ph 1.2 55 0.05 0.3 M TBME 22 (95), 84.5 90

Table 15 Optimisation of the preparative scale formation of 288a and 288e using catalyst 302.

We initially sought to scale up the formation of 288a due to the readily available methyl
methacrylate starting material (Table 15). In the optimised methodology, the reaction was
performed at high dilution (0.05 M) to maximise the enantioselectivity (Table 15, entry 1)

but this was deemed impractical for scale up. Increasing the concentration to 0.5 M caused
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a reduction in the enantioselectivity to 89 and 86% ee respectively for Et,O and toluene
and the reaction with just 1 mol% catalyst was found to be complete within 3 h with an ee
of 86% (Table 15, entries 2 and 3). Heating the reaction to 50 °C and performing the
reaction on a 50 mmol scale afforded the B-mercaptoester 288a in 78% isolated yield and
83% ee after 60 h using just 0.05 mol% catalyst 302 (Table 15, entry 4). We were unable
to find a suitable compromise between the acceptable rate and enantioselectivity as an
increase in the concentration, whilst increasing the rate, lowered the asymmetric induction
(Table 15, entries 5 and 6). We realised therefore that the use of a slightly more active
methacrylate ester was required and so continued the optimisation studies with phenyl
methacrylate 287e as the electrophile. ™"

With 0.1 mol% catalyst 302 and on a 20 mmol scale of 286a the reaction using phenyl
methacrylate was complete in 18 h and the product 288e formed in 80% ee (Table 15,
entry 5). Diluting the reaction from 05M to 0.1 M in toluene increased the
enantioselectivity of the product to 90% but the formation of 288e was prohibitively
reduced to only 11% conversion after 72 h (Table 15, entry 6). A solvent switch to TBME
increased the enantioselectivity of the product 288e to 91% at 0.25 M relative to the
corresponding reaction in toluene (Table 15, entries 7 and 8). On a 20 mmol scale, with
0.05 mol% 302 the reaction was found to be complete within 23 h and 288e formed in 90%
ee (Table 15, entry 10). Subsequently lowering the catalyst loading to 0.02 and 0.01 mol%
resulted in lower levels of conversion (75 and 54% respectively, Table 15, entries 11 and
12) and therefore 0.05 mol% was chosen as the optimal catalyst loading.

With the optimisation complete and with confidence that the reaction was reproducible the
reaction was performed on a 100 mmol scale of 1-propanethiol with 0.05 mol% catalyst

302. The catalyst was made in situ for 24 h prior to the reaction using just 24 mg of the

4 See Section 8.4.2.1 for the synthesis of phenyl methacrylate.
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azide 306 and 18 mg of tris(4-methoxyphenyl)phosphine 146 and then transferred to the
reaction vessel. To minimise disturbance to the reaction an aliquot was only taken after
22 h and revealed a conversion of 95% by *H NMR and an ee of 90%. The reaction was
quenched by the addition of a 1 M AcOH in CH.Cl; solution and then the reaction mixture
was concentrated. Distillation afforded 20.1 g of the product 288e in 84.5% isolated yield.
Difficulties in purification resulted in an erosion of the theoretical yield as co-distillates
were obtained during the distillation. This presumably occurred through the formation of

an azeotrope between excess phenyl methacrylate and the product 288e.

SH + i 0.05 mol% 302 0]
- \‘)koph TBME, 03M \/\S/\HJ\OPh
55°C, 24 h Me
286a 287e 0886
7.62 g, 100 mmol 19.59,1.2 eq 95% conversion, ee 90%

84.5% vyield after distillation
20.1 g, 90% ee
Scheme 61 Preparative scale of p-mercapto ester 288e.

4.7  Synthetic Utility of pf-Mercaptoesters
4.7.1 Derivatisation of 288e

To illustrate the synthetic utility of the f-mercaptoesters 288 we sought to derivatise the
products obtained from the methodology. Due to the large quantities of material available,
288e was initially used for this purpose (Scheme 62). Oxidation of the sulfide using
hydrogen peroxide and trifluoroacetic acid afforded the sulfone 322 in quantitative yield in
just 4 hours with no loss of enantioselectivity. Alternatively, the ester group could be
hydrolysed to afford the acid 323 in good yield but with partial racemisation (82% yield
and 86% ee).™" Reduction of 288e to the alcohol proceeded with no loss of

enantioselectivity to afford 324 in moderate yield. Treatment of 288e with 3eq of

il The enantioselectivity was determined by treating 323 with (trimethylsilyl)diazomethane to afford 288a
in 86% ee
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allylamine as solvent at 0 °C afforded the secondary amide 325 in quantitative yield with
maintained enantioselectivity. Analogously, the reaction with benzylamine proceeded
smoothly to yield 326 in 89% ee. The synthesis of the tertiary amide 327 using pyrrolidine,

under the same conditions however, resulted in partial racemisation to 84% ee.

(0] (0]
\/\S/\HJ\N/\/ \/\//S\\/\HJ\OPh
325 Me N 00 Me 322
99% yield, 91% ee >99% yield, 89% ee

d a
0 \ 0 / 0
\/\S/\HJ\N/\Ph <e_ \/\S/\Hj\oph _b» \/\S/\HJ\OH
326 Me / 288¢ Me \ Me 323

99% vyield, 89% ee 90% ee 82% vyield, 86% ee

KHJ\ \/\S/Y\OH
Me 324

85% yield, 84% ee 64% yield, 90% ee

Scheme 62 Derivatisation of 288e; a: 30% H,O,, TFA, rt, 2 h; b: LiOH*H,O, 2:1 THF: H,O, rt, 2 h c: DIBAL-H,
THF, =78 °C to 0 °C, 1 h; d: allylamine, 0 °C, 2 h; e: benzylamine, 0 °C, 12 h; f: pyrrolidine, 0 °C, 2 h.

The carboxylic acid 323 could then be readily coupled to a-amino acids protected at the C-
terminus to afford the amides 328 and 329 using L-alanine methyl ester hydrochloride and

L-proline benzyl ester hydrochloride respectively in good yields (Scheme 63).

0
\/\S/\HJ\NJ\I(O\
/a’ 328 H o
% 76% yield, 12.4:1 dr

el
ﬁ*o

323 Ve \
82% yield, 86% ee
90% vyield, 13.5:1 dr

Scheme 63 Synthesis of amides 328 and 329; a: L-alanine methyl ester hydrochloride, PyBOP, NEt;, DMF, rt,
16 h; b: L-proline benzyl ester hydrochloride, PyBOP, NEt;, DMF, rt, 16 h.

h
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4.7.2 Endeavours Towards Captopril

Lastly, we turned our attention towards the synthesis of Captopril 246 — a mercapto

containing derivative of proline developed to treat hypertension as an angiotensin-

converting enzyme (ACE) inhibitor (Scheme 64).2%

[
Q b O ° O c O © OH
PMB\S/\HJ\O’R — PMB /\Hkg — /\Hk
S N HS N
Me Me Me
aEgggLXR_—HMe 331 ent-246 .
AN ent-Captopril

Scheme 64 Derivatisation of 288l towards Captopril; a: LiOH*H,O, 1:1 THF: H,0O, rt, 16 h, 82% yield; b: D-
proline methyl ester hydrochloride, PyBOP, NEt;, DMF, rt, 16 h, 66%o yield, dr 19:1; c: anisole, TFA, 60 °C, 2 h,
then LiOH*H,0, 1:1 THF: H,0, rt, 16 h, trace product formation.

The para-methoxybenzyl B-mercaptoester 2881 was initially hydrolysed by treatment of
LiOH*H,O0 to give the crude acid 330 in 82% yield. A PyBOP mediated amide coupling of
the acid with D-proline methyl ester hydrochloride then afforded protected captopril 331 in
good vyield. Finally, a small scale, one pot global deprotection by initial removal of the
PMB group with anisole and TFA and subsequent ester hydrolysis gave only trace amounts
of ent-Captopril 246. Unfortunately purification issues were encountered during work-up;
likely associated with the high polarity and instability of the free mercapto moiety and we
were unable to isolate a clean sample of 246. Analysis of the crude reaction mixture by
'H NMR and LRMS showed the formation of the product but due to time constraints and
limited quantities of material available the synthesis has not been repeated. Further work to
optimise the synthesis of Captopril via the SMA reaction to a-substituted a,f-unsaturated

XXIV

esters is still ongoing.

¥ An earlier route towards ent-Captopril followed a similar strategy starting from benzylmercaptan and
methyl methacrylate. Amide coupling with D-proline benzyl ester and global deprotection of the benzyl
groups using Na/NH; resulted in extensive epimerisation of the a-stereocentre of 246.
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4.8 Mechanistic Work and Origins of Enantioselectivity

In a preliminary investigation into the mechanism of the sulfa-Michael addition to o-
substituted o,B-unsaturated esters we performed a kinetic isotope study; specifically
comparing the rates of addition of 1-propanethiol and d;-1-propanethiol to

methylmethacrylate by *H NMR (Figure 51).%"

Q 5 mol% 147 Q
_~_SHID + \‘)\o _ . \/\SYJ\O/
286a 287a 0.5 M toluene, rt, 3 h 288a | HID

100 : <
§ 80 : ///_ ©
Ze | ———— o
.g 60 - // PrS-H, ee 72% >H/\N"P
8 40 . ——Prs-D, ee 81% L Q
2 _
S C // FoC No,, o}
O 20 + \©/ 147 /

0 20 40 60 80 100 120

Time (min)
Figure 51 Comparison of the rate of reaction between PrSH and PrSD (87% D incorporation) in the SMA
reaction. Reaction was performed on 0.20 mmol of scale of PrSH, 2.0 eq of methylmethacrylate, 5 mol% 147 in
0.40 mL dg-toluene with allyl ether as internal standard. *H NMR spectra were collected every 50 s with the first
spectrum collected after 170 and 210 s respectively for d;-288a and 288a. The deuterated product d;-288a was
formed with 79% D incorporation. The KIE ratio was found by comparing the gradients for the two curves over
the initial 10 minutes, with the error from maximum and minimum gradients given over the first 10 minutes.

The initial rate of reaction was found to be greater with the deuterated mercaptan (kn/kp =
0.59 £ 0.14) and with an enhanced enantioselectivity (81% versus 72% ee) than the
protonated mercaptan. The observed inverse kinetic isotope effect indicated that the rate
determining step did not involve the transfer of a proton or deuterium which would be
expected in a normal KIE. In a reaction where the RDS involves the transfer of a proton a
normal KIE (ka/kp > 1) would be observed due to the lower zero point energy (ZPE) for
X-D than X-H (Figure 52a). The lower ZPE for X-D relative to X-H arises from the greater

reduced mass of X-D since ZPE o u~1/2,

¥ The deuterated thiol was prepared with 87% D incorporation by treating 1-propanethiol with D,0O, and
drying with MgSO,. For consistency 1-propanethiol was treated with H,O in an analogous manner to allow
comparison between the results.
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Figure 52 a) Energy level diagram for a normal KIE; b) illustration of a thermodynamic isotope effect showing
that deuterium preferentially resides to the site corresponding to the highest stretching frequency (i.e. the
strongest bond). ZPE energy level diagrams adapted from Parkin,?? vS-H (2540-2600 cm™) and vN-H (3250-
3500 cm™) values from IR tables.?® IR shifts for H-R’N=PR;* measured for 110asHCl and 110b*HCI.

One explanation for the observed inverse KIE is that the rate determining step in the SMA
reaction is the nucleophilic attack of the thiolate to methyl methacrylate. The observed
inverse KIE arises due an equilibrium isotope effect in the initial acid base equilibrium.
Parkin, in a study on the reductive elimination of methane or ds-methane from
[Me,Si(CsMey),]W(Me)H, noted that the observed rate of reaction was proportional to the
deprotonation equilibrium constant K;.>** The deuterium atom will preferentially reside on
the highest frequency oscillator (i.e. the strongest bond). Since the N-H bond is stronger
than the S-H bond (Figure 52b) then the concentration of the thiolate in the case of the

deuterated thiol will be greater as K; (py > Ky .

kak, , 5
kObS =TT lf k2 K k 1 then kObS = KlkZ

k'y + k,

(0]

(0]
YJ\OMe 0 ks
‘— —_—
287a K, PrS OMe RDS o PrS ~“oMe
N Prs k OMe fas WD
PrS—H/D -} 289 288a
N— D/H D H W
286 . O ® N=PR N=PR,

o ol

Figure 53 Proposed mechanism of the SMA of 1-propanethiol to methylmethacrylate.
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The nucleophilic attack by the thiolate to methyl methacrylate is a bimolecular process and
the rate of reaction will therefore be dependent on the concentration of the active
nucleophile (R-S°). If the initial acid/base equilibrium is fast and reversible then the rate of
the SMA reaction is dependent on the equilibrium constant, K; (Figure 53). The rate of
reaction being dependent on the concentration of the thiolate anion is consistent with the
observation that the cinchona derived tertiary amine catalysts such as 53 are ineffective in
promoting this reaction (Figure 38). The pK, value of "BuSH 286i is 17.0 in DMSO which
is 8 units greater than the pKgp.+ value of triethylamine 61 in the same solvent (Figure 54).
Therefore, in the fast and reversible initial deprotonation of the alkyl thiol by the Brgnsted
basic moiety of the catalyst 53 the equilibrium will lie much further towards the starting
materials and hence there is less active pro-nucleophile. Correspondingly, the reaction does
not proceed with the tertiary amine bifunctional organocatalyst. On the other hand, the
BIMP catalysts, which contain a superbase with a pKgy+ value of 25.0 in MeCN (and by
extrapolation can probably be estimated at around 13 to 14 in DMSO by comparison to
DBU 62) deprotonate the mercaptan to a greater extent. Therefore the effective
concentration of the thiolate anion is greater and thereby the rate of reaction is
increased. ™" The Kinetic Isotope Effect study and consideration of thermodynamic pK,

values support our working model that the pKgn+ value of the catalyst influences the rate of

reaction.
P(PMP),
g @
"Bu—SH K
286i 61 110b
DMSO 17.0 9.0 13.9
MeCN - 18.8 24.33 25.0

Figure 54 pK, value of "BuSH in DMSO?** and comparison with the pKgy. values of triethylamine, DBU and a
triaryliminophosphorane in DMSO and MeCN (Chapter 2).

I Caution must be exercised when comparing pK, values across different solvents and furthermore the
pKgn+ Value of catalyst 147 or 302 containing a H-bond donor group is likely to differ slightly from the
achiral iminophosphorane 110b. Additional considerations such as the effect of the counterion should also be
taken into account. The rates of deprotonation may also need to be considered.

120



Whilst the kinetic isotope effect studies suggested that the turnover limiting step in this
reaction was C-S bond formation, the enantiodetermining step however was protonation of
the transient enolate. In our working model, protonation to the si face of the enolate
occurred by fast and irreversible abstraction of a proton from the iminophosphorane salt of
the catalyst. The higher enantioselectivity observed in the installation of the deuterium may
possibly be due to the larger differences in the ZPE values of TSs and TSk for the
deuterium analogue as a result of the lower ZPE of the deuterated system (Figure 55). An
alternative explanation is that since the C-N and N-D bonds are slightly shorter than the
corresponding C-H and N-H bonds due to their lower ZPE the enantiodetermining step
with "PrSD proceeded via a tighter transition state than the analogous reaction with "PrSH.
The tighter transition state amplified the repulsive steric interactions with the catalyst and
therefore increased the energetic discrimination between the two diastereomeric transition
states, TSs and TSg, and hence resulting in greater enantioselectivity for the deuterated

analogue.

¥ t t ¥
AGD,S' - AGD,R > AGH,S - AGH,R

i
AGH,S

O R. ¥
S/\H\O/ O
RS/YJ\O/ 289 RS%O/
DIH # Pg DH HID Pg
S-288a © N=PRs R-288a
T,

Figure 55 Possible reaction energy profile diagram for the enantioselective protonation of the transient enolate
during the SMA reaction. Horizontal energy levels represent ZPE values for the deuterated system in red and
proton in blue.
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The deuterated product was formed with 79% deuterium incorporation from an initial 87%
deuterated propanethiol. The 10% loss of D incorporation coincides with the number of
acidic thiourea protons present in the catalyst. This is suggestive of possible additional
proton exchanges that should be taken into account. An extension of the KIE investigation
should use catalyst 302, optimal in the SMA methodology, to see whether the alternative
thiourea exhibits the same KIE.

Interestingly, when Tan et al. performed a Kinetic isotope study on the addition of aromatic
thiols to methyl 2-phthalimidoacrylate 277 catalysed by a chiral guanidine 69
(Scheme 51b) they noticed a positive KIE indicating that the rate determining step

involved proton transfer.?*°

protonation from Si-face v

Figure 56 Proposed transition state for the SMA of 1-propanethiol to methyl methacrylate catalysed by 147. The
three dimensional structure of the catalyst was obtained from single X-ray crystal data.

In a working model to explain the observed enantioselectivity, the negatively charged
oxygen atom of the transient E-enolate is bound by the two thiourea protons of catalyst 147
and protonation occurs preferentially from the Si-face. The proton is abstracted from the
protonated iminophosphorane salt formed from the deprotonation of 1-propanethiol

(Figure 56). Presumably the transition state in the SMA reaction using catalyst 302 that
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incorporates the additional stereocenter and the amide benzhydryl amide moiety is similar
to that shown in Figure 56. The enhanced enantioselectivity observed with 302 may arise
from the bulky amide group blocking the top face of the enolate and hence prevent
protonation from the Re-face. The presence of the second stereogenic centre of the catalyst
and the amide moiety may also increase the conformational rigidity of the catalyst relative
to the 3,5-(CF3),C¢H3 thiourea analogue. Low enantioselectivities observed with polar
protic and aprotic solvents are consistent with the necessary formation of a tight ion pair
between the catalyst and the substrates. Furthermore, the increased enantiocontrol in the
formation of B-mercaptoesters observed upon dilution of the reaction, due to minimal
competing protonation of the transient enolate from neighbouring thiol molecules is

supportive of the working model.

4.9 Conclusion

We have successfully developed the first catalytic enantioselective general addition of a
range of alkyl and benzyl mercaptans to simple a-substituted o,f-unsaturated esters. The
reaction necessitated the incorporation of an alternative H-bond donor group into the
catalyst to afford the B-mercaptoesters in good yields and enantioselectivities. A new type
of H-bond donor BIMP catalyst possessing two stereocenters from two separate chiral
building blocks, highly efficacious in the SMA to a-substituted o,-unsaturated esters, was
added to the catalyst library. The performance of the catalysts was exemplified by
performing the reaction on a preparative 100 mmol scale with loadings of 0.05 mol% and
the B-mercaptoester products were derivatised to illustrate the synthetic utility of the
enantioenriched products. Preliminary studies were also undertaken in a bid to propose a
coherent mechanistic pathway and a working model for the observed enantioselectivity;
comprehensive computational and kinetic analyses would however be required to fully

elucidate the mechanism.
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5 Structure and Properties of BIMP Catalysts

5.1 Overview

As described in Chapter 2, the BIMP catalysts were isolated and fully characterised and the
atom connectivity of the structures was confirmed by single X-ray crystallography. The
NMR spectra of the iminophosphorane catalysts were often broad at room temperature and
therefore suggestive of dynamic behaviour. We therefore decided to instigate preliminary
investigations into their properties and this chapter highlights some of the interesting
features encountered. Understanding the three dimensional structures and aggregate states

adopted by the BIMP catalysts may aid the design of future iminophosphorane catalysts.

5.2 BIMP Catalysts Possessing 3,5-(CF3),CsH3-Substituted Thioureas

The appearances of the NMR spectra of various BIMP catalysts were very solvent
dependent indicating the presence of rotamers or aggregation. A representative example of
this phenomenon is given in Figure 57. In CDClz; and MeOH the signals of 230 are broad,
and no thiourea protons are observable. In benzene, however, the NMR shows the presence
of several species and the peaks are well resolved, including multiple thiourea signals.

Studies on tertiary amine bifunctional catalysts bearing a thiourea demonstrated that
aggregation was intrinsic to these systems. So6s and co-workers studied the structural
conformations via NMR of cyclohexyl diamine-derived thiourea organocatalysts such as
42 and concluded the thiourea or urea moiety was primarily responsible for the
aggregation.?®® Related work by the same authors showed that with cinchona alkaloid
derived bifunctional thiourea organocatalysts such as 53 additional edge-face CH/xn

aromatic interactions from the quinoline heterocycle also led to aggregation.?*
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Figure 57 *H NMR spectra of 230 in CDCls;, CD,Cl,, CD;0D and CgDg (500 MHz, 298 K).

During the characterisation of 147 at room temperature, we noticed the *H NMR spectrum
to be broad and the individual resonances were poorly resolved (Figure 58). In particular,
both the CH at the stereogenic centre and the diastereotopic CH, adjacent to the
iminophosphorane were very broad. The N-H thiourea protons were also not observable.
The *'P NMR spectrum of 147 was also found to be broad in both CDCl; (29.8 ppm) and
CD3CN (33.3 ppm) at room temperature (Figure 59). The spectrum also indicated the
presence of trace triphenylphosphine oxide at 27.6 ppm. The **C NMR was similarly broad
with poor peak resolution; the thiourea carbon (C=S) at 181.7 ppm was particularly
unresolved. Taken together, these observations are indicative of dynamic behaviour of the

catalysts in solution, such as aggregation.
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Figure 58 'H NMR spectrum of 147 in CDCl; (500 MHz at 298K).
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Figure 59 3'P NMR of 147 in CD4CN (202 MHz, 298 K).
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5.2.1 *Hand P VT NMR Experiments on 147

A series of variable temperature (VT) NMR experiments were performed to investigate the
observed room temperature broadness in the NMR spectra. At 238 K (-35 °C), in the
region of slow exchange, two sharp singlets at 34.6 and 30.5 ppm were observed in the
31p NMR spectrum (Figure 60). As the temperature was increased to 280 K, both peaks
broadened, but the peak at 30.5 ppm was especially broad. At 298 K a single broad peak at

33.3 ppm was observed representing the merged average of the two signals.
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Figure 60 3P VT NMR of 147 (20 mg, CDsCN).
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Figure 61 'H VT NMR spectra for 147 in CDsCN (500 MHz, 20 mg of 147 in 0.5 mL CD5CN, 0.05 M).

The *H NMR spectrum at 348 K, in the region of fast exchange, was sharp and showed the
presence of only one species (Figure 61). The thiourea protons were, however, not
observable. Conversely, a low temperature spectrum of the catalyst 147 at 238 K showed

two species were present indicated by two sets of tert-butyl signals as well as two CH
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groups at 4.20 and 4.60 ppm belonging to the proton at the stereogenic centre. At this
temperature the thiourea protons were observable for the first time at 9.6 and 11.1 ppm.
These VT experiments were measured on a sample made from 20 mg of 147 in 0.5 mL of
CD3CN (0.054 M solution). An analogous experiment was performed using 2 mg of 147
(0.0054 M solution) and the relative amounts of the two species was inversed (1:2.1 vs

2.4:1 respectively as indicated from the integration of the 3'P signals at 34.6 and 30.5).

5.2.2 Investigating the Structures of 147 at 238 K

A NOESY experiment showed the two species were in exchange with one another at
238 K (Figure 62). Cross-peaks were observed for the proton signals at 4.2 and 4.6 ppm
belonging to the CH at the stereogenic centre; since the C-H bond is not labile to exchange
this is indicative that the two species are interconverting. The thiourea protons at 9.6 and
11.1 ppm also show cross-peaks and this could be due to their close spatial proximity as
well as exchange between the labile N-H thioureas. In addition, further cross-peaks were
observable between these two thiourea protons with another thiourea proton at 5.5 ppm.
However, the presence of the fourth thiourea proton was not observable which would be

consistent with the integration of the two species.
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Figure 62 500 MHz 'H NOESY experiment of 147 at 238 K in CD;CN.
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Figure 63 3'P-3'p {*H} 2D EXSY spectrum of 147 at 238 K.
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Figure 64 3P DOSY NMR experiment at 238 K using 20 mg of 147 in CDsCN showing the different diffusion
coefficients of the two species.

Performing a similar experiment targeting the 3P nucleus in a 2D EXSY experiment
showed that the two major phosphorous species were also in dynamic exchange
(Figure 63). These results in conjunction with the dilution experiment suggest that the two
31p NMR signals correspond to the monomer and dimer.

A 3P DOSY (Diffusion-Ordered Spectroscopy) NMR experiment showed that the two
phosphorous signals had different diffusion coefficients indicating that the two species had
different molecular weights (Figure 64).*" We can conclude therefore that at low
temperature in CD3CN there is an observable mixture of two interconverting species which
are proposed to be the monomeric and dimeric forms of 147. Based on the values of the
diffusion coefficients the P NMR signal at 34.6 ppm corresponds to the phosphorous
nucleus of the monomer and the shift at 30.5 ppm to that of the dimer.

[4] + [A] ——=[24]

i Auantitative DOSY NMR experiments allow the diffusion coefficients to be calculated. The DOSY
experiment shown above however only qualitatively shows the two signals to have different diffusion
coefficients as a reference signal was not measured. Further experiments would be required to determine the
exact diffusion coefficients.
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Presumably at room temperature this equilibrium is also present; however the ratio of the
two species will differ due to the effect of temperature on the position of equilibrium as a

result of entropic considerations.

5.2.3 Possible Structures of the Monomer and Dimer

A closer inspection of the single X-ray crystal structure of 147 revealed a dimeric structure
(Figure 65). The dimer is C2 symmetric with the two thiourea protons of one molecule
oriented towards the nitrogen of the iminophosphorane of the other with bond lengths of
2.15 — 2.19 A, consistent with the formation of strong hydrogen bonds. The two thiourea
protons observed in the 238 K *H NMR spectrum at 9.6 and 11.1 ppm correspond to the
thiourea of the dimer. Moreover, the high chemical shifts of the N-H thioureas are
consistent with the presence of strong H-bonds. Although the solution and solid state
conformations of a molecule may differ, the structure of the catalyst dimer in solution may

adopt a similar structure to that observed in the solid state.

Figure 65 ORTEP diagram of 147 depicting the dimer. Hydrogen bonding between thiourea protons and the
iminophosphorane is shown in the stick model.
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Only one of the monomer thiourea protons is observable at 5.5 ppm as a doublet (J =
6.6 Hz) and this corresponds to the NH adjacent to the aliphatic CH (Figure 61). The other
thiourea proton of the monomer is too broad to be observed, possibly as a result of
intramolecular fast exchange with the basic nitrogen of the iminophosphorane. Preliminary
calculations performed on 145, derived from triphenylphosphine 98 suggest a rapid
equilibrium between the monomer and dimer and that the monomer may preferentially
reside as the isomer with the acidic thiourea proton residing on the iminophosphorane

(Figure 66).

(wB97XD/cep-31G)

intramolecular proton-transfer

Catalyst dimer Catalyst monomer Catalyst isomer

Figure 66 Preliminary calculations on bifunctional iminophosphorane equilibria. Calculations performed by Prof.
Rob Paton and co-workers, unpublished results.

It seems reasonable that if the structure of the dimer in solution is similar to that observed
in the solid state it is catalytically inactive as the N-lone pair of the iminophosphorane is
strongly interacting with the thiourea moiety. The monomer/dimer equilibrium presumably
occurs during a reaction and must be taken into account when determining the reaction
Kinetics.

During our kinetic studies on the ketimine nitro-Mannich reaction we observed some
unexpected rate profiles that could be explained by considering the monomer/dimer
equilibrium present with the BIMP catalysts (Figure 67 and section 3.4.4). The *H NMR
Kinetic experiments whilst demonstrating that the tris(4-methoxyphenylphosphine) derived

iminophosphorane 147 is faster than the triphenylphosphine derived catalyst 145 only
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show a marginal difference in the rates of reaction. The monomer/dimer equilibrium
appears to inhibit the rate of reaction in the ketimine nitro-Mannich reaction for the tris(4-

methoxyphenylphosphine) derived catalyst 147.

NPOPR2 yeno, _ 10molcatalst -POPR:
)l\ (20 eq) 1 eq mesitylene “}\/ NO,
Ph Ph
150a 151 0.40 mL d®-THF 152a
0.16 mmol
100 + R

80 7’ >V©/©R

Conversion (%)

200 300 400 500 Hey | A
. . N
Time (min) H~N/gs z
@147, R = OMe, ee 81% @145, R = H, ee 85% /@\ 53
F;C CF3
229, R = Cl, ee 88% 53, ee n.d.

Figure 67 Rate of the ketimine nitro-Mannich reaction as a function of the iminophosphorane substituents
(Chapter 3, section 3.4.4).

When the catalyst loadings were lowered to 1 mol% the difference in rates between the
two catalysts was, however, much more pronounced (Table 16). The conversion in the
formation of 152a using catalyst 145, derived from triphenylphosphine was 75% after
5 days at rt (Table 16, entry 1) whereas the conversion with catalyst 147 was 98% after
21 h (Table 16, entry 2). The larger discrepancy between the rates of reaction between
catalysts 145 and 147 at 1 mol% catalyst loading presumably arises from 147 existing
predominantly as the catalytically active monomer at lower concentrations. At 10 mol%
catalyst loading more of the inactive dimer form of 147 is present. To confirm this working
model, full kinetic studies would need to be undertaken with various iminophosphorane

catalysts in the ketimine nitro-Mannich reaction.
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N-POPh2 4 moi9, 145 or 147 Hn- P (OPh2

\\\‘)\/NOZ
Ph
150a 152a

I
Ph)\ 10 eq MeNO,, rt

Entry Catalyst Time/h Conversion /%

1 145 120 75
2 147 21 98

Table 16 Comparison of the rate of the ketimine nitro-Mannich reaction at 1 mol% catalyst loading using
catalysts 145 and 147. Conversion determined by *H NMR.

5.2.4 Stability of BIMP Catalysts to Aqueous Conditions

Whilst catalyst self-aggregation may diminish the catalytic activity we believed that it
contributed to the remarkable stability of the catalysts. The BIMP catalysts bearing
electron deficient aryl thioureas could be readily precipitated from diethyl ether and stored
in the freezer for several months. The tris(4-methoxyphenylphosphine) derived
iminophosphoranes were more crystalline than those derived from triphenylphosphine and

this may possibly be due to stronger H-bonds formed in the dimer.

o~ o~

@O\ @O\
PhY\N/,P a PhY\@N/,P
Ss_NH b Ss_NH H
Y Q Yo Q

FsC NH 0 FsC NH X 0

rac-148 rac-148eHX
CF; CF3
Scheme 65 Aqueous stability test of rac-148; a) CH,Cl,, H,0, rt, 2 min, then MgSOy,; b) PS-BEMP, CH,Cl,, rt, 1 h,
94% yield over two steps.

Furthermore, treatment of rac-148 with a mixture of water and CH,Cl, at room temperature
for two minutes and subsequent removal of the water afforded an ionic salt with the
counterion most probably the hydroxide or sulfate anion (Scheme 65). After partitioning
the two layers, excess H,O was removed by drying the organic layer with anhydrous

MgSO,. No attempts were made to identify the counter ion and in hindsight, excess water
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should have been removed by using toluene to form an azeotrope. Neutralisation by
treatment of the intermediate with PS-BEMP, a polymer supported organosuperbase,
returned rac-148 in near quantitative yield. This remarkable hydrolytic stability of the
BIMP catalyst is likely due in part to the presence of the acidic thiourea moiety enabling

the formation of strong H-bonds with the iminophosphorane moiety.

®
N 2MHCl N
SsNH Et,0, rt, 30 min SsUNH H
Y 99% yield Y ©
FaC NH /o FsC NH /0
; 147 ; 147-HClI

CF; CF;
Scheme 66 Synthesis of 147<HCI.

Although attempted purification of the iminophosphoranes in neutral form by flash column
chromatography was unsuccessful, we found the hydrochloride salt of 147, synthesised in
quantitative yield by the addition of anhydrous HCI in Et,O to 147, could be purified by
flash column chromatography (Scheme 66). The *H NMR spectrum of 147<HCI at room
temperature was sharply resolved and furthermore the two thiourea protons and the proton

of the iminophosphorane were all visible (Figure 68).
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Figure 68 500 MHz *H NMR spectrum of 147¢<HCI (CD5CN, 298 K).

5.3 BIMP Catalysts Incorporating the Amide Thiourea Moiety as the H-Bond Donor
Group

It proved significantly more challenging to purify the iminophosphorane catalysts
incorporating the amide thiourea H-bond donor group such as 302 used in the sulfa-
Michael addition of thiols to o-substituted o,p-unsaturated esters (section 4.4 and
Table 17). The iminophosphoranes were much less crystalline and did not readily
precipitate in pentane. Furthermore, their stability relative to catalysts incorporating the
3,5-(CF3),CgHs-substituted thiourea was diminished. Moreover, we noted that reactions
performed using these BIMP catalysts in general proceeded faster (by TLC analysis) than
those containing the 3,5-(CF3),CgHs thiourea moiety. We attribute both of these
observations to the presence of the alternative, non-acidic thiourea moiety which results in
less electrostatic and H-bonding interactions between the iminophosphorane and thiourea

moieties. Consequently the stability of the catalysts that did not contain the acidic thiourea
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moiety was reduced but conversely, the rates of reaction increased. Presumably this occurs
due to a reduction in the monomer/dimer aggregations and therefore more active catalyst is

present in a reaction and hence the rate of reaction increases.

>H/\N/’PR3 Ph H : j\rN
SeUNH Sy NH NPRs T \”/\” N PR
\vl Ph O 302
FsC NH FsC NH
145 H S Ph
148 110  Ph_ _N L N

Ph\/\N//PRs

CF3 or 147 CF3 Y H H \PR3
Ph O 332

' P NMR /ppm

Entry R= Iminophosphorane (solvent) Ad (ppm)

1 Ph 145 21.9 (CDCly) -
2 PMP 147 29.8 (CDCly) -
3 PMP 147 33.3 (CD3CN) 435
4 PMP 147-HCI 36.9 (CD3CN)
5 PMP 148 27.4 (CDCly) -
6 Ph 110a 9.4 (CDsCN)

+26.2
7 Ph 110a+HCI 35.6 (CD3CN)
8 PMP 110b 8.9 (CDsCN) 4252
9 PMP 110b-HCI 34.1 (CDsCN)
10 PMP 302 17.6 (CDCly) -
11 PMP 332 11.4 (CDCly) -

Table 17 **P NMR chemical shifts of various iminophosphoranes.

Further circumstantial evidence for the presence of different catalyst resting states came
from analysis of the P NMR shifts of various iminophosphoranes and their salts
(Table 17). The 3P NMR shift of the triphenylphosphine derived BIMP 145 was around 8
units lower than the tris(4-methoxyphenylphosphine) derived BIMP 147 (Table 17,
Entries1 & 2). This is in sharp contrast to the chemical shifts of the achiral
iminophosphoranes 110a and 110b which have similar chemical shifts at 9.4 and 8.9 ppm
in CD3CN respectively (Table 17, Entries 6 & 8). The presence of the H-bond donor group

is clearly having a large effect on the chemical shift and thus the nature of the
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iminophosphorane. Augmenting the basicity of the iminophosphorane (by using a more
electron rich phosphine) in the case of 147 significantly increases the chemical shift when
the 3,5-(CF3),C¢Hs-thiourea motif is present. These results suggest that the
iminophosphorane moiety may to a large extent be protonated by the acidic thiourea
moiety and that the thiourea is strongly interacting with the Brgnsted basic part of the
catalyst.

The *'P NMR of 147 is similar to that obtained for 147+HCI and 110b<HCI (Table 17,
Entries4 &9). The %P NMR chemical shift of the D-phenylglycine derived
iminophosphorane 148 was two units lower than 147, possibly due to the electron
withdrawing effects of the phenyl ring relative to the tert-butyl group (Table 17, entry 5).
Conversely the chemical shifts of the iminophosphoranes bearing amide-thiourea H-bond
donor groups were lower (17.6 and 11.4 ppm for 302 and 332 respectively) and we
attribute this to the presence of the less acidic thiourea and hence less strong H-bonding

interactions between the iminophosphorane and the thiourea protons.

5.4 Conclusion

The aforementioned experiments and observations indicate that the BIMP catalysts
undergo interesting self-aggregation in solution and the solid state — a phenomenon
intrinsic to bifunctional organocatalysts.?>?*" These experiments, however give no
indication to the conformation adopted by the catalyst in the transition state — Kinetics and
NMR studies of the catalysts during the course of a reaction would be beneficial to this
end. We have demonstrated that iminophosphoranes that do not bear a H-bond donor group
are highly catalytically active and reaction rates are impaired by the presence of the acidic
thiourea moiety. We believe this to be as a result of an equilibrium between the monomeric

and dimeric forms of the catalyst. The NMR studies and preliminary calculations suggest
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that the monomeric form of catalysts bearing the 3,5-(CF3),CsHj thiourea may exist as the
zwitterion and that the thiourea anion acts as the Brgnsted base in the catalytic cycle.
Further work to establish the correlation between the acidity of the thiourea moiety and the
interactions of the thiourea protons with the iminophosphorane would aid the
understanding of the active catalyst species.

A series of experiments to determine whether any non-linear effects are present could
provide further evidence for the presence of aggregates and whether the catalysts act as the
monomer or as a higher order aggregate.

The BIMP catalysts incorporating the amide-thiourea H-bond donor group, although less
stable, were nevertheless sufficiently stable under the reaction conditions to be used in situ
with loadings as low as 0.05 mol%. One of the purported advantages of organocatalysis is
ready catalyst recycling and whilst the amide-thiourea BIMP catalysts do not appear to be
stable enough to be recycled they can be employed with exceptionally low catalyst
loadings, thereby negating the requirement for catalyst recycling. In this regard, work
conducted within the group has led to the development of solid supported bifunctional
iminophosphorane catalysts, bearing the 3,5-(CF3),CsH3 thiourea moiety, that demonstrate

good reactivity, recyclability and applications in flow chemistry.?*#2%
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6 Rate Enhancements in Michael Additions of -
Amido Esters to Nitro-Olefins

6.1 Introduction

The efficacy of the BIMP catalysts in the ketimine nitro-Mannich reaction (Chapter 3) and
the sulfa-Michael addition of alkyl thiols to a,B-unsaturated esters (Chapter 4) was
demonstrated, thus fulfilling the main aims outlined in Chapter 1. Examples of the two
methodologies were illustrated on preparative scale with catalyst loadings as low as
0.05 mol% on decagram scale. A further objective of this thesis was to address the long
reaction times typically required in many tertiary amine catalysed reactions and
categorically illustrate the superiority of the BIMP catalysts in terms of turnover number
(TON) and turnover frequency (TOF). To this end, literature examples of tertiary amine
catalysed reactions that required long reaction times were selected as the platform upon
which to demonstrate the increased catalytic activity of the BIMP catalysts. In particular,
we chose reactions that had previously been developed in the Dixon group such as the
conjugate addition between cyclic B-amido ester 80 and nitrostyrene 41 using 20 mol% of
53 (Scheme 67).”"" Two weeks were required to afford the product 81 in good yield at —
20 °C and we believed this challenging reaction provided an opportunity to exemplify the

superior reactivity of BIMP catalysts relative to tertiary amine catalysts.

N
OZN/\/Ph /I\//b

41 Ph

+ 20 mol% 53 OZN/jQ_(\
THF, -20 °C N
MeOOC 14 days MeOOC
80 )N 810
o 92% yield
5.25:1 dr, 92% ee FsC

Scheme 67 Jakubec and Dixon’s addition of cyclic f-amido ester 80 to nitrostyrene catalysed by 53 requiring a two
week reaction time at —20 °C.

Vil The work disclosed in this chapter was performed in collaboration with Dr. Pavol Jakubec.
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The addition of a pro-nucleophile to an electron deficient carbon-carbon or carbon-
heteroatom double bond requires activation of the pro-nucleophile 334 by deprotonation
(Figure 69). The conjugate base of the pro-nucleophile is then poised to react with the
electrophile 335. The kinetic rate law equations for organocatalytic reactions are often
complex; but in a simplistic model, the addition of a nucleophile to an electrophile is a
bimolecular process. The rate of reaction is therefore dependent on the concentration of the
conjugate base of the pro-nucleophile 334° which is linked to thermodynamic pK, values

of the pro-nucleophile and the pKgy. of the catalyst 333.

Tertiary
amine H .
‘NR; + H-Nu ———=_  NRg + Nu 7] A
333 334 333 334 &
B/ \D /i\H
335
———— Nu-G-B
Iminophosphorane 336
. K, H, -
N=PR3 +H-Nu —=—— N=PR3+ Nu —
i Y,
333a 334 333a" 334

Figure 69 Schematic of a reaction between a pro-nucleophile (H-Nu) and an electrophile (B(C=A)D) containing an
electron deficient carbon-carbon or carbon-heteroatom double bond. The rate of reaction is dependent on the
concentration of the conjugate base of the pro-nucleophile which in turn is dependent on the basicity strength of
the catalyst. This equilibrium is represented by K,.

A more Brgnsted basic catalyst will shift the acid/base equilibrium towards the conjugate
base of the pro-nucleophile, thereby increasing the concentration of the active nucleophile
and consequently, enhance the rate of reaction. In accordance with the argument outlined
above, for an organocatalytic reaction proceeding via the general mechanism shown in
Figure 69, the BIMP catalysts possessing a Brgnsted base that is 6 orders of magnitude
stronger than triethyl amine (Chapter 2) should outperform tertiary amine bifunctional

organocatalysts.
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Figure 70 Nakadomarin A; the Dixon group has published 4 total syntheses of this complex marine natural
product utilising the tertiary amine bifunctional organocatalysed conjugate addition of p-amido esters to nitro-
olefins as the key steps.

To exemplify this working model, we selected challenging asymmetric nitro-olefin
Michael addition reactions, previously encountered by the Dixon group as key steps in four
total syntheses of nakadomarin A, a complex marine natural product possessing anticancer
properties. Long reaction times (2 — 8 days) and high loadings (10 — 30 mol%) of
cinchona-derived bifunctional organocatalysts were required in the Michael addition
reactions. These reactions are therefore examples where the pro-nucleophile/electrophile
combination is approaching the reactivity threshold to asymmetric union under tertiary
amine Brgnsted base bifunctional organocatalysis. Although the reactions proceed to give
heavily functionalised single enantiomer entities reducing the catalyst loadings and
shortening reaction times would be greatly advantageous when performing the syntheses
on preparative scale. In academia but especially in industry, rapid reactions under mild
conditions are desirable. The challenge in asymmetric synthesis, therefore is to design
efficient catalysts that can operate with low catalyst loadings and with good rates (i.e.
maximising TON and TOF of a catalyst). Demonstrating that organocatalysts are
complimentary to metal and enzymatic catalysts in reactions performed on industrial scale

would represent significant progress to the field.
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Figure 71 Structures of cinchona alkaloid derived bifunctional (thio)urea and BIMP catalysts used in the Michael
addition reactions to nitro-olefins described in this chapter.

6.2 Enantio- and Diastereoselective Michael Additions of Cyclic f-Amido Esters to
Nitrostyrene

In 2008, Jakubec and Dixon reported that the bifunctional thiourea cinchona-derived
organocatalyst 53 catalysed the addition of pyrrolidinone 80 to nitrostyrene albeit with
high catalyst loadings (20 mol%) and a two week reaction time (Scheme 68).*% The
primary focus of their paper however, was to illustrate the nitro-Mannich lactamisation
cascade between 81 and related structures and a variety of imines such as 340 to afford
polycyclic compounds such as 341 in good yields and diastereoselectivities. This
challenging Michael addition reaction presented us with an ideal opportunity to test our
hypothesis that the increased basicity of the BIMP catalysts relative to their tertiary amine

counterparts would result in a shorter reaction time.
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Scheme 68 One-pot Michael addition of pyrrolidinone 80 to nitrostyrene and nitro-Mannich lactamisation

cascade. The enantio- and diastereoselectivity of the Michael adduct 81 were determined subsequently (Table 18,
Entry 1).

For comparison, under otherwise identical conditions, the Michael addition was performed
using catalyst 147. To our delight the reaction was found to be complete in just 15 min at —
20 °C with comparable dr and slightly diminished enantioselectivity (Table 18, Entry 2).
Therefore, the reaction with BIMP catalyst 147 proceeded 1300 times faster than the

tertiary amine Brensted base catalyst 53.°™

0 catalyst Os5N \ﬂ\
MeOOC\dN/ ¥ OzN/\/Ph THF MeOO/ngf N~
80 41 81 o)
Entry Catalyst Temp. Loading Time Yield dr Ee/ %
/°C / mol% /h | % maj., min.
1 53 -20 20 336 92 5.25:1 92, 52
2 147 -20 20 0.25 97 6.0:1 84, 39
3 147 -30 10 4 96 6.0:1 88, 48
4 147 -40 10 9 75 69:1 90, 46
5 147 -40 10 12 95 83:1 91, 52
6 149 -20 20 2 95 73:1 92, 22

Table 18 Performance comparison between a tertiary amine bifunctional catalyst 53 and BIMP catalysts 147 and
149 in the enantio and diastereoselective addition of pyrrolidinone to nitrostyrene. The absolute and relative
stereochemistry of 81 was determined by comparing the data reported in the literature by Dixon and Jakubec.'%

The enantioselectivity could be increased in excess of 90% by performing the reaction at
lower temperature (Table 18, Entries 3 — 5). Interestingly, significantly longer reaction
times were required at —40 °C than at —20 °C and this may be due to competing formation

of catalyst aggregates at low temperature (see Section 5.2 for further discussion). When the

X The rate enhancement was verified in a repeat experiment by P.J.. The reaction was complete within 12 —
15 minutes (the time required for analysis by TLC) and the rate enhancement is therefore a conservative
estimate.
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enantiomeric catalyst 149 incorporating a benzhydryl group at the stereogenic centre was
used at —20 °C the enantioselectivity in the formation of 81 could be increased to 92%,
although a two hour reaction time was required (Table 18, Entry 6). Catalyst 149 appears
to exhibit greater selectivity than 147 in this reaction although the reaction times are

slightly increased.

Ph
o O,N
10 mol% catalyst 2
MeOOC - ~_Ph %
N 0NN MeOOC”™ >

THF

342 41 343 0/7_ N\
Entry Catalyst Temp. Catalyst Loading Time Yield dr ee
/°C / mol% /h | % | %
1 53 rt 10 336 0? - -
2 147 rt 10 2.5 67 1.7:1 82
3 147 -20 10 10 98 2.8:1 92
4 149 -20 10 22 78 4.0:1 91

Table 19 Addition of 342 to nitrostyrene catalysed by BIMP catalysts 147 and 149. Reactions were performed on
0.2 mmol of 342 and 1.2 eq of nitrostyrene; # denotes reaction performed in dg-THF and conversion is reported
against mesitylene as internal standard.

The scope of the Michael addition of cyclic B-amido esters to nitro-olefins was extended to
include the 6-membered ring analogue 342 derived from piperidinone as a pro-nucleophile
(Table 19).°* The reaction employing this pro-nucleophile proceeded more slowly and
with slightly reduced levels of diastereocontrol but maintained enantioselectivity in the
formation of 343 (Table 19, entries 2 — 4). Interestingly, the tertiary amine catalyst 53 was

unable to catalyse the reaction even after two weeks at room temperature.

X The absolute stereochemistry of the tertiary centre was assigned by analogy to 81. NOESY and nOe
experiments on 343 were inconclusive in determining the relative stereochemistry and therefore the relative
stereochemistry was tentatively determined by comparison of a single X-ray crystal structure of the Michael
adduct formed by treatment of 3-furyl nitro-olefin and valerolactone derived-1,3-diester (Dr. Pavol Jakubec,
unpublished results). Initial derivatisation of 343 by reduction of the nitro group using Raney-nickel® and
subsequent lactamisation was unsuccessful, Further work to derivatise 343 by performing a nitro-Mannich
lactamisation cascade should allow for the determination of relative stereochemistry.
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Figure 72 Comparison of the rates of the Michael addition reactions between piperidinone 342 and nitrostyrene
when using 147 and 53 as catalysts. Reactions were performed with 0.2 mmol 342 and 1.2 eq nitrostyrene with
10 mol% catalyst in 0.3 M dg-THF. 'H NMR spectra were recorded every two minutes and product conversion
measured by integrating the CHaHgNO, signal of both diastereomers against the CH; signal of mesitylene as
internal standard.

To graphically illustrate the difference in rates between tertiary amine bifunctional
catalysts and bifunctional iminophosphorane catalysts in the addition of 342 to nitrostyrene
conversion to the product 343 was measured by *H NMR as a function of time (Figure 72).
The reaction with 10 mol% 147 proceeds smoothly to 80% conversion within just one hour
at room temperature, however no product was observable by *H NMR when the tertiary

amine catalyst 53 was used even after an extended reaction time of 2 weeks.

6.3 Application of BIMP Catalysts to Natural Product Synthesis

Following the successful application of BIMP catalysts to the enantio- and
diastereoselective conjugate addition of B-amido esters to nitro-olefins, we sought to
enhance the rates of the Michael addition reactions found in the Dixon syntheses’ of
nakadomarin A 337 (Figure 70). Two routes, featuring late stage alkyne and alkene ring

closing metathesis (RCM) reactions, relied on the cinchona-derived bifunctional urea 338
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catalysed conjugate addition between the enantiopure 5,5-bicycle 344 and a substituted
nitro-olefin 345 or 347 (Scheme 69).24%%** High yields of the products 346 and 348, as
single diastereomers, were obtained after purification by chromatography and trituration.
The Michael addition reactions between the 5,5 bicycle 344 and the nitro-olefins 345 and
347 were found to require two to three day reaction times with catalyst loadings of 10 —
30 mol%. The use of large quantities of catalyst and relatively long reaction times were
justifiable as the Michael addition reaction readily allowed the construction of the
synthetically advanced intermediates 346 and 348 and controls the stereochemistry of the
quaternary carbon of nakadomarin A. However, enhancing the rates of reaction using the

BIMP catalysts would increase the practical elegance of the total syntheses.

0 HN A
N JOR
~
344 HN (@]
MeOOC 338
+ R

/\/éo
=
O,N” ™

345, R = CH,CH,CCCH,
347, R = CH,CH,CHCH,
349 R =H

FsC CF;

toluene, 30 °C

346, R = CH,CH,CCCHj3, 10% 338,
52 h, 81% yield
348, R = CH,CH,CHCH,, 30% 338,

72 h, 72% yield
350, R =H, 10% 338,
48 h, 80% vyield

Scheme 69 Conjugate addition between 5,5-bicycle 344 and substituted furan nitro-olefins catalysed by 338. Yields
are reported for the Michael adducts as single diastereomers obtained after flash column chromatography and
trituration.

Kyle, Jakubec and Dixon optimised the diastereoselective Michael addition of bicycle 344
to nitro-olefins using 349 as a model electrophile.?”® The authors reported that the
conjugate addition required 48 h to reach completion with 10 mol% of the bifunctional
urea catalyst 338 to afford the product 350 with a crude d.r. of 15:1:0:0 (Table 20, entry 1).

The nitro adduct 350 could then be isolated as a single diastereomer in 80% yield
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following purification by flash column chromatography and trituration. However, when the
reaction was performed using the pseudo-enantiomer catalyst 339, derived from
cinchonidine, reaction times increased to 5 days and the crude diastereoselectivity was
found to be 4:12:1:1 (Table 20, entry 2). The catalyst and substrate were therefore deemed
to be ‘mismatched’. The authors proposed that the urea moiety of the catalyst activated the
nitro-olefin through H-bonding interactions and the stereochemistry of the tertiary
stereogenic centre was governed by the three dimensional structure of the catalyst. The
stereochemistry of the quaternary carbon was controlled by the three dimensional structure

of the pro-nucleophile with one face being more accessible.

OoN 349 Catalyst
+ .
>\\ toluene,
MeOOC e %l
344 MeOOC—= \ MeOOC—~, \
7N O JNO
(0) T’/, o) /14,
350c 350d
. . Yield
Temp. Loading Time Crudedr o dr
Entry  Catalyst /°C I mol% /h a:b:c:d /%
(conv.)
1 338 30 10 48 15:1:0:0 80 single?*
2 339 30 10 120 41211 61 6:19:1:1%°
3 148 30 10 0.08 86:13:1:0 60, (80) single
4 (S)-148 30 10 0.17 47:49:4.0 (86) -
5 148 0 10 0.5 89:9:1:0 61, (78) 99:1
6 149 0 10 0.5 98:2:0:0 75, (92) single
7 149 0 1 1.3 98:2:0:0 68 single

Table 20 Screen of catalysts in the addition of 5,5-bicycle 344 to the model furan nitro-olefin 349 demonstrating
the rate enhancements of BIMP catalyst relative to tertiary amine catalysts.

The reactions when attempted with the BIMP catalysts proceeded significantly faster

(5 minutes versus 48 h, (Table 20, entries 1 and 3)). Similar catalyst substrate ‘matching’

149



and ‘mismatching’ that had been observed by Kyle, Jakubec and Dixon was encountered
with the BIMP catalysts using both enantiomers of the phenylglycine derived catalysts
(Table 20, entries 3 and 4). The inherent diastereocontrol when using the L-phenylglycine
derived catalyst 148 was lower than the cinchona derived catalyst 338 (Table 20, entries 1
and 3). Due to the much greater reactivity of 148 relative to 338, the lower diastereocontrol
imparted by 148 could be alleviated by performing the reaction at lower temperature.
Indeed, lowering the temperature to 0 °C increased the diastereocontrol in the formation of
350 to 89:9:1, with a marginal increase in reaction time to 30 minutes. Using catalyst 149,
incorporating a benzhydryl group at the stereogenic centre, increased the diastereocontrol
of the crude reaction mixture to 98:2 with the desired diastereomer 350a isolated in 75%
yield after purification. Pleasingly, when the reaction was performed using just 1 mol% of
149, the reaction was complete in 80 minutes with no loss of diastereocontrol. Presumably,
by extension of Kyle, Jakubec and Dixon’s optimisation of the Michael addition reactions,
the BIMP catalysed Michael additions reactions to nitro-olefins 345 and 347 would also be

significantly faster and similarly high levels of diastereocontrol obtainable.
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o]
W
OoN h + 347 catalyst
o)
0] Toluene
oo
eO
N
351 S
Entry Catalyst Temp. Catalyst Loading Time Yield dr
/°C / mol% /h /%
1 338 30 15 192 57 91:9'°
2 148 30 15 0.75 57 3.5:1
3 148 rt 10 2 59 45:1
4 149 rt 10 3.5 79 79:11:10

Table 21 Diastereoselective Michael addition between 8,5-pronucleophile 351 and 347. Entry 3 was performed on
0.14 mmol scale of 351 and 1.1 eq of nitro-olefin in 0.33 M toluene. Yields are given of the purified product as a
mixture of diastereomers after flash column chromatography.

We next focussed on the diastereoselective Michael addition between the 8,5-bicyclic pro-
nucleophile 351 and the furan nitro-olefin 347 that was key to the Dixon first generation
synthesis of nakadomarin A (Table 21, Entry 1)."*® The reaction, whilst affording the
addition product 352 in good levels of diastereocontrol, required 8 days to reach
completion with 15 mol% catalyst at 30 °C. Under otherwise identical conditions, catalyst
148 was trialled and the reaction was complete within just 45 min with similar yields;
albeit with lower levels of diastereoselectivity (Table 21, Entry 2). Performing the reaction
at room temperature improved the diastereoselectivity marginally to 4.5:1 (Table 21,
Entry 3). The catalyst containing the benzhydryl moiety at the stereogenic centre 149 was
more selective and afforded the product in 79% yield with a dr of 79:11:10.

Lastly, we investigated the performance of the BIMP catalysts in the synthesis of

manzamine A. In a similar strategy to that adopted in the first generation synthesis of

nakadomarin A, Jakubec and Dixon described the Michael addition between the 8,5-

i The enhanced yield was due to the presence of a 3" diastereomer which had not been removed by flash
column chromatography.
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242 Moderate levels of

pronucleophile 351 and nitro-olefin 353 (Scheme 70).
diastereocontrol (2.7:1) were achieved in the formation of 354 by using stoichiometric
KHMDS and 18-crown-6 at —94 °C to form the ‘naked’ enolate of 351. The authors
attempted the Michael addition using tertiary amine bifunctional organocatalysts but no

product was observable and they reasoned that the low electrophilicity of 353 was due to

high steric hindrance of the adjacent acetal and vinyl groups.

0 g o_ O
g —\ KHMDS
MeO O O 18-crown-6 O,N
N + _ 2 - =
OZNW THF, 1 h coy
351 N 353 354 4

crude dr 73:27
65% isolated yield

Scheme 70 Jakubec and Dixon’s diastereoselective Michael addition between 351 and 353 towards the synthesis of
manzamine A.

We therefore attempted the Michael addition using the BIMP catalyst system in a bid to
achieve the formation of 354 under catalytic conditions. Unfortunately, no trace of product
was observable by *H NMR when 20 mol% of 147 and 148 were used even after extended
reaction times of 72 h. This supports the report that this Michael addition required

preformation of the enolate and subsequent quenching with the electrophile.

6.4 Conclusion

This chapter sought to demonstrate the superior performance of the BIMP catalysts relative
to tertiary amine bifunctional organocatalysts in terms of turnover number (TON) and
turnover frequency (TOF). Rate enhancements by a factor of up to 1300 were observed
with reaction times reduced from two weeks to 15 minutes thereby fulfilling another
objective of the thesis. In addition, the rate enhancements of the BIMP catalysts relative to
tertiary amine catalysts were also illustrated in the key steps of the reported syntheses of

nakadomarin A. The augmented basicity of the iminophosphorane catalysts was shown to
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be responsible for the observed rate enhancements of BIMP catalysts relative to tertiary
amine analogues. From an industrial perspective, the rate enhancements are attractive and
presumably similar increases in reaction rates would be observed with the BIMP catalyst
system in other organocatalytic reactions involving low acidity pro-nucleophiles and/or
low energy electrophiles. The BIMP catalysts, possessing an organosuperbase, shift the
pro-nucleophile/nucleophile acid/base equilibrium towards the active nucleophile, thereby

increasing its concentration and consequently significantly enhancing the rate of reaction.
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7 New Reactivity as a Springboard for Catalyst
Development

7.1 Overview

This chapter is a depiction of some of the forays into new reactivity that we explored
during the course of the DPhil. Not all of the reactions have been optimised for rate and
enantioselectivity but with sufficient optimisation with respect to the reaction conditions
and the catalyst enantiocontrol greater than 90% ee should be achieved. The opportunity
was taken to design and evaluate new catalysts when a reaction of fundamental and
practical importance (due to the products formed) was discovered. As such, this chapter is
a smorgasbord of reactivity studies and new catalyst designs. A new catalyst design was
systematically checked against our previously developed reactions to provide an indicator

of performance.

FsC NH 0o
I j / O

CF;
Figure 73 Structure of BIMP catalysts used in the screen of reactivity studies.

7.2 Addition of Nitromethane to Ketones: the Henry Reaction

The ketimine nitro-Mannich reaction described in Chapter 3 between N-DPP ketimines and
nitromethane allowed the construction of amines bearing a fully substituted carbon. The
analogous reaction to afford tertiary alcohols, the Henry reaction, involves the addition of

nitroalkanes to ketones.™ However, due to the lower electrophilicity of ketones relative to
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imines'®% and the lack of possibility for a protecting group on the oxygen atom (due to
its divalency) to aid enantiofacial discrimination, we postulated that this reaction would be
very challenging. Indeed, when catalyst 147 was trialled in the addition of nitromethane to
acetophenone 205 no product was observed. The use of a more basic iminophosphorane
356, devoid of a H-bond donor group was no more successful (Scheme 71a). Interestingly
there are no reports in the literature of the addition of nitromethane to acetophenone.
Jacobsen and co-workers successfully demonstrated the organocatalytic enantioselective
addition of TMSCN (an alternative one carbon pro-nucleophile) to acetophenone.?*®

Organocatalytic Henry reactions to ketones require activated ketones such as a-

244,245 246,247

ketoesters or a-ketophosphonates to proceed and these functionalities may also

aid binding of the substrates to the catalysts to enhance the enantioselectivity.

/_ﬁ

% 147 or 356 o N
10 mol% or NO, O/ TP~
20 eq MeN02 356
355
OH
10 mol% 147 FsC.,. NO
CF3 20 eq MeNO,
-20°C, 8h 358

94% yield, 66% ee

Scheme 71 a) Attempted Henry reaction of nitromethane to acetophenone; b) Henry reaction of 2,2,2-
trifluoroacetophenone catalysed by 147.

The Henry reaction on 2,2,2-trifluoroacetophenone 357 was subsequently attempted, which
due to the presence of the CF3; moiety is significantly more electrophilic than acetophenone
205 but, nevertheless allows the construction of a chiral tertiary alcohol. Using catalyst 147
and nitromethane 151 as solvent at —20 °C, the formation of the Henry adduct 358
proceeded smoothly in an unoptimised 66% ee in just 8 h. The addition of nitromethane to
357 has been described previously with both metal®®® and organocatalysts®*** with

excellent levels of enantiocontrol. Despite the reaction proceeding faster with BIMP
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catalyst 147 than the examples described in the literature we decided against optimising the

reaction further.

7.3 Mannich reaction of Sulfonyl Imidates to N-DPP Aldimines

In 2008, Kobayashi et al. introduced sulfonyl imidates such as 359 as moderately low pK,
ester surrogates and showed that their addition to a range of aromatic imines could be

effectively catalysed by DBU 62, an organosuperbase, with high levels of diastereocontrol

(Scheme 72).%%
_Boc -8 5 mol% DBU S
N + NoA NH Nl’ “Ar
Ph) \)\O"Pr DMF, 24 h Ph)\_)\O’Pr
Ar = 2 5-xylyl z
178 359 360

one of 21 examples
96:4 dr, 95% yield
Scheme 72 Kobayashi's diastereoselective addition of sulfonylimidates 359 to imines catalysed by DBU.

The authors subsequently expanded the scope to include aliphatic imines®® and a range of
Michael acceptors such as acrylates and activated crotonic esters.”®* P-1 and P-2
phosphazenes as well as Verkade bases were necessary to promote the reactions owing to
the relatively high pK, values of the pro-nucleophile. Whilst the reactions were highly
diastereoselective, the wuse of achiral superbases necessarily did not allow for
enantiocontrol and, therefore we reasoned that these challenging pro-nucleophiles would
provide an ideal opportunity for our BIMP catalysts. Barbas reported an isolated
enantioselective conjugate addition of sulfonyl imidates bearing a-aromatic substituents to
enals under iminium catalysis, although the scope was limited with poor diastereocontrol

but with examples of good levels of enantiocontrol.?*®
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361 362 OPr 363

Scheme 73 Synthesis of sulfonylimidate 363: a) 'PrOH, HCI (g), rt, 2 h, 33% vyield; b) 4-nitrobenzenesulfonyl
chloride, 10 mol% DMAP, NEt;, CH,Cl,, rt, 14 h, 72% yield.

The sulfonyl imidates can be readily synthesised in two steps by initial addition of an
alcohol to a nitrile in the presence of anhydrous hydrogen chloride (Scheme 73).
Propionitrile 361 was treated on a 5 g scale with isopropanol and gaseous HCI (generated
by the addition of conc. H,SO, to anhydrous CaCl,). Purification by simple filtration
afforded the imidate 362 as the hydrochloride salt in 33% yield. The sulfonyl imidate 363
was then synthesised by treatment of the salt 362 with 4-nitrobenzenesulfonyl chloride,

catalytic DMAP and triethylamine in 72% yield.

\ /s \ 7/

.S
N/P(O)th NS NAr 10 mol% 147 th(O)P\NH N”S\Ar

I + I - [
Ph) \)\O’Pr Toluene, 36 h

Ph”*>Y, OPr
Ar = 4-NO2C6H4
363 364
>95:5dr, 1% ee
87% vyield
Scheme 74 BIMP catalysed Mannich reaction of sulfonyl imidate 363 to N-DPP aldimine 172.

172

With the sulfonyl imidate in hand, the Mannich reaction to N-DPP aldimine 172 was
trialled and pleasingly the product 364 was formed in near quantitative yield in just 36 h
using 10 mol% of 147 (Scheme 74). The ee in the formation of 364 was disappointingly
low (1%) but nevertheless high levels of diastereocontrol were observed with excellent
reactivity. To continue further with this class of pro-nucleophiles a full catalyst screen

would be required.*"

i Other sulfonyl imidates were synthesised varying the electron deficiencies on the protecting group. We
found that reactions with N-tosyl proceeded slower than with 363 and the use of 2-pyridyl or 3,5-(CF3),CgH3
substituents to proceed similarly to 363. Other protecting groups on the imine such as N-Boc and N-Ts were
also trialled but no improvements in the enantioselectivity were observed. A preliminary screen of solvents
did not enhance the ee beyond 9% and the above example is included as a proof of principle.
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7.4 Addition of Cyclic 1,3-Dicarbonyls to Unactivated Acrylic Esters

In 2008, Rigby and Dixon reported the conjugate addition of a range of [3-ketoesters to
activated acrylic esters (such as N-acyl pyrroles and thioesters) using bifunctional cinchona
alkaloid catalysts (see section 1.6).'° The reaction allows the construction of quaternary
carbon centres in good yields and enantioselectivities; however the use of activated esters
is cumbersome from both atom economy and synthesis perspectives. Moreover, the authors
mention that when ethyl acrylate was used as the electrophile no trace of product was
observed. The enantioselective addition of indanone derived p-ketoesters such as 82 to
unactivated acrylic esters has no general solution and we believed that our BIMP catalysts
could address this. Deng published the conjugate addition to enals to afford the aldehyde
which can then be oxidised to the ester.?®® The reaction is amenable to asymmetric phase
transfer catalysis using Cinchona ammonium salts, although 7 days are required to achieve

a moderate yield of 55%.%"

o) O o
0 0 10 mol% 147 X o)<
+ -
5 < \)ko/ THF, 48 h
78

a)

82 365 O
68% yield 0
18% ee ~

b)
o 9 o) 10 mol% 147
‘Né)k o” 7 \)\o/ THF, 72 h
80 78 366 O—
14% yield

16% ee

Scheme 75 a) Addition fB-ketoester 82 to methyl acrylate 78; b) Addition of pyrrolidinone 80 to methyl acrylate
using 147.

Accordingly, we trialled the addition of 82 to methyl acrylate using catalyst 147 and
pleasingly the conversion to the product 365 was smooth at room temperature. The product

was isolated in 68% yield after 48 h with a promising ee of 18% (Scheme 75a). Similarly,

158



the addition of pyrrolidinone ester 80 to methyl acrylate was attempted. The reaction
proceeded much more slowly, presumably due to the lower acidity of the pro-nucleophile
80, and the product 366 was isolated in 14% yield and 16% ee after 96 h (Scheme 75b).
Whilst the enantioselectivities are currently only moderate in these two conjugate addition
reactions, proofs of principle have been established. The bifunctional iminophosphorane
organocatalysts display high reactivity profiles in an array of challenging reactions and

provide compelling evidence for enhanced basicity leading to improved reactivity.

7.5 Conjugate Addition of a-Aryl Acetates to Phenyl Methacrylate

During the course of our studies into the conjugate addition of alkyl and benzyl thiols to a-
substituted o,B-unsaturated esters, the unexpected formation of the side product 320 was
observed (see section 4.5.5 and Figure 74). The a-proton of the ester of the product —
formed from the addition of 1-propanethiol to the a-substituted o,3-unsaturated ester 287t
— was sufficiently acidic to be removed by the BIMP catalyst and hence the substrate

underwent a conjugate addition with excess electrophile present in the reaction mixture.

Figure 74 Unexpected side product 320 in the SMA of 1-propanethiol to 287t.

We realised that this fortuitous observation could be exploited in new reactivity studies by
using methyl 2-(4-nitrophenylacetate) 319 as a pro-nucleophile (Scheme 76). The BIMP
catalysts should be basic enough to deprotonate the substrate to afford the active
nucleophile which could then add into a range of electrophiles. A survey of the literature

revealed that a range of electron deficient aryl acetates and arylacetonitriles have been
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added to enals under iminium catalysis.?*®*?*° Feng et al. used a chiral zirconium catalyst in
the addition of arylacetonitriles to alkylidene malonates in high vyields and
diastereoselectivities.”® In 2012, Barbas and co-workers reported that pyrazoleamide
substituted 4-nitrophenylacetates were highly effective in the conjugate addition to nitro-
olefins catalysed by tertiary amine bifunctional organocatalysts.?** In both of the examples,
either the pro-nucleophile or the electrophile was activated to increase the reactivity and
therefore the addition of 319 to simple a,p-unsaturated esters such as 287e would be
desirable.

O O O

o~ __Ph
o~ o 10 mol% 302 o 0

¥ \‘)ko/Ph 0.3 M Et,0
319 287e n,72h 367

NO, NO,

67% conversion
1.15:1 dr, 25%, 26% ee
Scheme 76 Michael addition reaction between 319 and phenyl methacrylate 287e catalysed by 302.

Using 4-nitrophenyl acetate 319 as a pro-nucleophile, the addition into phenyl
methacrylate was attempted using D-phenylglycine derived catalyst 148 but no evidence of
product was observed. When we performed the reaction using catalyst 302, which was
found to be optimal in the sulfa-Michael addition reaction, we were delighted to observe
the formation of product 367 (Scheme 76). The diastereoselectivity and enantioselectivity
are, at present, only moderate but these could be improved by a systematic optimisation of
the reaction parameters. An interesting extension of this reaction would be the replacement
of the electron deficient arene to biologically significant heteroarenes such as pyridine.
This would provide direct access to a range of enantioenriched chiral building blocks

bearing pyridine with additional functional groups present for further manipulations.
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7.6  Nitromethane in Conjugate Additions to a,f-Unsaturated Esters
7.6.1 Introduction and Importance of y-Nitroesters

Nitromethane appeared to be an excellent pro-nucleophile in a range of asymmetric
transformations with our BIMP catalysts. We thus wondered whether we could catalyse its
asymmetric union to o,fB-unsaturated esters such as methacrylic esters or crotonic esters.
The products formed from this transformation are y-nitroesters 369 which are of great
synthetic value (Scheme 77). Reduction of the nitro group to afford the amine and ester
hydrolysis allows the formation of y-aminobutyric acid (GABA) and its analogues 370a,
an extremely important class of compounds that act as neurotransmitters in the central
nervous system.?*??%® Alternatively, the y-aminobutyric esters can undergo lactamisation to
yield the pyrrolidinone 370b or the y-nitroesters can be used in a nitro-Mannich

lactamisation cascade to afford the piperidinone 370c.

HoN
2 o)
R? OH
R!' 370a
y-aminobutyric acid
O

o O,N R!

catalyst O j:«/
Me —— NH
2 - M
R Vko MeNO, RJ\(U\O’ © R?
R' 368 151 R! 369 _ 370b
pyrrolidinone
y-nitroesters
O

R1
NH
2
R 370c
NO,
piperidinone

Scheme 77 Addition of nitromethane to a,p-unsaturated esters allows the formation of y-nitroesters 369 which can
be derivatised to biologically significant y-aminobutyric acids (GABA), piperidinones and pyrrolidinones.

Pregabalin 371 (trade name Lyrica, Figure 75) is prescribed as an anticonvulsant drug used
for neuropathic pain and had total sales of $2.36 billion in 2013.%* An efficient

asymmetric synthesis of the y-nitroester from the Michael addition reaction between the
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appropriate B-substituted o,B-unsaturated ester and nitromethane would be very attractive.
Baclofen 372,%° rolipram 373 and paroxetine 374°®® have previously been synthesised
using organocatalysts by the Dixon group and others. These strategies rely on the

conjugate addition between malonates and the corresponding nitro-olefin.

L o x Q@’d fG

372 374

(S)-pregabalin (R)-baclofen (R)-rolipram paroxetlne
Figure 75 Drug molecules that can be accessed from enantiopure y-nitroesters.

Owing to the synthetic utility of the y-nitroester products formed from the conjugate
addition of nitroalkanes to a,fB-unsaturated esters various groups have developed metal and
organocatalytic strategies for asymmetric variants (Figure 76). Kanemasa and co-workers,
using a nickel based catalyst, required a pyrazole crotonic ester 375a for the
enantioselective addition of nitromethane.?®® In 2012, Shibasaki et al. exploited the soft-
soft interaction between a thioamide 375b and a copper catalyst to effectively promote the
Michael addition of nitromethane.?®” Takemoto and co-workers, investigated the addition
of various activated methylene compounds to o,f-unsaturated imides such as 375c using a
tertiary amine Brgnsted base bifunctional organocatalyst and found that the reaction with
nitromethane required 6 days to go to completion at room temperature.?*® Similarly, So6s
et al. used a cinchona derived bifunctional organocatalyst to investigate the addition of
nitromethane to chalcone and N-acyl pyrroles 375d.”® In an alternative strategy,
Jargensen, using a prolinol derived iminium catalyst added nitroalkanes to a range of enals

375e and in one pot oxidised the products to form y-nitroesters.
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Figure 76 Activated B-substituted a,B-unsaturated ester surrogates used in metal and organocatalytic additions of
nitromethane.

The use of activating groups requires additional steps for their installation and removal
during a synthesis whilst lowering the atom efficiency. A general strategy for the direct
addition of nitroalkanes to unactivated o,B-unsaturated esters remained elusive using both
metal based catalysts and organocatalysts and therefore provided an opportunity for the

BIMP catalysts.

7.6.2 Addition of Nitromethane to Methyl Methacrylate

As a starting point, we trialled the addition of nitromethane 151 to methyl methacrylate
287a using catalyst 147 (Scheme 78). All starting material was consumed within 6 h and
pleasingly we isolated the desired product 376 in 38% vyield and 33% ee. A side product
377 was observed which was formed by the y-nitroester 376 undergoing a second Michael
addition reaction to methyl methacrylate. The bis-addition product is probably formed as a
result of the increased acidity of the secondary nitroalkane (due to the stabilisation of a
more substituted double bond when the nitronate is formed).?* The formation of the bis-
adduct has been observed previously when studying the addition of nitromethane to methyl
methacrylate catalysed by DBU under microwave irradiation.”®® Furthermore, Fukuyama
and co-workers observed exclusive formation of the triester when they catalysed the
addition of nitromethane to methyl acrylate as the first step in the synthesis of the potent

immunosuppressant FR901483.%%°
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O/ 10 mol% O,N . O/ . \O ’ . O/
10 eqg MeNO, NO

287a rt, 6 h 376 2 3717
33% ee 1:1dr
38% yield 15% yield

Scheme 78 Addition of nitromethane to methyl methacrylate catalysed by 147.

Although excellent levels of reactivity were observed with a promising starting
enantioselectivity of 33% ee, the competing formation of the double addition adduct 377
was a deterrent. Despite a large excess of nitromethane 151 (as it was used as solvent) the

second addition clearly proceeded much faster than the initial Michael addition.

7.6.3 Addition of Nitromethane to Methyl Crotonate and Methyl Cinnamate

As a related alternative reaction, we postulated the enantioselective conjugate addition of
nitromethane 151 to methyl crotonate 55a could be catalysed by the BIMP catalysts. The
sporadic reports in the literature for the synthesis of the racemic compound require the use
of strong organic bases such as DBU?® and TMG?"* or inorganic bases such as K,CO3.2"?

2™t microwave irradiation®®® or elevated temperatures are

Long reaction times (24 days),
also required.

The enantiocontrol in this reaction stems from the initial nucleophilic attack of the pro-
nucleophile to one face of the electrophile. Under very concentrated conditions (10 eq
MeNO,) and with 10 mol% of catalyst 147 the addition of nitromethane to methyl
crotonate was investigated. We were delighted to observe the formation of the y-nitroester
378a in good yield (69%) and with an extremely promising ee of 60%. The analogous

reaction using methyl cinnamate 55b was performed and the y-nitro ester 378b was

isolated in 42% yield after 4 days and in 63% ee.
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@ 10 mol% 147 ONS o

/vj\o/ 10 eq MeNO, /:\)J\O/
55a rt, 4 days 378a
69% yield, 60% ee

o 10 mol% 147 NS 5
Ph/\)J\O/ 10 eq MeNO, Ph/:\)J\O/
55b , 4 days 378b

42% yield, 63% ee

Scheme 79 Addition of nitromethane to methyl crotonate and methyl cinnamate catalysed by 147.

Encouraged by this proof of principle we decided to actively pursue optimisation studies
on this reaction. If a screen of our catalyst library did not reveal a satisfactory candidate,
this reaction would provide an ideal platform with which to design and evaluate new

catalysts.

7.6.4 Optimisation of the Catalyst Scaffold

The reactions could be easily purified by eluting the reaction mixture through a pipette of
silica to remove the polar catalyst residues. Remaining methyl crotonate was removed
under a stream of nitrogen to afford pure vy-nitroester 378a, whereas excess
methylcinnamate could not be removed easily and conversion by *H NMR was reported
instead. Due to the long reaction times and the ease of purification of the products, we saw

the opportunity to develop medium throughput parallel screening techniques (Figure 77).

Figure 77 Medium throughput parallel screening setup in the conjugate addition of MeNO, to methyl crotonate
and cinnamate.
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Catalysts 147, 148 and 149 which had been isolated and characterised previously as
colourless powders were weighed in directly to the reactions but all others were made in
situ from the corresponding azide and tris(4-methoxyphenylphosphine) 146. The catalyst
formation reactions were left for 24 h at room temperature prior to the start of the reaction
and the solvent removed before the addition of the reagents (Scheme 80). The L-valine and
D-phenylglycine derived catalysts 379 and 148 afforded the y-nitroesters with similar
levels of enantiomeric excess as 147. The enantiomeric excess with the L-phenylalanine
catalyst 380 was marginally improved to 65% ee and the use of catalyst 149 afforded the y-
nitroester in 73% ee. The comparative reactions with methylcinnamate gave similar
selectivities although conversion to the y-nitroester was diminished.

O,N

O 10 mol% catalyst ~N 0
RTN"0" 10 eq MeNO, R/'\)J\o/
55a, a) R = Me rt, 4 days 378a, a) R = Me
55b, b) R = Ph 378b, b) R =Ph
NP PMP)3 _P(PMP), NPPMP)3
Ph\)
HN_ N CF HN_ N CF
T i T i
S S
147 379 148
CF3 CF3 CF3
a) 69% yield, 60% ee a) 63% vyield, 60% ee a) 69% vyield, -62% ee
b) 44% conv, 62% ee b) 36% conv, 67% ee b) 20% conv, -66% ee
_P(PMP)3 _P(PMP)3
N )Fi)N NP (PMP)
Ph/\H Ph HoHd
H : H WN_ N CF;
HN\H/N CF3 HN\”/N CF3 hid
S
S S
380 149 299 CF3
CF3 CF3
a) 69% vyield, 65% ee a) 75% vyield, -73% ee a) 19% vyield, -8% ee
b) 34% conv, 68% ee b) 32% conv, -71% ee b) 5% conv, -2% ee

Scheme 80 Investigation of the BIMP catalyst backbone in the addition of nitromethane to methyl crotonate and
methyl cinnamate.
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7.6.5 Effect of the Hydrogen-Bond Donor Group in the Addition of Nitromethane to
Methyl Crotonate and Methyl Cinnamate

Despite the best enantioselectivity observed with the catalyst 149 we elected to screen a
range of H-bond donor groups using the L-tert-leucine backbone because more examples
were available in our catalyst database (Scheme 81). If an improvement was observed in
enantioselectivity the analogous catalyst incorporating the benzhydryl moiety at the
stereogenic centre would be synthesised and tested. Replacement of the thiourea with a
urea moiety with catalyst 290 resulted in a drop in enantioselectivity to 45% and the use of
381, an electron rich thiourea reduced the ee further. The use of catalyst 382 containing an
electron deficient amide as the H-bond donor group lowered the ee to just 7% but the yield
was increased to 84% in the formation of 378a. This trend was exemplified further when
the catalyst bearing a carbamate 383 was used; the ee diminished to 5 and 0% for methyl
crotonate and cinnamate respectively and interestingly the yield for the formation of 378a

was quantitative.

NP (PMP)s
O-N
i HN.., 10 mol% Y0
RN 0~ - NN
_ 10 eq MeNO,
55a, a) R = Me . 4 days 378a,a)R = Me
55b, b) R = Ph ’ 378b, b) R = Ph
;fj H CF y@j ll:ll CF ;{ H
W 3 W 3
N
S [ j 0 [ j e \©\
S -
147 CF, 290  cf, 381 0O
a) 69% yield, 60% ee a) 63% vyield, 45% ee a) 72% yield, 32% ee
b) 44% conv, 62% ee b) 27% conv, 46% ee b) 45% conv, 34% ee
CF4
H H
0 P K
£ 3 TR 7 s £ s
CF; o o O O O
O 382 383 384 385

a) 84% vyield, 7% ee a) >99% yield, 5% ee  a) 71% vyield, 4% ee a) 59% vyield, 11% ee
b) 49% conv, 9% ee  b) 96% conv, 0% ee b) 56% conv, 3% ee  b) 54% conv, 4% ee
Scheme 81 H-bond donor screen in the addition of nitromethane to methyl crotonate and cinnamate.
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Lastly, the diastereotopic N-sulfinyl urea catalysts 384 and 385 were evaluated. Ellman
et al. developed chiral N-sulfinyl ureas as effective H-bond donor groups.?”® They were
recently able to achieve high enantioselectivity in an enantioselective protonation reaction
between a-substituted nitroalkenes and Meldrum’s acid by using a catalyst that was only
chiral at sulfur.?”* We incorporated the N-sulfinyl urea H-bond donor group with the tert-
leucine derived 1,2-amino azide moiety. Disappointingly, although highly catalytically
active, catalysts 384 and 385 did not impart good levels of enantiocontrol in the conjugate
addition reaction of nitromethane to methyl crotonate or cinnamate.

From the H-bond donor group screen in Scheme 81 we concluded that an electron deficient
thiourea was critical in providing good enantiocontrol in the conjugate addition.
Paradoxically, the presence of the acidic thiourea H-bond appeared to retard the reaction
and we therefore considered alternative catalyst designs. A subset of catalysts
incorporating the thiourea amide moiety as H-bond donor groups, highly successful in the
conjugate addition of thiols to a-substituted (chapter4) and P-substituted®” a,p-
unsaturated esters were evaluated (Scheme 82).**" Disappointingly, although the catalysts
all promoted the Michael addition reaction of nitromethane to methyl crotonate the highest
enantioselectivity achieved in the formation of the product 378a was just 32% using
catalyst 387. Further development of the amide thiourea H-bond donor motif should allow

the y-nitroester to be formed with higher levels of enantiocontrol.

xxill The catalysts were synthesised according to the strategy outlined in section 4.4.
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) 10 mol% catalyst N~ 0
/vj\o/ 10 eq MeNO, /'\)J\O/
rt, 4 days 378a

ji/ Lo
N )L N AL LN
o \( SPEMP); | Njﬁ” SP(PMP),

60% vyield, 17% ee 38% vyield, 6% ee
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Ph O g
38% yield, 32% ee 50% yield, 4% ee

Scheme 82 Screen of BIMP catalysts incorporating the amide thiourea H-bond donor group in the addition of
nitromethane to methyl crotonate.

7.6.6 Variation of the Ester Moiety in the Michael Addition of Nitromethane to
Crotonic Esters

A broad selection of BIMP catalysts from the existing library were screened in the addition
of nitromethane to methyl crotonate and methyl cinnamate with a maximum ee of 73%
achieved. The opportunity was taken at this stage to briefly investigate the effect of the
ester moiety of the o,fB-unsaturated ester on the enantiocontrol in the Michael addition
reaction with the best catalyst to date. To maximise the elegance and efficiency of the
reaction, the use of simple ester moieties was desirable to increase the atom economy of

the transformation.
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Ph

_P(PMP
Ph)\:/\N/ ( )3
@ 10 mol% 149 02"‘)\)(1 SYNH
_R
/\)J\O 10 eq MeNO, O/R FsC

NH
55 rt, 4 days 378 \©/ 149

CF;
Entry R 55 Time/h Product Yield/ % ee/ %
1 Me 55a 96 378a 75 73
2 Et 55¢ 96 378c 69 73
3 iPr 55d 96 378d 45 56
4 Bn 55e 96 378e 89 69

Table 22 Effect of the ester moiety on the enantioselectivity in the addition of nitromethane to crotonic esters.

The Michael addition reaction using ethyl crotonate as the electrophile gave identical
levels of enantiocontrol in the formation of the y-nitroester 378c to that observed with
methyl crotonate in the formation of the y-nitroester (Table 22, entries 1 and 2). The use of
the isopropyl ester 55d reduced the enantioselectivity in the reaction to 56% and the yield
was diminished to 45% (Table 22, entry 3). The lower yield in the formation of 378d is
presumably due to increased steric interactions and reduced electrophilicity of the Michael
acceptor as a result of increased inductively donating groups on the ester moiety. The vy-
nitroester 378e derived from benzyl crotonate was however synthesised in 89% vyield and
69% ee (Table 22, entry 4).

The screen of the ester moiety of the B-substituted o,p-unsaturated ester revealed the
enantioselectivity imparted to the y-nitroester product 378 was only marginally affected by
the ester moiety. Therefore, in the remainder of the optimisation studies methyl crotonate
and cinnamate were used. Once a suitable catalyst has been identified for the efficient
formation of the y-nitroester 378 a full ester screen will be undertaken as part of the

substrate scope.
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7.6.7 Incorporation of Alternative Hydrogen Bond Donor Groups into BIMP Catalysts

With no improvement in the enantioselectivity observed, we decided to actively pursue
new designs of organocatalysts incorporating the triaryliminophosphorane moiety. Various
multifunctional tertiary amine Brgnsted base H-bond donor catalysts have been proposed
as superior catalysts to bifunctional catalysts (Figure 78). A publication by Lu and co-
workers caught our attention where they inserted an amino acid linker into a bifunctional
cinchona thiourea catalyst to yield a ‘trivalent’ catalyst 388.2® The presence of the chiral
linker was found to be effective in promoting the conjugate addition of oxindoles to vinyl
sulfones. In a related catalyst design, Palomo et al. recently introduced catalysts such as
389 which incorporated ureidopeptides as efficient H-bond donor groups, and the authors
applied them in the conjugate addition of 5H-thiazol-4-ones to nitro-olefins; a reaction
where cinchona derived bifunctional thiourea catalysts only afforded moderate levels of
enantiocontrol.?”” In 2008, Wang and co-workers reported that their thiourea sulfonamide
tertiary amine catalyst was highly effective in the nitro-Mannich reaction of nitroalkanes to

174

N-Boc imines (Scheme 35c)™ " and in the conjugate addition of thiols to B-substituted a,f-

unsaturated fluorinated esters (see section 4.2.3) 212214215
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Figure 78 A selection of multifunctional tertiary amine Brgnsted base H-bond donor catalysts.
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In a related strategy to that adopted during the development of the amide thiourea based
BIMP catalysts in section 4.4, we incorporated the alternative H-bond donor groups with

our efficacious chiral 1,2-amino azide moiety.

Q a
R\HJ\OH - BocHN&J\ - R‘/ N\)J\I/

NHBoc
390
H H Q
FsC NJJ\ N NJJ\N N5
[sascasliasase
X /l\
CF, 393 CF;
394, X = S, 26% vyield over 2 steps

395, X = O, 25% yield over 2 steps

Scheme 83 Synthesis of BIMP catalyst precursors incorporating an amino acid linker; a: CIC(O)OEt, NEt;, THF,
0 °C, 1 h then 125, TFA, rt, 14 h; b: TFA, 0°C, 2 h, then 3,5-(CF;),CsHsNCS or 3,5-(CF,),CsHsNCO, Et,0, rt,
14 h.

mll

51% yield over 2 steps

The synthesis of the catalysts containing an a-amino acid linker 392 was accomplished by
activation of the N-Boc protected a-amino acid 390 to the mixed anhydride using ethyl
chloroformate and trapping with the crude amino azide 212 [synthesised by the N-Boc
deprotection of 125] to afford the C-linked amino acid residue 391 (Scheme 83). Cleavage
of the N-Boc group and coupling to an isocyanate or isothiocyanate yielded the catalyst
precursors 392 in moderate yields over 2 steps.

The synthesis of a ureidopeptide containing BIMP catalyst was accomplished following an
adaptation to Palomo’s procedure.?”’ The carboxylic acid of carbamate 390 was activated
to the mixed anhydride and treated with sodium azide to afford the acyl azide. A Curtius
rearrangement generated the isocyanate 397 which was trapped with amino azide 212 to

give the BIMP precursor 398 in 40% yield over three steps.
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R = 9-methylanthracene
Scheme 84 Synthesis of ureidopeptide azide 398; a: 'BuUOC(O)CI, NMM, THF, =20 °C, 20 min; b: NaN3z;, CH,Cl,,
reflux, 2 h; ¢: 125, TFA then CH,CI,, 16 h, 40% yield over three steps.

To accomplish the synthesis of a thiourea sulfonamide catalyst, the crude isothiocyanate
399, synthesised by the N-Boc deprotection of 121 and then treatment with thiophosgene,

was condensed with diphenyl diamine 400 to yield the azide 401 in 53% yield.

H,N  NHTs
/) 400 s
PH _ Ph >
@w _ab _ @ ¢ . TsHN JC AN,
- N - [\ N~ N
- - H H
NHBoc NCS
121 399 O 401

Scheme 85 Synthesis of thiourea sulfphonamide azide 401; a: TFA, 0°C, 2 h; b: CI,C(S), NaHCO;3, CH,ClI,, 0 °C,
30 min, c: 400, THF, rt 14 h, 53% over 3 steps.

7.6.8 Evaluation of Novel Multivalent Iminophosphorane Catalysts

With a variety of new azide containing alternative H-bond donor groups synthesised, we
next evaluated the performance of the corresponding active iminophosphorane catalysts in
the conjugate addition of nitromethane to methyl crotonate and methyl cinnamate
(Scheme 86). Tris(4-methoxyphenylphosphine) was used as the phosphine component for
sake of comparison. Catalyst 402, containing L-valine as the linker afforded the y-nitroester
378a in 50% ee but only in a modest yield of 31% and the result with methyl cinnamate as
the electrophile was similar. The diastereomeric catalyst 403, using D-valine as a linker,
gave similarly low levels of conversion but with significantly impaired levels of
enantiocontrol. The opposite major enantiomer was obtained showing that in this catalyst
system the distal stereocenter was dominant, which is in contrast to that observed for the

BIMP catalysts incorporating the amide thiourea H-bond donor groups (see section 4.4).
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This suggested that alternative catalyst designs which do not incorporate the tert-leucine
derived aminoazide moiety may be more effective in imparting higher levels of
enantiocontrol in the reaction. Catalysts incorporating L-tert-leucine as a linker were
evaluated but there was only a marginal improvement in enantioselectivity to 52% ee when

using 404. The urea analogue 405 reduced the enantioselectivity to 41%.

o 10 mol% catalyst 92N~ o
RN""0" 10 eq MeNO, R/\)J\O/
55a, a) R = Me , 4 days 378a, a)R = Me
55b, b) R = Ph 378b, b) R = Ph

o)
H H
FsC ji/
FsC N. 3 S
3 NTNQJ\H SP(PMP), \[rﬁ P(PMP);
S

N 402
CF3
a) 31% yield, 50% ee a) 34% vyield, -18% ee
b) 12% conv, 62% ee b) 13% conv, -16% ee

O t/
H H
N.

/I\ 404 & © /l\ 405
F3

CF;
a) 22% yield, 52% ee a) 28% vyield, 41% ee
)L j\/ A r N E )SJ\ :
: N
O m/\/ “P(PMP),
J Q S
a) 69% vyield, 8% ee a) 22% vyield, -30% ee

Scheme 86 Evaluation of alternative H-bond donor group catalysts in the addition of nitromethane.

The ureidopeptide iminophosphorane 406, synthesised by performing the Staudinger
reaction in CH,ClI, due to poor solubility of the azide in Et,O, was evaluated and found to
be highly catalytically active in the reaction. Disappointingly the product was only formed

in 8% ece. Finally, the enantioselectivity in the formation of y-nitroester 378a using
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thiourea sulfonamide catalyst 407 was 30%, however the product was formed in just 22%
yield. Further structure-activity-enantioselectivity relationships and overall improvements

to these novel catalyst designs are clearly required.

7.6.9 Investigations into the Nature of the Iminophosphorane Moiety

The modular design of the BIMP catalysts (section 2.1 and Figure 79) facilitated the
generation of a library of catalysts with three points of diversity. In both the ketimine nitro-
Mannich reaction (chapter 3) and the sulfa-Michael addition (chapter 4) the effect of the
catalyst backbone and H-bond donor groups on the enantioselectivity of the reaction was
extensively investigated. However, fewer alterations to the phosphine component and
hence iminophosphorane moiety of the BIMP catalysts were made. A full evaluation of the
iminophosphorane moiety in the aforementioned transformations was not required as the
products were successfully formed with high levels of enantiomeric excess by varying the
H-bond donor group and the catalyst backbone.
-

EWG” N‘H “Nsp R

Figure 79 Original BIMP catalyst design.

The Michael addition of nitromethane to -substituted a,f3-unsaturated esters was therefore
an ideal platform with which to investigate further catalyst structures. L-Serine derived
BIMP catalysts incorporating the benzhydryl moiety at the stereogenic centre and the 3,5-
(CF3).CsH3 thiourea were synthesised with a range of trivalent phosphines and evaluated

(Scheme 87).
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Scheme 87 Screen of the phosphine moiety in the addition of nitromethane to methyl crotonate and cinnamate; *
The synthesis of the iminophosphorane was attempted at 100 °C in toluene for 20 h; ° reaction was performed in
0.20 mL of toluene as cosolvent due to the limited solubility of 417 in nitromethane.
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Increasing the electron density on the phosphine by the addition of methoxy units or
methyl substituents in the meta position with catalysts 408 - 410 did not increase the ee in
the formation of 378a or 378b. Incorporating tert-butyl groups into the phosphine was not
successful and this is likely due to difficulties associated with synthesising the
iminophosphorane. In general, the synthesis of iminophosphoranes with phosphines
containing ortho substituted aryls, or branched alkyls groups was problematic even when
performing the Staudinger reaction at elevated temperatures which can probably be
attributed to increased repulsive steric interactions in the extrusion of N, from the
phosphazide intermediate (Scheme 13). Incorporation of linear or cyclic alkyl phosphines
to afford the catalysts 413 and 414 was successful; however the ability of the catalysts to
impart enantiocontrol in the formation of 378a or 378b was significantly reduced. The use
of P(1-Np); derived BIMP 415 did not yield the y-nitroester addition product and this is
likely due to issues with the formation of the iminophosphorane. The 2-substituted
naphthyl derivatives 416 and 417 were however catalytically active and gave similar
enantioselectivities in the formation of 378a or 378b to catalyst 149. The rate in the
Michael addition reaction with 417 was enhanced relative to 416 as a result of the EDG on
the aromatic. Due to the poor solubility of catalyst 417 in 10 eq of nitromethane, an equal
volume of CH,Cl, as cosolvent was added.

From the screen of BIMP catalysts incorporating a range of trivalent phosphines
(Scheme 87), it was evident that the nature of the iminophosphorane played a crucial role
in imparting enantiocontrol in the formation of 378a or 378b. Unfortunately, to date a
superior phosphine to tris(4-methoxyphenylphosphine) has not been identified and further

phosphine components should be considered.
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7.6.10 Iminophosphorane Catalysts Bearing P-Stereogenic Phosphines

In an attempt to increase the enantioselectivity in the formation of y-nitroesters 378a or
378b, we considered the incorporation of P-stereogenic phosphines into the BIMP catalyst
design. P-Stereogenic phosphines are trivalent phosphines with three different substituents
around the central phosphorous atom and are increasingly important ligands in asymmetric
synthesis. For example in 2012, Riera and Verdaguer described the use of P-stereogenic
iminophosphoranes as ligands in a rhodium catalysed enantioselective [2+2+2]
cycloaddition of enediyines.?”® Numerous methods have been developed for the
preparation of P stereogenic preparation such as the use of chiral auxiliaries?” or by
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resolution methods™ and recently catalytic asymmetric variants have also been

reported.?

R
P N
A + N3 »
T
Ph
418 419 420
P-stereogenic P-stereogenic
phosphine iminophosphorane

Scheme 88 A representative P-stereogenic iminophosphorane derived from a chiral or achiral azide.

We hypothesised that the use of P-stereogenic phosphines as the phosphine component of
the iminophosphorane would enhance the enantioselectivity imparted in the formation of
B-nitroester 378a. To establish a proof of principle that P-stereogenic iminophosphoranes
were effective Bransted bases phosphine 418 was selected (Scheme 88).

To enable rapid access of both enantiomers of the chiral tertiary phosphine we elected to
use preparative chiral HPLC. As tertiary phosphines containing one more alkyl substituents
are susceptible to oxidation the phosphines were synthesised and stored as the phosphine
borane complex 423 (Scheme 89). Furthermore, HPLC conditions for the analytical
separation of the enantiomers of 423 have been reported. The racemic tertiary phosphine

borane complex was synthesised in two steps from tert-butyldichlorophosphine 421. Tert-
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Butyldichlorophosphine was treated at —78 °C with 1 equivalent of phenylmagnesium
bromide and to the reaction mixture were sequentially added lithium aluminium hydride
and BH3*THF to afford the secondary phosphine borane 422 in 64% yield. The synthesis
of the racemic tertiary phosphine borane 423 was accomplished by deprotonation of 422

using "BuLi and subsequent quenching with methyl iodide to afford rac-423 in 91% yield.

BH3 BH;
>1\ a ?H3 b ?H3 c /I’D--'Ph Phn--F’>\
- P\ — P\ —— N +
PCl, >( LoH >( L Me
421 422 423 Sp-423 Rp-423

Scheme 89 a: PhMgBr, THF, -78 °C to rt, 1 h, then LiAIH,, BH;*THF, 0 °C to rt, 14 h, 64% yield; b: "BuLi, Et,0,
—78 °C to rt, 1 h then Mel, -78 °C to rt, 14 h, 91% yield; c: preparative chiral HPLC, Chiralpak-AS, 99:1
hexane :'PrOH.

The enantiomers of 423 were then separated by preparative chiral HPLC (up to 40 mg
injected per run) with a maximum of 6 mg of each enantiomer obtained with >98% ee and
the remainder of the material was recovered as mixtures of the two enantiomers. The poor
separation on the chiral HPLC column and apolar nature of 423 prevented the separation of
more enantiopure samples of 423 per injection. Nevertheless, sufficient quantities of each

enantiomer were obtained to perform proof of concept experiments.

[
c + e ><
F NH
3 FsC

F3C NH 4244 FsC NH  424b

CF3 CF4
Scheme 90 Synthesis of P-stereogenic BIMPs 424a and 424b; a: DABCO, toluene, 55 °C, 2 h then 214, 16 h, 55 °C.
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According to a procedure by Giordano and Buono, the enantiopure free phosphine 418 was
synthesised by treatment of 423 with DABCO in toluene for 2 h at 55 °C (Scheme 90).2%?
To avoid isolation of the phosphine, azide 214 was added to the reaction mixture and
stirring maintained for 16 h. Analysis by LRMS and TLC were taken as evidence for the
formation of the iminophosphorane which was then used crude as catalyst in the addition

of nitromethane to methyl crotonate.

0] 10 mol% catalyst OZN\: 0
/\)J\o/ 106q MeNO, /:\)J\O/
55a r,72h 378a
Entry Catalyst Yield/ %  eel %
1 424a 43 13
2 424b 40 16
3 426 84° 0

Table 23 Evaluation of P-stereogenic iminophosphorane catalysts in the addition of nitromethane to methyl
crotonate; * Reaction was quenched after 48 h.

Disappointingly, the enantioselectivity imparted by the diastereomeric catalysts 424a and
424b was significantly reduced to 13 and 16% ee respectively in the addition of
nitromethane to methyl crotonate (Table 23, entries 1 and 2). Catalyst 426, derived from
the achiral azide 425 was synthesised (Scheme 91) and evaluated in the Michael addition
reaction and although it was highly catalytically active there was no enantiocontrol

imparted in the formation of 378a (Table 23, entry 3).

[NﬂNJ 425 " A:'-/‘Ph

Ph P - NEL
toluene 7< 55°C, 16 h Me
55°C, 2 h

Rp-423 Rp-418 426
Scheme 91 Synthesis of 426.

B
PhiP__

Whilst the P-stereogenic catalyst 426 was unable to impart any enantioselectivity in the
formation of 378a, we postulated that it may be efficacious in the sulfa-Michael addition of
1-propanethiol 286a to methyl methacrylate 287a as the enantiodetermining step in this
reaction is protonation of the prochiral transient enolate (section 4.8). Accordingly, we
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evaluated 426 in the SMA reaction under the previously developed conditions for the
screen of catalysts (Figure 41) and 288a was afforded in excellent yield with a modest
5% ee (Table 24, entry 1). The analogous reaction was performed with catalyst 427,
bearing a 1-naphthyl group as the aromatic substituent.”*" Although the reaction rate was

slightly diminished the enantioselectivity was marginally enhanced to 8% (Table 24,

entry 2).
286a O/w NP e ?
+O 10 mol% catalyst \/\s/\%ko/
P 0.5 M toluene, rt, 3 h 288a

o)

287a

Entry R Catalyst  Yield/ % ee/ %

1 Ph 426 99 5
2 1-Np 427 57 8

Table 24 Evaluation of P-stereogenic iminophosphoranes 426 and 427 in the SMA reaction between propanethiol
and methyl methacrylate.

Although the enantioselectivities imparted by the P-stereogenic iminophosphoranes were
low, a proof of principle has nevertheless been established. Further work exploring this
catalyst design is clearly required and variations to both the azide component and the
stereogenic phosphine moiety should be studied.”™ Alternative iminophosphorane
catalysts derived from commercially available enantiomerically pure phosphines should
also be evaluated with both chiral and achiral azides. As many chiral phosphine ligands are
readily available, this would rapidly allow access diversification of the catalyst library.

Due to time constraints, this catalyst design has not been fully investigated but with

XXV The jminophosphorane catalyst 427 was synthesised in an analogous manner to 426 (see Section 8.2.11).
X To further evaluate the P-stereogenic iminophosphorane catalyst design an alternative synthesis of the
chiral phosphines is required as only small quantities of 423 could be separated per injection on the HPLC
due to poor separation of the enantiomers. In preliminary work to this end, we were able to separate the
enantiomers of secondary phosphine oxides by preparative chiral HPLC with injections of up to 300 mg of
the racemate.
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sufficient optimisation, iminophosphorane catalyst incorporating P-stereogenic phosphines

and other enantiopure phosphines should be effective asymmetric organocatalysts.

7.6.11 Miscellaneous Iminophosphorane Structures in the Michael Addition Reaction
of Nitromethane to Methyl Crotonate

Several chiral iminophosphoranes that did not contain a hydrogen bond donor group were
synthesised and evaluated in the addition of nitromethane to methyl crotonate. Enantiopure
naphthyl amine 428 was reacted with the diazotransfer reagent 133 to afford 429 in good
yield (Scheme 92).

O\\s’/o 133

N~ ImeHCl N3,
1% CUSO4'5H20

K2CO3, MeOH OO
rt, 3 h, 89%

428 429
Scheme 92 Synthesis of azide 429 via diazotransfer.

The active iminophosphorane catalysts could be then be made in situ and evaluated in the
conjugate addition of nitromethane to methyl crotonate. Catalysts 430 and 431 derived
from tris(4-methoxyphenylphosphine) and tributylphosphine respectively were synthesised
at room temperature and were both highly catalytically active in the Michael addition
reaction (Scheme 93). There was however no enantiocontrol imparted from the chiral azide

backbone and in both cases 378a was formed as the racemate.
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O 10 mol% catalyst

/\)J\o/ 10 eq MeNO,

55a rt, 72 h

432

75% vyield, ee 0% 75% vyield, ee 0% 78% vyield, ee 0%
Scheme 93 Evaluation of 1-naphthyl azide derived iminophosphorane catalysts 430 — 432 in the Michael addition
of nitromethane to crotonate.

An attempt was also made to synthesise an iminophosphorane catalyst from a Verkade

base (proazaphosphatrane).?®

At room temperature, the Verkade base 65 was treated with
1.1 eq of azide 429 and the reaction stirred for 24 h (Scheme 94 a). The slight excess of
azide was used to ensure that all the strongly Brgnsted basic Verkade base was consumed,
to avoid 65 acting as the catalytic species. After 24 h, the exclusive formation of the
phosphazide was observed by LRMS and we opted to evaluate it in the Michael addition
reaction. Pleasingly 432 was found to be catalytically active but was unable to impart any
enantiocontrol in the formation of 378a. To generate the iminophosphorane equivalent, the
Staudinger reaction would need to be performed at high temperature to extrude nitrogen
gas. An initial attempt to generate 433 was made by heating the azide and 65 at 100 °C for
12 h; however several phosphorous species were observed in the *P NMR spectrum of the
reaction mixture and therefore the reaction mixture was not evaluated in the conjugate
addition reaction.

An attempt was also made to incorporate the Verkade base into a bifunctional catalyst
bearing a non-acidic thiourea moiety but the Staudinger reaction did not proceed between

azide 306 and 65 (Scheme 94b). We assumed this was due to protonation of the

proazaphosphatrane 65 from a thiourea proton as a result of the high basicity of 65.
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a)

. O
. )\ toluene /&w\
100 °C
12 h
432 433
b) ’_L
7/NNP\N
§ \l/ ) \/K Q )65 § \l/ s \(
Ph. N_ -~ N N Ph. N_ _~ N
\( \H/\N)J\N 3 _ \r N)J\N \\P,N
H H H H f
Ph O 306 Et,O, rt Ph O 434 TNN\\—
N
N~

Scheme 94 a) Synthesis of 432 and attempted synthesis of iminophosphorane 433; b) attempted incorporation of a
Verkade base as the phosphine moiety with an azide incorporating a non-acidic thiourea group.

Alternatively, we considered the use of cinchona alkaloids as the chiral backbone as they
have been shown to be an incredible source of chirality for a diverse range of asymmetric
transformations in organocatalysis and as ligands.?®* Initial work in the Dixon Group on
chiral superbases focussing on P1-phosphazenes (triaminoiminosphosphoranes), utilised
the cinchona alkaloid structure as the chiral backbone (Scheme 10).}** The catalyst
imparted a modest level of enantiocontrol in the ring opening of aziridines using [-
ketoesters, a reaction that necessitates strong bases to proceed.

In a similar vein, we synthesised triaryliminophosphorane catalyst 436 from azide 435 and
tris(4-methoxyphenylphosphine) 146 at rt for 24 h in Et,O (Scheme 95). TLC and low
resolution mass spectrometry were taken as evidence for the formation of the active

catalyst which was used in situ.
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P(PMP),
N 146

7 | \ /
Et,0, rt, 24 h \ _®_
’ ’ N P O
= | N3 X

Nx 435 436

Scheme 95 Synthesis of cinchona derived triaryliminophosphorane.

The catalyst 436 was tested in the addition of nitromethane to methyl crotonate 55a and
whilst excellent levels of reactivity where observed there was no stereocontrol in the
formation of 378a reaction (Scheme 96a). As a comparison, the ketimine nitro-Mannich
reaction between 150a and nitromethane was tested and similarly, the reaction proceeded

rapidly with near full conversion after 4 hours but the product 152a was formed as the

racemate (Scheme 96b).

O,N
/\)?\ 10 mol% 436 2 M
/ —_—

o 10 eq MeNO, o~

55a rt, 3 days 378a
88% vyield, 0% ee
) NP (OPh2 _P(O)Ph,

| 10 mol% 436 HN
20 eq MeNO, NO,

150a rt, 4 h 152a

92% conv, 0% ee
C) O 0
~_SH + 10 mol% 436 @)

O/ —_—
0.5 M toluene \/\S/\*Hko/
286a 287a rt,3h 288a

50% yield, 11% ee
Scheme 96 Evaluation of the efficacy of catalyst 436 in a) the addition of nitromethane to methyl crotonate; b) the
ketimine nitro-Mannich reaction; c) the SMA of propanethiol methyl methacrylate.

Finally, catalyst 436 was evaluated in the sulfa-Michael addition of 1-propanethiol 286a to
methyl methacrylate 287a under the same catalyst screening conditions used in Section 4.4

(Scheme 96¢). Pleasingly, the B-mercaptoester 288a was formed in 11% ee. As the
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enantiodetermining step in this reaction is the protonation of the transient prochiral enolate,
it seems reasonable that catalyst 436 by providing a chiral proton source (from the
protonated iminophosphorane) could offer some asymmetric induction in the SMA
reaction to a-substituted a,B-unsaturated esters.

Although catalyst 436 was shown to be an effective Brgnsted base as it catalysed the three
aforementioned reactions that required the use of organosuperbases to proceed, it did not
appear to have the structural requirements to be an effective chiral catalyst. Further work
into this class of catalyst should investigate the possibility of incorporating a H-bond donor

group such as a hydroxyl or thiourea moiety into the catalyst design (Figure 80).

R
N H
=
\o N |\
/
\Q\P N
o0 -

R =0OH or
NHC(S)NH(3,5-CF3),CgH3
Figure 80 Putative design for further cinchona alkaloid triaryliminophosphorane catalysts.

7.7 Conclusion

This chapter has highlighted the performance of the bifunctional iminophosphorane
catalysts in a range of transformations. We actively pursued the complimentary aspects of
new reactivity leading to novel catalyst designs and the addition of nitromethane to
unactivated B-substituted a,B-unsaturated esters was chosen as the platform for extensive
catalyst development. Quantitative yields were obtained and enantioselectivities of up to
73% demonstrated. Further optimisation is required in order to strike the optimal balance

between rate and enantiocontrol. Several preliminary novel catalyst systems have been
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synthesised and evaluated but further structure-activity-enantioselectivity relationships are

required to exploit the full efficacy of the designs.

CF;

Figure 81 Structural modifications to the substituent at the stereogenic centre of a BIMP catalyst for further
catalyst development to optimise the addition of nitromethane to B-substituted a,B-unsaturated esters.

Due to time constraints, we have been unable to improve the enantiocontrol in the
conjugate addition reaction and as a first port of call, variations to the substituents at the
stereogenic centre should be investigated in the catalysts shown in Scheme 80 such as
catalyst 438 (Figure 81). Modifications to the aromatic groups of the benzhydryl moiety
should have an effect on the enantioselectivity and rate in the addition of nitromethane to
a,B-unsaturated esters. These catalysts can be synthesised by the nucleophilic attack of the
corresponding aromatic Grignard to the serine ester using the same strategy outlined in
Section 2.4.3. The full substrate scope of the reaction between P-substituted o,p-
unsaturated esters and nitromethane will be investigated once the appropriate catalyst has

been identified.

7.8 Concluding Remarks and Future Directions

Over the course of the DPhil, the new class of bifunctional catalysts, incorporating a novel
organosuperbase, have been shown to be efficacious in a range of challenging asymmetric
transformations. We have successfully applied the catalysts on preparative scale (10 and
20 g scale) to two novel methodologies, where tertiary amine bifunctional organocatalysts

are impotent, with efficient loadings as low as 0.05 mol%. The methodologies were of
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broad scope and in each case the products were derivatised to highlight the synthetic utility
of the enantioenriched products. Rate enhancements by up to a factor of 1300 have been
demonstrated relative to a tertiary amine bifunctional organocatalysts in a known
challenging Michael addition reaction.

In the pursuit of enhancing the enantiocontrol in reactions of interest, many catalyst
designs were proposed and the iterative changes evaluated. Whilst some catalysts
consistently performed better than others, there was no ‘go to’ catalyst that was able to
catalyse all reactions with high levels of enantiocontrol. To alleviate this, the creation of a
catalyst library that can enable rapid catalyst screening — much like that used in the
optimisation of ligands for transition metal catalysed reactions — was critical.

Initial conformational studies of select BIMP catalysts revealed interesting dynamic
behaviour in solution. Further work into the full elucidation of catalyst ground and reaction
transition states, through the aid of computational analysis, kinetic and NMR studies will
provide insights into directions for future catalyst designs.

Throughout the project, we sought to address some of the perceived limitations, largely
high catalyst loadings and long reaction times, associated with the use of organocatalysis
as a widespread technology in industry as a green and environmentally benign alternative
to metal based catalysts. We anticipate that with the advances developed during this DPhil
and from other research groups around the world, organocatalysis will continue to find
broad use in the pharmaceutical, agrochemical and fine chemical industries in the near

future.
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8 Experimental

8.1 General experimental
8.1.1 Solvents and reagents

Bulk solutions were evaporated under reduced pressure using a Bichi rotary evaporator.
All solvents were commercially supplied or dried by filtration through activated alumina
(powder ~150 mesh, pore size 58 A, basic, Sigma-Aldrich) columns. Petroleum ether

refers to the fraction collected between 30-40 °C.

8.1.2 Chromatography

Column chromatography was carried out using VWR Kieselgel 60 silica gel (60-63 pm).
All reactions were followed by thin-layer chromatography (TLC) when practical, using
Merck Kieselgel 60 F254 fluorescent treated silica which were visualised under UV light
(Amax= 254 or 365 nm) or by staining with aqueous basic potassium permanganate

solutions. HPLC separation was performed on Agilent Technologies 1200 series machine.

8.1.3 Spectroscopy

'H, BC, °F and *'P NMR spectra were recorded using Bruker DPX-200, Bruker DPX-
400, Bruker DQX-400, Bruker AVIII400, Bruker AVC-500 and Bruker DRX-500
spectrometers. Chemical shifts (o) are given in parts per million (ppm), and coupling
constants (J) are given in Hertz (Hz). The *H NMR spectra are reported as follows: ppm,
(multiplicity, coupling constants, number of protons). Low resolution mass spectra were
recorded on a Waters LCT premier XE Micromass spectrometer (ESI) operating in positive

and negative ionisation mode. High resolution mass spectra (HRMS, accurate mass)
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were recorded on a Bruker daltonios MicroTOF mass spectrometer. IR spectra (IR) were
recorded on a Bruker Tensor 27 FT-IR spectrometer as a thin film on a diamond ATR
module. Only selected absorption maxima (vma) are reported in wavenumbers (cm™).
Optical rotations were recorded using a Perkin Elmer 341 polarimeter; [a]o' values are
reported in 107 deg cm? g'; concentrations (c) are quoted in g/100 mL; D refers to the D-
line of sodium (589 nm); Temperatures (T) are given in degrees Celsius (°C). (+) and (-)
compound number prefixes indicate the sign of the optical rotation. Enantiomeric excesses
were determined by HPLC analysis on an Agilent 1200 Series instrument using a chiral
stationary phase column specified in the individual experiment or by GC analysis on an
Agilent 7820A instrument employing a chiral stationary phase column specified in the

individual experiment and by comparing the samples with the appropriate racemic mixtures.

8.1.4 Melting points

Melting points (MP) were recorded in degrees Celsius (°C), using a Leica Galen Il hot-

stage microscope apparatus and are reported uncorrected.

8.1.5 Compound naming

Compound names are those generated by ACD LABS 12.0 software following the IUPAC

nomenclature.
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8.2 Synthesis of Iminophosphorane Precursors and Catalysts

8.2.1 General Procedures

General Procedure I: Synthesis of BIMP Azide Precursors from N-Boc Amino Azides

N
R'-NCO(S) R
R .y R R'-COCI, NEt;
}/\N3 - I TFA > N3 or R-SO,CI, NEt3 (S)Os...NH
NHBoc i aq NaOH NH, THF - )F'\E,

To the N-Boc protected amino azide at 0 °C, behind a blastshield was added dropwise
trifluoroacetic acid (1 mL/mmol). Upon completion of addition the reaction mixture was
allowed to warm to room temperature and stirring was maintained for 2 hours whereupon
the reaction mixture was concentrated under a stream of N,. The reaction mixture was then
diluted with Et,O (5 mL/mmol) and water (3 mL/mmol). The reaction mixture was basified
to pH 14 by the addition of solid NaOH with cooling over an ice bath. The aqueous phase
was extracted with Et,0O (2 x 5 mL/mmol) and the combined organics were washed (brine),
dried (MgSO,) and concentrated under a N, stream. The crude reaction was diluted with
THF (0.29 M) and the iso(thio)cyanate (1.1 eq) [or acyl/sulfonyl chloride (1.1 eq) and
triethylamine (1.2 eq)] were added. Stirring was maintained for 14 hours and the volatiles
were removed in vacuo. The crude product was purified by flash column chromatography

and/or trituration as specified in the individual experiment to afford the catalyst precursor.

General Procedure Il for the In Situ Generation of BIMP Catalysts

R? R?
R’ + 1_R3 - I _R3
) P” R! _P”
N3 \RA Et,0, rt, 24 h N~ Ré

To the corresponding organoazide (0.020 mmol, 1.0eq) and trivalent phosphine
(0.020 mmol, 1.0 eq) under an argon atmosphere was added Et,O (0.1 mL) and the

reaction mixture stirred at rt for 24 h. The formation of the iminophosphorane catalyst was
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confirmed by LRMS and TLC, and the volatiles were removed under a stream of nitrogen

to yield the crude product which was used as a catalyst without further purification.

8.2.2 Synthesis of L-Valine-Derived Scaffold
8.2.2.1 Synthesis and characterisation of 118
(25)-2-[(tert-butoxycarbonyl)amino]-3-methylbutyl 4-methylbenzenesulfonate 118

0
)\‘)j\ i: NaBH,, I, THF, reflux )\‘A
OH ii: Boc,O, NEts, CH,Cl, OTs

NH, iii: TsCl, NEts, CH,Cl, NHBoc

According to a modified literature procedure,'*

to a solution of sodium borohydride
(3.47 g, 9.5 mmol, 2.4eq) in THF (100 mL) was added L-valine (4.46 g, 38.1 mmol,
1.0eq). The reaction mixture was cooled to 0°C and a solution of iodine (9.64 g,
38.1 mmol, 1.0 eq) in THF (25 mL) was added dropwise via cannula over 30 minutes and
then the reaction mixture was warmed to room temperature for 15 minutes and then
refluxed for 18 h. The reaction mixture was cooled to room temperature and MeOH was
added until a clear solution was obtained and stirring maintained for 30 minutes before the
volatiles were removed in vacuo. The white paste was dissolved in 20% aq KOH (50 mL)
and stirring was maintained for 3 hours and the reaction mixture was extracted with
CH,Cl, (3 x 50 mL), washed (brine), dried (MgSO,) and the volatiles removed in vacuo.
The crude material was dissolved in CH,Cl, (135mL) and triethylamine (6.28 mL,
45.5 mmol, 1.18 eq) was added and the reaction mixture was cooled to 0 °C using an ice
bath. Boc anhydride (9.8 g, 45.5 mmol, 1.18 eq) was added and stirring was maintained at
0 °C for one hour and then 8 hours at room temperature. The reaction mixture was washed

with water (50 mL), brine (50 mL), dried (MgSO,) and volatiles removed in vacuo.

Purification by flash column chromatography [4:1 Petrol: EtOAc then 3:2 Petrol: EtOAC]
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afforded the N-Boc protected amino alcohol as a pale yellow oil in 68% yield (5.09 g). To
a solution of the amino alcohol (1.9 g, 9.4 mmol, 1.0 eq) in CH,CI, (31 mL) at 0 °C were
added sequentially triethylamine (1.6 mL, 11.3 mmol, 1.2 eq) and p-toluenesulfonyl
chloride (1.95¢g, 10.3 mmol, 1.1eq). Stirring was maintained for 16 h whereupon the
reaction mixture was partitioned by the addition of H,O (30 mL) and the aqueous layer
extracted with CH,Cl, (2 x 30 mL). The combined organics were washed with brine, dried
(MgSO,) and the volatiles removed in vacuo. Purification by flash column chromatography
[4:1 Petrol: EtOAcC then 3:2 Petrol: EtOAc] afforded the title compound 118 as a colourless
solid in 68% vyield (2.28 g).

MP 70 -74 °C [lit. 64 - 65 °C]*®*; [#]p*® = - 15.0 (c = 0.80, CHCl5), [lit -20.8, ¢ = 3.50]°*%;
'H NMR (400 MHz, CDCl3) & ppm 0.88 (d, J = 7.0 Hz, 3 H, (CH3)CH(CHa)), 0.92 (d, J
=7.0 Hz, 3 H, (CHs5)CH(CH3)), 1.43 (s, 9 H, OC(CHa)s), 1.76 - 1.93 (m, 1 H,
(CH3)CH(CHa)), 2.47 (s, 3 H, ArCHs), 3.46 - 3.57 (m, 1 H, CHCHaHgO), 4.04 (dd, J =
10.0, 3.5 Hz, 1 H, CHCHAaHgO), 4.11 (dd, J =10.0, 3.5 Hz, 1 H, CHCHaHgO), 4.62 (d, J =
9.0 Hz, 1 H, NH), 7.37 (d, J = 8.0 Hz, 2 H, ArH), 7.81 (d, J = 8.0 Hz, 2 H, ArH);
3C NMR (100 MHz, CDCls) & ppm 18.8 ((CH3)CH(CHj3)), 19.4 ((CH3)CH(CHs)), 21.8
(ArCHs3), 28.4 (OC(CHs)3), 29.1 ((CHs)CH(CH3)), 549 (CHCHaHgO), 70.2
(CHCHaHgO), 79.7 (OC(CHa)s), 128.1 (ArCH), 130.0 (ArCH), 132.6 (ArC), 145.1 (ArC),

155.6 (C=0). Data is consistent with that given in the literature.?*
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8.2.2.2 Synthesis and characterisation of 116

tert-Butyl [(2S)-1-azido-3-methylbutan-2-ylJcarbamate 116

NaN3
OTS j > N3
NHBoc DMF, 45°C, 14 h NHBoc

To a stirred solution of tosylate 118 (2.28 g, 6.38 mmol, 1 eq) in DMF (21 mL) was added
sodium azide (456 mg, 7.02 mmol, 1.1 eq) at room temperature. The reaction mixture was
warmed to 45 °C and stirring was maintained for 14 h. The reaction mixture was cooled to
room temperature then diluted with water (50 mL) and Et,O (30 mL). The aqueous phase
was extracted with Et,O (2 x 20 mL) and the combined organics were washed with brine
(30 mL) and dried (MgSQO,) and concentrated in vacuo. The crude product was purified by
flash column chromatography [petrol then 4:1 petrol: Et,O] to afford the title compound
116 as a pale yellow amorphous solid (740 mg, 51 % yield).

[a]p?® = -23.0 (c = 0.50, CHCIs), [lit -31.2, ¢ = 0.17]*"; 'H NMR (400 MHz, CDCls)
o ppm 0.92 (d, J = 7.0 Hz, 3 H, (CH3)CH(CHs3)), 0.94 (d, J = 7.0 Hz, 3 H, (CH3)CH(CHy)),
1.44 (s, 9 H, OC(CHs)3), 1.79 (‘octet’, J = 7.0 Hz, 1 H, (CH3)CH(CHs)), 3.27 — 3.45 (m, 2
H, CHCHaHgNs), 3.46 - 3.56 (m, 1 H, CHCHaHgN3), 4.55 (d, J = 8.0 Hz, 1 H, NH);
3C NMR (100 MHz, CDCls) & ppm 18.5 ((CH3)CH(CHj3)), 19.6 ((CH3)CH(CHs)), 28.5
(OC(CH3)3), 29.9 ((CH3)CH(CHs)), 53.2 (CHCHaHgN3), 55.7 (CHCHaHgNs), 79.7

(OC(CHa3)3), 155.7 (C=0). Data is consistent with that given in the literature.’®

194



8.2.2.3 Synthesis and characterisation of 115

1-[(25)-1-Azido-3-methylbutan-2-yl]-3-[3,5-bis(trifluoromethyl)phenyl]thiourea 115

Azide 116 (228 mg, 1.00 mmol) was reacted with TFA (1.0 mL)

N3
)\‘/ then  3,5-bis(trifluoromethyl)phenyl  isothiocyanate  (0.20 mL,

FAC ) N\:\H 1.1 mmol, 1.1eq) was added according to General Procedure 1.
\Q/ Purification by flash column chromatography [Petrol then 9:1 Petrol:
CFs Et,0] afforded the title compound 115 as a colourless solid (222 mg,

56 % yield).

[a]o?® = - 6.4 (c = 1.00, CHCI3); *H NMR (500 MHz, CDCls) & ppm 0.99 (d, J = 6.6 Hz,
3H, one of CH(CHs),), 1.02 (d, J = 6.6 Hz, 3H, one of CH(CHs),), 1.93 (dq, J = 14.3,
6.9 Hz, 1H, CH(CHs)y), 3.60 (dd, J = 12.6, 4.4 Hz, 1H, CHCH,H,N3), 3.79 (dd, J = 12.6,
4.1 Hz, 1H, CHCH:H,N3), 4.42 (br s, 1H, CHNHC=S), 6.19 (br s, 1H, CHNHC=S), 7.75
(s, 1H, ArH), 7.81 (s, 2H, ArH), 8.29 (br s, 1H, CHNHC=SNH): *C NMR (125 MHz,
CDCls) 6 ppm 19.0 (one of CH(CHa),), 19.3 (one of CH(CHs),), 29.7 (CH(CHa),), 52.0
(CHCH;Ns), 60.0 (CHNHC=S), 119.6 - 119.8 (m, ArCH), 122.7 (q, Jcr = 272.7 Hz, CF3),
123.9 (g, Jor = 3.8 Hz, ArCH), 133.3 (q, Jcr = 34.3 Hz, ArCCF3), 138.5 (ArCNH), 180.6
(C=S); *F NMR (470 MHz, CDCls) & ppm - 63.1; IR vmad/cm™ 3248, 2111, 1536, 1383,
1276, 1129; MP 112 - 115 °C; HRMS (ESI+): calcd. for CiHisFsNsNaS [M+Na]*

422.0845, found 422.0831.
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8.2.3 Synthesis of D-Phenylglycine-Derived Scaffold

8.2.3.1 Synthesis and characterisation of 120

(2R)-2-[(tert-Butoxycarbonyl)amino]-2-phenylethyl 4-methylbenzenesulfonate 120

o)
i NaBHy, I, THF, reflux
o OH - Phors
: ii: Boc,O, NEts, CH,Cl H
NH; iii: TsCl, NEt, CH,Cly NHBoc

According to a modified literature procedure,'*

to a solution of sodium borohydride
(3.479, 91.5mmol, 2.4eq) in THF (100 mL) was added D-phenylglycine (5.75g,
38.1 mmol, 1.0 eq). The reaction mixture was cooled to 0 °C and a solution of iodine
(9.64 g, 38.1 mmol, 1.0eq) in THF (25mL) was added dropwise via cannula over
30 minutes and then the reaction mixture was warmed to room temperature for 15 minutes
and then refluxed for 18 h. The reaction mixture was cooled to room temperature and
MeOH was added until a clear solution was obtained and stirring maintained for
30 minutes before the volatiles were removed in vacuo. The white paste was dissolved in
20% aq KOH (50 mL) and stirring was maintained for 3 hours and the reaction mixture
was extracted with CH,Cl, (3 x 50 mL), washed (brine), dried (MgSO,) and the volatiles
removed in vacuo. The crude material was dissolved in CH,Cl, (135mL) and
triethylamine (6.28 mL, 45.5 mmol, 1.18 eq) was added and the reaction mixture was
cooled to 0 °C using an ice bath. Boc anhydride (9.8 g, 45.5 mmol, 1.18 eq) was added and
stirring was maintained at 0 °C for one hour and then 8 hours at room temperature. The
reaction mixture was washed with water (50 mL), brine (50 mL), dried (MgSO,) and
volatiles removed in vacuo to afford the protected amine as an amorphous colourless solid.
To the crude amino alcohol in CH,CIl, (127 mL) at 0°C was added sequentially
triethylamine (5.85mL, 41.9 mmol, 1.1eq) and p-toluenesulfonyl chloride (7.26 g,

38.1 mmol, 1.0 eq). stirring was maintained for 16 h whereupon the reaction mixture was
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partitioned by the addition of H,O (100 mL) and the aqueous layer extracted with CH,Cl,
(2 x 50 mL). The combined organics were washed with brine, dried (MgSO,) and the
volatiles removed in vacuo. Purification by flash column chromatography [4:1 Petrol:
EtOAc then 3:2 Petrol: EtOAc] afforded the title compound 120 as a colourless solid in
48% vyield over three steps (7.10 Q).

MPT 121 - 122 °C [lit. 123 - 124 °C]*®; [a]p** = -2.0 (CHCl5, ¢ = 0.90), [lit -2.2, ¢ =
3.01%*% 'H NMR (400 MHz, CDCls3) & ppm 1.44 (s, 9 H, OC(CHa)s) 2.46 (s, 3 H, ArCHs)
413 - 435 (M, 2 H, CHCHAHgO) 4.95 (br. s., 1 H, CHNHSO,) 5.20 (br. s., 1 H,
CHNHSO,) 7.23 (d, J = 7.5 Hz, 2 H, ArH) 7.28 - 7.36 (m, 5 H, ArH) 7.69 (d, J = 8.0 Hz,
2 H, ArH); C NMR (100 MHz, CDCls) & ppm 21.8 (ArCHs), 28.4 (OC(CHs)s), 53.5
(NHCHCHaHgO), 71.6 (NHCHCHAHgO), 80.3 (OC(CHs)s), 126.7 (ArCH), 128.0
(ArCH), 128.1 (ArCH), 128.9 (ArCH), 130.0 (ArCH), 132.5 (ArC), 137.9 (ArC), 145.1

(ArC), 155.0 (C=0). Data is consistent with that given in the literature.”*

8.2.3.2 Synthesis and characterisation of 121

tert-Butyl [(1R)-2-azido-1-phenylethyl]carbamate 121

OTs - N

- DMF, 45 °C, 14 h -
NHBoc NHBoc

3

To a stirred solution of tosylate 120 (5.53 g, 14.1 mmol, 1 eq) in DMF (47 mL) was added
sodium azide (1.01 g, 15.6 mmol, 1.1 eq) at room temperature. The reaction mixture was
warmed to 45 °C and stirring was maintained for 14 h. The reaction mixture was cooled to
room temperature then diluted with water (100 mL) and Et,O (60 mL). The aqueous phase
was extracted with Et,O (2 x 30 mL) and the combined organics were washed with brine

(50 mL) and dried (MgSQ,) and concentrated in vacuo. The crude product was purified by
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flash column chromatography [petrol then 9:1 petrol: EtOAc] to afford the title compound
121 as a colourless solid (2.83 g, 76 % yield).

'H NMR (400 MHz, CDCls) & ppm 1.45 (s, 9 H, OC(CHs)3), 3.55 - 3.69 (m, 2 H,
CHCH3N3), 4.89 (br. s., 1 H, CHNHCO), 5.15 (d, J=7.5 Hz, 1 H, CHNHCO), 7.28 - 7.43
(m, 5 H, ArH); *C NMR (100 MHz, CDCls) § ppm 28.3 (OC(CH3)s, 54.1 (CHNHCO),
55.6 (CHCH,N3), 80.1 (OC(CHs)s, 126.5 (ArCH), 128.0 (ArCH), 128.8 (ArCH), 139.3
(ArC), 155.1 (C=0); [e]p™* = - 7.48 (c = 1.32, CHCls), lit. [a]o-8.7 (1.0, CHCI3)**; MP 82
- 84 °C; HRMS (ESI+): calcd. for C13H1gNsNaO, [M+Na]" 285.1322, found 285.1312.

Data consistent with that given in the literature.?®*

8.2.3.3 Synthesis and characterisation of 122

1-[(1R)-2-Azido-1-phenylethyl]-3-[3,5-bis(trifluoromethyl)phenyl]thiourea 122

N Azide 121 (1.50 g, 5.73 mmol) was reacted with TFA (5.7 mL)
3
Ty then 3,5-bis(trifluoromethyl)phenyl isothiocyanate (1.2 mL,
HN.__N CFs
\[s]/ \©/ 6.3 mmol, 1.1 eq) was added according to General Procedure 1.

Purification by flash column chromatography [Petrol then 9:1
Petrol: EtOAc] afforded the title compound 122 as a colourless solid (2.01 g, 81 % yield).

[a]p®* = + 16.8 (c = 1.14, CHCI3); *H NMR (400 MHz, CDCl3) & ppm 3.78 (dd, J = 12.5,
5.0 Hz, 1 H, CHCHaHgN3), 3.90 (dd, J = 12.5, 5.0 Hz, 1 H, CHCHaHgN3), 5.69 (br s, 1 H,
CHNHC=S), 6.93 (br s, 1 H, CHNHC=S), 7.28 - 7.43 (m, 5 H, ArH), 7.72 (s, 1 H, ArH),
7.77 (s, 2 H, ArH), 8.54 (br s, 1 H, CHNHC=SNH); **C NMR (125 MHz, CDCls) & ppm
54.9 (CHCH,Ng, 57.7 (CHNHC=S), 119.6 (spt, Jcr=3.2Hz, ArCH), 122.7 (q,
Jor = 273.0 Hz, CF3), 123.8 (m, ArCH), 126.6 (ArCH), 128.7 (ArCH), 129.2 (ArCH),
133.0 (g, Jcr = 33.6 Hz, ArCCFs), 137.4 (ArC), 138.6 (ArCNH), 180.2 (C=S); **F NMR

(376 MHz, CDCl3) 8 ppm - 63.1; IR vmad/cm™ 3214, 3031, 2102, 1542, 1470, 1382, 1334,
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1280, 1169, 1126; MP 136 - 137 °C; HRMS (ESI+): calcd. for Cy7H13FsNsNaS [M+Na]”

456.0688, found 456.0695.

8.2.4 Synthesis of L-tert-Leucine Derived Scaffold
8.2.4.1 Synthesis and characterisation of 128
tert-Butyl [(2S)-1-hydroxy-3,3-dimethylbutan-2-yl]carbamate 128

0
>I\(U\ i NaBHy, I, THF, reflux >IY\
OH ii: Boc,0, NEts, CH,Cl, OH

NH, NHBoc

According to a modified literature procedure,'*

to a solution of sodium borohydride
(6.95 g, 183 mmol, 2.4 eq) in THF (200 mL) was added L-tert-leucine (10.0g, 76.2 mmol,
1.0 eq). The reaction mixture was cooled to 0°C and a solution of iodine (19.3 g,
76.2 mmol, 1.0 eq) in THF (50 mL) was added dropwise via cannula over 30 minutes and
then the reaction mixture was warmed to room temperature for 15 minutes and then
refluxed for 18 h. The reaction mixture was cooled to room temperature and MeOH was
added until a clear solution was obtained and stirring maintained for 30 minutes before the
volatiles were removed in vacuo. The white paste was dissolved in 20% aq KOH (100 mL)
and stirring was maintained for 3 hours and the reaction mixture was extracted with
CH,Cl, (3 x 100 mL), washed (brine), dried (MgSQO,) and the volatiles removed in vacuo.

292 the crude material was dissolved in

According to a modified literature procedure,
CH,Cl, (270 mL) and triethylamine (12.5 mL, 89.9 mmol, 1.18 eq) was added and the
reaction mixture was cooled to 0 °C using an ice bath. Boc anhydride (19.6 g, 89.9 mmol,
1.18 eq) was added and stirring was maintained at 0 °C for one hour and then 8 hours at

room temperature. The reaction mixture was washed with water (100 mL), brine (100 mL),

dried (MgSO,;) and volatiles removed in vacuo. Purification by flash column
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chromatography [200 g silica gel, 4:1 Petrol: EtOAc then 3:2 Petrol: EtOAc] afforded the
title compound 128 as a colourless solid in 70% vyield (11.5 g).

[a]o®* -5.7 (¢ = 1.6, CHCI5) (lit [@]o™>= - 5.5 (c = 1.0, CHCI5); MP 106 - 108 °C (lit.
105 °C)*%; 'H NMR (400 MHz, CDCl3) & ppm 0.93 (s, 9H, CHC(CHs)s), 1.44 (s, 9H,
OC(CHa)s), 2.58 (br. s., 1H, CH,0H), 3.33 - 3.58 (m, 2H, CHNHC=0 and CHCHaHgOH),
3.70 - 3.94 (m, 1H, CHCHHgOH), 4.71 (br. s, 1H, CHNHC=0); *C NMR (100 MHz,
CDCl;) &ppm 26.8 (CHC(CHa)s), 28.3 (OC(CHa)s), 33.6 (CHC(CHa)s), 60.9
(CHNHC=0), 63.0 (CHCH,OH), 79.5 (OC(CHa)s), 157.2 (C=0);. Data consistent with

that given in the literature.?**

8.2.4.2 Synthesis and characterisation of 125 and 126

tert-Butyl [(2S)-1-azido-3,3-dimethylbutan-2-yl]carbamate 125 and (4S)-4-tert-butyl-1,3-

oxazolidin-2-one 126

NaN3 O
—_— +
OTs N3 HN
NHBoc DMSO NHBoc \<

To a solution of 123%* (1.57 g, 4.23 mmol, 1.0 eq) in DMF (15 mL) at RT was added
sodium azide (303 mg, 4.65 mmol, 1.1 eq) and the reaction mixture warmed to 60 °C for
8 h. The reaction mixture was cooled to rt and diluted with H,O (30 mL) and Et,O
(30 mL). The aqueous layer was extracted with Et,O (2 x 20 mL). Combined organics
were washed with brine and dried (MgSO,) and the volatiles removed in vacuo.
Purification by flash column chromatography [Petrol: Et,O 9:1 then Petrol: Et,O 1:1]
eluted first 125 as a colourless solid (332 mg, 32%) then 126 as a pale yellow solid
(145 mg, 26%).

Spectroscopic data for 125 is reported in Section 8.2.4.6.
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126: 'H NMR (400 MHz, CDCl3) & ppm 0.89 (s, 9 H, CHC(CHa)s), 3.59 (ddd, J = 9.0, 6.0,
1.0 Hz, 1 H, NHCHCHaHgO), 4.17 (dd, J = 9.0, 6.0 Hz, 1 H, NHCHCHAHg0), 4.35 (t, J =
9.0Hz, 1 H, NHCHCHAHgO), 7.09 (br. s., 1H, NH); *C NMR (100 MHz, CDCl3)  ppm
24.7 (CHC(CHs)s), 33.2 (CHC(CHs)s), 61.5 (NHCHCHAHgO), 66.5 (NHCHCHAHEO),
160.7 (C=0); [e]o** +3.2 (c = 1.0, CHCIs) (lit [a]p® = + 12 (c = 1.80, CHCI3)**; MP 114

— 115 °C (lit. 120 °C)**". Data consistent with that given in the literature.?*®

8.2.4.3 Synthesis and characterisation of 129

tert-Butyl [(2S5)-1-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yI)-3,3-dimethylbutan-2-

yl]carbamate 129

OH DIAD, PPhs, phthalimide . N

NHBoc

BocHN
THF G

According to a modified literature procedure,®*®

to a solution of alcohol 128 (11.5g,
53.0 mmol, 1.0 eq), phthalimide (7.79 g, 53.0 mmol, 1.0eq) and triphenylphosphine
(13.9 g, 53.0 mmol, 1.0 eq) in THF (330 mL) at 0 °C was added dropwise DIAD (11.5 mL,
58.3 mmol, 1.1 eq). The reaction mixture was warmed to room temperature and stirring
was maintained for 16 hours and the volatiles were removed in vacuo. Purification by flash
column chromatography [300 g silica gel, petrol, then petrol: EtOAc 9:1, then petrol:
EtOAc 4:1] afforded the title compound as a colourless solid in 89% yield (16.2 g).

[a]o® = +39.4 (c = 1.09, CHCIy), lit [a]o = +48.7 (c = 0.46, CHCI3)**%; MP 149-151 °C
(lit. 146-147 °C)**; 'H NMR (400 MHz, CDCls) & ppm *H NMR (400 MHz, CDCls)
Sppm 0.99 (s, 9H, CHC(CHs)s), 1.08 (s, 9H, OC(CHa)s), 3.53 - 3.67 (m, 1H,
CHCHaHgN), 3.67 - 3.89 (m, 2H, CHNHC=0 and CHCHaHgN), 4.46 (d, J = 10.6 Hz, 1H,

CHNHC=0), 7.65 (dd, J = 5.3, 3.0 Hz, 2H, ArH), 7.79 (dd, J = 5.2, 2.9 Hz, 2H, ArH);

201



3C NMR (100 MHz, CDCl3) & ppm 26.4 (CHC(CHa)s), 27.9 (OC(CHa)s), 33.6 (CHC(CH-
3)3), 38.6 (CHCH;N), 57.4 (CHNHC=0), 78.9 (OC(CHg)3), 123.1 (ArCH), 132.1 (ArC),
133.7 (ArCH), 156.0 (NC(=0)0), 168.4 (NC(=0)C). All characterisation data agree with

those published in the literature.?*®

8.2.4.4 Synthesis and characterisation of 130

tert-Butyl [(2S)-1-amino-3,3-dimethylbutan-2-yl]carbamate 130

0
N N,H,.H,0

BocHN } NHz
o 5 EtOH NHBoc

According to a modified literature procedure,?® to a solution of 129 (16.2 g, 46.8 mmol,
1.0eq) in EtOH (234 mL) at room temperature was added hydrazine monohydrate
(3.4 mL, 70.2 mmol, 1.5 eq). The reaction mixture was heated to reflux and stirring was
maintained for 16 hours. The reaction mixture was allowed to cool to room temperature
and filtered. The precipitate was washed with CH,Cl, (3 x 100 mL) and the filtrate was
concentrated in vacuo. Purification by flash column chromatography [CH,ClI, then CH,Cl,:
MeOH 9:1] afforded the title compound 130 as a colourless solid in 99% yield (10.0 g).

[a]p® = + 7.20 (c = 0.94, CHCIy), lit. [a]p = + 9.8 (c = 0.48, CHCI3)**; MP 82-84 °C (lit.
84 °C)**; 'H NMR (400 MHz, CDCl3) & ppm 0.89 (s, 9H, CHC(CHjs)s), 1.43 (s, 9H,
OC(CHa)s), 1.91 (br. s., 2H, CHCH,NH,), 2.32 - 2.52 (m, 1H, CHCHaHgNH,), 2.95 (‘d’, J
=12.6 Hz, 1H, CHCHaHgNH,), 3.33 (td, J = 10.4, 2.3 Hz, 1H, CHNHC=0), 4.52 (d, J =
10.4 Hz, 1H, CHNHC=0); *C NMR (100 MHz, CDCl3) & ppm 26.5 (CHC(CHa)s), 28.4
(OC(CHs3)3), 34.2 (CHC(CHs3)3), 42.2 (CHCH;NH,), 62.2 (CHNHC=0), 79.2 (OC(CHjs)3),

156.9 (C=0). All characterisation data agree with those published in the literature.?*
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8.2.4.5 Synthesis and characterisation of 133«HCI

1H-imidazole-1-sulfonyl azide hydrochloride 133<HCI**!

i: NaN3, imidazole, MeCN 0, 0
SO,Cl, - _ > S
ii: acetyl chloride, EtOH N5y “Im.HCI

According to a literature procedure,**

to a suspension of sodium azide (2.21 g, 34.0 mmol,
1.0 eq) in acetonitrile (34 mL) at 0 °C was added sulfuryl chloride (2.8 mL, 34 mmol,
1.0 eq) dropwise behind a blastshield. The reaction mixture was allowed to warm to room
temperature and stirring was maintained for 10 h. The reaction mixture was then cooled to
0 °C, then imidazole (4.40 g, 64.6 mmol, 1.9 eq) was added portionwise and the reaction
mixture was allowed to warm to room temperature and stirring maintained for 3 h. The
reaction mixture was diluted with EtOAc (65 mL), washed with H,O (2 x 65 mL) then
saturated NaHCO3 (2 x 65 mL), dried over MgSO, and filtered. A solution of HCI in EtOH
[obtained by the dropwise addition of acetyl chloride (3.60 mL, 51.0 mmol, 1.5 eq) to
ethanol at 0 °C (8.50 mL)] was added dropwise to the filtrate with stirring, the reaction
mixture chilled in an ice-bath, filtered and the filter cake washed with EtOAc (3 x 10 mL)
to afford the title compound 133<HCI as a colourless solid (4.78 g, 67% yield).

'H NMR (400 MHz, D,0) & ppm 7.61 (t, J = 1.8 Hz, 1 H), 8.02 (t, J = 1.9 Hz, 1 H), 9.46
(t, J = 1.4Hz, 1 H); ®C NMR (100 MHz, D,0) & ppm 120.6, 123.2, 138.0. Data is

consistent with that given in the literature.*® Safety issues have been reported when

synthesising and using this compound.*#’

v Care must be taken when following this procedure. All handling should be done behind a blastshield and
the ratio of reagents and solvents should not be changed. The liquor from the crystallisation should not be
concentrated as it may contain hydrazoic acid and should be disposed of accordingly. An explosion has been
reported with this compound.
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8.2.4.6 Synthesis and characterisation of 125

tert-Butyl [(2S)-1-azido-3,3-dimethylbutan-2-yl]carbamate 125

CUSO4.5H20
O K2CO4
NH, + 8 Ns
NHBoc N3 ImHCl MeOH NHBoc

To a solution of amine 130 (1.25¢g, 5.79 mmol, 1.0 eq), potassium carbonate (1.36 g,
9.84 mmol, 1.7 eq), copper sulfate pentahydrate (0.015mg, 0.058 mmol, 0.01eq) in
MeOH (30 mL) behind a blastshield was added diazotransfer reagent 133-HCI (1.44 g,
6.94 mmol, 1.2 eq) portionwise. Stirring was maintained for 14 h and then the volatiles
were removed under a N stream. The reaction mixture was diluted with H,O (25 mL) and
Et,O (25 mL). The aqueous layer was extracted with Et,O (2 x 20 mL) and the combined
organics were washed (brine), dried (MgSQO,) and concentrated in vacuo. Purification by
flash column chromatography [petrol then petrol: EtOAc 9:1] yielded the title compound
125 (1.20 g, 85 % yield) as a colourless solid.

[a]p?* = - 46.6 (c=0.91, CHCI3); *H NMR (400 MHz, CDCls) & ppm 0.92 (s, 9 H,
CHC(CHa)s), 1.4 (s, 9 H, OC(CHa)s), 3.20 (dd, J = 12.5, 8.5 Hz, 1H, CHCHaHgN3), 3.45
(dd, J = 12.5, 3.5 Hz, 1H, CHCHaHgN3), 3.54 - 3.67 (m, 1H, CHNHC=0), 4.57 (d, J =
10.0 Hz, 1H, CHNHC=0); *C NMR (125 MHz, CDCls)  ppm 26.5 (CHC(CH3)s), 28.3
(OC(CHa)s), 34.1 (CHC(CHs)s), 51.9 (CHCH,N3), 58.2 (CHNHC=0), 79.4 (OC(CHa)s),
155.7 (C=0); IR vma/cm™ 2970, 2095, 1700, 1519, 1367, 1247, 1171, 1054; MP 58 -

60 °C. HRMS (ESI+): calcd. for C11H2,N4NaO, [M+Na]" 265.1635, found 265.1634.
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8.2.4.7 Synthesis and characterisation of 134

1,1'-N,N'-Sulfonyldiimidazole 134

0.0
ON g7

SO, Cl, + N7 NH N7 NN
\—/ CH,ClI, ] l§/N

According to a literature procedure,®®®

to a solution of imidazole (50 g, 734 mmol, 4.7 eq)
in CH,CI, (400 mL) at 0 °C was added dropwise sulfuryl chloride (12.7 mL, 156 mmol,
1.0 eq). The reaction mixture was allowed to warm to rt and stirring maintained overnight
whereupon the suspension was filtered, and the filtrate concentrated in vacuo. The crude
material was purified by recrystallisation in refluxing isopropanol (110 mL) and slowly
cooled to 0 °C overnight. The crystals were filtered, washed with cold isopropanol to
afford the title compound 134 as a colourless solid in 82% yield (24.7 g).

MP 138 — 140 °C [lit. 143 — 144 °C]*®; *H NMR (400 MHz, CDCls) & ppm 7.17 (br. d,
J=15Hz, 2H, ArH), 7.31 (t, J= 1.5 Hz, 2 H, ArH), 8.04 (br s, 2 H, ArH); **C NMR
(100 MHz, CDCl3) 6 ppm 118.5 (ArCH), 131.8 (ArCH), 137.7 (ArCH). Data is consistent

with that given in the literature.?*®

8.2.4.8 Synthesis of 125

o. .0 0]
Q.0 e e
D MeoTr P NINA NaNs S
N NNy CH,CI Nl L NT EoAdho 8 m
T 22 =/ otf “M22in EtoAc
O\\s O CuS0,*5H,0
NH, + NS im KoCOs | N3
NHBoc in EtOAc MeOH NHBoc

To a solution of 134 (13.3 g, 67.0 mmol, 1.10 eq) in CH,Cl, (122 mL) at 0 °C was added
methyl triflate (6.9 mL, 60.9 mmol, 1.00 eq) dropwise. Stirring was maintained at 0 °C for

2 h whereupon the reaction mixture was filtered and the filtrate dried to afford 135 in 95%
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yield (20.8 g). The triflate salt (20.8 g, 57.4 mmol) was vigorously stirred at 0 °C in
1:1 H,O/EtOAc (138 mL) for 30 min and then sodium azide (4.48 g, 68.9 mmol, 1.2 eq)
was added portionwise. Stirring was maintained for 1 h and the layers were separated, the
organic layer was dried (Na,SO,4) to afford the crude diazotransfer reagent 133 as a
solution in EtOAcC.

To a solution of amine 130 (10.0 g, 46.3 mmol, 1.0 eq) in MeOH (126 mL) behind a
blastshield was added sequentially K,CO3 (3.23 g, 23.4 mmol, 0.5eq), CuSO4*5H,0
(180 mg, 0.47 mmol, 0.01 eq) and the diazotransfer reagent in EtOAc (57.4 mmol, 1.2 eq).
Stirring was maintained for 19 h whereupon the suspension was filtered through Celite®
and the volatiles removed in vacuo. Purification by flash column chromatography [125 g
silica gel, petrol, then petrol: Et,O 9:1, then petrol: Et,O 3:2] afforded the title compound
125 as a colourless solid in 74% vyield (8.34 g).

Spectroscopic data for 125 is reported in Section 8.2.4.6.

8.2.4.9 Synthesis and characterisation of 131

1-[(25)-1-Azido-3,3-dimethylbutan-2-ylI1-3-[3,5-bis(trifluoromethyl)phenyllthiourea 131

>‘\‘/N3 Azide 125 (1.50 g, 6.19 mmol) was reacted with TFA (6.0 mL) then

3,5-bis(trifluoromethyl)phenyl isothiocyanate (1.10 mL, 6.20 mmol,

S N.
FsC T\,/\H " 1.1 eq) was added according to General Procedure 1. Purification by
flash column chromatography [Petrol then 4/1 Petrol: Et,0]
CFs afforded the title compound 131 as a colourless solid (2.24 g,
88% vyield).

[a]p®® = - 13.5 (c = 1.05, CHCIl3); *H NMR (500 MHz, CDs0OD) & ppm 0.93 (s, 9H,
C(CHs)3), 3.32 (dd, J = 12.9, 8.2 Hz, 1H, CHCHaHgN3), 3.51 (dd, J = 12.9, 3.8 Hz, 1H,

CHCHaH&N3), 4.57 - 4.69 (m, 1H, CHNHC=S), 7.53 (s, 1H, ArH), 8.14 (s, 2H, ArH);
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3C NMR (125 MHz, CD30D) & ppm 27.3 (C(CHs)s), 35.8 (C(CHa)s), 52.7 (CHCH,N),
62.8 (CHNHC=0), 117.8 - 118.1 (m, ArCH), 123.7 - 124.0 (m, ArCH), 124.9 (q, Jcr =
271.9 Hz, CFs), 132.8 (q, Jor = 33.3 Hz, ArCCFs), 143.4 (ArCNH), 184.1 (C=S);
F NMR (376 MHz, CDCls) & ppm - 64.5; IR vmad/cm™ 2968, 2104, 1537, 1472, 1383,
1278, 1176, 1134; MP 164 - 167 °C; HRMS (ESI+): calcd. for C1sHi7FsNsNaS [M+Na]*

436.1001, found 436.0992.

8.2.5 Synthesis of L-Serine Derived Scaffold

Compounds 139°°*3% and 140%% were synthesised according to literature procedures by

Dr M. G. Nuiez and Dr Pavol Jakubec.

8.2.5.1 Synthesis and characterisation of 141

tert-Butyl [(2R)-3-hydroxy-1,1-diphenylpropan-2-yl]carbamate 141

Ph i. Hy, Pd(OH),, HCO,H, 60 °C o
ii. NaOH, MeOH/H,O0, reflux )\/\
Ph - OH
N—Boc 1. BOCzo, NEt3, CH2C|2 —
NHBoc

To a solution of compound 140 (2.63 g, 6.87 mmol, 1.00 eq) in formic acid (137 mL)
under an argon atmosphere at rt was added 20% Pd(OH), on carbon (Pearlman’s catalyst)
(658 mg, 25 weight%). The resulting suspension was degassed three times and then placed
under a hydrogen atmosphere for 30 min.**"!' The reaction mixture was warmed to 40 °C
for 15 ™" and then at 60 °C for 25 h. The reaction mixture was cooled to rt and the
catalyst , was removed by filtration through a pad of Celite® washing with MeOH and

CH,CI and the volatiles removed in vacuo. The resulting crude product was dissolved in

it An-aliquot after 30 mins revealed cleavage of the acetyl and boc groups by *H NMR and LRMS
analysis.

VI An aliquot at this stage revealed partial cleavage of the benzylic alcohol and partial formation of the
formate ester.
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H,O/MeOH (1:1, 172 mL), NaOH (2.59 ¢, 64.8 mmol, 9.43 eq) was added and the
suspension was heated at reflux for 12 h. MeOH was removed in vacuo, the aqueous layer
was extracted with CHCls/isopropanol (3:1) (4 x 60 mL) and the combined organics were
dried over MgSQy, filtered and concentrated to give 1.78 g of the crude amino alcohol. The
crude amine was dissolved in CH,CI, (30 mL), NEt; (0.86 mL, 6.2 mmol) and Boc,0 (1.30
g, 5.96 mmol) were added and the reaction mixture was stirred at rt for 16 h whereupon the
volatiles were removed in vacuo. The crude reaction mixture was purified by flash column
chromatography [Petroleum either/EtOAc 4/1] to obtain 141 as a colourless solid in 68%
yield over 3 steps (1.52 g).

[a]o?® = - 28.4 (c = 1.12, CHCIls); *H NMR (400 MHz, CDCls) & ppm 1.35 (s, 9H,
OC(CHa)s), 2.54 (br s, 1H, OH), 3.47 (dd, J = 11.1, 4.5 Hz, 1H, CHCHAHgOH), 3.67 (dd,
J=11.1, 3.0 Hz, 1H, CHCHpHgOH), 4.18 (d, J = 10.9 Hz, 1H, CHCHCHAHgOH), 4.50
(br s, 1H, CHNHC=0), 4.75 (d, J = 8.6 Hz, 1H, CHNHC=0), 7.15 - 7.23 (m, 2H, ArH),
7.26 - 7.31 (m, 4H, ArH), 7.32 - 7.37 (m, 4H, ArH); *C NMR (100 MHz, CDCls) 5 ppm
28.2 (OC(CHs)s), 52.5 (CHCHCH,0H), 54.8 (CHCHCH,OH), 63.5 (CH,OH), 79.6
(OC(CHa)s), 126.5 (ArCH), 126.7 (ArCH), 128.0 (ArCH), 128.4 (ArCH), 128.5 (ArCH),
128.8 (ArCH), 141.4 (ArC), 142.0 (ArC), 156.0 (C=0); IR vmad/cm™ 3411, 1686, 1495,
1366, 1166, 1048; MP 108 - 111 °C; HRMS (ESI+): calcd. for CooHsNNaOs [M+Na]*

350.1727, found 350.1724.
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8.2.5.2 Synthesis and characterisation of 142

(2R)-2-[(tert-Butoxycarbonyl)amino]-3,3-diphenylpropyl4-methylbenzenesulfonate 142

Ph Ph
TsCl, NEts
Ph)\AOH > Ph)\.AOTs

z CH,Cly, rt z
NHBoc NHBoc

To a solution of 141 (1.70 g, 5.20 mmol, 1.0 eq) in CH,CI, (26 mL) was added NEt;
(1.88 mL, 13.5mmol, 2.6 eq) and TsCl (1.39 g, 7.27 mmol, 1.4 eq) and the reaction
mixture was stirred at rt for 16 h whereupon the volatiles were removed in vacuo. The
crude reaction mixture was purified by flash column chromatography [Petroleum ether to
petroleum ether/EtOAC 4:1) to yield the title compound 142 as a colourless solid in 83%
yield (2.07 g).

[a]o?® = - 24.8 (c = 1.12, CHCIs); *H NMR (500 MHz, CDCls) & ppm 1.30 (s, 9H,
OC(CHa)s), 2.44 (s, 3H, ArCHg), 3.78 (‘d’, J = 9.1 Hz, 1H, CHCHaHgO), 4.04 - 4.17 (m,
2H, CHCHaHgO and CHCHCHAHgO), 4.56 - 4.68 (m, 2H, CHNHC=0 and CHNHC=0),
7.10 - 7.21 (m, 6H, ArH), 7.22 - 7.33 (m, 6H, ArH), 7.71 (d, J = 8.2 Hz, 2H, ArH);
3C NMR (125 MHz, CDCl3) & ppm 21.6 (ArCHs), 28.1 (OC(CHs)s), 51.9 (CHNHC=0),
52.2 (CHCHCH,0), 70.3 (CH,0), 79.7 (OC(CHs)s), 126.7 (ArCH), 126.9 (ArCH), 127.9
(ArCH), 127.9 (ArCH), 128.1 (ArCH), 128.5 (ArCH), 128.8 (ArCH), 129.8 (ArCH), 132.3
(ArCH), 140.6 (ArC), 140.9 (ArC), 144.8 (ArCCHs), 155.0 (C=0); IR vma/cm™ 1710,
1496, 1364, 1176; MP 137 - 139 °C; HRMS (ESI+): calcd. for C2;H3;NNaOsS [M+Na]*

504.1815, found 504.1810.
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8.2.5.3 Synthesis and characterisation of 143

tert-Butyl [(2R)-3-azido-1,1-diphenylpropan-2-yl]lcarbamate 143

NaN
Ph)\AOTs = Ph)\AN

: DMF, 50 °C :
NHBoc NHBoc

3

To a solution of 142 (2.05 g, 4.26 mmol, 1.0 eq) in DMF (14 mL) at rt was added NaNj3;
(305 mg, 4.69 mmol, 1.1eq) and then the reaction mixture was warmed to 50 °C and
stirring maintained for 16 h. After cooling to rt, the reaction mixture was partitioned by the
addition of H,O (20 mL) and Et,O (40 mL). The aqueous layer was extracted with Et,O
(2 x 40 mL), the combined organics were washed with brine, dried (MgSQ,), and the
volatiles removed in vacuo. The crude material was purified by flash column
chromatography [petroleum ether to petroleum/Et,O 9/1) to obtain the title compound 143
as a colourless solid in 68% yield (896 mg).

[a]o?® = - 44.1 (c = 1.15, CHCIls); *H NMR (500 MHz, CDCls) & ppm 1.35 (s, 9H,
OC(CHa)s), 3.23 (dd, J = 12.3, 3.5 Hz, 1H, CHCHaHz&Ns), 3.53 (‘d’, J = 11.3 Hz, 1H,
CHCHaHgN3), 4.10 (d, J = 10.7 Hz, 1H, CHCHCHaHgN3), 4.48 - 4.67 (m, 2H,
CHNHC=0 and CHNHC=0), 7.13 - 7.25 (m, 2H, ArH), 7.25 - 7.39 (m, 8H, ArH);
BCNMR (125 MHz, CDCl3) & ppm 28.2 (OC(CHs)s), 52.7 (CHCHCH,N3), 53.3
(CHCHCH:N3), 53.3 (CHCHCH,N3), 79.7 (OC(CHa)s), 126.7 (ArCH), 127.0 (ArCH),
128.0 (ArCH), 128.2 (ArCH), 128.6 (ArCH), 129.0 (ArCH), 140.9 (ArC), 141.5 (ArC),
155.2 (C=0); IR vma/cm™ 2099, 1689, 1511, 1298, 1166; MP 125 - 127 °C; HRMS

(ESI+): calcd. for CooHosN40, [M+H]T 353.1972, found 353.1972.
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8.2.5.4 Synthesis and characterisation of 144

1-[(2R)-3-Azido-1,1-diphenylpropan-2-yl]-3-[3,5-bis(trifluoromethyl)phenyl]urea 144

Ph N, Azide 143 (710 mg, 2.02 mmol) was reacted with TFA (2.0 mL) then

Ph/Ki/ 3,5-bis(trifluoromethyl)phenyl isothiocyanate (0.37 mL, 2.02 mmol,
Sa N
H
FAC T 1.0 eq) was added according to a modified General Procedure I.
“H
\©/ Purification by flash column chromatography [Petrol then 9:1
CF;

Petrol/Et,0] afforded the title compound 144 as a colourless solid in
76% yield (803 mg).

[a]p?® = - 103.2 (c = 1.00, CHCl5); *H NMR (500 MHz, CDCl3) 8 ppm 3.28 (dd, J = 12.6,
2.2 Hz, 1H, CHCH,HpN3), 3.91 (dd, J = 12.6, 3.3 Hz, 1H, CHCH H,N3), 4.22 (d, J =
11.3 Hz, 1H, CHCHCHH,N3), 5.47 - 556 (m, 1H, CHNHC=S), 5.91 - 6.05 (m, 1H,
CHNHC=S), 7.20 - 7.38 (m, 12H, ArH) 7.73 (s, 1H, ArH) 8.54 (br s, 1H, CHNHC=SNH);
C NMR (125 MHz, CDCl3) & ppm 51.8 (CHCHCH,N3), 52.8 (CHCHCH,N3), 57.0
(CHCHCH;N3), 120.1 (sept, Jcr = 3.7 Hz, ArCH), 122.5 (q, Jcr = 272.7 Hz), 124.3 (q, Jcr
= 3.7 Hz, ArCH), 127.3 (ArCH), 127.4 (ArCH), 127.7 (ArCH), 128.0 (ArCH), 129.1
(ArCH), 129.2 (ArCH), 133.3 (q, Jcr = 34.3 Hz), 137.7 (ArCNH), 140.1 (ArC), 140.5
(ArC), 179.7 (C=S); °F NMR (376.5 MHz, CDCl3) & ppm - 62.9; IR vmad/cm™ 2101,
1495, 1275, 1173, 1130; MP 50 — 53 °C; HRMS (ESI+): calcd. for Cy4Hi9FsNsNaS

[M+Na]* 546.1158, found 546.1158.
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8.2.6 Synthesis of Various H-Bond Donor L-tert-Leucine Derived Catalyst Precursors
8.2.6.1 Synthesis and characterisation of 214

1-[(2S)-1-Azido-3,3-dimethylbutan-2-yI1-3-[3,5-bis(trifluoromethyl)phenyl]urea 214

Azide 125 (242 mg, 1.00 mmol) was reacted with TFA (1.0 mL) then

N3
>I\H 3,5-bis(trifluoromethyl)phenyl isocyanate (0.19 mL, 1.1 mmol,
Os_N

H . e
1.1 eq) was added according to General Procedure 1. Purification by

FsC N.

" flash column chromatography [Petrol then 4/1 Petrol: Et,0O] afforded
CFs the title compound 214 as a colourless solid (280 mg, 71 % yield).

[a]o® = - 29.9 (c = 0.90, CHCI3); *H NMR (500 MHz, CDCls) & ppm 0.96 (s, 9H,
C(CHs)3), 3.29 (dd, J = 12.6, 8.2 Hz, 1H, CHCHaHgNs), 3.60 (dd, J = 12.6, 3.8 Hz, 1H,
CHCHaHgNs), 3.84 (m, 1H, CHNH), 5.46 (br s, 1H, CHNHC=0), 7.46 (s, 1H, ArH), 7.69
(br s, 1H, ArNH), 7.81 (s, 2H, ArH); *C NMR (125 MHz, CDCls) & ppm 26.5 (C(CHa)s),
34.1 (C(CHa)s), 52.3 (CHCH,Ns3), 57.9 (CHNHC=0), 116.1 (sept, Jcr = 3.8 Hz, ArCH),
118.8 (g, Jcr = 3.8 Hz, ArCH), 123.0 (q, Jor = 272.7 Hz, CF3), 132.2 (g, Jcr = 33.4 Hz,
ArCCFs3), 140.2 (ArCNH), 155.4 (C=0); **F NMR (470 MHz, CDCls) & ppm - 63.1; IR
vmadcm™ 3338, 2968, 2102, 1650, 1570, 1388, 1277, 1175, 1133; MP 164 - 166 °C;

HRMS (ESI+): calcd. for Cy5Hi7FsNsNaO [M+Na]* 420.1230, found 420.1224.
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8.2.6.2 Synthesis and characterisation of 215

1-[(25)-1-Azido-3,3-dimethylbutan-2-yl]-3-phenylthiourea 215

ﬂ\‘/[\]:s Azide 125 (242 mg, 1.00 mmol) was reacted with TFA (1.0 mL) then

S phenyl isothiocyanate (0.13 mL, 1.1 mmol, 1.1 eq) was added according

Y OH

N\H to General Procedure 1. Purification by flash column chromatography
©/ [Petrol then 4/1 Petrol: Et,O] afforded the title compound 215 as a
colourless solid (188 mg, 68 % yield).

[a]p?® = + 35.1 (c = 1.02, CHCI3); 'H NMR (400 MHz, CDCls) & ppm 0.91 (s, 9H,
C(CHs)3), 3.36 (dd, J = 12.8, 5.8 Hz, 1H, CHCHaHgNs), 3.67 (dd, J = 12.8, 4.2 Hz, 1H,
CHCHaHgN3), 4.59 (br s, 1H, CHNH), 6.09 (d, J = 9.3 Hz, 1H, CHNHC=SNH), 7.26 (d,
J=7.6 Hz, 2H, ArH), 7.29 - 7.36 (m, 1H, ArH), 7.40 - 7.50 (m, 2H, ArH), 8.48 (br s, 1H,
CHNHC=SNH); *C NMR (100 MHz, CDCls) & ppm 26.9 (C(CHs)3), 34.5 (C(CHa)s),
51.3 (CHCH,N3), 61.7 (CHNH), 125.5 (ArCH), 127.6 (ArCH), 130.2 (ArCH), 135.6
(ArC), 180.9 (C=S); IR vmadcm™ 3259, 2963, 2098, 1596, 1532, 1497, 1450, 1296; MP 60

- 62 °C; HRMS (ESI+): calcd. for C15H1sNsNaS [M+Na]* 300.1253, found 300.1258.

8.2.6.3 Synthesis and characterisation of 216

N-[(25)-1-Azido-3,3-dimethylbutan-2-yl1-3,5-bis(trifluoromethyl)benzamide 216

Azide 125 (242 mg, 1.00 mmol) was reacted with TFA (1.0 mL) then

N
>‘Y triethylamine (0.17 mL, 1.2 mmol, 1.2 eq) and 3,5-
O~__N.

bis(trifluoromethyl)benzoyl chloride (0.20 mL, 1.1 mmol, 1.1 eq) was
added according to General Procedure 1. Purification by flash column
FsC CF,

chromatography [Petroleum ether, 4/1 then 1/1 Petroleum ether/Et,O] afforded the title

compound 216 as a colourless solid (233 mg, 61 % yield).
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[a]p®® = +16.4 (c=1.00, CHCI3); *H NMR (400 MHz, CDCls) & ppm 1.04 (s, 9H,
C(CHs)3), 3.45 (dd, J = 12.9, 8.5 Hz, 1H, CHCHaH&N3), 3.67 (dd, J = 12.9, 3.8 Hz, 1H,
CHCHaHgN3), 4.23 (dd, J = 8.3, 3.8 Hz, 1H, CHNHC=0), 7.94 (s, 1H, ArH), 8.16 (s, 2H,
ArH); *C NMR (100 MHz, CDCl3) &ppm 26.7 (C(CHs)s), 34.4 (C(CHs)s), 51.4
(CHCH;N3), 57.2 (CHCH3Ns), 122.8 (q, Jcr = 272.4 Hz, CF3), 124.9 - 125.1 (m, ArCH)),
127.2 - 127.4 (m, ArCH), 132.1 (q, Jcr = 34.0 Hz, ArCCFs), 136.6 (ArCC=0), 165.1
(C=0); ®F NMR (376 MHz, CDCl3) & ppm — 63.0; IR vmad/cm™ 2972, 2378, 2089, 1634,
1615, 1474, 1445, 1371, 1338, 1278, 1175, 1130, 906, 705, 682; MP 116 - 122 °C; HRMS

ESI+): calcd. for C1sH16FsN4sNaO [M+Na]* 405.1121, found 405.1116.
(

8.2.6.4 Synthesis and characterisation of 217

N-[(2S5)-1-Azido-3,3-dimethylbutan-2-yl]-4-nitrobenzamide 217

>‘\HN3 Azide 125 (100 mg, 0.413 mmol) was reacted with TFA (0.4 mL) then

triethylamine (66 pL, 0.47 mmol, 1.2 eq) and 4-nitrobenzoyl chloride (84 mg,

O N.
" 0.45 mmol, 1.1 eq) was added according to General Procedure 1. Purification
by flash column chromatography [Petroleum ether, then 9/1 Petroleum
N2 ether/EtOAC] afforded the title compound 217 as a colourless solid (64 mg,
53 % yield).

'H NMR (400 MHz, CDCls) & ppm 1.03 (s, 9H, C(CHa)s), 3.45 (dd, J = 12.9, 7.8 Hz, 1H,
CHCHaHzN3), 3.66 (dd, J = 12.9, 4.0 Hz, 1H, CHCHaHgN3), 4.22 (ddd, J = 10.0, 7.7,
4.0 Hz, 1H, CHNHC=0), 6.32 (d, J = 9.9 Hz, 1H, CHNHC=0), 7.92 (d, J = 8.8 Hz, 2H,
ArH), 8.27 (d, J=8.6 Hz, 2H, ArH); *C NMR (100 MHz, CDCl3) 5 ppm 26.8 (C(CHs)3),
34.4 (C(CHa)s), 51.6 (CHCH,N3), 57.0 (CHCH,N3), 123.9 (ArCH), 128.2 (ArCH), 140.3
(ArCC=0), 149.6 (ArCNO,), 165.9 (C=0); [a]o®® = +25.7 (c = 1.11, CHCI;); MP 114-

119 °C. All spectroscopic data is consistent with that given in the literature.**
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8.2.6.5 Synthesis and characterisation of 218

N-[(2S5)-1-Azido-3,3-dimethylbutan-2-yl]-4-methylbenzenesulfonamide 218

Azide 125 (100 mg, 0.413 mmol) was reacted with TFA (0.4 mL) then

N
?\H triethylamine (66 pL, 0.47 mmol, 1.2eq) and tosyl chloride (87 mg,

W\ _N
_S” "H . e
o~ 0.45 mmol, 1.1 eq) was added according to General Procedure 1. Purification

by flash column chromatography [Petroleum ether, then 9/1 Petroleum
ether/EtOAC] afforded the title compound 218 as a pale yellow solid (30 mg, 25 % yield).
[@]o® = - 39.4 (c=0.87, CHCI3); *H NMR (400 MHz, CDCl3) & ppm 0.90 (s, 9H,
C(CHs)3), 2.43 (s, 3H, ArCHs), 3.13 (ddd, J = 9.6, 4.8, 4.8 Hz, 1H, CHNHSO,Ar), 3.26
(dd, J = 12.9, 4.8 Hz, 1H, CHCHHgNs3), 3.31 (dd, J = 12.9, 4.8 Hz, 1H, CHCHAHgN3),
4.92 (d, J = 9.6 Hz, 1H, CHNHSO,Ar), 7.31 (d, J = 8.1 Hz, 2H, ArH), 7.80 (d, J = 8.3 Hz,
2H, ArH); *C NMR (100 MHz, CDCls;) & ppm 21.5 (ArCHs), 26.9 (C(CHa)s), 34.5
(C(CHas)s), 51.9 (CHCH,N3), 61.1 (CHNHSO,Ar), 127.0 (ArCH), 129.6 (ArCH), 138.2
(ArC), 143.4 (ArC); IR vmad/cm™ 3292, 2964, 2102, 1438, 1326, 1159, 1089, 964, 814,
669; MP 81 - 84 °C; HRMS (ESI+): calcd. for C13Ha0NsNaO,S [M+Na]* 319.1199, found
319.1198.

8.2.7 Synthesis and Characterisation of Bifunctional Iminophosphorane Catalysts
8.2.7.1 Synthesis and characterisation of 145

1-[3,5-Bis(trifluoromethyl)phenyl]-3-{(25)-3,3-dimethyl-1-

[(triphenylphosphoranylidene)amino]butan-2-yl}thiourea 145

>kﬁ PPh To azide 131 (300 mg, 0.726 mmol) in Et,0O (1.8 mL) under
< 3
N

SYN argon atmosphere was added triphenylphosphine (190 mg,
“H
FsC N, 0.726 mmol) at rt. Stirring was maintained at rt for 26 h and
the reaction mixture was then concentrated in vacuo to
CF;
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afford a colourless foam. Pentane (4 mL) was added under N, and the mixture stirred
vigorously for 2 h. The resultant suspension was filtered and the precipitate dried in vacuo
to obtain compound 145 (344 mg, 73%) as a colourless solid.

[a]o®* = - 64.4 (c = 1.40, CHCIl3); *H NMR (500 MHz, CDCl5) & ppm 0.96 (s, 9H), 3.04
(‘q’, J = 9.8 Hz, 1H), 3.41 (‘, J = 9.8 Hz, 1H), 3.76 (br s, 1H), 7.32 - 7.80 (m, 19 H);
B3C NMR (125 MHz, CDCls) 5 ppm 27.1, 33.7, 48.0, 69.9 (d, Jcp = 21.0 Hz), 116.5, 123.2
(q, Jcr = 272.8 Hz), 123.4, 128.1, 128.9 (Jcp = 12.4 Hz), 130.9 (q, Jcr = 33.4 Hz), 132.5 (d,
Jop = 9.5 Hz), 143.5, 183.7; 3P NMR (202 MHz, CDClg) & ppm 21.9 (br s); °F NMR
(470 MHz, CDCl3) & ppm - 62.7; IR vmadcm™ 2970, 1739, 1437, 1367, 1216; MP 96 -

99 °C; HRMS (ESI+): calcd. for CssHssFsNsPS [M+H]* 648.2032, found 648.2024.

8.2.7.2 Synthesis and characterisation of 147

1-[3,5-Bis(trifluoromethyl)phenyl]-3-[(2S)-3,3-dimethyl-1-{[tris(4-

methoxyphenyl)phosphoranylidene]lamino}butan-2-yl]thiourea 147

To azide 131 (500 mg, 1.21 mmol) in Et,O

(3.0 mL) under an argon atmosphere was added

O/
i EN
>I\‘A . p/©/ tris(4-methoxyphenyl)phosphine (426 mg,
N

SYN\H 1.21 mmol) at rt. Stirring was maintained at rt for
FsC N. O ) .
\©/ H / 24 h and the reaction mixture was concentrated
CF under a stream of N, until 1 mL of solvent
3

remained. Pentane (1 mL) was added and the resultant thick precipitate was filtered. The
precipitate was washed with pentane/Et,0O 1:1 (1 mL) and dried in vacuo to obtain
compound 147 (786 mg, 88%) as a colourless solid.

[a]p®* = - 54.4 (c = 1.02, CHCI3); *H NMR (500 MHz, CDCl3) & ppm; 0.95 (s, 9H), 2.91

(‘q’,J = 9.9 Hz, 1H), 3.23 (dd, J = 8.7, 5.5 Hz, 1H), 3.85 (s, 9H), 4.07 (br s, 1H), 6.9 (dd,

216



J=87,2.0Hz, 6H), 7.24 (s, 1H), 7.27 (s, 2H), 7.40 - 7.70 (m, 7H); *C NMR (125 MHz,
CDCls) & ppm 27.1, 33.6 (br s), 47.1 (br s), 55.5, 65.1 (br s), 113.8 - 114.1 (m), 115.1 (d,
Jop = 14.3 Hz), 123.7 (q, Jor = 272.8 Hz,), 123.9 (br s), 130.5 (q, Jer = 32.0 Hz), 134.9 (d,
Jep = 11.4 Hz), 163.8, 181.7 (br s); *'P NMR (202 MHz, CDCls) § ppm 29.8 (br s);
F NMR (470 MHz, CDCls) & ppm - 63.0; IR vmadcm™ 2959, 1595, 1558, 1503, 1393,
1277, 1256, 1173, 1121; MP 148 - 150 °C; HRMS (ESI+): calcd. for CasHaoFsN3PS

[M+H]" 738.2348, found 738.2343.

8.2.7.3 Synthesis and characterisation of 148

1-[3,5-Bis(trifluoromethyl)phenyl]-3-[(1R)-1-phenyl-2-{[tris(4-

methoxyphenyl)phosphoranylidenelaminolethyl]thiourea 148

To azide 122 (500 mg, 1.16 mmol) in Et;,O (3.0 mL)

under argon atmosphere was added tris(4-

o
O -
@\/\ i/©/ ™ methoxyphenyl)phosphine (407 mg, 1.16 mmol) at
_P
N

SYN @ rt. Stirring was maintained at rt for 24 h and the
H
FsC N- /O reaction mixture was then concentrated under a
e stream of N, until a thick precipitate was obtained.
3

The precipitate was filtered, washed with Et,O (1 mL) and dried in vacuo to obtain
compound 148 (786 mg, 90%) as a colourless solid.

[a]o?* = - 40.8 (c = 1.00, CHCI3); *H NMR (500 MHz, CDCls) & ppm 3.14 - 3.30 (m, 1H),
3.31-3.50 (m, 1H), 3.84 (s, 9H), 5.36 (br s, 1H), 6.95 (dd, J = 8.8, 1.9 Hz, 6H), 7.24 - 7.36
(m, 7H), 7.46 - 7.54 (dd, J = 11.3, 8.8 Hz, 6H), 7.59 - 7.78 (br s, 2H); *C NMR
(125 MHz, CDCl3) § ppm 52.8 - 53.0 (m), 55.5, 62.4 (br s), 115.0 (d, Jep = 13.4 Hz),
123.5, 123.6 (q, Jcr = 272.8 Hz), 124.1 (br s), 127.0, 127.8 - 128.1 (m), 128.8, 130.6 (q,

Jor = 32.4 Hz), 134.7 (d, Jop = 11.4 Hz), 140.4 (br s), 163.7; *'P NMR (162 MHz, CDCly)
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8 ppm 27.4 (br s); *°F NMR (376 MHz, CDCl5) & ppm - 62.6; IR vma/cm™ 2972, 1595,
1502, 1275, 1176, 1118, 1026; MP 136 - 142°C; HRMS (ESI+): calcd. for

CagHasFsN3O3PS [M+H]" 758.2035, found 758.2028.

8.2.7.4 Synthesis and characterization of 149

1-13,5-Bis(trifluoromethyl)phenyl]-3-[(2R)-1,1-diphenyl-3-{ [tris(4-methoxyphenyl)-k5-

phosphanylidene]amino}propan-2-vyllthiourea 149

o To azide 144 (436 mg, 0.832 mmol) in Et,O (2.1 mL)

under argon atmosphere was added tris(4-

o
Ph N
)\/\ ,P/©/ methoxyphenyl)phosphine (293 mg, 0.832 mmol) at
<" N

Ph™ Y i
SYN\H CZ rt. Stirring was maintained at rt for 24 h and then
o]
FsC N., f

pentane (2.0 mL) was added and the resultant thick
CF3 precipitate was filtered. The precipitate was washed
with pentane/Et,O 1:1 (1 mL) and dried in vacuo to obtain the title compound 149 as a
colourless solid (630 mg, 90%).
MP 168 - 170 °C; [a]p** = - 18.0 (c = 0.59, CHCI3); *H NMR (500 MHz, CDCls) § ppm
2.99 (br. s, 1H), 3.10 (br. s, 1H), 3.82 (s, 9H), 3.97 - 4.09 (m, 1H), 5.11 (br. s, 1H), 6.88 (d,
J=55Hz, 6H), 7.11 - 7.21 (m, 6H), 7.22 - 7.31 (m, 7H), 7.31 - 7.45 (m, 6H), 7.63 (s, 2H);
3C NMR (125 MHz, CDCl3) § ppm 50.3, 55.0, 55.6, 59.9, 115.0 (d, Jpc = 11.4 Hz), 123.8
(0, Jrec = 272.8 Hz), 126.6, 126.9 (br. s), 128.1, 128.5, 128.8, 128.9 (br. s), 130.6 (q, Jrc =
32.4 Hz), 134.9 (Jpc = 11.5 Hz), 142.9, 163.7; P NMR (162 MHz, CDCl5) & ppm 27.6
(br s); *’F NMR (376 MHz, CDCls) & ppm - 62.6; IR vma/cm™ 3027, 2963, 1624, 1594,
1499, 1471, 1388, 1258, 1118, 1028, 804, 700; LRMS (ESI+): calcd. for C45H40FsN3O3PS

[M+H]* 848.2, found 848.2.
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8.2.7.5 Synthesis and characterisation of 147<HCI

o~ o~
®
>‘\‘/\N¢P 2 M HCI - >I\‘/\N¢P
Sy NH Et,O, rt, 30 min S<_NH H
99% vyield S
FsC NH /O i FsC NH  Ci /O
; 147 ; 147-HCI
CF, CF,

To a solution of 147 (400 mg, 0.543 mmol, 1 eq) in Et,O (5 mL) was added a 2 M HCI
solution in Et,O (1.36 mL, 2.71 mmol, 5 eq). Stirring was maintained for 30 minutes and
the volatiles removed in vacuo. Purification by flash column chromatography [EtOAc]
afforded the title compound 147<HCI as a colourless solid (440 mg, 99%).

[a]p® = + 12.0 (c = 0.9, CHCI3). 'H NMR (500 MHz, CDsCN) & ppm 0.87 (s, 9H,
C(CHs)3), 3.11 - 3.22 (m, 1H, CHCHACHgN=P), 3.22 - 3.32 (m, 1H, CHCHACHgNH=P),
3.85 (s, 9H, OCHs), 4.44 (id, J = 10.1, 3.1 Hz, 1H, CHNHC=S), 5.70 — 5.76 (m, 1H,
CHCHACHgNH=P), 7.08 - 7.17 (m, 6H, OCCArH), 7.64 (s, 1H, ArH), 7.68 — 7.74 (m, 6H,
PCCArH), 8.46 (s, 2H, ArH), 8.86 (d, J = 10.1 Hz, 1H, CHNHC=S), 11.88 (s, 1H,
CHNHC=SNH); *C NMR (125 MHz, CDsCN) & ppm 27.0 (C(CHa)s), 35.2 (C(CHs)s),
43.8 (CHCH:N3), 56.7 (OCHs), 63.7 (d, Jpc = 5.7 Hz, (CHNHC=S), 113.1 (d, Jpc =
112.5 Hz, N=PArC), 116.4 (d, Jpc = 14.3 Hz, OCCArCH), 117.1 (sept, Jrc = 3.8 Hz,
ArCH), 122.2 (q, Jec = 3.8 Hz, ArCH), 124.7 (g, Jec = 271.8 Hz, CF3), 131.8 (0, Jrec =
33.1 Hz, ArCCF3), 136.7 (d, Jpc = 12.4 Hz, N=PCArCH), 143.8 (ArCNH), 165.7 (d, Jpc =
2.8 Hz, ArCOCH3) 184.3 (C=S); *'P NMR (202 MHz, CDs;CN) & ppm 36.9; °F NMR
(470 MHz, CD3sCN) & ppm - 63.4; IR vmadcm™ 2964, 1595, 1276, 1182, 1117; MP 105 -

110 °C; HRMS (ESI+): calcd. for C3sH3oFsN3O3PS [M]" 738.2348, found 738.2344.
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8.2.8 Synthesis of Catalysts Bearing Amide-Thiourea H-Bond Donor Groups

8.2.8.1 Synthesis and characterisation of 305

(25)-N-(Diphenylmethyl)-2-isothiocyanato-3,3-dimethylbutanamide 305

Ph :
: EDC.HCI, HOBt, DIPEA H J<
Homﬂ )J\OJ<+ PhANH -~ Ph N NJ\O

H CH,Cl, rt H

: 4 N HCI (1,4-dioxane) :
Hoos Ph_ _N
by Ph Nf J\OJ< \[ﬁNHz.Hu
o)

N CH,Cl,, rt
Lo H Ph O
c) H = sat. ag. NaHCO;3 H =
Pho N_ - + CloCS > Ph N NCS
Y NHHC CH,Cl, 0°C = YU

According to a literature procedure,?**

a) To a stirred solution of EDC hydrochloride (909 mg, 4.75 mmol, 1.10 eq) and
1-hydroxybenzotriazole hydrate (644 mg, 4.75 mmol, 1.10 eq) in CH,Cl, (26 mL) under a
N, atmosphere at rt was added N,N-diisopropylethylamine (1.12 mL, 6.48 mmol, 1.5 eq)
and benzhydrylamine (0.82 mL, 4.76 mmol, 1.10 eq) sequentially. Boc-L-tert-leucine
(1.00 g, 4.32 mmol, 1.00 eq) was added in one portion and the reaction mixture was stirred
for 20 h. The reaction was diluted with Et,O (20 mL), washed with 0.5 N HCI (2 x 20 mL)
and the organic phase extracted with Et,O (10 mL). The combined organic was washed
with sat. ag. NaHCO3; (20 mL) and brine (20 mL), dried (MgSQ,), filtered and
concentrated in vacuo to afford the product, which was used crude without further
purification.

b) To a vigorously stirred solution of the crude product in CH,Cl, (10.0 mL) under a N,

atmosphere at rt was added 4 N HCI in 1,4-dioxane (10.3 mL, 42 mmol, 9.6 eq) over
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5 min. The reaction mixture was stirred for 3.5 h and concentrated in vacuo to afford the
product which was used crude without further purification.

c) To a vigorously stirred solution of the crude product in CH,Cl, (40 mL) under a N,
atmosphere at 0 °C was added sat. ag. NaHCO3; (40 mL), and the biphasic mixture was
stirred for 20 min. Stirring was stopped and thiophosgene (0.330 mL, 4.32 mmol, 1.00 eq)
was added to the organic layer. Immediately, vigorous stirring was restored and the
mixture allowed to warm to rt over 30 min. The organic phase was extracted with CH,Cl,
(2 x 40 mL), washed with brine (30 mL), dried (MgSQ,), filtered and the volatiles removed
in vacuo to afford the crude product 305 as a pale yellow solid in 84% yield over three
steps (1.239).

[a]o® = +47.5 (c 0.72, CHCI3); MP 162-166 °C; IR (film) vmas/cm™: 3297 (NH), 2965,
2117 (NCS), 1658 (C=0), 1526, 1452, 1237, 753, 699; ‘H NMR (CDCls;, 400 MHz)
& (ppm): 1.08 (s, 9 H, C(CHa)s), 4.09 (s, 1 H, CH(CH3)3), 6.25 (d, J = 8.0 Hz, 1 H,
Ph,CHNH), 6.64 (d, J = 8.0 Hz, 1 H, NH), 7.21 - 7.28 (m, 4 H, ArH), 7.28 - 7.41 (m, 6 H,
ArH); °C NMR (CDCls, 100 MHz)*™ § (ppm): 26.7 (C(CH3)s), 37.1 (C(CHa)s), 57.2
(Ph,CHNH), 70.9 (CH(CHs)s), 127.3 (ArCH), 127.5 (ArCH), 127.7(ArCH), 127.8 (ArCH),
128.8 (ArCH), 128.8 (ArCH), 140.5 (ArC), 140.8 (ArC), 165.4 (C=0); HRMS (ES+)
exact mass calculated for [M+Na]* (CooH2N2NaOS) requires m/z 361.1345, found m/z

361.1328.

XXXIiX

Quarternary carbon NCS not found in spectrum.
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8.2.8.2 Synthesis and characterisation of 306

(25)-2-({[(2S)-1-Azido-3,3-dimethylbutan-2-yl]carbamothioyl}amino)-N-

(diphenylmethyl)-3,3-dimethylbutanamide 306

\I/ ji Azide 125 (409 mg, 1.69 mmol, 1.10 eq) was reacted with
> S
: N N3 jsothiocyanate 305 (520 mg, 1.54 mmol, 1.00 eq)

according to a modified General Procedure I. The reaction
mixture was purified by FCC (petroleum ether/EtOAc = 4/1 to 3/2) to afford the title
compound 306 as a colourless solid in 90% yield (661 mg).
[a]po®® = -33.4 (c 0.54, CHCl3); MP 200 - 202 °C; IR (film) vmad/cm™: 2963, 2098, 1649,
1529, 1348, 752, 699; 'H NMR (MeOD-d,, 500 MHz) & (ppm): 0.98 (s, 9 H, one of
C(=O)CHC(CH3); or NHCHC(CHs)s3), 1.01 (s, 9 H, one of C(=O)CHC(CHs)s; or
NHCHC(CHa)s), 3.28 - 3.35 (m, 1 H, CHCHaHgN3), 3.52 (dd, J = 13.0, 3.5 Hz, 1 H,
CHCHaHEgN3), 4.67 (dd, J = 8.0, 3.5 Hz, 1 H, CHCH;,N3), 5.02 (s, 1 H, C(=0)CH(CHs)3),
6.18 (s, 1 H, Ph,CHNH), 7.19 - 7.35 (m, 10 H, ArH); *C NMR (MeOD-d,, 125 MHz)
§ (ppm): 27.4, 27.5 (C(=0)CHC(CH3)3 and NHCHC(CHs3)3) 35.7, 35.7 (C(=0)CHC(CHs)s
and NHCHC(CHs)3), 53.1 (CHCH,N3), 585 (Ph,CHNH), 63.5 (CHCH,N3), 66.7
(C(=0)CH('Bu)), 128.2 (ArCH), 128.6 (ArCH), 128.7 (ArCH), 129.4 (ArCH), 129.5
(ArCH), 129.7 (ArCH), 142.9 (ArC), 143.2 (ArC), 172.9 (C=0), 186.1 (C=S); HRMS
(ES+) exact mass calculated for [M+Na]" (CsH3sNsNaOS) requires m/z 503.2564, found

m/z 503.2552.
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8.2.9 pKgu+ Estimation of Iminophosphorane Salts 110a-HCI and 110b-HCI in CD3CN

8.2.9.1 Synthesis and characterisation of iminophosphorane salt 110a-HCI

(Cyclohexylimino)(triphenyl)-A>-phosphane hydrochloride 110a-HCI

Br N -PPhg NP
NaN3 PPhg 2 M HCI HN _
DMSO @ Et,0 @

NaN; (877 mg, 13.5 mmol) was added to a solution of bromocyclohexane (2.00 g,

12.3 mmol) in DMSO (41 mL) and the reaction mixture was stirred at 60 °C for 16 h. After
cooling to rt, H,O (40 mL) was added and it was extracted with Et,O (3 x 40 mL). The
combined organics were dried over MgSOy, filtered and concentrated under a stream of No.
The resulting crude was dissolved in Et;,O (25 mL) under argon atmosphere and
triphenylphosphine (3.22 g, 12.3 mmol) was added. Stirring was maintained at rt for 20 h,
a solution of 2 M HCI in Et,O (18.0 mL, 36.0 mmol) was added and the resulting solution
was stirred at rt for 1 h. After evaporation of the solvents, the resulting crude was purified
by flash column chromatography (CH.Cl, to CH,CIl,/MeOH 9:1) to obtain 110a-HCI
(1.10 g, 23% over 3 steps) as a colourless solid.

'H NMR (400 MHz, CD5CN) & ppm 0.93 - 1.13 (m, 3H), 1.42 - 1.51 (m, 1H), 1.59 - 1.80
(m, 6H), 2.65 - 2.79 (m, 1H), 7.60 - 7.70 (m, 6H), 7.76 - 7.93 (m, 9H), 8.24 (t, J = 9.4 Hz,
1H); C NMR (100 MHz, CDsCN) & ppm 26.1, 26.5, 36.3, 36.4, 54.7 (d, Jcp = 2.4 Hz),
123.8 (d, Jep = 102.5 Hz), 130.9 (d, Jcp = 13.5 Hz), 135.1 (d, Jcp = 11.1 Hz), 136.0 (d, Jcp
= 2.4 Hz); *'P NMR (162 MHz, CD3CN) & ppm 35.6; IR vmadcm™ 3397, 2922, 2848,
1438, 1113, 1082; MP 194 - 198 °C; HRMS (ESI+): calcd. for CayH,yNOP [M]

360.1876, found 360.1869.
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8.2.9.2 Synthesis and characterisation of 110a

(Cyclohexylimino)(triphenyl)—kS-phosphane 110a

PPh PS-BEMP (63.0 mg, 2.2 mmol/g, 0.138 mmol) was added to a solution of
N// 3

© iminophosphorane salt 110a-HCI (50.0 mg, 0.126 mmol) in CH,Cl, (1.0 mL)
under argon atmosphere. The reaction mixture was stirred at rt for 1 h and
then filtered, concentrated under a stream of N, and dried under vacuum to obtain 110a
(43.0 mg, 95%) as a colourless oil.
'H NMR (400 MHz, CD5CN) & ppm 1.03 - 1.16 (m, 3H), 1.28 - 1.40 (m, 2H), 1.44 - 1.50
(m, 1H), 1.59 - 1.67 (m, 4H), 2.80 - 2.95 (m, 1H), 7.45 - 7.56 (m, 6H), 7.55 - 7.61 (m, 3H),
7.66 - 7.73 (m, 6H); *C NMR (100 MHz, CD3CN) & ppm 26.7, 27.0, 39.6, 39.7, 54.9 (d,
Jep = 3.2 Hz), 130.0 (d, Jep = 12.0 Hz), 132.3 (d, Jep = 96.0 Hz), 133.2 (d, Jcp = 3.2 Hz),
133.9 (d, Jcp = 9.6 Hz); P NMR (162 MHz, CDsCN) & ppm 9.4; HRMS (ESI+): calcd.

for CaaHasNP [M+H]* 360.1876, found 360.1862.

8.2.9.3 Synthesis and characterisation of 110b-HCI

(Cyclohexylimino)[tris(4-methoxyphenyl)]-A>-phosphane hydrochloride 110b-HCI

P(PMP) O~
Br N3 N~ 3
NaN3 P(PMP), 2MHCI /©/
il AL
DMSO Et,0 © EtO P
cl
o

NaN; (219 mg, 3.37 mmol) was added to a solution of bromocyclohexane (500 mg,
3.06 mmol) in DMSO (10 mL) and the reaction mixture was stirred at 60 °C for 16 h. After
cooling to rt, H,O (15 mL) was added and it was extracted with Et,O (3 x 20 mL). The

combined organics were dried over MgSOy, filtered and concentrated under a stream of No.
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The resulting crude was dissolved in Et,O (12 mL) under argon atmosphere and tris(4-
methoxyphenyl)phosphine (560 mg, 1.59 mmol) was added. Stirring was maintained at rt
for 20 h, a solution of 2 M HCI in ether (4.60 mL, 9.20 mmol) was added and the resulting
solution stirred at rt for 1 h. After evaporation of the solvents, the resulting crude was
purified by flash column chromatography (CH,Cl,/MeOH 20:1) to obtain 110b-HCI
(850 mg, 57% over 3 steps) as a colourless foam.

'H NMR (400 MHz, CDsCN) & ppm 0.94 - 1.10 (m, 3H), 1.42 - 1.51 (m, 1H), 1.59 - 1.74
(m, 6H), 2.58 - 2.77 (m, 1H), 3.87 (s, 9H), 6.75 (t, J = 9.6 Hz, 1H), 7.09 - 7.19 (m, 6H),
7.69 - 7.79 (m, 6H); *C NMR (100 MHz, CD3CN) & ppm 26.2, 26.5, 36.4, 36.4, 54.2 (d,
Jop = 1.6 Hz), 56.9, 115.0 (d, Jcp = 111.3 Hz), 116.4 (d, Jcp = 14.3 Hz), 137.0 (d, Jcp =
12.7 Hz), 165.7 (d, Jcp = 3.2 Hz); **P NMR (162 MHz, CD3CN) & ppm 34.1; IR vpadcm™
3300, 2934, 2843, 1593, 1503, 1262, 1113; MP 89 - 93 °C; HRMS (ESI+): calcd. for

Co7H33NO3sP [M]" 450.2193, found 450.2181.

8.2.9.4 Synthesis and characterisation of 110b

(Cyclohexylimino)[tris(4-methoxyphenyl)]-A°>-phosphane 110b

y PS-BEMP (51.5 mg, 2.2 mmol/g, 0.113 mmol) was added to a solution
) 0 of iminophosphorane salt 110b-HCI (50.0 mg, 0.103 mmol) in CH,ClI,
P/©/ under argon atmosphere. The reaction mixture was stirred at rt for 1 h
v \©\ and then filtered, concentrated and dried under vacuum to obtain 110b
© (lj (45.0 mg, 97%) as a colourless oil.
'H NMR (400 MHz, CD3CN) & ppm 1.03 - 1.14 (m, 3H), 1.21 - 1.33 (m, 2H), 1.43 - 1.50
(m, 1H), 1.55 - 1.66 (m, 4H), 2.75 - 2.92 (m, 1H), 3.81 (s, 9H), 3.81 (s, 3H), 6.94 - 7.03
(m, 6H), 7.51 - 7.60 (m, 6H); *C NMR (100 MHz, CDsCN) & ppm 26.8, 27.2, 40.1, 40.2,

55.0 (d, Jep = 4.0 Hz), 56.5, 115.2 (d, Jep = 11.9 Hz), 124.8 (d, Jep = 102.5 Hz), 135.5 (d,
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Jep = 10.3 Hz), 163.5 (d, Jep = 2.4 Hz); 'P NMR (162 MHz, CDsCN) § ppm 8.9; HRMS

ESI+): calcd. for C,7H3sNOzP [M+H]" 450.2193, found 450.2179.
(

8.2.9.5 pKpp+ Measurement of iminophosphorane salt 110a-HCI in CD3;CN

110a-HCI (20.0 mg, 0.050 mmol) and tetramethylguanidine (6.3 pL, 0.050 mmol) were
dissolved in CD3CN. The **C NMR and *'P NMR were measured and the chemical shift of
the CH-N=PPh; and CH-N=PPh; were used to estimate the equilibrium ratio and the
equilibrium constant of the reaction.*® The equilibrium constant was then used, with the
known pKgp: of TMG in CD3CN (pKgns = 23.3)3* to determine the estimated pKgy. of

110a-HCI. The experiment was repeated three times.”

8.2.9.6 pKpp+ Measurement of iminophosphorane salt 110b-HCI in CD3;CN

110b-HCI (20.0 mg, 0.041 mmol) and tetramethylguanidine (5.2 pL, 0.041 mmol) were
dissolved in CD3CN. The **C NMR and P NMR were measured and the chemical shift of
the CH-N=PPh; and CH-N=PPh; were used to estimate the equilibrium ratio and the
equilibrium constant of the reaction.*® The equilibrium constant was then used, with the
known pKgp+ of TMG in CD3sCN (pKgps = 23.3)*31* to determine the estimated pKg. of

110b-HCI. The experiment was repeated three times.

X The pKgy+ determination experiments were performed in collaboration with M.G.N..
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8.2.10 Synthesis and Characterisation of BIMP Catalyst Precursors Bearing Alternative
H-Bond Donor Groups

8.2.10.1 Synthesis and characterisation of 438

N-[(25)-1-Azido-3,3-dimethylbutan-2-y1]-N>-(tert-butoxycarbonyl)-L -valinamide 438

o)
o)
S S T T
Cl 0 )]\ NH, BocHN\_)J\N N3
OH = NEt,, THF o OH i H
NHBoc ¥ NHBoc N

308 10 a stirred solution of N-Boc L-valine

According to a modified literature procedure,
(217 mg, 1.00 mmol, 1.00eq) in THF (10mL) at 0°C was added sequentially
triethylamine (0.35mL, 2.5mmol, 2.5eq) and then ethyl chloroformate (105 pL,
1.1 mmol, 1.1 eq) dropwise. Stirring was maintained for 1 h and then the crude amino
azide [obtained according to part | of General Procedure | using azide 125 (242 mg,
1.00 mmol, 1.00 eq)] as a solution in Et;,0 (4 mL) was added dropwise. The reaction
mixture was warmed to rt and stirring was maintained overnight whereupon the volatiles
were removed in vacuo. The crude material was partitioned in H,O (20 mL) and CH,Cl,
(20 mL). The aqueous layer was extracted with CH,Cl, (2x 20 mL), the combined
organics were washed (brine), dried (MgSO,) and the volatiles concentrated in vacuo.
Purification by flash column chromatography [Petroleum ether to petroleum ether/EtOAc
4/1] afforded the title compound 438 as a colourless solid in 88% yield (300 mg).

MPT 157 - 158 °C; [a]p?° = -56.8 (c = 0.5, CHCls); IR vmadcm™ 3340, 3302, 2970, 2105,
1687, 1650, 1559; *H NMR (400 MHz, CDCls) & ppm 0.87 (s, 9 H, CHC(CHs)s), 0.90 (d,
J=7.0 Hz, 3 H, (CH3)CH(CHs)), 0.93 (d, J = 7.0 Hz, 3 H, (CH3)CH(CHa)), 1.37 (s, 9 H,
OC(CHa)s), 1.98 — 2.15 (m, 1 H, (CH3)CH(CHs)), 3.20 (dd, J = 12,5, 8.0 Hz, 1 H,
CHCHaHgN3), 3.48 (dd, J = 12.5, 4.0 Hz, 1 H, CHCHaHgN3), 3.74 (t, J = 7.5 Hz, 1 H,

CHCH(CHs),), 3.89 (ddd, J = 10.0, 8.0, 4.0 Hz, 1 H, CHCHaHgN3), 5.03 (d, J = 9.0 Hz,
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1 H, NHCHCH), 6.09 (d, J = 10.0 Hz, 1 H, NHCHCHaHzsN3); *C NMR (100 MHz,
CDCl3) 8 ppm 18.1 ((CH3)CH(CH3)), 19.4 ((CH3)CH(CHz)), 26.6 (CHC(CHs)s), 28.3
(OC(CH3)s), 29.9 ((CH3)CH(CHg3)), 34.1 (CHC(CHa3)s), 51.9 (CHCHaHEN3), 56.1
(CHCHaHgN3), 60.8 (CHCH(CHs),), 79.9 (OC(CHs)s), 156.1 (OC(=O)NH), 171.8
(C(=0)NH); HRMS (ESI+): calcd. for CigH3iNsNaO; [M+Na]® 364.2319, found

364.2319.

8.2.10.2 Synthesis and characterisation of 393

N-[(25)-1-Azido-3,3-dimethylbutan-2-yI]-N>-{[3,5-

bis(trifluoromethyl)phenyl]carbamothioyl}-L-valinamide 393

Azide 438 (240 mg, 0.704 mmol, 1.0eq) was
FiC HTHJJ\N\/E/N?’ rej‘acte-d with  TFA -(0.7 -mL) then  3,5-
\©/ H bis(trifluoromethyl)phenyl isothiocyanate (0.15 mL,
CF3 0.77 mmol, 1.1eq) was added according to a
modified General Procedure | using Et,O (3 mL). Addition of petroleum ether (3.0 mL) to
the reaction mixture gave a precipitate which was dried in vacuo to afford the title
compound 393 as a colourless solid in 58% yield (209 mg).
MPT 179 — 181 °C; [a]o™® = -106.3 (c = 1.02, CHCl3); IR vmad/cm™ 3303, 2969, 2103,
1653, 1538, 1383, 1278, 1132; 'H NMR (500 MHz, CDCls) & ppm 0.87 (s, 9 H,
CHC(CHa)s), 1.18 (d, J = 7.0 Hz, 3 H, (CH3)CH(CHs)), 1.20 (d, J = 6.5 Hz, 3 H,
(CH3)CH(CHs)), 2.08 - 2.29 (m, 1 H, (CH3)CH(CHs)), 3.23 (dd, J = 13.0, 9.5 Hz, 1 H,
NHCHCHAaHgN3), 3.66 (dd, J = 13.0, 3.5 Hz, 1 H, NHCHCHAHgNs3), 3.88 (td, J = 9.5, 3.5
Hz, 1 H, NHCHCHAHgN3), 4.82 (t, J = 8.5 Hz, 1 H, NHCHCH), 6.35 (d, J = 9.5 Hz, 1 H,
NHCHCHHgN3), 7.54 (s, 1 H, ArH), 8.05 (s, 2 H, ArH), 8.52 (br d, J = 7.5 Hz, 1 H,

(C=S)NHCHCH), 8.84 (s, 1 H, ArNHC(=S)); *C NMR (125 MHz, CDCl3) & ppm 19.2

228



((CH3)CH(CHg)), 19.6 ((CH3)CH(CHs)), 26.4 (CHC(CHs)s), 30.6 ((CH3)CH(CHg)), 34.0
(CHC(CHs)s), 51.8 (NHCHCHaHgNs), 57.4 (NHCHCHAHsN), 65.1 (NHCHCH), 118.2
(spt, Jrc = 3.8 Hz, ArCH), 123.0 (q, Jrc = 272.8 Hz, ArCCFs), 124.2 (q, Jrc = 3.8 Hz,
ArCH), 131.4 (q, Jrc = 33.7 Hz, ArCCFs), 140.0 (ArC), 174.3 (C(=O)NH), 181.8 (C=S);
19 NMR (376 MHz, CDCls) & ppm -63.0: HRMS (ESI+): calcd. for CaoHasFsNeNaOS

[M+Na]* 535.1685, found 535.1683.

8.2.10.3 Synthesis and characterisation of 439

N-[(25)-1-Azido-3,3-dimethylbutan-2-yI]-N>-(tert-butoxycarbonyl)-3-methyl-L -valinamide

439
X e e
0 A~ O O N3
Cl 0] )J\ NH, BocHN\_)J\N N3
OH (@) OEt B H
NEt;, THF =
NHBoc NHBoc /[\

3% 10 a stirred solution of L-Boc tert-Leucine

According to a modified literature procedure,
(693 mg, 3.00 mmol, 1.00eq) in THF (30mL) at 0°C was added sequentially
triethylamine (1.05mL, 7.5mmol, 2.5eq) and then ethyl chloroformate (316 L,
3.30 mmol, 1.1 eq) dropwise. Stirring was maintained for 1 h and then the crude amino
azide [obtained according to part | of General Procedure | using azide 125 (726 mg,
3.00 mmol, 1.00 eq)] as a solution in Et,O (12 mL) was added dropwise. The reaction
mixture was warmed to rt and stirring was maintained overnight whereupon the volatiles
were removed in vacuo. The crude material was partitioned in H,O (40 mL) and CH,CI,
(40 mL). The aqueous layer was extracted with CH,Cl, (2 x 30 mL) and the combined

organics were washed (brine), dried (MgSO,4) and the volatiles concentrated in vacuo.

Purification by flash column chromatography [petroleum ether to petroleum
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ether/EtOAC 4/1] afforded the title compound 439 as colourless solid in 55% yield
(582 mg).

MPT 134 — 136 °C; [0]p™ = -30.5 (c =0.79, CHCl3); IR vmadcm™ 3337, 2966, 2099,
1702, 1657, 1521, 1367, 1173; 'H NMR (400 MHz, CDCl3) 6 ppm 0.93 (s, 9 H,
CHC(CHa)s), 1.04 (s, 9 H, CHC(CHs)3), 1.43 (s, 9 H, OC(CHs)s), 3.27 (dd, J = 12.5, 8.0
Hz, 1 H, CHCHaHgN3), 3.58 (dd, J = 12.5, 4.0 Hz, 1 H, CHCHaHgN3), 3.80 (d, J = 9.5
Hz, 1 H, O(C=0)NHCH), 3.95 (ddd, J = 10.0, 8.0, 4.0 Hz, 1 H, NHCHCHaHgN3), 5.21 (d,
J = 95 Hz, 1 H, O(C=0)NHCH), 5.83 (br. d, J = 10.0 Hz, 1 H, NHCHCHaHgN);
BCNMR (100 MHz, CDCl;) &ppm 26.5 (CHC(CHs)s), 26.6 CHC(CHas)s), 28.3
(OC(CH3)s), 33.9 (CHC(CHa)s), 34.1 (CHC(CHs)s), 52.0 (CHCHaHgNs), 55.7
(CHCHaHgN3), 62.7 (OC(=O0)NHCH), 79.7 (OC(CHa)s), 156.0 (OC(=O)NH), 171.3
(C(=0)NH); HRMS (ESI+): calcd. for Ci7H33NsNaOs; [M+Na]® 378.2476, found

378.2472.

8.2.10.4 Synthesis and characterisation of 394

N-[(25)-1-Azido-3,3-dimethylbutan-2-yI]-N>-{[3,5-

bis(trifluoromethyl)phenyllcarbamothioyl}-3-methyl-L-valinamide 394

\/t/ Azide 439 (124 mg, 0.350 mmol, 1.0eq) was
0
H H
F3C N\H/N_JJ\N N3 reacted with TFA (0.35mL) then 3,5-
s _~_ " o .
/l\ bis(trifluoromethyl)phenyl isothiocyanate (64 uL,
CF;

0.35 mmol, 1.0 eq) was added according to a modified General Procedure | using Et,O
(2.0 mL). Purification by flash column chromatography [petroleum ether to petroleum
ether/Et,0 4/1] afforded the title compound 394 as a colourless solid in 47% vyield (86 mg).
MPT 169 — 170 °C; [a]o®® = -38.1 (¢ =1.11, CHCIls); IR vmad/cm™ 3314, 2967, 2104,

1651, 1527, 1383, 1277, 1179, 1134; *H NMR (500 MHz, CDCls) & ppm 0.86 (s, 9 H,
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CHC(CH3)s), 1.17 (5, 9 H, CHC(CHs);), 3.20 (dd, J = 13.0, 90 Hz, 1 H,
NHCHCHAHgN3), 3.65 (dd, J = 13.0, 3.5 Hz, 1 H, NHCHCHHgN3), 3.88 (ddd, J = 10.0,
9.0, 3.5 Hz, 1 H, NHCHCHaHzN3), 5.08 (d, J = 9.5 Hz, 1 H, NH(C=S)NHCH), 5.86 (d, J
= 10.0 Hz, 1 H, NHCHCHaHgN3), 7.61 (s, 1 H, ArH), 7.86 (br. d, J = 9.5 Hz, 1 H,
NHC(=S)NHCH), 7.95 (s, 2 H, ArH), 8.93 (s, 1 H, NHC(=S)NHCH); *C NMR
(125 MHz, CDCls)  ppm 26.5 (CHC(CHa)s), 27.2 (CHC(CH3)s), 33.8 (CHC(CHa)s), 34.7
(CHC(CHs)s), 51.8 (NHCHCHAHzNs), 56.7 (NHCHCHAHEN3), 67.0 (NHC(=S)NHCH),
118.7 (spt, Jec = 3.8 Hz, ArCH), 122.9 (g, Jrc = 273.1 Hz, ArCCFs), 124.5 (q, Jec =
3.9 Hz, ArCH), 131.9 (g, Jec = 33.7 Hz, ArCCFs), 139.6 (ArC), 172.1 (C=0), 181.9
(C=S): “FNMR (376 MHz, CDCls) & ppm -63.0;, HRMS (ESI+): calcd. for

Ca1H2sFsNgNaOS [M+Na]" 549.1842, found 549.1840.

8.2.10.5 Synthesis and characterisation of 395

N-[(25)-1-Azido-3,3-dimethylbutan-2-yI]-N>-{[3,5-

bis(trifluoromethyl)phenyllcarbamoyl}-3-methyl-L-valinamide 395

o Azide 439 (124 mg, 0.35 mmol, 1.0 eq) was reacted

FaC HTH%”\/KM with TFA (0.35mL) then 3,5-
\(E/ © /i\ bis(trifluoromethyl)phenyl  isocyanate (60 L,
0.35 mmol? 1.0 eq) was added according to a modified General Procedure | using Et,O
(2.0 mL). Purification by flash column chromatography [Petroleum ether to petroleum
ether/Et,0O 4/1] afforded the title compound 395 as a colourless solid in 45% yield (80 mg).
MPT 121 — 122 °C; [a]o® = -22.4 (¢ = 1.25, CHCIs); IR vmadcm™ 3330, 2968, 2104,
1639, 1551, 1279, 1182, 1134; 'H NMR (500 MHz, CDClz) & ppm 0.78 (s, 9 H,
CHC(CHas)s), 1.18 (s, 9 H, CHC(CHs)s), 3.20 (dd, J = 125, 95 Hz, 1 H,

NHCHCHaHgN3), 3.65 (dd, J = 12.5, 3.0 Hz, 1 H, NHCHCHaHgNS3), 3.82 (‘td’, J = 9.5,
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3.0 Hz, 1 H, NHCHCHAHzNs3), 451 (d, J = 9.5 Hz, 1 H, NHC(=O)NHCH), 6.59 (d, J =
9.5 Hz, 1 H, NHCHCHaHgN3), 6.89 (d, J = 9.5 Hz, 1 H, NHC(=S)NHCH), 7.38 (s, 1 H,
ArH), 7.75 (s, 2 H, ArH), 8.56 (s, 1 H, NHC(=S)NHCH); *C NMR (125 MHz, CDCl5)
& ppm 26.3 (CHC(CHs)s), 26.8 (CHC(CHs)s), 33.8 (CHC(CHs)s), 34.8 ((CHC(CHs)s), 51.6
(NHCHCHAHEN3), 57.0 (NHCHCHAHgNs), 62.0 (NHC(=O)NHCH), 115.6 (spt, Jec =
3.8 Hz, ArCH), 118.5 (ArCH), 121.1 (q, Jrc = 272.8 Hz, ArCCF3), 132.1 (q, Jrc = 33.4 Hz,
ArCCF3), 140.6 (ArC), 155.4 (NHC(=O)NH), 172.7 (CHC(=O)NH); **F NMR (376 MHz,
CDCls) 8 ppm -63.3; HRMS (ESI+): calcd. for CpiHosFsNgNaO, [M+Na]® 533.2070,

found 533.2068.

8.2.10.6 Synthesis and characterisation of 396

N-[(Anthracen-9-ylmethoxy)carbonyll-3-methyl-L-valine 396

O I O 0 /@/Noz
~
e N IS

L

I)J\O

0

O A g g w R
O oo . >I\KU\OH 10% Na,CO; j)/
O DMF

NH,
According to a literature procedure,

C

397 t0 a solution of 4-nitrophenylchloroformate (2.2 g,

11 mmol, 1.1 eq) in CH,CI; (14 mL) at rt was added pyridine (0.90 mL, 11 mmol, 1.1 eq)
dropwise. The slurry was cooled to 0 °C and 9-anthracenemethanol (2.08 g, 10 mmol,
1.0 eq) was added portionwise. The reaction mixture was then allowed to warm to rt and

stirring maintained overnight. The reaction mixture was diluted with CH,Cl, (40 mL) and
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washed with 1 M HCI (20 mL), water (20 mL) and brine (20 mL) and dried (MgSQ,). The
volatiles were removed in vacuo to afford a yellow solid in 60% yield (2.23g) which was
used without further purification.

To a stirred solution of L-tert-Leucine (0.66 g, 5.0 mmol, 1.0 eq) in 10% aqueous Na,CO3
(13 mL) and DMF (10 mL) at 0 °C was slowly added the 4-nitrophenylcarbonate (1.87 g,
5.0 mmol, 1.0 eq) in DMF (15 mL). After stirring for one hour at this temperature, the
reaction mixture was allowed to warm to rt overnight, diluted by the addition of H,O
(50 mL) and extracted with Et,O (3 x 20 mL). The aqueous layer was cooled in an ice bath
and acidified to pH 1 by the addition of concentrated HCI and then extracted with EtOAc
(3 x 25 mL). The combined organics were washed (brine), dried (MgSO,) and the volatiles
removed in vacuo. Purification by flash column chromatography [Petroleum ether to
EtOAc] afforded the title compound 396 as a pale yellow solid in 60% vyield (1.08 g).

MPT 153 — 154 °C; *H NMR (400 MHz, CDCl3) § ppm 1.00 (s, 9 H, C(CHa)s), 4.27 (d, J
=10.0 Hz, 1 H, CHNH), 5.31 (d, J = 10.0 Hz, 1 H, NHCH), 6.13 (d, J = 12.5 Hz, 1 H,
ArCHAHgO), 6.20 (d, J = 12.5 Hz, 1 H, ArCHaHgO), 7.44 - 7.61 (m, 4 H, ArH), 8.01 (d, J
= 85 Hz, 2 H, ArH), 8.37 (d, J = 8.5 Hz, 2 H, ArH), 8.49 (s, 1 H, ArH); *C NMR
(100 MHz, CDCls) & ppm 26.6 (C(CHa)s), 34.7 (C(CHs)s), 59.8 (ArCHaHgO), 62.4
(CHNH), 124.1 (ArCH), 125.2 (ArCH), 126.4 (ArC), 126.8 (ArCH), 129.2 (ArCH), 129.3

(ArCH), 131.2 (ArC), 131.5 (ArC), 156.6 (NHC(=0)O), 176.4 (C(=O)OH).
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8.2.10.7 Synthesis and characterisation of 398

Anthracen-9-yImethyl [(15)-1-({[(2S)-1-azido-3,3-dimethylbutan-2-yl]carbamoyl}amino)-

2.2-dimethylpropyl]carbamate 398

i 'BUOC
MM (0] (@]
i. NaN3 >‘\rNCO >‘Y\ O
N
>‘\HJ\ i Heat 3 O)J\N N)J\N N3
Y —> H H H

@) NH
b . 0

R = 9-methylanthracene

According to a modified literature procedure,*” to a solution of 396 (365 mg, 1.0 mmol,
1.0eq) in THF (4 mL) at -20 °C were added sequentially isobutyl chloroformate (130 L,
1.0 mmol, 1.0 eq) and N-methylmorpholine (110 pL, 1.0 mmol, 1.0 eq) and stirring was
maintained for 20 min. To the reaction mixture was added sodium azide (98 mg, 1.5 mmol,
1.5 eq) in H,O (1.0 mL) and stirring was maintained for 30 min at -20 °C. The organic
layer was then separated, the volatiles removed in vacuo, dissolved in CH,Cl, (15 mL) and
washed with water (10 mL). The organic layer was dried (MgSO,4) and concentrated in
vacuo to approximately 5 mL. The reaction mixture was heated to reflux for 2 h and then
the reaction mixture was cooled to rt and the crude amino azide [obtained according to part
| of General Procedure I using azide 125 (242 mg, 1.00 mmol, 1.00 eq)] as a solution in
Et,0 (4 mL) was added dropwise. The reaction mixture was stirred at rt overnight and then
the volatiles removed in vacuo. Purification by flash column chromatography
[CH.Clo/MeOH 9/1] and trituration with Et,O afforded the title compound 398 as a
colourless solid in 40% yield (200 mg).

MPT 268 — 270 °C; IR vmad/cm™ 3658, 3376, 2977, 2887, 2172, 1667, 1385, 1259, 1004;
'"H NMR (500 MHz, CD,Cl,) 5 ppm 0.88 (s, 9 H, C(CHs)3), 0.89 (s, 9 H, C(CHs)s), 3.18 -

3.25 (M, 1 H, CHCHaHgNs3), 3.33 - 3.42 (m, 1 H, CHCHaHgN3), 3.75 - 3.85 (m, 1 H,
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CHCHaHgN3), 4.81 (d, J = 8.5 Hz, 1 H, NHCHNH), 4.89 (t, J = 9.5 Hz,1 H, NHCHNH),
5.00 (d, J = 11.0 Hz, 1 H, NHCHNH), 5.83 (br. s, NHCHCHaHgN3), 6.03 (d, J = 12.5 Hz,
1 H, ArCHAHg0), 6.08 (d, J = 12.5 Hz, 1 H, ArCHAHgO), 7.40 - 7.43 (m, 2 H, ArH), 7.47
- 7.50 (m, 2 H, ArH), 7.96 (d, J = 8.5 Hz, 2 H, ArH), 8.25 (d, J = 8.5 Hz, 2 H, ArH), 8.44
(s, 1 H, ArH); *C NMR (125 MHz, CD,Cl,) § ppm 25.8 (C(CHs)s), 27.0 (C(CHa)s), 34.7
(C(CHa)3), 35.9 (C(CHs)s), 53.0 (CHCHAH&N:), 58.9 (CHCHAHEN), 60.4 (ArCHAHg0),
67.4 (NHCHNH), 124.4 (ArCH), 125.7 (ArCH), 126.4 (ArC), 127.2 (ArCH), 129.6
(ArCH), 129.7 (ArCH), 1315 (ArC), 131.9 (ArC), 157.8 (C=0), 157.9 (C=0); HRMS

(ESI+): calcd. for CogH3sNgNaO3; [M+Na]* 527.2741, found 527.2742.

8.2.10.8 Synthesis and characterisation of 401

N-[(1R,2R)-2-({[(1R)-2-azido-1-phenylethyl]carbamothioyl¥amino)-1,2-diphenylethyl]-4-

methylbenzenesulfonamide 401

H,N  NHTs O ©
a, b (o3 :
’ TsHN N
N - N ® N)J\N/\/ 3

- 8 ; 8 H H
NHBoc NCS O

To 121 (105 mg, 0.40 mmol, 1.0eq) at 0 °C was added TFA (0.4 mL) dropwise. The

reaction mixture was allowed to warm to rt and stirring was maintained for 1 h whereupon
the volatiles were removed under a stream of nitrogen. To the resultant oil was added
CH.CI, (4 mL) and sat. ag NaHCOg3; (4 mL) and the biphasic mixture was stirred for 20
min. Stirring was stopped and thiophosgene (31 uL, 0.40 mmol, 1.00 eq) was added to the
organic layer. Immediately, vigorous stirring was restored and the mixture allowed to
warm to rt over 30 min. The organic phase was extracted with CH,Cl, (2 x 10 mL),

washed with brine (10 mL), dried (MgSQ,), filtered and the volatiles removed in vacuo to
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afford the crude isothiocyanate. To a solution of the isothiocyanate in THF (1.3 mL) was
added (1R,2R)-N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine (150 mg, 0.40 mmol,
1.0 eq) and stirring maintained for 14 h whereupon the volatiles were removed in vacuo.
Purification by flash column chromatography [initial column: petroleum ether to petroleum
ether: EtOAc 1:1 and second purification: petroleum ether to petroleum ether:Et,O 1:1]
and second afforded the title compound 401 as an amorphous pale yellow solid in 53%
yield (120 mg).

'H NMR (400 MHz, CDCl3) & ppm 2.26 (s, 3H), 3.77 (br s, 2H), 4.45 (br s, 1H), 4.56 -
4.70 (m, 1H), 5.45 - 5.75 (m, 1H), 6.55 - 6.84 (m, 2H), 6.88 - 7.11 (m, 9H), 7.35 - 7.61 (M,
8H); °C NMR (100 MHz, CDCls) & ppm 21.3, 55.5, 62.6, 63.1, 63.2, 126.8, 126.9, 127.4,
127.4, 1275, 127.6, 128.0, 129.1, 129.2, 136.6, 136.9, 137.1, 137.4, 137.9, 142.8, 142.9™";

HRMS (ESI+): calcd. for C3oHziNgOsS, [M+Na]* 571.1944, found 571.1943.

8.2.11 Synthesis of Trivalent Phosphines
8.2.11.1 Synthesis and characterisation of 440

Tris(3,4-dimethoxyphenyl)phosphane 440

O nBuLi, PClg

THF

Br O

According to a literature procedure,®®®

to a solution of 4-bromoveratrole (2.1 mL,
15 mmol, 1.0 eq) in THF (20 mL) at -78 °C was added 2.5 M nBuLi in hexanes (5.9 mL,
15 mmol, 1.0 eq) dropwise over 30 minutes. To the reaction mixture was added freshly

distilled phosphorous trichloride (0.430 mL, 4.92 mmol, 0.33eq) in THF (10 mL)

xli

Quarternary carbon CS not found in spectrum.
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dropwise maintaining the temperature below -50 °C. The reaction mixture was warmed to
room temperature over one hour and stirring was maintained for 10 h whereupon the
reaction mixture was quenched by the addition of 10% aq NH4Cl (20 mL). The volatiles
were removed in vacuo and the mixture diluted with water (20 mL) and extracted with
CH,Cl, (3 x 30 mL). The combined organics were washed (brine) and dried (MgSQO,) and
volatiles removed in vacuo to afford an orange oil. The crude reaction mixture was purified
by recrystallisation [refluxing EtOH] to obtain the title compound 440 as a colourless solid
(763 mg, 12% yield).

'H NMR (400 MHz, CDClg) & ppm 3.77 (s, 9 H), 3.88 (s, 9 H), 6.79 - 6.91 (m, 9 H);
13C NMR (100 MHz, CDCl3) & ppm 55.8, 55.8, 111.2 (d, Jec = 8.0 Hz), 116.1 (d, Jpc =
24.8 Hz), 126.5 (d, Jpc = 17.6 Hz), 129.0 (d, Jpc = 8.0 Hz), 148.9 (d, Jpc = 9.6 Hz), 149.6;
31p NMR (162 MHz, CDCl3) & ppm —4.90; MP 125 - 126 °C, IR vmad/cm™ 1587, 1504,
1452, 1392, 1313, 1249, 1232, 1177, 1139, 1097, 1023, 862, 843, 818, 805, 761, HRMS
(ESI+): calcd. for CysHs06P [M+H]" 443.1618, found 443.1606. Data is consistent with

that given in the literature.%

8.2.11.2 Synthesis and characterisation of 441

Tris(3,4,5-trimethoxyphenyl)phosphane 441

o o
Sole s
O/
0 O nBuLi,PCl, O P o~
THE
Br ~o o~
O\

To a solution of 5-bromo-1,2,3-trimethoxybenzene (1.70 g, 6.90 mmol, 1.0 eq) in THF

(10 mL) at -78 °C was added 2.5 M nBuLi in hexanes (2.76 mL, 6.90 mmol, 1.0 eq)
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dropwise over 30 minutes. To the reaction mixture was added freshly distilled phosphorous
trichloride (0.20 mL, 2.3 mmol, 0.33eq) in THF (5.0 mL) dropwise maintaining the
temperature below -50 °C. The reaction mixture was warmed to room temperature over
one hour and stirring was maintained for 10 hours whereupon the reaction mixture was
quenched by the addition of 10% aq NH,4Cl (20 mL). The volatiles were removed in vacuo
and the mixture diluted with water (20 mL) and extracted with CH,Cl, (3 x 15 mL). The
combined organics were washed (brine) and dried (MgSQO,) and volatiles removed in
vacuo to afford an orange oil. The crude reaction mixture was purified by recrystallisation
[refluxing EtOH] to obtain the title compound 441 as a colourless solid (717 mg, 20%
yield).

'H NMR (400 MHz, CDCl3) & ppm 3.75 (s, 18 H), 3.86 (s, 9 H), 6.57 (d, J = 8.1 Hz, 6 H);
B3C NMR (100 MHz, CDCls) & ppm 56.2, 60.9, 110.5 (d, Jpc = 22.4 Hz), 132.0 (d, Jpc =
11.2 Hz), 138.8, 153.3 (d, Jec = 8.8 Hz); *'P NMR (162 MHz, CDCls) § ppm 2.37; MP
136 - 137 °C; IR vma/cm™ 2359, 2164, 2011, 1573, 1499, 1467, 1399 1304, 1239, 1126,

999, 826, 772; HRMS (ESI+): calcd. for C,7H3400P [M+H]" 533.1935, found 533.1930.

8.2.11.3 Synthesis and characterisation of 442

Trinaphthalen-2-ylphosphane 442

O nBuLi, PCly O
O THF P
L

To a solution of 2-bromonaphthalene (1.4 g, 6.9 mmol, 1.0 eq) in THF (10 mL) at -78 °C

was added 2.5 M nBuLi in hexanes (2.8 mL, 6.9 mmol, 1.0 eq) dropwise over 30 minutes.

To the reaction mixture was added a solution of phosphorous trichloride (0.20 mL,
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2.3 mmol, 0.33 eq) in THF (5 mL) dropwise maintaining the temperature below -50 °C.
The reaction mixture was warmed to room temperature over one hour and stirring was
maintained for 10 h whereupon the reaction mixture was quenched by the addition of 10%
aq NH4CI (10 mL). The volatiles were removed in vacuo and the mixture diluted with
water (10 mL) and extracted with CH,Cl, (3 x 20 mL). The combined organics were
washed (brine) and dried (MgSO,) and volatiles removed in vacuo. The crude material was
purified by trituration in hot EtOH and filtered to obtain the title compound as a colourless
solid in 90% purity (643 mg, 68% vyield). An analytical sample was obtained by flash
column chromatography [petroleum ether to petroleum ether/Et,O 1/1] to afford the title
compound 442 as a colourless solid.

MP 223 - 225 °C; IR vmadcm™ 2978, 2360, 2035, 1974, 1585, 1494, 817, 743, 642;
'H NMR (400 MHz, CDCl3) & ppm 7.43 - 7.57 (m, 9 H, ArH), 7.74 (d, J = 8.0 Hz, 3 H,
ArH), 7.83 (‘t’, J = 9.0 Hz, 6 H, ArH), 7.91 (d, J = 9.0 Hz, 3 H, ArH); *C NMR
(100 MHz, CDCls) 5 ppm 126.5 (ArCH), 126.9 (ArCH), 127.9 (ArCH), 128.2 (d, Jpc = 6.4
Hz, ArC), 128.3 (ArCH), 130.3 (d, J = 17.5 Hz, ArCH), 133.5 (d, Jec = 8.7 Hz, ArC),
133.6 (ArCH), 134.5 (d, J = 22.3 Hz, ArCH), 134.6 (d, Jec = 11.1 Hz, ArCP); 3P NMR
(162 MHz, CDCl3) & ppm -3.74; HRMS (ESI+): calcd. for CaoHP [M+H]" 413.1454,

found 413.1455.
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8.2.11.4 Synthesis and characterisation of 443

Tris(6-methoxynaphthalen-2-yl)phosphane 443

~o

P (]
O nBulLi, PCl3 O

THF P
L
\O O/

To a solution of 2-bromo-6-methoxynaphthalene (1.64 g, 6.9 mmol, 1.0eq) in THF

(10 mL) at -78 °C was added 2.5 M nBuL.i in hexanes (2.8 mL, 6.9 mmol, 1.0 eq) dropwise
over 30 minutes. To the reaction mixture was added a solution of phosphorous trichloride
(0.20 mL, 2.3 mmol, 0.33 eq) in THF (5 mL) dropwise maintaining the temperature below
-50 °C. The reaction mixture was warmed to room temperature over one hour and stirring
was maintained for 10 h whereupon the reaction mixture was guenched by the addition of
10% ag NH,4CI (10 mL). The volatiles were removed in vacuo and the mixture diluted with
water (10 mL) and extracted with CH,Cl, (3x 20 mL). The combined organics were
washed (brine) and dried (MgSO,) and volatiles removed in vacuo. The crude material was
purified by trituration in hot EtOH and filtered to obtain 1.27 g of crude phosphine.
Purification by flash column chromatography [CH.Cl,] afforded the title compound 443 as
a colourless solid in 30% yield (350 mg).

MP 101 — 102 °C; IR vmad/cm™ 3052, 3005, 2933, 1622, 1588, 1469, 1386, 1262, 1212,
1161, 1030, 853, 759; *H NMR (400 MHz, CDCl3) & ppm 3.93 (s, 9 H, OCHs), 7.10 - 7.16
(m, 6 H, ArCH), 7.44 (ddd, J = 8.5, 7.0, 1.5 Hz, 3 H, ArCH), 7.60 - 7.66 (m, 3 H, ArCH),
7.71 (d, J = 8.5 Hz, 3 H, ArCH), 7.76 - 7.85 (m, 3 H, ArCH); **C NMR (100 MHz,
CDCl3) & ppm 55.5 (OCHs3), 105.8 (ArCH), 119.2 (ArCH), 127.1 (d, Jpc = 7.2 Hz, ArCH),

129.0 (d, Joc = 8.7 Hz, ArC), 129.8 (ArCH), 130.9 (d, Jec = 17.5 Hz, ArCH), 132.2 (d, Jpc
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= 9.5 Hz, ArC), 134.1 (d, Jec = 23.1 Hz, ArCH), 134.8 (ArC), 158.5 (ArCOCHs);
3P NMR (162 MHz, CDCls) 5 ppm -4.84; HRMS (ESI+): calcd. for CasHas0sP [M+H]*

503.1771, found 503.1772.

8.2.11.5 Synthesis and characterisation of 422

tert-Butylphenylphosphine borane 422

>L PhMgBr >L i LIAIH I?Ha

_Cl _ClI 1. LIAIF,

II3 > P - P<
Cl

o i I H
THF, -78 °C I|3h ii. BH3. THF >(Ph

To a 1.0 M in Et,0 tert-butyldichlorophosphine solution (14.0 mL, 14.0 mmol, 1.00 eq) in

THF (40 mL) at -78 °C was added dropwise 1.0 M in THF phenylmagnesium bromide
solution (14.0 mL, 14.0 mmol, 1.0 eq) and the reaction mixture was allowed to warm to rt
over one hour. The reaction mixture was then cooled to 0 °C and 1.0 M LiAlH, in Et,O
(14.0 mL, 14.0 mmol, 1.0 eq) was added dropwise followed by the addition of 1.0 M in
THF BH3*THF complex (16.0 mL, 16.0 mmol, 1.14 eq). The reaction mixture was allowed
to warm to rt and stirring maintained overnight. The reaction mixture was carefully poured
into a mixture of concentrated HCI (10 mL), ice (30 g), and CH,Cl, (30 mL). The organic
layer was separated and the aqueous layer was extracted with CH,Cl, (2 x 50 mL). The
combined organics were washed (brine), dried (MgSO,4) and the volatiles removed in
vacuo. Purification by flash column chromatography [petroleum ether to Et,O] afforded
the title compound 422 as a colourless oil in 64% yield (1.62 g).

'H NMR (400 MHz, CDCl3) & ppm 0.20 - 1.00 (br m, 3 H, BHs), 1.18 (d, Jpy = 14.9 Hz,
9 H, C(CHs)3), 5.09 (dg, Jpy = 363.5, Jun = 6.6 Hz, 1 H, PH), 7.41 - 7.50 (m, 2 H, ArH),
7.50 - 7.56 (m, 1 H, ArH), 7.60 - 7.71 (m, 2 H, ArH); **C NMR (100 MHz, CDCls) 5 ppm
26.6 (d, Jpc = 2.4 Hz, C(CH3)s3), 28.5 (d, Jrc = 32.6 Hz, C(CHa3)3), 124.9 (d, Jpc = 51.7 Hz,

ArC), 128.7 (d, Jpc =9.5 Hz, ArCH), 131.7 (d, Jpc = 2.4 Hz, ArCH), 134.0 (d, Jpc = 7.2 Hz,
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ArCH); 3P NMR (162 MHz, CDCl3) & ppm 30.1 (g, Jeg = 92 Hz). Data is consistent with

that given in the literature. %'

8.2.11.6 Synthesis and characterisation of 423

(2)-tert-Butylmethylphenylphosphine borane 423

BH BH
p oo i, nBuLi p e

P< > P
I H i N
>(Ph ii. Mel >(Ph

According to a modified literature procedure,®! to a solution of 422 (1.42 g, 7.89 mmol,

1.00eq) in Et,O (60 mL) at -78 °C was added 2.5M nBuLi in hexanes (3.47 mL,
8.69 mmol, 1.10 eq) dropwise and the reaction mixture was allowed to warm to room
temperature over one hour. The reaction mixture was then cooled to -78 °C, methyl iodide
(0.737 mL, 11.8 mmol, 1.50 eq) was added dropwise and then the reaction mixture allowed
to warm to rt and stirring maintained overnight. The reaction mixture was quenched by the
addition of 1 M HCI (10 mL) and the aqueous phase extracted with Et,O (3 x 20 mL). The
combined organics were washed (brine), dried (MgSO,) and the volatiles removed in
vacuo. Purification by flash column chromatography [Petroleum ether to petroleum
ether/Et,0 4/1] afforded the title compound 423 as a colourless solid in 91% yield (1.40 g).
MP 80 - 82 °C [lit. 81 - 82 °C]**?; 'H NMR (400 MHz, CDCls) & ppm 0.22 - 0.91 (br m,
3 H, BH3), 1.09 (d, Jpry = 13.9 Hz, 9 H, C(CHs3)3), 1.56 (d, Jpy = 9.5 Hz, 3 H, PCHj3), 7.39 -
7.55 (m, 3 H, ArH), 7.61 - 7.81 (m, 2 H, ArH); **C NMR (100 MHz, CDCl3) & ppm 5.3 (d,
Joc = 37.4 Hz, PCHs), 25.2 (d, Jpc = 2.4 Hz, PC(CHs)s), 28.6 (d, Jpc = 33.4 Hz,
PC(CHs)s), 127.7 (d, Jec = 50.9 Hz, ArC), 128.3 (d, Jpc = 9.5 Hz, ArCH), 131.2 (d, Jpc =
2.4 Hz, ArCH), 132.9 (d, Jpc = 7.9 Hz, ArCH); *'P NMR (162 MHz, CDCl3) & ppm 25.0

(g, Jep = 60.0 Hz). Data is consistent with that given in the literature.?*3**
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8.2.11.7 Separation of the enantiomers of 423

BH; BH;
BH; iy o
A Preparative ARPh . Phi P
>(F,’\ chiral HPLC _ N
Ph & R

(£)-423 (30 mg) was dissolved in hexane: iPrOH 1:1 and injected onto a preparative
Chiralpak-AS column (99:1 hexane: iPrOH, 22 mL/min) and fractions collected every
30 seconds. The enantiomeric excess of each fraction was determined by analytical HPLC
(AS-H, 95:5 hexane: iPrOH, 1 mL/min) and only fractions with ee greater than 99% were
retained.

9.78 min: (Sp)-423 (6.0 mg); [a]p™® = +15.1 (c = 0.17, CHCly).

12.21 min: (Rp)-423 (6.5 mg); [a]o** = -13.9 (c = 0.54, CHCly), [lit. for (Rp)-423 [o]p® -

15.0, ¢ = 0.3]*

8.2.11.8 Synthesis and characterisation of 444

tert-Butyl-1-naphtylphosphine borane 444

i. "BuLi >|\P/CI i, LiAIH, GHa
ii. ‘BUPCI, ii. BHg. THF P
THF, -78 °C >‘/H O

Br

To a solution of 1-bromonaphthalene (0.98 mL, 7.0 mmol, 1.0 eq) in THF (20 mL) at -
78 °C was added dropwise 2.5 M in hexanes nBuLi (2.8 mL, 7.0 mmol, 1.0 eq) and left to
stir for one hour. The solution was then transferred via cannula to a solution of 1.0 M
*butyldichlorophosphine in Et,0 (7.0 mL, 7.0 mmol, 1.0 eq) at -78 °C and the reaction
mixture was allowed to warm to rt over one hour. The reaction mixture was then cooled to
0°C and 1.0 M LiAlHy4 in Et,O (7.0 mL, 7.0 mmol, 1.0 eq) was added dropwise followed

by the addition of 1.0 M in THF BH3- THF complex (8.0 mL, 8.0 mmol, 1.14 eq). The
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reaction mixture was allowed to warm to rt and stirring maintained overnight. The reaction
mixture was carefully poured into a mixture of concentrated HCI (5 mL), ice (15 g), and
CH,Cl, (20 mL). The organic layer was separated and the aqueous layer was extracted
with CH,CI; (2 x 30 mL). The combined organics were washed (brine), dried (MgSO,) and
the volatiles removed in vacuo. Purification by flash column chromatography [Petroleum
Ether to Et,0] afforded the title compound 444 as an amorphous colourless solid in 67%
yield (1.18 g).

'H NMR (400 MHz, CDCl3) § ppm 0.20 - 1.01 (br. m, 3 H, BH3), 1.11 (d, Jpy = 14.9 Hz,
9 H, PC(CHa)s), 5.70 (dg, Jpn = 365.6 Hz, Jun = 6.1 Hz, 1 H, PH), 7.37 - 7.56 (m, 3 H,
ArH), 7.80 (d, J = 8.1 Hz, 1 H, ArH), 7.84 - 7.97 (m, 2 H, ArH), 8.19 (d, J = 8.3 Hz, 1 H,
ArH); °C NMR (100 MHz, CDCls) § ppm 27.3 (d, Jec = 3.2 Hz, PC(CHa)s), 30.2 (d, Jpc =
31.8 Hz, PC(CH3)s), 122.5 (d, Jpc = 46.1 Hz, ArC), 125.0 (d, Jpc = 11.9 Hz, ArCH), 125.8
(d, Jpc = 4.0 Hz, ArCH), 126.4 (ArCH), 127.3 (ArCH), 129.3 (ArCH), 132.7 (d, Jpc = 3.2
Hz, ArCH), 133.6 (d, Jpc = 6.4 Hz, ArC), 134.0 (d, Jec =4.0 Hz, ArC), 135.6 (d, Jpc =11.1
Hz, ArCH); *P NMR (162 MHz, CDCls) & ppm 13.3 (br. s). Data is consistent with that

given in the literature.?

8.2.11.9 Synthesis and characterisation of 445

(3)-tert-Butylmethyl-1-naphtylphosphine borane 445

BH BH

p o ‘ i "BuLi p o ‘
>(I|3 O i. Mel >(I|3 O

H —_—

To a solution of 444 (800 mg, 3.17 mmol, 1.0 eq) in Et,O (23 mL) at -78 °C was added

2.5 M nBuLi in hexanes (1.39 mL, 3.49 mmol, 1.10 eq) dropwise and the reaction mixture

was allowed to warm to room temperature over one hour. The reaction mixture was then
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cooled to -78 °C, methyl iodide (0.296 mL, 4.76 mmol, 1.50 eq) was added dropwise and
then the reaction mixture allowed to warm to rt and stirring maintained overnight. The
reaction mixture was quenched by the addition of 1 M HCI (5 mL) and the aqueous phase
extracted with Et,O (3 x 15 mL). The combined organics were washed (brine), dried
(MgSO,) and the volatiles removed in vacuo. Purification by flash column chromatography
[petroleum ether to petroleum ether/Et,O 4/1] afforded the title compound 445 as a
colourless solid in 76% yield (590 mg).

MPT 131 - 133 °C [lit. 144 - 146 °C for (R)- 445]**?; '"H NMR (400 MHz, CDCl5) & ppm
0.53 - 1.58 (M, 3 H, BH3), 1.19 (d, Jpy = 14.2 Hz, 9 H, PC(CHs)s), 1.82 (d, Jpr = 9.0 Hz, 3
H, PCHs), 7.47 - 7.66 (m, 3 H, ArH), 7.77 - 7.85 (m, 1 H, ArH), 7.90 (d, J = 8.1 Hz, 1 H,
ArH), 8.02 (d, J = 8.1 Hz, 1 H, ArH), 8.94 (d, J = 8.6 Hz, 2 H, ArH); *C NMR (100 MHz,
CDCl3) & ppm 9.1 (d, Jec =39.7 Hz, PCH3), 25.9 (d, Jpc = 3.2 Hz, PC(CHs)s), 30.7 (d, Jrc
= 31.8 Hz, PC(CH3)3), 124.4 (d, Jpc = 9.5 Hz, ArCH), 125.2 (d, Jpc = 44.5 Hz, ArC), 126.4
(ArCH), 126.7 (ArCH), 128.3 (d, Jec = 5.6 Hz, ArCH), 128.9 (ArCH), 132.6 (d, Jec =
2.4 Hz, ArCH), 133.6 (d, Jpc = 4.0 Hz, ArCH), 134.0 (d, Jec = 7.2 Hz, ArC), 135.5 (d, Jec
= 11.1 Hz, ArC); *P NMR (162 MHz, CDCls) & ppm 23.9 (br. q, Jgp = 66.5 Hz). Data is

consistent with that given in the literature.?®

8.2.11.10 Separation of enantiomers of 445

BH3 Preparative ‘g “ ‘g ‘O

+ =

A chiral HPLC Z_BH H.B -2
7 T X AL
g N N

(£)-445 (9 mg) was dissolved in iPrOH 1:1 and injected onto a preparative Chiralpak-AS

column (99.5:0.5 hexane: iPrOH, 22 mL/min) and fractions collected every 30 seconds.

The enantiomeric excess of each fraction was determined by analytical HPLC (AS-H, 95:5
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hexane: iPrOH, 1 mL/min) and only fractions with ee greater than 99% were retained. The
peak maxima were obtained at 10.66 min (Sp)-445 (3.0 mg) and 17.61 min (Rp)-445

(3.0 mg).

8.3 Ketimine Nitro-Mannich Reaction

8.3.1 General Procedures

General Procedure Il for the Synthesis of Diphenylphosphinoyl Ketimines

o NH,OH, NaOAc Nl/OH Ph,PCI, NEt; N POPh
I
R1JJ\R2 EtOH/H,0 R1J\R2 CH,Cl,/n-hexane R1J\R2
205 reflux 206 -45°C to rt 150

To a solution of NH,OH-HCI (1.5 equiv.) and NaOAc (1.5 equiv.) in EtOH/H,0 (1:1,
1.8 M) was added the corresponding ketone 205 (1.0 eq) at room temperature, and then
refluxed for 8 hours. After cooling to room temperature, the reaction mixture was stored at
- 20 °C for 24 hours. The precipitated oxime was filtered, washed with ethanol at 0 °C,
vacuum dried and used directly without further purification. To a solution of oxime
(1.0 equiv.) in dichloromethane/n-hexane (1: 1, 0.3 M) under inert atmosphere at -45 °C
was added triethylamine (1.1eq) and stirred for 10 min. Subsequently,
chlorodiphenylphosphine (1.1 eq.) was added dropwise over 20 minutes by syringe pump.
After stirring at -45 °C for one hour and room temperature for 16 h, the solvents were
removed under reduced pressure (temperature of water bath below 20 °C). The crude
reaction mixture was dissolved in CH,Cl, and washed with water (2 x), then brine and
dried (MgSO,) and the volatiles removed in vacuo. Purification by flash column
chromatography [petrol/EtOAc mixtures, or as specified in the individual experiment]

yielded the desired ketimines 150.
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General Procedure IV for the Ketimine Nitro-Mannich Catalyst Optimisation Studies

To a stirred solution of the catalyst precursors (0.020 mmol) in Et,O (0.1 mL) in a closed
vial was added triphenylphosphine (5.2 mg, 0.020 mmol, 1 eq) and stirred at rt for 24 h.
The catalyst formation was confirmed by LRMS and TLC, the volatiles removed under
nitrogen stream and to the crude mixture was added ketimine 150a (64 mg, 0.20 mmol)
and MeNO; (0.215 mL, 4.00 mmol). The reaction was stirred at rt for 24 h and quenched
by the addition of 0.05 mL of a 1 M acetic acid solution in CH,Cl, and stirred at rt for
10 min. After evaporation of the solvents, the conversion was measured by *H NMR and
the ee was determined on an analytical sample obtained by flash column chromatography

(PE/EtOAC).

General Procedure V for the Enantioselective Ketimine Nitro-Mannich Addition of

Nitromethane to Ketimines at -15 °C

To a stirred suspension of ketimine 150 (0.200 mmol) in MeNO, (0.215 mL, 4.00 mmol) at
-15 °C, catalyst 145 (0.020 mmol) was added and the reaction mixture was stirred at -15 °C
in a closed vial until disappearance of starting material by TLC or for a maximum of 96 h.
The reaction was quenched by addition of 0.05 mL of a 1 M acetic acid solution in CH,Cl,
and stirred at rt for 10 min. After evaporation of the solvents the crude reaction mixture

was purified by flash column chromatography.

General Procedure VI for the Enantioselective Ketimine Nitro-Mannich Addition of

Nitromethane to Ketimines at 0 °C

To a stirred suspension of ketimine 150 (0.200 mmol) in MeNO, (0.215 mL, 4.00 mmol) at
0 °C, catalyst 145 (0.020 mmol) was added and the reaction mixture was stirred at 0 °C in
a closed vial until disappearance of starting material by TLC or for a maximum of 48 h.

The reaction was quenched by addition of 0.05 mL of a 1 M acetic acid solution in CH,ClI,
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and stirred at rt for 10 min. After evaporation of the solvents the crude reaction mixture

was purified by flash column chromatography.

8.3.2 Synthesis and Characterisation of Ketimines

8.3.2.1 Synthesis and Characterisation of 150a

P P-Diphenyl-N-[(1E)-1-phenylethylidene]phosphinic amide 150a

N,Ptho A solution of acetophenone (29.0 mL, 250 mmol, 1.0 eq),
©)|\ hydroxylamine hydrochloride (24.0 g, 375 mmol, 1.5 eq) and sodium
acetate (31.0 g, 375 mmol, 1.5eq) in 1:1 water: EtOH (200 mL) was
refluxed for 14 h. The reaction mixture was cooled and volatiles removed in vacuo and the
reaction mixture was diluted with water (50 mL) and extracted with CH,Cl, (3 x 50 mL).
The organics were washed with brine (30 mL), dried (MgSO,). The crude product was
purified by distillation [7 mBar, 115 °C] (lit.*** bp 20 Torr, 119 °C) to afford the oxime as
a colourless solid in 89% yield (30.2 g).
'H NMR (400 MHz, CDCls) & ppm 2.32 (s, 3H), 7.32 - 7.51 (m, 3H), 7.55 - 7.78 (m, 2H);
MP 58- 59 °C (lit. 58 “C)*"®. Data is consistent with that given in the literature.?'°

According to a modified literature procedure,®’

to a solution of acetophenone oxime
(14.2 9, 105 mmol, 1.0eq) in 1:1 CH,Cl,: Hex (314 mL) was added triethylamine
(16.1 mL, 116 mmol, 1.5 eq). The reaction mixture was cooled to -45°C and
chlorodiphenylphosphine (21.4 mL, 115.7 mmol, 1.1 eq) was added dropwise over 2 hours
using a syringe pump such that the temperature did not exceed -45°C. The reaction
mixture was allowed to slowly warm to room temperature and stirring was maintained for
12 h whereupon the reaction mixture was filtered and the filter cake washed with 1:1 Et,0:
CH,Cl, (180 mL). The volatiles of the filtrate were removed in vacuo, the crude product

was triturated with Et,O (40 mL) for 2 hours and the reaction mixture filtered. Purification
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of the crude material by flash column chromatography [300 g silica gel, 1:1 Petrol: EtOACc
then 1:3 Petrol: EtOAc] afforded the title compound 150a as an off white solid (17.9 g,
53% yield).

'H NMR (400 MHz, CDCls) § ppm 2.95 (d, J = 2.0 Hz, 3H), 7.35 - 7.53 (m, 9H), 7.95 -
8.10 (m, 6H); *C NMR (100 MHz, CDCl3) & ppm 22.7 (d, Jec = 12.8 Hz), 127.6, 128.1 (d,
Jec = 12.0 Hz), 128.3, 131.1 (d, Jpc = 3.2 Hz), 131.3 (d, Jec = 9.6 Hz), 132.2, 134.5 (d,
Jec = 131.0 Hz), 139.1 (d, Jpc = 23.2 Hz), 181.2 (d, Jec = 8.0 Hz); 1P NMR (162 MHz,
CDCls) 6 ppm 18.9; MP 130 - 132 °C (lit. 128 - 130 °C)*'®. Data is consistent with that

given in the literature.®*

8.3.2.2 Synthesis and characterisation of 150e

N-[(1E)-1-(4-Methoxyphenylethylidenel-P,P-diphenylphosphinic amide 150e

N,Ptho Synthesised according to General Procedure 111, on a 4.42 mmol
/©)|\ scale of the oxime to afford the title compound 150e as an off-
"o white solid (852 mg, 55% yield).

'H NMR (400 MHz, CDCl3) & ppm 2.93 (d, J = 1.9 Hz, 3H), 3.89 (s, 3H), 6.97 (d, J =
9.0 Hz, 2H), 7.36 - 7.56 (m, 6H), 7.91 - 8.02 (m, 4H), 8.07 - 8.13 (m, 2H); *C NMR
(100 MHz, CDCls) & ppm 22.8 (d, Jpc = 12.8 Hz), 55.4, 113.7, 128.3 (d, Jpc = 12.0 Hz),
130.1, 131.2 (d, Jpc = 2.4 Hz), 131.5 (d, Jpc = 9.6 Hz), 132.1 (d, Jpc = 24.8 Hz), 135.0 (d,
Jec = 131.0 Hz), 163.1, 180.5 (d, Jpc = 7.2 Hz); **P NMR (162 MHz, CDCl3) & ppm 19.8;

MP 120 - 122 °C. Data is consistent with that given in the literature. >’
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8.3.2.3 Synthesis and characterisation of 150f

N-[(1E)-1-(3-Methoxyphenylethylidene]-P,P-diphenylphosphinic amide 150f

PPh.O Synthesised according to General Procedure 111, on a 8.78 mmol
N/ 2

| scale of the oxime to afford the title compound 150f as a colourless

amorphous solid after purification by flash column chromatography
and then trituration with Et,O (1.90g, 62% yield).
'H NMR (400 MHz, CDCl3) & ppm 2.95 (d, J = 2.0 Hz, 3H), 3.87 (s, 3H), 7.05 - 7.12 (m,
1H), 7.34 - 7.49 (m, 7H), 7.61 - 7.69 (m, 2H), 7.93 - 8.05 (m, 4H); *C NMR (100 MHz,
CDCls) & ppm 23.0 (d, Jpc = 12.8 Hz), 55.3, 113.3, 117.6, 120.4, 128.3 (d, Jpc = 12.8 Hz),
129.4, 131.3 (d, Jpc = 3.2 Hz), 131.4 (d, Jpc = 8.8 Hz), 134.6 (d, Jpc = 131.0 Hz), 140.8 (d,
Jec = 24.0 Hz), 159.5, 181.2 (d, Jpc = 8.0 Hz); *'P NMR (162 MHz, CDCl3) & ppm 20.1.

Data is consistent with that given in the literature.®"’

8.3.2.4 Synthesis and characterisation of 150h

N-[(1E)-1-(2-fluorophenyl)ethylidene]-P,P-diphenylphosphinic amide 150h

PPh,O Synthesised according to General Procedure 111, on a 9.80 mmol scale of
N

©f|\ the oxime to afford after flash column chromatography and trituration
F (Et,0) the title compound 150h as a colourless solid (1.77 g, 42% vyield).
MPT 98-100 °C; IR vma/cm™ 1640, 1483, 1200, 1122; *H NMR (400 MHz, CDCls)
& ppm 2.97 (dd, J = 4.0, 2.0 Hz, 3H), 7.11 (dd, J = 11.1, 8.6 Hz, 1H), 7.22 (‘’, J = 7.6 Hz,
1H), 7.37 - 7.53 (m, 7H), 7.89 (td, J = 7.7, 1.8 Hz, 1H), 7.94 - 8.04 (m, 4H) *C NMR
(100 MHz, CDCl3) & ppm 27.2 (dd, Jpc =12.8, Jec = 7.2 Hz), 116.7 (d, Jec = 23.2 Hz),
124.2 (d, Jec = 4.0 Hz), 128.4 (d, Jpc = 12.0 Hz), 128.5 - 128.7 (m, 1C), 130.3 (d, Jrc =
2.4 Hz), 131.4 (d, Jpc = 2.4 Hz), 131.5 (d, Jpc = 9.6 Hz), 133.3 (d, Jrc = 8.8 Hz), 134.2 (d,
Jec = 130.2 Hz), 161.5 (d, Jrc = 254.9 Hz), 180.9 (dd, Jpc = 7.2, Jrc = 2.4 Hz); P NMR
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(162 MHz, CDCls) & ppm 20.2; *°F NMR (376.5 MHz, CDCl3) & ppm - 110.0; HRMS

(ESI+): calcd. for CooH;,FNNaOP [M+Na]* 360.0924, found 360.0915.

8.3.2.5 Synthesis and characterisation of 150m

P.,P-Diphenyl-N-[(1E)-1-phenylpropylidene]phosphinic amide 150m

N,Ptho Synthesised according to General Procedure 111, on a 10.1 mmol scale of

©)|\/ the oxime to afford after trituration (Et,0) the title compound 150m as a
colourless solid (1.72 g, 54% yield).

'H NMR (200 MHz, CDCl3) & ppm 1.22 (t, J = 7.7 Hz, 3H), 3.44 (qd, Jun = 7.7 Hz, Jpyy =
1.5 Hz, 2H), 7.38 — 7.60 (m, 9H), 7.94 — 8.10 (m, 6H); *C NMR (100 MHz, CDCls)
8 ppm 13.3, 29.3 (d, Jpc = 11.9 Hz), 128.1, 128.5, (d, Jpc = 12.7 Hz), 128.7, 131.4 (d, Jpc =
2.4 Hz), 131.7 (d, Jpc = 8.7 Hz), 132.4, 135.1 (d, Jpc = 131.1 Hz), 138.1 (d, Jpc = 12.7 Hz),
186.8 (d, Jpc= 7.2 Hz); MP 98-100 °C. Data is consistent with that given in the

literature. 3’

8.3.2.6 Synthesis and characterisation of 150q

P,P-Diphenyl-N-[1-(3,5-bis(trifluoromethyl)phenyl)ethylidene]phosphinic amide 150q

_PPh,O Synthesised according to General Procedure 111, on a 3.69 mmol
FsC | scale of the oxime and purification by flash column
chromatography [CH,CI, then 10:1 CH.Cl,: Et,O] afforded the

title con?pF;und 150q as a colourless solid (917 mg, 55% vyield).
'H NMR (400 MHz, CDCls3) & ppm 3.05 (d, J = 2.0 Hz, 3H), 7.42 - 7.59 (m, 6H), 7.90 -
8.01 (m, 4H), 8.05 (s, 1H), 8.46 (s, 2H); *C NMR (100 MHz, CDCls) 5 ppm 178.1 (d, Jpc
= 7.1 Hz), 141.3 (d, Jpc = 24.6 Hz), 133.5 (d, Jpc = 130.9 Hz), 132.1 (q, Jrc = 33.8 Hz),

131.9 (d, Jpc = 2.5 Hz), 1315 (d, Jpc = 9.3 Hz), 128.6 (d, Jpc = 12.7 Hz), 127.7 (br s),
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125.3-125.6 (m, 1C), 123.0 (q, Jec = 272.8 Hz), 22.9 (d, Jpc = 11.8 Hz). 'P NMR
(162 MHz, CDCI3) & ppm 21.5; MP 120 - 121 °C; IR vmad/cm™ 1649, 1438, 1382, 1279,
1245, 1184, 1134, 746, 727, 695, HRMS (ESI+): calcd. for CpHiFgNOP [M+H]*

456.0946, found 456.0924.

8.3.2.7 Synthesis and characterisation of 150r

P,P-Diphenyl-N-[(1E)-1-(pyridin-3-yl)ethylidene]phosphinic amide 150r

PPh,O Synthesised according to General Procedure 111, on a 7.35 mmol scale
N

SN | of the oxime to afford the title compound 150r as an off-white solid

—

N (900 mg, 38% vield).
'H NMR (400 MHz, CDCl3) & ppm 2.98 (d, J = 1.3 Hz, 3H), 7.31 - 7.59 (m, 7H), 7.86 -
8.09 (m, 4H), 8.31 (d, J = 8.1 Hz, 1H), 8.75 (d, J = 4.0 Hz, 1H), 9.30 (s, 1H); *C NMR
(100 MHz, CDCls) ppm 22.8 (d, Jpc = 12.0 Hz), 123.3, 128.5 (d, Jpc = 12.8 Hz), 131.5 (d,
Jpc = 9.6 Hz), 131.6 (d, Jpc = 2.4 Hz), 134.1 (d, Jpc = 131.0 Hz), 134.5, 135.0, 149.4,
152.7, 179.4 (d, Jpc = 7.2 Hz); P NMR (162 MHz, CDCl3) & ppm 19.5; MP 136-137 °C.

Data consistent with that given in the literature.®*’

8.3.2.8 Synthesis and characterisation of 150s

N-[(1E)-1-(2-Furylethylidene]-P,P-diphenylphosphinic amide 150s

BP0 Synthesised according to General Procedure 111, on a 7.99 mmol scale of
N~ 2

o) | the oxime to afford the title compound 150s as a colourless solid (1.40g,

\

57% yield).
'H NMR (400 MHz, CDCls) 5 ppm 2.80 (d, J = 1.5 Hz, 3H), 6.46 - 6.62 (m, 1H), 7.24 (d,
J=3.3Hz, 1H), 7.35 - 7.52 (m, 6H), 7.62 (br s, 1H), 7.83 - 8.07 (m, 4H); *C NMR

(100 MHz, CDCl3) 5 ppm 22.2 (d, Jec = 12.8 Hz), 112.6, 116.5, 128.4 (d, Jec = 12.8 H2),
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131.3 (d, Jpc = 2.4 Hz), 131.6 (d, Jpc = 9.6 Hz), 134.8 (d, Jpc = 131.0 Hz), 146.5, 154.4 (d,
Jrc = 29.6 Hz), 170.2 (d, Jpc = 4.8 Hz); *'P NMR (162 MHz, CDCl3) 5 ppm 19.7; MP 167

— 170 °C. Data consistent with that given in the literature.*’

8.3.2.9 Synthesis and characterisation of 150t

P,P-Diphenyl-N-[(1E)-1-(2-thienylethylidene]phosphinic amide 150t

PPhO Synthesised according to General Procedure 111, on a 7.09 mmol scale of
N/ 2

S ’ | the oxime to afford the title compound 150t as pale yellow solid (820 mg,
\ 37% yield).
'H NMR (200 MHz, CDCls) & ppm (d, J = 2.0 Hz, 3H), 7.11 (ddd, J = 4.9, 3.9, 0.9 Hz,
1H), 7.35 - 7.51 (m, 6H), 7.56 - 7.67 (m, 2H), 7.86 - 8.11 (m, 4H); *C NMR (50 MHz,
CDCls) & ppm 22.8 (d, Jpc = 11.8 Hz), 128.3, 128.3 (d, Jpc = 12.3 Hz), 131.2 — 131.6 (m,
3C), 133.3, 134.8 (d, Jpc = 130.8 Hz), 147.5 (d, Jpc = 24.6 Hz), 174.5 (d, Jpc = 5.9 Hz);
3P NMR (162 MHz, CDCl3) & ppm 18.3; HRMS (ESI+): calcd. for CigHisNNaOPS

[M+Na]* 348.0582, found 348.0574.

8.3.3 Ketimine nitro-Mannich methodology
8.3.3.1 Synthesis and characterisation of 152a

N-[(2R)-1-Nitro-2-phenylpropan-2-yl]-P,P-diphenylphosphinic amide 152a

P(O)Ph, Obtained according to General Procedure V, using ketimine 150a
HN"

dVNOZ (63.8 mg, 0.200 mmol) and nitromethane (0.215 mL, 4.00 mmol).
The crude reaction mixture was purified by flash column
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chromatography (PE/EtOAc 1:1) to yield compound 152a (65 mg, 86%) as a colourless
solid. The ee was determined by HPLC analysis (Chiralpak OD-H, hexane/iso-propanol
80:20, A 220 nm, 1.0 mL/min): t (minor) = 8.09 min, t (major) = 20.25 min (95%).

[a]p®* = - 22.5 (c = 0.50, CHCls3); *"H NMR (400 MHz, CDCls) & ppm 1.56 (s, 3H), 4.50
(d, J = 4.4 Hz, 1H), 5.06 (d, J = 13.4 Hz, 1H), 5.46 (d, J = 13.4 Hz, 1H), 7.28 - 7.31 (m,
1H), 7.35 - 7.40 (m, 2H), 7.42 - 7.57 (m, 8H), 7.81 - 7.87 (m, 2H), 8.00 - 8.05 (m, 2H);
3C NMR (100 MHz, CDCls) & ppm 27.2 (d, Jep = 3.8 Hz), 59.8 (d, Jcp = 2.9 Hz), 84.3,
124.6, 127.8, 128.6 (d, Jep = 13.3 Hz), 128.8 (d, Jcp = 12.4 Hz), 128.9, 131.0 (d, Jcp =
9.5 Hz), 131.9 (d, Jep = 2.8 Hz), 132.0 (d, Jcp = 2.8 Hz), 132.2 (d, Jcp = 9.5 Hz), 133.7 (d,
Jep = 131.6 Hz), 133.9 (d, Jep = 125.8 Hz), 143.1 (d, Jep = 7.6 Hz); *'P NMR (162 MHz,
CDCls) & ppm 22.9; IR vmadcm™ 3190, 1546, 1438, 1188, 1121, 1108; MP 161 - 163 °C;
HRMS (ESI+): calcd. for CjiH2iN;NaOsP [M+Na]® 403.1182, found 403.11609.

Spectroscopic data are consistent with those given in the literature.

8.3.3.2 Synthesis and characterisation of 152¢

N-[(2R)-2-(Biphenyl-4-yl)-1-nitropropan-2-yl]-P,P-diphenylphosphinic amide 152c

- POPh Obtained according to General Procedure VI, using ketimine

/Ejy\/NOz 150c (79.0 mg, 0.200 mmol) and nitromethane (0.215 mL, 4.00
Ph

mmol). The crude reaction mixture was purified by flash column
chromatography (PE/EtOAc 1:1) to yield compound 152¢ (84 mg, 92%) as a colourless
solid. The ee was determined by HPLC analysis (Chiralpak AD, hexane/iso-propanol
80:20, A 240 nm, 1.0 mL/min): t (major) = 17.03 min, t (minor) = 23.58 (90%).
[a]o®* = - 43.2 (c = 1.13, CHCIl5); *H NMR (400 MHz, CDCls) & ppm 1.61 (s, 3H), 4.55
(d, J= 4.5 Hz, 1H), 5.11 (d, J = 13.4 Hz, 1H), 5.47 (d, J = 13.4 Hz, 1H), 7.32 - 7.40 (m,

1H), 7.41 - 7.62 (m, 14H), 7.85 (d, J = 12.4 Hz, 1H), 7.87 (d, J = 12.4 Hz, 1H), 8.03 (d, J =
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12.1 Hz, 1H), 8.04 (d, J = 12.1 Hz, 1H); **C NMR (100 MHz, CDCl3) 8 ppm 27.2 (d, Jcp
= 3.2 Hz), 59.7 (d, Jep = 2.4 Hz), 88.4 (d, Jcp = 1.6 Hz), 125.3, 127.1, 127.6, 128.7 (d, Jcp
=11.2 Hz), 128.8 (d, Jep = 11.2 Hz), 128.8, 131.1 (d, Jep = 9.6 Hz), 132.0 (‘t’, Jop =
3.2 Hz), 132.2 (d, Jop = 9.6 Hz), 133.7 (d, Jep = 131.0 Hz), 134.0 (d, Jep = 126.2 Hz),
140.2, 140.8, 141.9 (d, Jep =8.0 Hz); 3P NMR (162 MHz, CDCl3) & ppm 22.7; IR
vmadcm™ 3141, 1547, 1439, 1413, 1372, 1186, 1119, 1107, 1009; MP 120 - 122 °C;

HRMS (ESI+): calcd. for Co7H2sNaNaOsP [M+Na]™ 479.1495, found 479.1492.

8.3.3.3 Synthesis and characterisation of 152d

N-[(2R)-1-Nitro-2-(4-nitrophenyl)-propan-2-yl]-P,P-diphenylphosphinic amide 152d

Obtained according to General Procedure V, using ketimine
hn-P©O)Ph2

/Eij/NOZ 150d (72.8 mg, 0.200 mmol) and nitromethane (0.215 mL,
O,N 4.00 mmol). The crude reaction mixture was purified by flash
column chromatography (PE/EtOAc 1:1) to yield compound 152d (78 mg, 92%) as a pale
yellow solid. The ee was determined by HPLC analysis (Chiralpak IA, hexane/iso-
propanol 80:20, A 240 nm, 1.0 mL/min): t (major) = 27.39 min, t (minor) = 35.83 min
(86%).

[a]p?* = - 36.9 (c = 1.06, CHCI3); *"H NMR (400 MHz, CDCls) 8 ppm 1.57 (s, 3H), 4.60
(d, J = 4.3 Hz, 1H), 5.10 (d, J = 13.6 Hz, 1H), 5.45 (d, J = 13.6 Hz, 1H), 7.42 - 7.58 (m,
6H), 7.73 (d, J = 8.8 Hz, 2H), 7.77 - 7.85 (m, 2H), 7.93 - 8.00 (m, 2H), 8.18 (d, J = 8.8 Hz,
2H); *C NMR (100 MHz, CDCl3) & ppm 26.9 (d, Jcp = 4.0 Hz), 59.8 (d, Jcp = 1.6 Hz),
83.9 (d, Jep = 1.6 Hz), 124.0, 126.1, 128.8 (d, Jcp = 6.4 Hz), 128.9 (d, Jep = 6.4 Hz), 131.1
(d, Jop = 9.6 Hz), 131.9 (d, Jep = 9.6 Hz), 132.3 (d, Jep = 3.2 Hz), 133.1 (d, Jcp = 130.2
Hz), 133.4 (d, Jep = 126.2 Hz), 147.3, 150.2 (d, Jep = 6.4 Hz); *'P NMR (162 MHz,

CDCls) & ppm 23.1; IR vmadcm™ 3176, 1733, 1550, 1519, 1438, 1349, 1247, 1186, 1121;
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MP 138 - 142 °C; HRMS (ESI+): calcd. for CH20N3NaOsP [M+Na]* 448.1033, found

448.1018.

8.3.3.4 Synthesis and characterisation of 152e

N-[(2R)-2-(4-Methoxyphenyl)-1-nitropropan-2-yl]-P,P-diphenylphosphinic amide 152e

- POPh2 Obtained according to General Procedure VI, using ketimine

/d\/Noz 150e (69.8 mg, 0.200 mmol) and nitromethane (0.215 mL,
o

4.00 mmol). The crude reaction mixture was purified by flash
column chromatography (PE/EtOAc 1:1) to yield compound 152e (78 mg, 95%) as a
colourless solid. The ee was determined by HPLC analysis (Chiralpak OD-H, hexane/iso-
propanol 80:20, A 220 nm, 1.0 mL/min): t (minor) = 10.64 min, t (major) = 16.78 min
(91%).
[a]o® = - 33.0 (¢ = 1.04, CHCI5); *H NMR (400 MHz, CDCls) & ppm 1.55 (s, 3H), 3.78 (s,
3H), 4.44 (d, J = 4.3 Hz, 1H), 5.03 (d, J = 13.1 Hz, 1H), 5.38 (d, J = 13.1 Hz, 1H), 6.75 -
6.99 (m, 2H), 7.34 - 7.60 (m, 8H), 7.74 - 7.91 (m, 2H), 7.92 - 8.12 (m, 2H); °C NMR
(100 MHz, CDCls) 8 ppm 27.2 (d, Jcp = 4.0 Hz), 55.3, 59.5 (d, Jcp = 2.4 Hz), 84.6 (d, Jcp =
1.6 Hz), 114.1, 126.1, 128.6 (d, Jcp = 11.2 Hz), 128.7 (d, Jcp = 10.4 Hz), 131.1 (d, Jcp
= 9.6 Hz), 131.9 (‘t’, Jep = 3.2 Hz), 132.1 (d, Jep = 9.6 Hz), 133.8 (d, Jcp = 131.8 Hz),
134.0 (d, Jep =126.2 Hz), 134.8 (d, Jcp = 7.2 Hz), 159.0 (d, Jcp = 0.8 Hz); 5P NMR
(162 MHz, CDCl3) 6 ppm 22.5; IR vmadcm™ 3180, 1544, 1510, 1247, 1194, 1179, 1120,
1016; MP 148 - 151 °C; HRMS (ESI+): calcd. for CyHsNoNaO4P [M+Na]*™ 433.1288,

found 433.1270.
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8.3.3.5 Synthesis and characterisation of 152f

N-[(2R)-2-(3-Methoxyphenyl)-1-nitropropan-2-yl]-P,P-diphenylphosphinic amide 152f

Obtained according to General Procedure VI, using ketimine 150f

- P(©)Ph,
. NO (69.8 mg, 0.200 mmol) and nitromethane (0.215 mL, 4.00 mmol).
2
The crude reaction mixture was purified by flash column
O chromatography (PE/EtOAc 1:1) to yield compound 152f (72 mg,

88%) as a colourless solid. The ee was determined by HPLC analysis (Chiralpak OD-H,
hexane/iso-propanol 80:20, A 220 nm, 1.0 mL/min): t (minor) = 10.57 min, t (major) =
18.19 min (91%).

[a]p?* = - 27.4 (c = 1.15, CHCI3); *H NMR (400 MHz, CDCl3) & ppm 1.54 (s, 3H), 3.82 (s,
3H), 4.50 (d, J = 4.3 Hz, 1H), 5.04 (d, J = 13.5 Hz, 1H), 5.47 (d, J = 13.5 Hz, 1H), 6.81
(dd, J = 8.2, 2.4 Hz, 1H), 7.05 (dd, J = 7.8, 1.5 Hz, 1H), 7.11 (t, J = 2.0 Hz, 1H), 7.24 -
7.34 (m, 1H), 7.41 - 7.59 (m, 6H), 7.77 - 7.88 (m, 2H), 7.96 - 8.09 (m, 2H); **C NMR
(125 MHz, CDCl3) 6 ppm 27.2 (d, Jcp = 3.7 Hz), 55.3, 59.8 (d, Jcp = 2.8 Hz), 84.2 (br s),
111.7, 112.3, 116.7, 128.6 (d, Jcp = 12.9 Hz), 128.8 (d, Jcp = 12.0 Hz), 130.0, 131.0 (d, Jcp
= 9.2 Hz), 132.0 (d, Jcp = 2.8 Hz), 132.0 (d, Jcp = 2.8 Hz), 132.2 (d, Jcp = 10.2 Hz), 133.7
(d, Jep = 132.2 Hz), 134.0 (d, Jep = 125.8 Hz), 144.9 (d, Jcp = 8.3 Hz), 159.9; *'P NMR
(202 MHz, CDCl3) & ppm 24.0; IR vmad/cm™ 3190, 1549, 1538, 1258, 1183, 1120, 1108;
MP 116 - 118 °C; HRMS (ESI+): calcd. for C,,H23NoNaO,P [M+Na]* 433.1288, found

433.1276.
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8.3.3.6 Synthesis and characterisation of 1529

N-[(2R)-2-(2-Methoxyphenyl)-1-nitropropan-2-yl]-P,P-diphenylphosphinic amide 152g

Hn-POPh2 Obtained according to General Procedure VI, using ketimine 150g

”"' NO, (69.8 mg, 0.200 mmol) and nitromethane (0.215 mL, 4.00 mmol). The
o~ crude reaction mixture was purified by flash column chromatography
(PE/EtOAC 1:1) to yield compound 1529 (51 mg, 62%) as a colourless foam. The ee was
determined by HPLC analysis (Chiralpak OD-H, hexane/iso-propanol 80:20, A 220 nm,
1.0 mL/min): t (minor) = 8.37 min, t (major) = 15.33 min (93%).
[a]o® = - 31.0 (c = 0.89, CHCl5); *H NMR (400 MHz, CDCl3) & ppm 1.75 (s, 3H), 3.83 (s,
3H), 5.00 (d, J = 5.8 Hz, 1H), 5.23 (d, J = 11.6 Hz, 1H), 5.35 (d, J = 11.6 Hz, 1H), 6.93 (d,
J=8.1Hz, 1H), 6.97 - 7.06 (m, 1H), 7.25 - 7.36 (m, 1H), 7.38 - 7.56 (m, 7H), 7.77 - 7.97
(m, 4H); *C NMR (100 MHz, CDCl3) & ppm 23.0 (d, Jep = 3.2 Hz), 55.4, 59.5 (d, Jcp
= 2.4 Hz), 84.3 (d, Jcp = 1.6 Hz), 111.8, 121.4, 127.3, 128.5 (d, Jcp = 12.8 Hz), 128.7 (d,
Jop = 12.8 Hz), 129.5 (d, Jcp = 6.4 Hz), 129.7, 131.0 (d, Jep = 9.6 Hz), 131.8 (d, Jcp
= 2.4 Hz), 131.9 (d, Jcp = 2.4 Hz), 132.1 (d, Jcp = 9.6 Hz), 134.1 (d, Jcp = 131.8 Hz), 134.5
(d, Jcp = 126.2 Hz), 156.4; P NMR (162 MHz, CDCl3) § ppm 21.7; IR vmadcm™ 2924,

1543, 1492, 1461, 1436, 1374, 1236, 1198, 1188, 1119; MP 56 - 58 °C; HRMS (ESI+):

calcd. for CyH,3N,NaO4P [M+Na]* 433.1288, found 433.1273.

8.3.3.7 Synthesis and characterisation of 152h

N-[(2R)-2-(2-Fluorophenyl)-1-nitropropan-2-yl]-P,P-diphenylphosphinic amide 152h

PP, Obtained according to General Procedure V, using ketimine 150h

dv“oz (67.4 mg, 0.200 mmol) and nitromethane (0.215 mL, 4.00 mmol). The
F

crude reaction mixture was purified by flash column chromatography
(PE/EtOACc 3:1) to yield compound 152h (71 mg, 89%) as a colourless solid. The ee was
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determined by HPLC analysis (Chiralpak OD-H, hexane/iso-propanol 80:20, A 220 nm,
1.0 mL/min): t (minor) = 6.98 min, t (major) = 15.44 min (94%).

[a]p®® = - 37.1 (c = 1.14, CHCIl3); *H NMR (500 MHz, CDCl3) & ppm 1.69 (s, 3H), 4.50
(d, J = 4.1 Hz, 1H), 5.25 (d, J = 12.9 Hz, 1H), 5.31 (dd, J = 12.9, 0.9 Hz, 1H), 7.04 (ddd, J
=12.9, 8.2, 0.9 Hz, 1H), 7.20 (td, J = 7.6, 0.9 Hz, 1H), 7.28 - 7.34 (m, 1H), 7.43 - 7.56 (m,
6H), 7.71 (td, J = 8.2, 1.4 Hz, 1H), 7.81 - 7.89 (m, 2H), 7.93 - 8.01 (m, 2H); *C NMR
(125 MHz, CDCl3) 8 ppm 23.8 (‘t”, Jcp = Jcr = 2.9 Hz), 58.8 - 58.9 (m), 84.3 (dd, JcF = 7.6,
Jep = 1.9 Hz), 116.7 (d, Jcr = 23.8 Hz), 124.8 (d, Jcr = 2.9 Hz), 127.9 (d, Jcr = 2.9 H2),
128.7 (d, Jcp = 13.4 Hz), 128.8 (d, Jcp = 12.4 Hz), 129.3 (dd, Jcr = 10.5, Jcp = 6.7 Hz),
130.2 (d, Jcr = 8.6 Hz), 131.1 (d, Jep = 9.5 Hz), 132.0 (d, Jep = 2.9 Hz), 132.0 (d, Jcp =
9.5 Hz), 132.1 (d, Jcp = 2.9 Hz), 133.6 (d, Jcp = 130.7 Hz), 134.0 (d, Jcp = 126.8 Hz),
159.6 (d, Jce=245.1Hz); *PNMR (162 MHz, CDCls) & ppm 22.2; “FNMR
(376.5 MHz, CDCl3) & ppm -112.2; IR vma/cm™ 3158, 1548, 1483, 1439, 1373, 1279,
1259, 1181, 1107, 1070, 1019; MP 120 - 126°C; HRMS (ESI+): calcd. for

C21H20FN2NaO3P [M+Na]* 421.1088, found 421.1081.

8.3.3.8 Synthesis and characterisation of 152k

N-[(2R)-2-(4-Bromophenyl)-1-nitropropan-2-yl1-P,P-diphenylphosphinic amide 152k

- POPh Obtained according to General Procedure V, using ketimine 150k

/dVNOz (79.4 mg, 0.200 mmol) and nitromethane (0.215 mL, 4.00 mmol).
Br

The crude reaction mixture was purified by flash column
chromatography (PE/EtOAc 1:1) to yield compound 152k (77 mg, 84%) as a colourless
solid. The ee was determined by HPLC analysis (Chiralpak OD-H, hexane/iso-propanol

80:20, A 220 nm, 1.0 mL/min): t (minor) = 9.15 min, t (major) = 15.56 min (90%).
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[a]p®* = - 35.0 (c = 0.75, CHCl3); *H NMR (400 MHz, CDCl3) & ppm 1.53 (s, 3H), 4.49
(d, J = 4.3 Hz, 1H), 5.02 (d, J = 13.4 Hz, 1H), 5.38 (d, J = 13.4 Hz, 1H), 7.33 - 7.61 (m,
10H), 7.80 (d, J = 12.4 Hz, 1H), 7.82 (d, J = 12.4 Hz, 1H), 7.96 (d, J = 12.1 Hz, 1H), 7.98
(d, J = 12.1 Hz, 1H); **C NMR (100 MHz, CDCls) & ppm 27.0 (d, Jcp = 3.2 Hz), 59.6 (d,
Jep = 1.6 Hz), 84.1 (d, Jcp = 1.6 Hz), 122.0, 126.7, 128.7 (d, Jcp = 8.8 Hz), 128.8 (d, Jcp =
8.8 Hz), 131.1 (d, Jcp = 9.6 Hz), 132.0 - 132.1 (m), 133.5 (d, Jcp = 131.0 Hz), 133.8 (d, Jcp
=126.2 Hz), 142.1 (d, Jep =7.2 Hz); *P NMR (162 MHz, CDCl3) & ppm 22.7; IR
vmax/cm™ 3158, 2925, 1545, 1439, 1397, 1373, 1253, 1184, 1150, 1110, 1084, 1007; MP
162 - 164 °C; HRMS (ESI+): calcd. for CoiHz °BrN,NaOsP [M+Na]* 481.0287, found

481.0297; calcd. for Cp;Hx®'BrN,NaOsP [M+Na]* 483.0268, found 483.0276.

8.3.3.9 Synthesis and characterisation of 152|

N-[(2R)-2-(2-bromophenyl)-1-nitropropan-2-yl]-P,P-diphenylphosphinic amide 152I

HN,P(O)Ph2 To a solution of ketimine 1501 (65 mg, 0.20 mmol) in nitromethane
d\/NOZ (0.22 mL, 4.0 mmol) was added catalyst 145 (13 mg, 0.020 mmol) at
Br room temperature. The reaction mixture was quenched after 60 h and
the *H NMR conversion for compound 1521 was 35%. The crude reaction mixture was
purified by flash column chromatography (Pet/EtOAc 1:1) to yield an analytical sample of
compound 152l as a colourless oil. " The ee was determined by HPLC analysis (Chiralpak
OD-H, hexane/iso-propanol 80:20, A 220 nm, 1.0 mL/min): t (minor) = 10.14 min., t
(major) = 28.40 min (ee 83%).
'H NMR (400 MHz, CDCls) § ppm 1.89 (s, 3H), 4.87 (d, J = 5.3 Hz, 1H), 5.33 (d, J =
12.4 Hz, 1H), 5.69 (d, J = 12.4 Hz, 1H), 7.11 - 7.21 (m, 1H), 7.30 - 7.56 (m, 7H), 7.61 (d, J

= 7.8 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.80 - 8.01 (m, 4H); *C NMR (100 MHz, CDCl5)

1t was not possible to separate starting material from product by flash column chromatography and the
NMR data reported is that of the racemate where the reaction did go to full conversion.
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& ppm 23.3 (d, Jec = 4.0 Hz), 60.4 (d, Jec = 2.4 Hz), 82.8 (d, Jpc = 2.4 Hz), 120.2, 128.1,
128.5 (d, Jpc =12.8 Hz), 128.7 (d, Jpc =12.8 Hz), 129.0, 129.8, 131.0 (d, Jpc = 10.4 Hz),
131.8 (d, Jpc = 9.6 Hz), 131.8 (d, Jpc = 3.2 Hz), 132.0 (d, Jpc = 2.4 Hz), 133.5 (d, Jpc =
130.2 Hz), 133.9 (d, Jpc = 127.0 Hz), 135.9, 139.7 (d, Jec = 5.6 Hz); 1P NMR (162 MHz,
CDCl3) 6 ppm 21.6; IR vmadem™ 3180, 1739, 1547, 1460, 1438, 1422, 1371, 1276, 1250,
1371, 1276, 1250, 1189, 1157, 1108, 1012, 998, 904, 834, 760, 745, 727, 700, 661, 642;
HRMS (ESI+): calcd. for CyHa °BrN,NaOsP [M+Na]" 481.0287, found 481.0301; calcd.

for CasHao®*BrN,NaOsP [M+Na]* 483.0268, found 483.0281.

8.3.3.10 Synthesis and characterization of 152m

N-[(2R)-1-Nitro-2-phenylbutan-2-yl]-P,P-diphenylphosphinic amide 152m

P(OYPh Obtained according to General Procedure VI, using ketimine 150m
HN" 2

\,,,, No, (66.6mg, 0.200 mmol) and nitromethane (0.215 mL, 4.00 mmol).
@ The crude reaction mixture was purified by flash column
chromatography (PE/EtOAc 1:1) to yield compound 152m (75 mg, 95%) as a colourless
solid. The ee was determined by HPLC analysis (Chiralpak OD-H, hexane/iso-propanol
80:20, A 220 nm, 1.0 mL/min): t (minor) = 6.49 min, t (major) = 19.20 min (92%).

[a]o? = - 4.3 (¢ = 1.05, CHCl5); *H NMR (500 MHz, CDCls) & ppm 0.46 (t, J = 7.4 Hz,
3H), 2.00 (q, J = 7.4 Hz, 2H), 4.33 (d, J = 4.7 Hz, 1H), 5.28 (d, J = 13.6 Hz, 1H), 5.55 (d, J
= 13.6 Hz, 1H), 7.21 - 7.27 (m, 1H), 7.29 - 7.35 (m, 2H), 7.39 - 7.57 (m, 8H), 7.75 - 7.83
(m, 2H), 7.98 - 8.07 (m, 2H); °C NMR (125 MHz, CDCls) 5 ppm 8.5, 32.2 (d, Jcp = 3.8
Hz), 63.7 (d, Jcp = 2.8 Hz), 81.3, 125.8, 127.8, 128.5 (d, Jcp = 8.6 Hz), 128.6, 128.7 (d, Jcp
= 8.6 Hz), 131.1 (d, Jep = 9.5 Hz), 131.9 (d, Jep = 2.9 Hz), 131.9 (d, Jep = 2.9 Hz), 132.1
(d, Jep = 9.5 Hz), 133.8 (d, Jcp = 131.6 Hz), 133.9 (d, Jcp = 125.9 Hz), 140.4 (d, Jep = 7.6

Hz); *'P NMR (162 MHz, CDCls) & ppm 22.8; IR vma/cm™ 3189, 1548, 1437, 1378,
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1243, 1187, 1122, 1107; MP 133 - 137 °C; HRMS (ESI+): calcd. for CyH23N2NaOsP

[M+Na]* 417.1339, found 417.1322.

8.3.3.11 Synthesis and characterisation of 1520

N-[(1R)-1-(nitromethyl)-2,3-dihydro-1H-inden-1-yl]-P,P-diphenylphosphinic amide 1520

To a solution of ketimine 1500 (66 mg, 0.20 mmol) in nitromethane (0.22 mL, 4.0 mmol)

HN,P(O)Ph2 was added catalyst 145 (13 mg, 0.020 mmol) at room temperature. The

=/ NO
©i§ ?  reaction mixture was quenched after 4 h and the *H NMR conversion

for compound 1520 was 32%. The crude reaction mixture was purified
by flash column chromatography (Pet/EtOAc 1:1) to yield an analytical sample of
compound 1520 as a colourless solid™. The ee was determined by HPLC analysis
(Chiralpak AD-H, hexane/iso-propanol 80:20, A 220 nm, 1.0 mL/min): t (minor) =
14.38 min., t (major) = 21.07 min (ee 57%).
'H NMR (400 MHz, CDCl3) § ppm 2.29 — 2.37 (m, 1H), 2.41 — 2.48 (m, 1H), 2.87 (ddd,
J=16.0,7.9, 3.7 Hz, 1H), 3.11 (‘dt’, J = 15.8, 7.9, 1H), 4.09 (d, J = 6.4 Hz, 1H), 4.88 (d,
J=12.5Hz, 1H), 5.55 (d, J = 12.2 Hz, 1H), 6.92 — 6.96 (m, 1H), 7.05 — 7.11 (m, 2H), 7.25
— 7.44 (m, 6H), 7.48 — 7.52 (m, 1H), 7.58 — 7.64 (m, 2H), 7.70 — 7.76 (m, 2H); *C NMR
(125 MHz, CDCls) 5 ppm 29.9, 39.7 (d, Jpc = 5.7 Hz), 66.2 (d, Jpc = 2.9 Hz), 83.7, 124.9,
125.0, 126.5, 128.2 (d, Jpc = 13.4 Hz), 128.7 (d, Jpc = 12.4 Hz), 129.4, 131.4 (d, Jpc =
10.5 Hz), 131.4, (d, Jec = 2.9 Hz), 131.6 (d, Jpc = 10.5 Hz), 132.0 (d, Jec = 3.2 Hz), 132.8
(d, Joc = 130.7 Hz), 134.0 (d, Jrc = 125.9 Hz), 140.4 (d, Jec = 3.8 Hz), 143.6; 1P NMR
(162 MHz, CDCls) § ppm 22.5; IR vmad/cm™ 3136, 1544, 1437, 1380, 1185, 1124, 1019,
996, 748, 725, 695; HRMS (ESI+): calcd. for CyH,:N,NaOsP [M+Na]* 415.1182, found

415.1182.

i1t was not possible to separate starting material from the product by flash column chromatography and the
NMR data reported is that of the racemate where the reaction did go to full conversion.
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8.3.3.12 Synthesis and characterization of 152q

N-{(2R)-2-[3,5-Bis(trifluoromethyl)phenyl]-1-nitropropan-2-yl}-P ,P-diphenylphosphinic

amide 1529
- POPh2 Obtained according to General Procedure V, using ketimine
FsC ~.NO2  150q (91.0 mg, 0.200 mmol) and nitromethane (0.215 mL,
L 4.00 mmol). The crude reaction mixture was purified by flash
column chrsomatography (PE/EtOAc 3:1) to yield compound 1529 (98 mg, 95%) as a
colourless solid. The ee was determined by HPLC analysis (Chiralpak AD-H, hexane/iso-
propanol 95:5, A 220 nm, 1.0 mL/min): t (major) = 12.04 min, t (minor) = 14.73 min
(90%).
[a]po®* = - 19.8 (c = 0.88, CHCl5); *H NMR (500 MHz, CDCls) & ppm 1.65 (s, 3H), 4.47
(d, J = 4.4 Hz, 1H), 5.14 (d, J = 13.6 Hz, 1H), 5.43 (d, J = 13.6 Hz, 1H), 7.42 - 7.61 (m,
6H), 7.75 - 7.85 (m, 3H), 7.92 (dd, J = 12.3, 1.6 Hz, 1H), 7.94 (d, J = 12.3 Hz, 1H), 7.99
(s, 2H); **C NMR (125 MHz, CDCls) & ppm 27.0 (d, Jep = 3.7 Hz), 59.6 (d, Jcp = 1.8 Hz),
83.7 (d, Jop = 1.8 Hz), 122.1 - 122.2 (m), 123.0 (g, Jcr = 272.8 Hz), 125.4 - 125.6 (m),
128.9 (d, Jep = 12.9 Hz), 128.9 (d, Jep = 12.0 Hz), 131.1 (d, Jep = 10.2 Hz), 131.8 (d, Jep =
9.2 Hz), 132.2 (g, Jcr = 33.3 Hz), 132.3 - 132.4 (m), 133.0 (d, Jcp = 129.5 Hz), 133.1 (d,
Jop = 126.7 Hz), 145.6 (d, Jcp = 6.5 Hz); *P NMR (162 MHz, CDCls) § ppm 23.4;
SF NMR (376.5 MHz, CDCls) & ppm - 62.8; IR vmad/cm™ 2925, 1553, 1439, 1371, 1277,
1177, 1129; MP 68 - 70 °C; HRMS (ESI+): calcd. for Cy3HigFsN,NaOsP [M+Na]*

539.0930, found 539.0931.
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8.3.3.13 Synthesis and characterisation of 152r

N-[(2R)-2-(Pyridin-3-yI)-1-nitropropan-2-yl]-P,P-diphenylphosphinic amide 152r

l_”\rp(o)ph2 Obtained according to General Procedure VI, using ketimine 150r

\/“" NO, (64.0 mg, 0.200 mmol) and nitromethane (0.215 mL, 4.00 mmol).

—

N The crude reaction mixture was purified by flash column

chromatography (CH,Cl,/MeOH 9:1) to yield compound 152r (74 mg, 97%) as a pale
yellow solid. The ee was determined by HPLC analysis (Chiralpak AD-H, hexane/iso-
propanol 80:20, A 220 nm, 1.0 mL/min): t (major) = 15.32 min, t (minor) = 18.29 min
(82%).

[a]p?® = - 17.8 (c = 0.80, CHCIl3); *H NMR (400 MHz, CDCl3) & ppm 1.56 (s, 3H), 4.57
(d, J = 4.3 Hz, 1H), 5.06 (d, J = 13.4 Hz, 1H), 5.40 (d, J = 13.4 Hz, 1H), 7.25 (dd, J = 7.6,
4.8 Hz, 1H), 7.38 - 7.57 (m, 6H), 7.74 - 7.88 (m, 3H), 7.91 - 8.02 (m, 2H), 8.48 (br s, 1H),
8.81 (br s, 1H); 3C NMR (100 MHz, CDClg) & ppm 27.0 (d, Jep = 3.2 Hz), 58.6 (d, Jcp =
1.6 Hz), 83.8 (d, Jcp = 1.6 Hz), 123.3, 128.6 (d, Jop = 7.2 Hz), 128.8 (d, Jcp = 7.2 Hz),
131.0 (d, Jep = 10.4 Hz), 131.9 (d, Jcp = 9.6 Hz), 132.1 (‘t’, Jep = 3.2 Hz), 132.7, 133.3 (d,
Jop = 131.0 Hz), 133.5 (d, Jop = 126.2 Hz), 138.4 - 138.5 (m), 146.7, 149.1; *'P NMR
(162 MHz, CDCls) & ppm 22.8; IR vmad/cm™ 3158, 1545, 1438, 1416, 1374, 1272, 1184,
1121, 1107; MP 70 - 72°C; HRMS (ESI+): calcd. for CyoHzoN3NaOsP [M+Na]*

404.1134, found 404.1120.
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8.3.3.14 Synthesis and characterisation of 152s

N-[(2S)-2-(2-FuryD)-1-nitropropan-2-yl]-P,P-diphenylphosphinic amide 152s

P(O)Ph, Obtained according to General Procedure VI, using ketimine 150s
HN”

1y

OI ; NO,  (61.8 mg, 0.200 mmol) and nitromethane (0.215 mL, 4.00 mmol).

\ The crude reaction mixture was purified by flash column
chromatography (PE/ EtOAc 1:1) to yield compound 152s (72 mg, 97%) as a colourless
solid. The ee was determined by HPLC analysis (Chiralpak OD-H, hexane/iso-propanol
80:20, A 220 nm, 1.0 mL/min): t (minor) = 7.19 min, t (major) = 9.51 min (84%).
[a]o®* = - 13.2 (c = 1.14, CHCI3); *H NMR (400 MHz, CDCls) & ppm 1.67 (s, 3H), 4.21
(d, J=6.1 Hz, 1H), 5.05 (d, J = 12.1 Hz, 1H), 5.08 (d, J = 12.1 Hz, 1H), 6.22 - 6.23 (m,
1H), 6.32 (d, J = 2.8 Hz, 1H), 7.21 - 7.24 (m, 1H), 7.36 - 7.56 (m, 6H), 7.72 - 7.82 (m,
2H), 7.83 - 7.94 (m, 2H); *C NMR (100 MHz, CDCls) & ppm 23.7 (d, Jcp = 4.0 Hz), 56.0
(d, Jep = 1.6 Hz), 83.5 (d, Jcp = 2.4 Hz), 107.3, 110.5, 128.5 (d, Jcp = 6.4 Hz), 128.6 (d, Jcp
= 6.4 Hz), 131.3 (d, Jcp = 10.4 Hz), 131.9 - 132.0 (m), 132.0 (d, Jcp = 10.4 Hz), 133.3 (d,
Jop = 131.0 Hz), 133.4 (d, Jep = 127.0 Hz), 142.4, 153.6 (d, Jep = 7.2 Hz); *'P NMR
(162 MHz, CDCl3) 6 ppm 22.1; IR vmadcm™ 3178, 1548, 1436, 1373, 1242, 1183, 1163,
1122, 1107, 1009; MP 98 - 100 °C; HRMS (ESI+): calcd. for C1gH19N,NaO4P [M+Na]*

393.0975, found 393.0964.

8.3.3.15 Synthesis and characterization of 152t

N-[(25)-2-(2-Thienyl)1-nitropropan-2-yl]-P,P-diphenylphosphinic amide 152t

Obtained according to a modified General Procedure V1, using ketimine
.P(O)Ph,
HN

s NO, 150t (65 mg, 0.20 mmol). *H NMR conversion for compound 152t was

\ 60% and the crude reaction mixture was purified by flash column
chromatography (Pet/EtOAc 1:1) to yield a pure analytical sample of compound 152t as a
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colourless solid. The ee was determined by HPLC analysis (Chiralpak OD-H, hexane/iso-
propanol 80:20, A 220 nm, 1.0 mL/min): t (minor) = 7.47 min., t (major) = 20.48 min
(ee 73%).

[a]p®* = - 3.87 (c = 0.77, CHCl3); *H NMR (500 MHz, CDCl3) § ppm 1.65 (s, 3H), 4.63
(d, J = 4.4 Hz, 1H), 5.02 (d, J = 12.9 Hz, 1H), 5.38 (d, J = 12.9 Hz, 1H), 6.92 (dd, J = 5.0,
3.6 Hz, 1H), 6.97 (dd, J = 3.6, 1.2 Hz, 1H), 7.21 (dd, J = 5.0, 1.2 Hz, 1H), 7.39 - 7.58 (m,
6H), 7.75 - 7.86 (m, 2H), 7.97 - 8.08 (m, 2H); *C NMR (125 MHz, CDCls) § ppm 28.3 (d,
Jec = 3.8 Hz), 58.3 (d, Jpc = 1.9 Hz), 84.6, 123.3, 124.8, 127.4, 128.6 (d, Jpc = 9.5 Hz),
128.7 (d, Jpc = 10.5 Hz), 131.0 (d, Jpc = 9.5 Hz), 132.0 (‘t’, Jpc = 2.9 Hz), 132.2 (d,
Jec = 9.5 Hz), 133.5 (d, Jpc = 125.9 Hz), 133.6 (d, Jpc = 130.6 Hz), 148.1 (d, Jpc = 8.6 Hz);
3P NMR (202.5 MHz, CDCl3) & ppm 23.7; IR vmadcm™ 3150, 1543, 1438, 1374, 1262,
1185, 1107, 997, 904, 854, 723; MP 133 - 136 °C; HRMS (ESI+): calcd. for

C19H19N2NaO3PS [M+Na]" 409.0746, found 409.0743.

8.3.3.16 Preparative synthesis of 152a

_P(O)Ph
N (O)Phy

I 147 (1 mol%) ,
> g N02
MeNOZ, rt

To ketimine 150a (10.0 g, 31.3 mmol) and catalyst 147 (231 mg, 0.313 mmol) under argon

was added nitromethane via syringe (16.8 mL, 313 mmol) at rt (21 - 22 °C). Stirring was
maintained for 21 h (an aliquot taken after 20 h showed 98% conversion by *H NMR
analysis and an ee of 86%) and the reaction mixture was quenched by the addition of
1 M AcOH in CH.CI; (3.13 mL, 3.13 mmol). Stirring was maintained for 30 minutes, the
volatiles were removed in vacuo, and propan-2-ol (50 mL) was added and removed in

vacuo to afford a crude yellow solid. To the crude material was added propan-2-ol
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(100 mL) and the mixture was heated to reflux. The resulting solution was slowly cooled to
rt and crystallization allowed to occur over 18 h. The precipitate was filtered, washed with
cold propan-2-ol (20 mL) and dried in vacuo to afford the title compound 152a (8.33 g,
70% yield) as a colourless solid. The ee was determined by HPLC analysis (Chiralpak OD-
H, hexane/iso-propanol 80:20, A 220 nm, 1.0 mL/min): t (minor) = 8.01 min, t (major) =
21.12 min (98%).X"

[(l]D24 =-25.7 (c =1.02, CHCl3); MP 134 - 137 °C. All spectroscopic data were identical

to those reported in section 8.3.2.1.

8.4 Sulfa-Michael Addition of Alkyl Thiols to a,f-Unsaturated Esters
8.4.1 General Procedures

General Procedure VII Synthesis of a-Alkyl Substituted a,p-Unsaturated Acids

O O O O O

2 M NaOH Et,NH, HCHO
_
EtOMOEt HO)KRHJ\OH ——— YJ\OH

225

According to a modified literature procedure,”* to the substituted malonate (synthesised by
the treatment of diethylmalonate with NaH and the corresponding alkyl bromide in DMF)
was added 2 M NaOH (2.67 eq), and the resulting mixture was stirred vigorously and
refluxed for 2 h. The resulting solution was cooled to rt and extracted with hexane (2x) and
the aqueous layer was then acidified to pH 1 with ag HCI. The resulting solution was then
extracted with EtOAc (3x), the combined organics washed with brine, dried (MgSO,) and

the volatiles removed in vacuo to afford the corresponding diacid which was used crude in

the next step.

IV The product was further recrystallised using 32 mL of refluxing propan-2-ol to give 7.50 g (90% yield and
63% overall yield) of 152a in 99.7% ee.
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The crude diacid was dissolved in EtOAc (0.75 M) and the resulting solution was cooled to
0 °C, followed by the dropwise addition of diethylamine (1.01 eq) and subsequent addition
of p-formaldehyde (1.5 eq). The resulting suspension was refluxed for 2 hours and then the
reaction mixture was cooled to 0 °C, diluted with H,O (0.6 mL/mmol diacid) and acidified
to pH 1 with concentrated HCI. The aqueous layer was then extracted with EtOAc (3x) and
the combined organics washed with brine, dried (MgSO,) and the volatiles removed in

vacuo to afford the crude acid which was purified by FCC (petroleum ether/Et,0).

General Procedure VIII for the Synthesis of a-Substituted o,B-Unsaturated Methyl

esters
% SOCl, %
\‘)kO/H/R o \‘)ko/
R 0 °C --> reflux R

To a solution of MeOH (0.5 M) at 0 °C was added thionyl chloride (2.20 eq) dropwise
followed by the acid or ester (1.00 eq). The reaction mixture was refluxed for 2 h for the
acids or 16 h for the esters, then cooled to 0 °C, diluted with pentane (5mL/mmol), and aq
K,COj3 was added until pH to 9-10. The aqueous layer was then extracted with pentane
(2 x 5 mL/mmol), the combined organics were washed with brine, dried (MgSO,) and the
volatiles were removed under a stream of nitrogen to afford the crude methyl ester as an oil

which was purified as specified for the individual compound.

General Procedure IX for the Synthesis of a-Substituted a,p-Unsaturated Phenolic

Esters
0 PhOH, EDCI 0
\‘)J\OH DIEA, DMAP, \‘)ko/Ph
R CH,Cl, R

To a solution of the a-substituted a,B-unsaturated acid in CH,Cl, (0.3 M) was added PhOH
(L eq), DIEA (1eq), DMAP (0.2 eq) followed by EDCI (1 eq) at room temperature and
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stirring was maintained overnight, whereupon the volatiles were removed in vacuo. The
crude mixtures were purified by FCC (Petroleum ether/Et,O = 19/1) to afford the desired

phenolic ester.

General Procedure X for the Sulfa-Michael Addition of Thiols te a-Substituted, a,p-

Unsaturated Esters

O O

\‘)J\O’w . R 5 mol% 302 . R%S/\HJ\O”W
SH 0,05 MELO, it, 24 h

R3 R3

Azide 306 (4.8 mg, 0.010 mmol, 0.05 eq) and tris(4-methoxyphenyl)phosphine (3.5 mg,
0.010 mmol, 0.05eq) were stirred in diethyl ether (0.2 mL) in a sealed vial at room
temperature for 24 h. The in situ generated catalyst was then transferred with washings
(3.8 mL Et,0) to a flask containing the a-substituted, o,f-unsaturated ester 287 (0.40 or
1.0 mmol, 2.0 eq or 5.0 eq), and the desired thiol 286 (0.20 mmol, 1.0 eq) was then added
via syringe. The reaction mixture was stirred for 24 h and then quenched with 1.0 M AcOH
(in CH,Cl,, 0.1 mL). The volatiles were removed under a stream of N, and the reaction

mixture was purified by flash column chromatography to afford the product 288.

8.4.2 Synthesis and Characterisation of a-Substituted a,f-Unsaturated Esters

8.4.2.1 Synthesis and characterisation of 287e

Phenyl methacrylate 287e

Q H,S0O,, hydroquinone Q
+ PhOH _Ph
OH toluene, reflux o

320

According to a modified literature procedure,”" to a 2 L flask were charged sequentially
phenol (111 g, 1.18 mol, 1.0 eq), toluene (1.0 L), methacrylic acid (100 mL, 1.18 mol,

1.0 eq), concentrated sulfuric acid (4.05 mL, 76 mmol, 0.06 eq) and hydroquinone (1.30 g,
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11.8 mmol, 0.01 eq). The reaction mixture was placed under a nitrogen atmosphere, a
Dean-Stark apparatus added and the reaction mixture refluxed for 7 days with occasional
removal of H,O. The reaction mixture was cooled and diluted with water (400 mL) and the
organic layer collected. The aqueous layer and suspension of polymeric material were
extracted with CH,ClI; (3 x 200 mL) and the combined organics were washed (brine), dried
(MgSO,4) and the volatiles removed in vacuo to afford 155¢g of crude product.

Purification"

by flash column chromatography [1 kg silica, tube size 500 mL, petroleum
Ether (1 column volume), petroleum ether/Et,O 49/1 (1 column volume) then petroleum
ether/Et,0 19/1 (3 column volumes)] afforded the title compound 287e as a colourless
solid™' (86 g, 45% yield).

'H NMR (CDCls, 200 MHz) & (ppm): 2.08 (‘t’, J = 1.5 Hz, 3 H, CHs), 5.77 (‘quin’, J =
1.5Hz, 1 H, CHaHgC), 6.36 (t, J = 1.5 Hz, 1 H, CHaHgC), 7.07 - 7.19 (m, 2 H, ArH), 7.19
- 7.32 (M, 1 H, ArH), 7.34 - 7.50 (m, 2 H, ArH); **C NMR (CDCls, 100 MHz) & (ppm):
18.3 (CHs), 121.6 (ArCH), 125.6 (ArCH), 127.1 (ArCH), 129.3 (ArCH), 135.8 (CHaHgC),

150.9 (ArC), 165.7 (C=0). Data is consistent with that given in the literature.?
Synthesis and characterisation of 309a

2-Methylidenepent-4-enoic acid 309a

o Synthesised according to General Procedure VII from 1,3-diethyl 2-(prop-2-
OH en-1-yl)propanedioate on a 62.4 mmol scale to afford the title compound 309a
| as a colourless oil in 68% yield over two steps (4.17 g).

'H NMR (CDCls, 400 MHz) & (ppm) 3.01 - 3.11 (m, 2 H, CHaHgCH,), 5.08 - 5.11 (m,

1 H, CHAHgCH), 5.11 - 5.16 (m, 1 H, CHaHgCH), 5.71 (*q’, J = 1.0 Hz, 1 H, CHaH&C),

XV pyrification by vacuum distillation using a Vigreux condenser was attempted but yielded mixed distillates
of methacrylic acid, phenol and phenyl methacrylate due to their similar boiling points (163 °C, 182 °C and
195 °C respectively).

M Melting point less than 20 °C
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5.80 - 5.96 (M, 1 H, CHAHsCH), 6.36 (d, J = 1.0 Hz, 1 H, CHaHgC); *C NMR (CDCls,
100 MHz) 5 (ppm) 35.8 (CHy), 117.0 (CHAHgCH), 128.1 (CHAH&C), 135.1 (CHAHsCH),

138.9 (CHAH&C), 172.7 (C=0). Data consistent with that given in the literature.**

8.4.2.2 Synthesis and characterisation of 309b

2-Methylidenebutanoic acid 309b

o} Synthesised according to General Procedure VII from 1,3-diethyl 2-
OH ethylpropanedioate on a 55.4 mmol scale to afford the title compound 309b

as a colourless oil in 76% yield over two steps (4.20 g).

'H NMR (CDCls, 400 MHz) & (ppm): 1.10 (t, J = 7.5 Hz, 3 H, CH,CHs), 2.33 (q, J =

7.5 Hz, 2 H, CH,CHs), 5.66 (s, 1 H, CHaHgC), 6.29 (s, 1 H CHAHgC); **C NMR (CDCls,

100 MHz) & (ppm): 12.8 (CH,CHa), 24.5 (CH,CHs), 126.2 (CHaH&C), 141.8 (CHAHEC),

173.3 (C=0). Data consistent with that given in the literature.®??

8.4.2.3 Synthesis and characterisation of 309¢c

3-Methyl-2-methylidenebutanoic acid 309c

o Synthesised according to General Procedure VII from 1,3-diethyl 2-(propan-
j\ij\o"' 2-yl)propanedioate on a 54.4 mmol scale to afford the title compound 309c as
a colourless oil in 61% yield over two steps (3.80 g).
'H NMR (CDCls, 400 MHz) & (ppm): 1.12 (d, J = 7.0 Hz, 6 H, CH(CHs),), 2.81 (spt, J =
7.0 Hz, 1 H, CH(CH3)), 5.66 (s, 1 H, CHaAHgC), 6.30 (s, 1 H, CHaHgC); *C NMR
(CDCls, 100 MHz) & (ppm): 21.8 (CH(CHa),), 29.0 (CH(CHs),), 124.2 (CHaH&C), 146.3

(CHAH&C),173.0 (C=0). Data consistent with that given in the literature.*?®
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8.4.2.4 Synthesis and characterisation of 309d

2-Cyclohexylprop-2-enoic acid 309d

o Synthesised according to General Procedure VII from 1,3-diethyl 2-
OH cyclohexylpropanedioate on a 14.5 mmol scale to afford the title compound

309d as a colourless oil in 19% yield over two steps (417 mg).

'H NMR (CDCls, 400 MHz) & (ppm): 1.07 - 1.25 (m, 3 H, 3 of CgHu1), 1.27 - 1.46 (m,

2 H, 2 of C¢H11), 1.64 - 1.95 (m, 5 H, 5 of C¢H11), 2.38 - 2.50 (m, 1 H, CH,CHCH,), 5.60

(s, 1 H, CHaHgC), 6.28 (‘s’, 1 H, CHAHgC); **C NMR (CDCls, 100 MHz) & (ppm): 26.3,

26.7, 32.6 (CH,CH,CH,CH), 38.9 (CH,CHCH,), 124.8 (CHaHgC), 145.7 (CHaH&C),

172.8 (C=0). Data consistent with that given in the literature.?®*

8.4.2.5 Synthesis and characterisation of 309e

2-Cyclopentylprop-2-enoic acid 309e

o} Synthesised according to General Procedure VII from 1,3-diethyl 2-
OH cyclopentylpropanedioate on a 6.58 mmol scale to afford the title compound
309e as a colourless oil in 49% yield over two steps (449 mg).
'H NMR (CDCls, 400 MHz) & (ppm); 1.36 - 1.50 (m, 2 H, CHsHsCHCHHg), 1.56 - 1.78
(m, 4 H, CH,CH,CHCH,CH), 1.89 - 2.00 (m, 2 H, CHAHgCHCHaHg), 2.86 (quin, J =
8.5 Hz, 1 H, CH,CHCH,), 5.67 (‘’, J = 1.5 Hz, 1 H, CHaHgC), 6.29 (‘s’, 1 H, CHaHgC),
11.50 (br. s, 1 H, OH); **C NMR (CDCls, 100 MHz) & (ppm) 24.9 (CH,CH,CHCH,CH)),
31.9 (CH,CHCHy,), 41.0 (CH,CHCH,), 124.3 (CHAH&C), 143.8 (CHAH&C), 173.3 (C=0).

Data is consistent with that given in the literature.**
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8.4.2.6 Synthesis and characterisation of 2879

Methyl 2-methylidenepent-4-enoate 287q

o) Synthesised according to General Procedure VIII on a 8.9 mmol scale of acid

-
O" 309a to afford the crude product 2879 in 54% vyield (612 mg) as a colourless

| oil which was used without further purification.
'H NMR (CDCls, 400 MHz) & (ppm): 3.02 (d, J = 6.5 Hz, 2 H, CHAHsCHCHy), 3.71 (s,
3H, OCHj), 5.03 (‘s’, 1 H, CHaHgCHCH), 5.06 (dd, J = 6.5, 1.5 Hz, 1 H,
CHAHgCHCH,), 5.53 (d, J = 1.5 Hz, 1 H, CHaH&C), 5.73 - 5.89 (M, 1 H, CHAHgCHCH,),
6.15 (‘s’, 1 H, CHaHgC); *C NMR (CDCls, 100 MHz) & (ppm): 35.7 (CHAHsCHCHy),
51.7 (OCHs), 116.7 (CHaAHgCHCH,), 125.3 (CHAHgC), 134.9 (CHAHsCHCH,), 138.8

(CHAH&C), 167.2 (C=0). Data is consistent with that given in the literature.?®

8.4.2.7 Synthesis and characterisation of 287h

Methyl 2-methylidenebutanoate 287h

o} Synthesised according to General Procedure V111 on a 6.0 mmol scale of acid
o~ 309b to afford the crude product 287h in 50% vyield (340 mg) as a colourless

oil which was used without further purification.
'H NMR (CDCls, 400 MHz) & (ppm): 1.07 (t, J = 7.5 Hz, 3H, CH,CHs), 2.32 (q, J =
7.5 Hz, 2 H, CH,CHs), 3.75 (s, 3 H, OCHj), 5.53 (d, J = 1.0 Hz, 1 H, CHaHgC), 6.13 (‘s’,
1 H, CHaHgC); *C NMR (CDCls, 100 MHz) § (ppm): 12.8 (CH,CHs), 24.9 (CH,CHs),
51.9 (OCHj3), 123.7 (CHAHEC), 142.3 (CHaHBC), 168.0 (C=0). Data is consistent with

that given in the literature.*
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8.4.2.8 Synthesis and characterisation of 287i

Methyl 2-cyclohexylprop-2-enoate 287i

0 Synthesised according to General Procedure VIII on a 4.7 mmol scale of acid

~
0" 309d to afford the crude product 287i in 50% vyield (340 mg) as a colourless

oil which was used without further purification.
'"H NMR (CDCls, 400 MHz) & (ppm): 1.07 - 1.45 (m, 5 H, 5 of CsHy), 1.90 - 1.68 (m,
5H, 5 of CeHis), 2.41 - 2.53 (m, 1 H, CH,CHCHy), 3.78 (s, 3 H, OCHs), 5.51 (‘t’, J =
1.0 Hz, 1 H, CHaH&C), 6.13 (d, J = 1.0 Hz, 1 H, CHaHgC); *C NMR (CDCls, 100 MHz)
8 (ppm): 26.4, 26.7, 32.7 (3 of CgH11), 39.2 (CH,CHCHy), 51.9 (OCH3), 122.3 (CHAH&C),

146.5 (CHAH&C), 168.2 (C=0). Data is consistent with that given in the literature.3*’

8.4.2.9 Synthesis and characterisation of 287j

Phenyl 2-methylidenebutanoate 287j

o} Synthesised according to General Procedure 1X on a 3.00 mmol scale of
Ph

o acid 309b to afford the title compound 287j as a colourless oil in 75% vyield
(398 mg).

'H NMR (CDCls, 400 MHz) & (ppm): 1.17 (t, J = 7.5 Hz, 3 H, CH,CH3), 2.46 (g, J =
7.5 Hz, 2 H, CH,CH3), 5.73 (d, J = 1.0 Hz, 1 H, CHaHgC), 6.40 (‘s’, 1 H, CHaHgC), 7.13
(d, J = 8.0 Hz, 2 H, ArCH), 7.20 - 7.30 (m, 1 H, ArCH), 7.34 - 7.46 (m, 2 H, ArCH);
3C NMR (CDCls, 100 MHz) & (ppm): 12.8 (CH,CHs3), 25.0 (CH,CHs), 121.8 (ArCH),
125.5 (CHAHgC), 125.8 (ArCH), 129.5 (ArCH), 141.9 (CHaHsC), 151.0 (ArC), 165.9

(C=0). Data consistent with that given in the literature.®?®
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8.4.2.10 Synthesis and characterisation of 287k

Phenyl 3-methyl-2-methylidenebutanoate 287k

0 Synthesised according to General Procedure 1X on a 4.38 mmol scale of
Ph

o acid 309c to afford the title compound 287k as a colourless oil in 98% yield
(805 mg).

IR: 2955 (C-H), 1733 (C=0), 1498, 1197 (C-O), 1110; 'H NMR (CDCl;, 400 MHz)
8 (ppm): 1.18 (d, J = 7.0 Hz, 6 H, (CH3),CH), 2.92 (sptd, J = 7.0, 1.0 Hz, 1 H, (CH3),CH),
572 (‘, J = 1.0 Hz, 1 H, CHaHgC), 6.39 (br s, 1 H, CHAHgC), 7.10 - 7.16 (m, 2 H,
ArCH), 7.21 - 7.28 (m, 1 H, ArCH), 7.36 - 7.44 (m, 2 H, ArCH); **C NMR (CDCls,
100 MHz) & (ppm): 22.0 ((CH3),CH), 29.7 ((CH5),CH), 121.8 (ArCH), 123.8, (CHAHgC),
125.8 (ArCH), 129.5 (ArCH), 146.8 (CHaHgC), 151.1 (ArC), 166.0 (C=0); HRMS (ES+)
exact mass calculated for [M+Na]® (Ci1,H14NaO,) requires m/z 213.0886, found m/z

213.0883.

8.4.2.11 Synthesis and characterisation of 2871

Phenyl 2-cyclohexylprop-2-enoate 2871

o Synthesised according to General Procedure 1X on a 1.95 mmol scale of

_Ph
© acid 309d to afford the title compound 2871 as a colourless solid in 75%

yield (336 mg).
MP 27-29 °C; *H NMR (CDCls, 400 MHz) & (ppm): 1.14 - 1.47 (m, 5 H, 5 of CgH11), 1.69
-1.78 (m, 1 H, 1 of C¢Hy1), 1.78 - 1.87 (m, 2 H, 2 of CgHyy), 1.92 (‘d’, J = 12.0 Hz, 2 H,
2 of CgHu1), 2.51 — 2.61 (M, 1 H, CH,CHCHy), 5.68 (‘s’, 1 H, CHaHgC), 6.38 (‘s’, 1 H,
CHaHgC), 7.13 (d, J = 7.5 Hz, 2 H, ArH), 7.20 - 7.29 (m, 1 H, ArH), 7.36 - 7.45 (m, 2 H,

ArH): *C NMR (CDCls, 100 MHz) & (ppm): 26.3, 26.7, 32.7 (3 of CgH1i), 39.4
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(CH,CHCH,), 121.8 (ArCH), 124.1 (CHaH&C), 125.8 (ArCH), 129.5 (ArCH), 146.0

(CHAH&C), 151.1 (ArC), 166.1 (C=0). Data consistent with that given in the literature.??

8.4.2.12 Synthesis and characterisation of 287m

Phenyl 2-cyclopentylprop-2-enoate 287m

o} Synthesised according to General Procedure 1X on a 2.85 mmol scale of
Ph

o acid 309e to afford the title compound 287m as a colourless oil in 89%
yield (546 mg).

IR (film) vmad/cm™: 2953 (C-H), 1734 (C=0), 1492, 1196 (C-0O), 1110; *H NMR (CDCls,
400 MHz) & (ppm): 1.42 - 1.56 (m, 2 H, 2 of CsHg), 1.59 - 1.82 (m, 4 H, 4 of CsHy), 1.94-
2.10 (m, 2 H, 2 of CsHy), 2.97 (quin, J = 8.5 Hz, 1 H, CH,CHCH,), 5.73 (‘s’, 1 H,
CHaHgC), 6.37 (‘s’, 1 H, CHaHgC), 7.13 (d, J = 8.0 Hz, 2 H, ArH), 7.20 - 7.28 (m, 1 H,
ArH), 7.35 - 755 (m, 2 H, ArH); *C NMR (CDCls, 100 MHz) & (ppm): 25.1
(CHCH,CH,), 32.0 (CHCHy), 41.7 (CH,CHCHy), 121.8 (ArCH), 123.8 (CHaHgC), 125.8
(ArCH), 129.5 (ArCH), 144.2 (CHaHgC), 151.1 (ArC), 166.2 (C=0); HRMS (ES+) exact

mass calculated for [M+Na]" (C14H16NaO) requires m/z 239.1043, found m/z 239.1038.

8.4.2.13 Synthesis and characterisation of 311

Ethyl 2-(oxan-4-yl)acetate 311

L L

0] (0] o
9 O NaH o H,, Pd/C
+
0P I~ Trnr | MeOH
O
(0] @)

226

According to a literature procedure,”” to a suspension of sodium hydride (60% in mineral

oil, 0.88¢g, 22mmol, 1.1eq) THF (67mL) at 0°C was added dropwise triethyl
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phosphonoacetate (4.36 mL, 22 mmol, 1.1 eq). The reaction mixture was then stirred at rt
for 30 min and then tetrahydropyran-4-one (1.85mL, 20 mmol, 1.0 eq) was added
dropwise. Stirring was maintained for 6 h, the reaction was cooled to 0 °C, quenched by
the addition of H,O (150 mL) and extracted with Et,O (3 x 50 mL). The combined
organics were washed (brine), dried (MgSO,) and the volatiles removed in vacuo.
Purification by flash column chromatography [Petroleum ether to 4/1 petroleum
ether/EtOAC] yielded the o,B-unsaturated ester as a pale yellow oil (3.36 g, 99%). To the
a,B-unsaturated ester (3.36 g, 20 mmol, 1.0 eq) in MeOH (133 mL) was added 10% Pd/C
(0.34 g, 0.1 eq) and the reaction mixture placed under a hydrogen atmosphere for 4 h. The
suspension was filtered through Celite® washing with CH,Cl, and MeOH and the filtrate
concentrated to yield the title compound 311 as a colourless oil (2.92 g, 85% vyield over
two steps).

'H NMR (CDCls, 400 MHz) & (ppm): 1.11 - 1.22 (m, 3 H, OCH,CHs), 1.22 - 1.33 (m,
2H, two of OCH,CH,CHCH,CH,), 156 (br. d, J = 13.0 Hz, 2 H, two of
OCH,CH,CHCH,CH,), 1.88 - 2.00 (m, 1 H, OCH,CH,CH), 2.13 - 2.18 (m, 2 H,
C(O,CH,CH3)CH,CH), 3.27 - 3.37 (m, 2 H, two of OCH,CH,CHCH,CH,), 3.82 - 3.90 (m,
2 H, two of OCH,CH,CHCH,CHy), 3.99 - 4.10 (m, 2 H, OCH,CHs); *C NMR (CDCl;,
100 MHz) & (ppm): 14.2 (OCH,CHs), 32.0 (OCH,CH,CH), 32.6 (OCH,CH,CH), 41.4
(C(O,CH,CH3)CH,CH), 60.2 (OCH,CH3), 67.7 (OCH,CH,CH), 172.3 (C=0). Data is

consistent with that given in the literature.??®
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8.4.2.14 Synthesis and characterisation of 312

1-Ethyl 3-methyl 2-(oxan-4-yl)propanedioate 312

0] O O

~N
LiIHMDS O o™

’ \OJ\O/ T?S"C;
o] o

A solution of 311 (720 mg, 4.19 mmol, 1.00 eq) and dimethyl carbonate (0.46 mL,
5.44 mmol, 1.3eq) in THF (18 mL) was added dropwise to 1.0 M LiHMDS in THF
(9.2 mL, 9.2 mmol, 2.2 eq) at -78 °C over 5 min. The reaction mixture was allowed to stir
at -78 °C for 30 min then allowed to warm to 0°C over 2h and remained at this
temperature for 14 h whereupon it was quenched by the addition of glacial AcOH
(1.29 mL, 22.6 mL, 5.4 eq) and Et,O (25 mL). Vigorous stirring was maintained for 5 min
and the insoluble solids were filtered off, washed with Et,O (2 x 10 mL) and the filtrate
concentrated in vacuo. Purification by flash column chromatography [Petroleum ether to
petroleum ether/Et,O 3/2] afforded the title compound 312 as a pale yellow oil (929 mg,
96% yield).

IR (film) vma/cm™: 2956, 2845, 1753, 1733, 1180, 1135, 1094; 'H NMR (CDCls,
400 MHz) & (ppm): 1.26 (t, J = 7.0 Hz, 3 H, OCH,CHs), 1.34 - 1.48 (m, 2 H, two of

OCH,CH,CHCH,CH,), 1.56 - 1.71 (m, 2 H, two of OCH,CH,CHCH,CH), 2.25 - 2.38 (m,

1 H, OCH,CH,CHCH), 3.18 (d, J = 9.5 Hz, 1 H, OCH,CH,CHCH), 3.41 (td, J = 12.0,

2.0Hz, 2 H, two of OCH,CH,CHCH,CH,), 3.72 (s, 3 H, OCHg), 3.95 (dd, J

11.5,
35Hz, 2 H, two of OCH,CH,CHCH,CH,), 4.19 (g, J = 7.0 Hz, 2 H, OCH,CHy);
3C NMR (CDCls, 100 MHz) & (ppm): 14.2 (OCH,CHs), 30.7 (CHCH;0CH,CH,CH),
30.7 (OCH,CH,CHCH), 35.3 (OCH,CH,CHCH), 52.5 (OCHs), 57.7 (OCH,CH,CHCH),

61.6 (OCH,CHs), 67.7, 67.7 (CH,CH,OCH,CH,CH), 168.2 (C=0), 168.8 (C=0); HRMS
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(ES+) exact mass calculated for [M+Na]" (C11H1sNaOs) requires m/z 253.1046, found m/z

253.1046.

8.4.2.15 Synthesis and characterisation of 313

2-(oxan-4-yD)prop-2-enoic acid 313

0 Synthesised according to General Procedure VII from 312 on a 6.21 mmol
OH " scale to afford the title compound 313 as a colourless solid in 47% yield over
. two steps (453 mg).

IR (film) vmad/cm™: 2948, 2924, 2360, 1708, 1627, 1159, 1120, 863; 'H NMR (CDCls,
400 MHz) & (ppm): 1.53 (qd, J = 12.5, 4.0 Hz, 2 H, CHAHsCH,OCH,CHAHgCH), 1.73
(‘d’, J = 12.5 Hz, 2 H, CHaHgCH,;OCH,CHaHgCH), 2.67 (tt, J = 12.5, 3.0 Hz, 1 H,
OCH,CH,CH), 3.48 (td, J = 12.0, 2.0 Hz, 2 H, CH,CHaHgOCHAHgCH,CH), 4.03 (‘dd’, J
= 11.5, 4.0 Hz, 2 H, CH,CHAHsOCHAHECH,CH), 5.62 (‘s’, 1 H, CHaHgC), 6.33 (‘s’, 1
H, CHaHsC), 11.34 (br. s., 1 H, COOH); *C NMR (CDCls, 100 MHz) & (ppm): 32.0
(OCH,CH,CH), 36.0 (OCH,CH,CH), 68.1 (OCH,CH,), 125.3 (CHaHsC), 14338

(CHaHBC), 171.7 (C=0); MP 58 - 60 °C; HRMS (ES+) exact mass calculated for

[M+Na]* (CgH12NaO3) requires m/z 179.0679, found m/z 179.0677.

8.4.2.16 Synthesis and characterisation of 287n

Phenyl 2-(oxan-4-yl)prop-2-enoate 287n

0 Synthesised according to General Procedure I1X on a 1.92 mmol scale of
Ph

o acid 313 to afford the title compound 287n as a colourless solid in 67%
yield (300 mg).
IR (film) vmadCm™: 2917, 2847, 1729, 1193, 1121, 1091, 752; 'H NMR (CDCls,

400 MHz) § (ppm): 1.61 (qd, J = 12.5, 4.5 Hz, 2 H, CHAHsCH,0CH,CHaHsCH), 1.76 -
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1.87 (m, 2 H, CHpAHgCH,OCH,CHxHgCH), 2.80 (tt, J = 12.0, 3.0 Hz, 1 H, OCH,CH,CH),
3.51 (td, J = 12.0, 2.0 Hz, 2 H, CH,CHAHgOCHAHgCH,CH), 4.05 (dd, J = 11.5, 4.5 Hz,
2 H, CH,CHaHsOCHAHECH,CH), 5.73 (‘s’, 1 H, CHaHgC), 6.47 (‘s’, 1 H, CHaHgC),
7.08 - 7.16 (M, 2 H, ArH), 7.22 - 7.29 (m, 1 H, ArH), 7.35 - 7.47 (m, 2 H, ArH); *C NMR
(CDCl3, 100 MHz) & (ppm): 32.2 (OCH,CH,CH), 36.6 (OCH,CH,CH), 68.2 (OCH,CH,),
121.7 (ArCH), 125.0 (CHAHgC), 125.9 (ArCH), 129.5 (ArCH), 144.0 (CHaHsC), 150.9
(ArC), 165.5 (C=0); MP 54 - 56 °C; HRMS (ES+) exact mass calculated for [M+Na]"

(C14H16Na0O3) requires m/z 255.0992, found m/z 255.0990.

8.4.2.17 Synthesis and characterisation of 2870

Methyl 2-benzylprop-2-enoate 2870

o o 1. 'BUOK, 'BuOH o0 1. LIHMDS, -78 °C 0
)J\)J\ 2. BnBr )J\EU\O/ 2. p-formaldehyde \I\\)J\O/
- >~

0 THF, reflux THF, RT
Ph Ph

According to a literature procedure,?*’ methyl 3-oxobutanoate (1.74 g, 15.0 mmol, 1.00 eq)
and 'BuOH (110 mg, 1.5 mmol, 0.10 eq) were added to a suspension of 'BuOK (1.72 g,
15.3 mmol, 1.02 eq) in THF (40 mL) under a N, atmosphere at 0 °C, and the mixture was
stirred for 30 min. Benzyl bromide (2.55 g, 14.9 mmol, 0.990 eq) was added and the
mixture refluxed for 24 h. The reaction was quenched with water (30 mL) and a sat. aq.
NaHCO; solution (30 mL) was added. The aqueous layer was extracted with tert-butyl
methyl ether (25 mL) and washed with Et,0O (2 x 25 mL), the combined organic washed
with brine (2 x 25 mL), dried (MgSQ,), filtered and concentrated in vacuo. The crude
mixture was purified by flash column chromatography (petroleum ether/EtOAc = 19/1) to
yield methyl 2-benzyl-3-oxobutanoate as a colourless oil (2.26 g, 73% yield). LIHMDS
(2.0 M in THF, 12.0 mL, 12 mmol, 1.1 eq) was added to a solution of methyl 2-benzyl-3-

oxobutanoate (2.26 g, 11.0 mmol, 1.00 eq) in THF (80 mL) at —78 °C and stirred for
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30 min. Paraformaldehyde (1.65 g, 55 mmol, 5.0 eq) was added to yield a suspension,
which was warmed to rt and stirred for 5 h before filtering through Celite® and the
volatiles removed in vacuo. The crude mixture was purified by flash column
chromatography (petroleum ether/EtOAc = 19/1) to yield the title compound 2870 as a
colourless oil (1.50 g, 77% vyield, 57% vyield over two steps). *"H NMR (CDCls, 400 MHz)
§ (ppm): 3.48 (s, 2 H, PhCH,C), 3.57 (s, 3 H, OCH3), 5.31 (d, J = 1.5 Hz, 1 H,
HaHgC=C(Bn)C=0), 6.08 (m, 1 H, HAHgC=C(Bn)C=0), 7.01 - 7.08 (m, 3 H, ArH), 7.10 -
7.18 (m, 2 H, ArH); *C NMR (CDCls, 100 MHz) & (ppm): 38.1 (PhCH,C), 51.9 (OCHj),
126.3, 126.4 (ArCH and H,C=C(Bn)C=0), 1285 (ArCH), 129.1 (ArCH), 138.7,
140.1(ArC and H,C=C(Bn)C=0), 167.4 (C=0). All characterisation data agree with those

published in the literature.?’

8.4.2.18 Synthesis and characterisation of 317a

Ethyl 2-(4-methoxyphenyl)prop-2-enoate 317a

O o
"o 1. AICI ° o™ o
2. CIC(O)CO,Et MePPh3Br, nBulLi .
CH,Cly, 0 °C THF, -78 °C
O SN

According to a literature procedure,®*° AICI; (5.07 g, 38.0 mmol, 1.90 eq) was suspended
in CH,CI, (27 mL) at 0 °C and ethyl chlorooxoacetate (4.24 mL, 38.0 mmol, 1.90 eq) was
added dropwise over 15 min. The suspension became a yellow solution after stirring for
10 min and then anisole (2.17 mL, 20.0 mmol, 1.00 eq) was added dropwise over 10 min at
0 °C. Upon complete addition the reaction mixture was warmed to RT and stirring
maintained for 14 h. The reaction was quenched by pouring into crushed ice (100 g) and

37% HCI (33 mL). The aqueous layer was extracted with CH,Cl, (3 x 30 mL) and the
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combined organics were washed with 0.1 M NaOH (20 mL) then brine, dried (MgSQO,) and
the volatiles removed in vacuo. Purification by flash column chromatography [Petroleum
ether to 4/1 petroleum ether/Et,O] afforded the oxalate as a pale yellow oil (2.97 g, 71%
yield). To a suspension of methyl-triphenylphosphonium bromide (5.11 g, 14.3 mmol,
1.00 eq) in THF (57 mL) at 0 °C was added 1.6 M "BuLi in hexanes (8.9 mL, 14.3 mmol,
1.00 eq) dropwise. Stirring was maintained for 1 h and the reaction mixture cooled to -
78°C then a solution of the oxalate (2.97 g, 14.3 mmol, 1.00 eq) in THF (25 mL) was
added dropwise and then the solution was allowed to warm to RT whereupon stirring was
maintained for 14 h. The reaction mixture was quenched by the addition of sat. NH,CI
(30 mL) and diluted with brine (30 mL). The layers were separated and the aqueous layer
extracted with Et,0 (2x 40 mL). The combined organics were washed (brine), dried
(MgSO,) and the volatiles removed in vacuo. Purification by flash column chromatography
[Petroleum ether to 9/1 petroleum ether/Et,0O] afforded the title compound 317a as a pale
yellow oil (1.70 g, 58% vyield).

'H NMR (CDCls, 400 MHz) & (ppm): 1.34 (t, J = 7.0 Hz, 3 H, OCH,CHj), 3.83 (s, 3 H,
OCHj), 4.30 (g, J = 7.0 Hz, 2 H, OCH,CHs), 5.84 (d, J = 0.5 Hz, 1 H, CHaHgC), 6.26 (d, J
= 0.5 Hz, 1 H, CHaHgC), 6.88 - 6.92 (m, 2 H, ArH), 7.36 — 7.40 (m, 2 H, ArH); *C NMR
(CDCls, 100 MHz) & (ppm): 14.2 (OCH,CHs), 55.3 (ArCOCHs3), 61.1 (OCH,CHs), 113.5
(ArCH), 125.0 (CHaHgC), 129.2 (ArC), 129.5 (ArCH), 140.9 (CHaHgC), 159.5

(ArCOCHs), 167.1 (C=0). Data is consistent with that given in the literature.®*
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8.4.2.19 Synthesis and characterisation of 317b

Ethyl 2-(3-methoxyphenyl)prop-2-enoate 317b

OO~ O
t '
Br 1. 'BuLi in hexanes MePPhsBr, nBuLi o
2. diethyl oxalate @) >
> THF, -78 °C
THF, -78°C --> 0 °C

O\ O O/

To a solution of 3-bromoanisole (1.27 mL, 10.0 mmol, 1.00 eq) in THF (40 mL) at -78 °C
was added 1.67 M 'BuLi in hexanes (12.0 mL, 20 mmol, 2.00 eq) dropwise. In a separate
R.B.F. diethyl oxalate (1.36 mL, 10.0 mmol, 1.00 eq) in THF (48 mL) was cooled to -
78 °C and the organolithium reagent was cannulated at low temperature dropwise to the
dioxalate solution. The reaction mixture was warmed to RT over 2 h and stirring was
maintained for 12 h whereupon it was quenched by the addition of sat. NH4CI (60 mL) and
extracted with Et,O (3 x 50 mL). The combined organics were washed with brine, dried
(MgSO,) and the volatiles removed in vacuo. Purification by flash column chromatography
[Petroleum ether to 9/1 petroleum ether/Et,O] afforded the oxalate as a yellow oil (1.16 g,
56% yield). To a suspension of methyl-triphenylphosphonium bromide (1.72 g, 4.81 mmol,
1.00eq) in THF (19 mL) at -78 °C was added 1.8 M nBuLi in hexanes (2.70 mL,
4.81 mmol, 1.00 eq) dropwise. Stirring was maintained for 1 h and then a solution of the
oxalate (1.00 g, 4.81 mmol, 1.00 eq) in THF (10 mL) was added dropwise and then the
solution was allowed to warm to RT whereupon stirring was maintained for 14 h. The
reaction mixture was quenched by the addition of 1 M HCI (15 mL) and diluted with brine
(20 mL). The layers were separated and the aqueous layer extracted with Et,O (2 x 20 mL).
The combined organics were washed (brine), dried (MgSO,) and the volatiles removed in
vacuo. Purification by flash column chromatography [Petroleum ether to 9/1 petroleum

ether/Et,QO] afforded the title compound 317b as a yellow oil (350 mg, 35% yield).
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'H NMR (CDCls, 400 MHz) 8 (ppm): 1.35 (t, J = 7.0 Hz, 3 H, OCH,CHs), 3.83 (s, 3 H,
ArOCHs), 4.30 (q, J = 7.0 Hz, 2 H, OCH,CHs), 5.90 (t, J = 1.0 Hz, 1 H, CHaHgC), 6.35 (t,
J=1.0Hz, 1 H, CHaHgC), 6.94 - 6.87 (m, 1 H, ArH), 6.97 - 7.04 (m, 2 H, ArH), 7.25 -
731 (m, 1 H, ArH); ®CNMR (CDCls, 100 MHz) & (ppm): 14.2 (OCH,CH3), 55.2
(ArOCH3), 61.1 (OCH,CHs), 113.7 (ArCH), 114.0 (ArCH), 120.7 (ArCH), 126.6
(CHAH&C), 129.0 (ArCH), 138.1 (ArC), 141.4 (CHaHgC), 159.2 (ArCOCHs), 166.7

(C=0). Data is consistent with that given in the literature.**?

8.4.2.20 Synthesis and characterisation of 317c

Ethyl 2-(2-methoxyphenyl)prop-2-enoate 317¢

Os O~ 0]

e
Br 1. "BuLi in hexanes MePPhsBr, nBuLi o
2. diethyl oxalate @)

~ > THF, -78 °C O
o) THF, -78°C > 0 °C o >

21 to a solution of 2-bromoanisole (1.49 mL,

According to a modified procedure,
12.0 mmol, 1.00 eq) in THF (48 mL) at -78 °C was added a solution of nBuLi (7.5 mL,
1.6 M in hexanes) dropwise and then the reaction mixture was warmed to 0 °C over 20 min
and then cooled back to -78 °C. In a separate R.B.F. diethyl oxalate (1.63 mL, 12.0 mmol,
1.00eq) in THF (48 mL) was cooled to -78 °C and the organolithium reagent was
cannulated at low temperature dropwise to the oxalate. The reaction mixture was warmed
to RT over 2 h and stirring was maintained for 12 h whereupon it was quenched by the
addition of sat. NH,Cl (60 mL) and extracted with Et;,0 (3 x 50 mL). The combined
organics were washed with brine, dried (MgSQO,) and the volatiles removed in vacuo.
Purification by flash column chromatography [Petroleum ether to 9/1 petroleum

ether/Et,O] afforded the oxalate as a yellow oil (1.71 g, 68% vyield). To a suspension of

methyl-triphenylphosphonium bromide (3.07 g, 8.58 mmol, 1.05 eq) in THF (55 mL) at -
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78 °C was added 1.24 M nBuLi in hexanes (6.60 mL, 8.17 mmol, 1.00 eq) dropwise.
Stirring was maintained for 1 h and then a solution of the oxalate (1.70 g, 8.17 mmol) in
THF (10 mL) was added dropwise and then the solution was allowed to warm to RT
whereupon stirring was maintained for 14 h. The reaction mixture was quenched by the
addition of 1 M HCI (20 mL) and diluted with brine (40 mL). The layers were separated
and the aqueous layer extracted with Et,O (2x 40 mL). The combined organics were
washed (brine), dried (MgSO,) and the volatiles removed in vacuo. Purification by flash
column chromatography [Petroleum ether to 9/1 petroleum ether/Et,0] afforded the title
compound 317c as a yellow oil (1.52 g, 90% yield).

'H NMR (CDCls, 400 MHz) & (ppm): 1.28 (t, J = 7.0 Hz, 3 H, OCH,CHj), 3.80 (s, 3 H,
OCHj), 4.25 (q, J = 7.0 Hz, 2 H, CH,CHa), 5.74 (d, J = 1.5 Hz, 1 H, CHaHgC), 6.28 (d, J
= 1.5 Hz, 1 H, CHaHgC), 6.90 (dd, J = 8.0, 1.0 Hz, 1 H, ArH), 6.97 (td, J = 7.5, 1.0 Hz,
1H, ArH), 7.24 (dd, J = 7.5, 2.0 Hz, 1 H, ArH), 7.34 (ddd, J = 8.5, 7.5, 2.0 Hz, 1 H, ArH);
3C NMR (CDCls, 100 MHz) & (ppm): 14.2 (OCH,CHs), 55.5 (OCHs), 60.8 (OCH,CHs),
110.6 (ArCH), 120.6 (ArCH), 126.0 (CHaHgC), 127.1 (ArC), 129.7 (ArCH), 130.0
(ArCH), 140.3 (CHaHgC), 156.8 (ArCOCHj3), 167.4 (C=0). Data is consistent with that

given in the literature.®®

8.4.2.21 Synthesis and characterisation of 317d

Ethyl 2-(naphthalen-1-yl)prop-2-enoate 317d

O o
ol
1. EULI in hexanes o o~ MePPhaBr, nBuLi o
2. diethyl oxalate >
THF, -78 °C
THF, -78°C -->0 °C
Br

To a solution of 1-bromonaphthalene (1.68 mL, 12.0 mmol, 1.00 eq) in THF (48 mL) at -

78 °C was added 1.24 M n-BuLi in hexanes (9.8 mL, 12 mmol, 1.0 eq) dropwise. In a
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separate R.B.F. diethyl oxalate (1.63 mL, 12.0 mmol, 1.00 eq) in THF (48 mL) was cooled
to -78 °C and the organolithium reagent was cannulated at low temperature dropwise to the
dioxalate solution. The reaction mixture was warmed to RT over 2 h and stirring was
maintained for 12 h whereupon it was quenched by the addition of sat. NH,CI (60 mL) and
extracted with Et,O (3 x 50 mL). The combined organics were washed with brine, dried
(MgSO,) and the volatiles removed in vacuo. Purification by flash column chromatography
[Petroleum ether to 3/2 petroleum ether/Et,O] afforded the oxalate as a yellow oil (1.66 g,
61% yield). To a suspension of methyl-triphenylphosphonium bromide (2.51 g, 7.02 mmol,
1.00eq) in THF (28 mL) at -78 °C was added 2.5M "BuLi in hexanes (2.80 mL,
7.0 mmol, 1.00 eq) dropwise. Stirring was maintained for 1 h and then a solution of the
oxalate (1.60 g, 7.02 mmol, 1.00 eq) in THF (15 mL) was added dropwise and then the
solution was allowed to warm to rt whereupon stirring was maintained for 14 h. The
reaction mixture was quenched by the addition of 1 M HCI (20 mL) and diluted with brine
(30 mL). The layers were separated and the aqueous layer extracted with Et,O (2 x 30 mL).
The combined organics were washed (brine), dried (MgSO,) and the volatiles removed in
vacuo. Purification by flash column chromatography [Petroleum ether to 9/1 petroleum
ether/Et,0] and subsequent crystallisation (neat) afforded the title compound 317d as a
colourless solid (400 mg, 25% vyield).

'H NMR (CDCls, 400 MHz) & (ppm): 1.22 (t, J = 7.0 Hz, 3 H, OCH,CHs), 4.23 (q, J =
7.0 Hz, 2 H, OCH,CH3), 5.91 (d, J = 2.0 Hz, 1 H, CHaHgC), 6.72 (d, J = 2.0 Hz, 1 H,
CHaHgC), 7.38 (dd, J = 7.0, 1.5 Hz, 1 H, ArH), 7.44 - 7.52 (m, 3 H, ArH), 7.72 - 7.78 (m,
1 H, ArH), 7.84 - 7.91 (m, 2 H, ArH); *C NMR (CDCl;, 100 MHz) & (ppm): 14.1
(OCH,CH3), 61.1 (OCH,CHs), 125.2 (ArCH), 125.3 (ArCH), 125.8 (ArCH), 126.1

(ArCH), 126.9 (ArCH), 128.3 (ArCH), 128.5 (ArCH), 129.6 (CHaHsC), 131.8 (ArC),
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133.4 (ArC), 135.4 (ArC), 141.1 (CHaHgC), 167.0 (C=0); MPT 49 — 51 °C [lit 52 —

53 °C].3* Data is consistent with that given in the literature.®*!

8.4.2.22 Synthesis and characterisation of 287p

Methyl 2-(4-methoxyphenyl)prop-2-enoate 287p

0 Synthesised according to General Procedure VIII on a 8.25 mmol scale of ethyl
o~ ester 317a to afford, after reflux for 16 h, the crude product. Purification by
flash column chromatography [Petroleum ether to petroleum ether/Et,O 9/1]

NG afforded the title compound 287p in 78% yield (1.23 g) as a colourless oil.
'H NMR (CDCl3, 400 MHz) & (ppm): 3.83 (‘s’, 6 H, ArOCH3 and C(=0)OCHs), 5.84 (d, J
= 1.0Hz, 1 H, CHaHgC), 6.28 (d, J = 1.0 Hz, 1 H, CHAH&C), 6.87 - 6.93 (m, 2 H,
ArH),7.34 - 7.42 (m, 2 H, ArH); ®CNMR (CDCls, 100 MHz) & (ppm): 52.1
(C(=0)OCHj3), 55.2 (ArCOCHs), 113.5 (ArCH), 125.4 (CHaHsC), 129.1 (ArC), 129.5
(ArCH), 140.6 (CHAHgC), 159.6 (ArCOCH3), 167.5 (C=0). Data is consistent with that

given in the literature.”’

8.4.2.23 Synthesis and characterisation of 287q

Methyl 2-(3-methoxyphenyl)prop-2-enoate 2879

o} Synthesised according to General Procedure VIII on a 1.97 mmol scale

~
O of ethyl ester 317b to afford, after reflux for 16 h, the crude product.

N Purification by flash column chromatography [Petroleum ether to 9/1

0]
petroleum ether/Et,0] afforded the title compound 287q as a yellow oil (120 mg, 43%

yield).
IH NMR (CDCls, 400 MHz) & (ppm): 3.83 (s, 3 H, COOCH; or ArCOCHs), 3.83 (s, 3 H,

COOCH; or ArCOCHs3), 5.91 (d, J = 1.0 Hz, 1 H, CHaH&C), 6.37 (d, J = 1.0 Hz, 1 H,
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CHaHgC), 6.90 (ddd, J = 8.5, 2.5, 1.0 Hz, 1 H, ArH), 6.96 - 6.98 (m, 1 H, ArH), 6.99 -7.03
(m, 1 H, ArH), 7.26 - 7.31 (m, 1 H, ArH); *C NMR (CDCls, 100 MHz) & (ppm): 52.2
(COOCHs), 55.2 (ArCOCHs), 113.7 (ArCH), 114.0 (ArCH), 120.7 (ArCH), 127.0
(CHAH&C), 129.1 (ArCH), 138.0 (ArC), 141.1 (CHaHsC), 159.2 (ArCOCHs), 167.2

(C=0). Data is consistent with that given in the literature.?*®

8.4.2.24 Synthesis and characterisation of 287r

Methyl 2-(2-methoxyphenyl)prop-2-enoate 287r

o Synthesised according to General Procedure VIII on a 1.97 mmol scale
o~ of ethyl ester 317c to afford, after reflux for 16 h, the title compound
287r in 61% yield (234 mg) as a pale yellow oil which was used without

further purification.
'H NMR (CDCls, 400 MHz) & (ppm): 3.76 (s, 3 H, C(=0)OCHs), 3.80 (s, 3 H,
ArCOCHj), 5.74 (d, J = 1.5 Hz, 1 H, CHAHgC), 6.29 (d, J = 1.5 Hz, 1 H, CHaAHgC), 6.90
(d, J =85 Hz, 1 H, ArH), 6.97 (‘td’, J = 7.5, 1.0 Hz, 1 H, ArH), 7.22 (dd, J = 7.5, 1.5 Hz,
1H, ArH), 7.30 - 7.38 (m, 1 H, ArH); *C NMR (CDCl;, 100 MHz) & (ppm): 52.2
(C(=0)OCHs), 55.8 (ArCOCHs), 110.9 (ArCH), 120.8 (ArCH), 126.6 (CHaHsC), 127.2
(ArC), 130.0 (ArCH), 130.2 (ArCH), 140.0 (CHaHgC), 157.0 (ArCOCH;), 168.1 (C=0).

Data is consistent with that given in the literature.**
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8.4.2.25 Synthesis and characterisation of 287s

Methyl 2-(2-nitrophenyl)prop-2-enoate 287s

O O
p-formaldehyde _
o~ TBAI, K,COj4 @
NO; toluene, 80 °C NO,

According to a literature procedure,??®

to a solution of methyl 2-(2-nitrophenyl)acetate
(1.45 g, 7.43 mmol, 1.00 eq) in toluene (10 mL) were added paraformaldehyde (625 mg,
20.8 mmol, 2.80 eq), TBAI (110 mg, 0.30 mmol, 0.04 eq) and K,CO3 (3.08 g, 22.3 mmol,
3.00eq). The resulting suspension was stirred at 80 °C for 24 h, cooled to room
temperature and diluted with H,O (10 mL). The aqueous layer was extracted with Et,0
(2x 20 mL) and the combined organics were washed (brine), dried (MgSQO,) and the
volatiles removed in vacuo. Purification by flash column chromatography [petroleum ether
to 4/1 petroleum ether/Et,O] afforded the title compound 287s as a pale yellow oil
(818 mg, 53% yield).

'H NMR (CDCls, 400 MHz) & (ppm): 3.73 (s, 3 H, OCHjs), 5.88 (d, J = 0.5 Hz, 1 H,
CHaHgC), 6.54 (d, J = 0.5 Hz, 1 H, CHaHgC), 7.39 (dd, J = 8.0, 1.5 Hz, 1 H, ArH), 7.53
(‘td’, J = 8.0, 1.5 Hz, 1 H, ArH), 7.65 (‘td’, J = 8.0, 1.5 Hz, 1 H, ArH), 8.12 (dd, J = 8.0,
1.5 Hz, 1 H, ArH); 3C NMR (CDCls, 100 MHz) & (ppm): 52.5 (OCHs), 124.7 (ArCH),
127.7 (CHaHgC), 129.5 (ArCH), 132.3 (ArCH), 133.1 (ArC), 133.8 (ArCH), 139.9
(CHaHBC), 148.0 (ArC), 165.4 (C=0). Data is consistent with that given in the

literature.?®
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8.4.2.26 Synthesis and characterisation of 287t

Methyl 2-(4-nitrophenyl)prop-2-enoate 287t

0 o)
o~ o o~
.\ SN L,
| | DMSO
NO, NO,

> to a stirred solution of methyl 2-(4-

According to a literature procedure,®
nitrophenyl)acetate (1.50g, 7.68 mmol, 1.0eq) in DMSO (8 mL) was added
tetramethyldiaminomethane (1.57 mL, 11.5 mmol, 1.50 eq) followed by acetic anhydride
(2.40 mL, 25.3 mmol, 3.3 eq) at RT and the mixture was stirred for 2 h. The reaction
mixture was diluted with water (10 mL), extracted with ether (2 x 30 mL) and the volatiles
removed in vacuo. Purification by flash column chromatography [petroleum ether to 4/1
petroleum ether/EtOACc] afforded the title compound 287t as a colourless solid (552 mg,
35% vield).

MPT 189- 191 °C [lit. 110 °CJ**®; 'H NMR (CDCls, 400 MHz) & (ppm): 3.84 (s, 3 H,
OCHys), 6.04 (‘s’, 1 H, CHAHgC), 6.54 (‘s’, 1 H, CHaHgC), 7.54 - 7.65 (m, 2 H, ArH), 8.17
- 8.23 (m, 2 H, ArH); *C NMR (CDCls, 100 MHz) & (ppm): 52.4 (OCHj3), 123.2 (ArCH),
129.3 (ArCH), 129.6 (CHaHgC), 139.4 (CHaHgC), 143.0 (ArC), 147.4, (ArC), 165.9

(C=0). Data is consistent with that given in the literature.®*’
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8.4.3 Synthesis and Characterisation of a-Substituted, f-Mercaptoesters

8.4.3.1 Synthesis and characterisation of 288a

Methyl (2R)-2-methyl-3-(propylsulfanyl)propanoate 288a

o Methyl methacrylate (110 pL, 1.0 mmol, 5.0 eq) was reacted
_Me
\/\S/\HJ\O with 1-propanethiol (18 uL, 0.20 mmol, 1.0 eq) according to
Me

General Procedure X. The reaction mixture was purified by FCC (petroleum ether/Et,0 =
99/1 to 49/1) to afford the title compound 288a as a pale yellow oil in 97% yield (34 mg)
and 94% ee [determined by HPLC, Chiralpak AD, hexane/isopropanol = 99/1, 1 mL/min, A
=230 nm, t (major) = 5.32 min, t (minor) = 5.91 min].

[a]o® = +27.3 (¢ 1.09, CHCI5); IR (film) vma/cm™: 2962, 1736 (C=0), 1458, 1435, 1375,
1208 (C-0), 1161 (C-0), 986, 826; 'H NMR (CDCls, 400 MHz) & (ppm): 0.98 (t, J =
7.5 Hz, 3 H, CH3CH,CH,S), 1.25 (d, J = 7.0 Hz, 3 H, CH(CH3)C=0), 1.60 (‘sxt’, J =
7.5 Hz, 2 H, CH3CH,CH,S), 2.49 (t, J = 7.5 Hz, 2 H, CH3CH,CH,S), 2.57 (dd, J = 13.0,
7.0 Hz, 1 H, SCHAHsCH(CHs)), 2.68 (‘sxt’, J = 7.0 Hz, 1 H, CH(CH5)C=0), 2.83 (dd, J =
13.0, 7.0 Hz, 1 H, SCHAHECH(CHs3)), 3.70 (s, 3 H, OCHa); **C NMR (CDCl3, 100 MHz)
§ (ppm): 13.4 (CH3CH,CH,S), 16.8 (CH(CH3)C=0), 22.9 (CH3CH,CH,S), 34.7 (CH3CH-
,CH,S), 35.4 (SCH,CH(CHj3)), 40.2 (CH(CH3)C=0), 51.8 (OCHj3), 175.7 (C=0); HRMS
(ES+) exact mass calculated for [M+Na]* (CgH1sNaO,S) requires m/z 199.0763, found m/z

199.0758.

8.4.3.2 Synthesis and characterisation of 288b

Ethyl (2R)-2-methyl-3-(propylsulfanyl)propanoate 288b

o Ethyl methacrylate (124 pL, 1.00 mmol, 5.0 eq) was reacted

with 1-propanethiol (18 uL, 0.20 mmol, 1.0 eq) according to
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General Procedure X. The reaction mixture was purified by FCC (petroleum ether/Et,O =
99/1 to 19/1) to afford the title compound 288b as a colourless oil in 87% vyield (33 mg)
and 92% ee [determined by GC, Supelco B-dex™ 325, 30 m, 0.25 mm, 0.25 um, carrier
gas He (flow rate 30 cm/s); column temperature 80 °C ramp 1 C/min to 90 C then 90 T t
(minor) = 62.70 min, t (major) = 63.21 min].

[a]o® = +15.8 (c 0.66, CHCI5); IR (film) vma/cm™: 2964, 1732 (C=0), 1458, 1375, 1340,
1204, 1159 (C-0), 1117, 1030, 862; 'H NMR (CDCls, 400 MHz) & (ppm): 0.98 ppm (t, J
= 7.5 Hz, 3 H, CH3CH,CH,S), 1.25 (d, J = 7.0 Hz, 3 H, CH(CH3)C=0), 1.27 (t, J = 7.0 Hz,
3 H, OCH,CHjy), 1.60 (‘sxt’, J = 7.5 Hz, 2 H, CH3CH,CH,S), 2.50 (t, J = 7.5 Hz, 2 H,
CHsCH,CH,S), 2.56 (dd, J = 12.5, 7.0 Hz, 1 H, SCHaHsCH(CHa)), 2.65 (‘sxt’, J = 7.0 Hz,
1 H, CH(CH3)C=0), 2.83 (dd, J = 12.5, 7.0 Hz, 1 H, SCHaHsCH(CHs)), 4.16 (g, J =
7.0 Hz, 2 H, OCH,CH3); ®C NMR (CDCls, 100 MHz) & (ppm): 13.4 (CH3CH,CH,S),
14.2 (OCH,CHs), 16.8 (CH(CH3)C=0), 22.9 (CH3CH,CH,S), 34.7 (CH3CH,CH,S), 35.4
(SCH,CH(CH3)), 40.3 (CH(CH3)C=0), 60.5 (OCH,CHs), 175.2 (C=0); HRMS (ES+)
exact mass calculated for [M+Na]® (CoH1gNaO,S) requires m/z 213.0920, found m/z

213.0916.

8.4.3.3 Synthesis and characterisation of 288c

Propan-2-vl (2R)-2-methyl-3-(propylsulfanyl)propanoate 288c

0 Isopropyl methacrylate (144 uL, 1.00 mmol, 5.0 eq) was reacted
\/\S/\HJ\O

I with 1-propanethiol (18 puL, 0.20 mmol, 1.0 eq) according to
e

General Procedure X. The reaction mixture was purified by FCC (petroleum ether/Et,0 =
99/1 to 19/1) to afford the title compound 288c as a colourless oil in 71% vyield (29 mg)
and 93% ee [determined by HPLC, Chiralcel OD, hexane/isopropanol = 99.5/0.5, 1

mL/min, A =220 nm, t (minor) = 6.32 min, t (major) = 7.25 min].
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[a]o® = +22.3 (¢ 0.39, CHCI,); IR (film) vma/cm™: 2972, 1731 (C=0), 1457, 1375, 1208,
1169 (C-0O), 1109; 'H NMR (CDCls, 400 MHz) & (ppm): 0.98 (t, J = 7.5 Hz, 3 H,
CH3CH,CH,S), 1.28 - 1.20 (m, 9 H, CH(CH3)C=0 and OCH(CHas),), 1.60 (‘sxt’, J =
7.5 Hz, 2 H, CH3CH,CHS5S), 2.45 - 2.67 (m, 4 H, SCHAHsCH(CH3), CH(CH3)C=0 and
CHsCH,CH,S), 2.78 - 2.85 (m, 1 H, SCHaHgCH(CH3)), 5.02 (spt, J = 6.5 Hz, 1 H,
OCH(CHs),); ®C NMR (CDCls, 100 MHz) & (ppm): 13.9 (CHs;CH,CH,S), 17.3
(CH(CH3)C=0), 22.2 (one of CH(CHs)), 22.3 (one of OCH(CHa),), 23.4 (CH3CH,CH,S),
35.1 (CH3CH,CH,S), 35.9 (SCH,CH(CHg)), 40.9 (CH(CH3)C=0), 68.3 (OCH(CHs)y),
175.3 (C=0); HRMS (ES+) exact mass calculated for [M+Na]" (C1oH20NaO,S) requires

m/z 227.1076, found m/z 227.1074.

8.4.3.4 Synthesis and characterisation of 288e

Phenyl (2R)-2-methyl-3-(propylsulfanyl)propanoate 288e

0 Phenyl methacrylate 287e (65 mg, 0.40 mmol, 2.0 eq) was
_Ph
\/\S%O reacted with 1-propancthiol (18 uL, 0.20 mmol, 1.0 eq)
Me

according to General Procedure X. The reaction mixture was purified by FCC (petroleum
ether/Et,0 = 99/1 to 49/1) to afford the title compound 288e as a colourless oil in >99%
yield (48 mg) and 95% ee [determined by HPLC, Chiralpak AD, hexane/isopropanol =
99/1, 1 mL/min, A =230 nm, t (major) = 7.13 min, t (minor) = 7.64 min].

[a]o?® = +44.2 (c 0.65, CHCI3); IR (film) vmad/cm™: 2963, 1757 (C=0), 1594, 1493, 1457,
1192 (C-0), 1162, 1136 (C-O), 748, 690; *H NMR (CDCls, 400 MHz) & (ppm): 1.00 (t, J
= 7.5 Hz, 3 H, CH3CH,CH,S), 1.40 (d, J = 7.0 Hz, 3 H, CH(CH5)C=0), 1.64 (‘sxt’, J =
7.5 Hz, 2 H, CH3CH,CH,S), 2.57 (t, J = 7.5 Hz, 2 H, CH3CH,CH,S), 2.68 - 2.77 (m, 1 H,
SCHaHgCH(CHs3)), 2.88 - 2.99 (m, 2 H, SCHAHsCH(CH3) and CH(CH3)C=0), 7.08 - 7.13

(m, 2 H, ArH), 7.20 - 7.27 (m, 1 H, ArH), 7.35 - 7.41 (m, 2 H, ArH); *C NMR (CDCls,

293



100 MHz) 6 (ppm): 13.4 (CH3CH,CH,SH), 16.9 (CH(CH3)C=0), 22.9 (CH3CH,CH,SH),
34.7 (CH3CH,CH,SH), 35.4 (SCH,CH(CHj3)), 40.5 (CH(CH3)C=0), 121.5 (ArCH), 125.8
(ArCH), 129.4 (ArCH), 150.7 (ArC), 173.7 (C=0); HRMS (ES+) exact mass calculated

for [M+Na]" (C13H1gNa0,S) requires m/z 261.0920, found m/z 261.0908.

8.4.3.5 Synthesis and characterisation of 288f

tert-Butyl (2R)-2-methyl-3-(propylsulfanyl)propanoate 288f

o} tert-Butyl methacrylate (163 pL, 1.00 mmol, 5.0 eq) was reacted
\/\S/\HJ\O

o with 1-propanethiol (18 uL, 0.20 mmol, 1.0 eq) according to
e

General Procedure X stirring for 48 h. The reaction mixture was purified by FCC
(petroleum ether/Et,O = 99/1 to 19/1) to afford the title compound 288f as a colourless oil
in 37% vyield (16 mg) and 96% ee [determined by GC, Supelco B-dex™ 325, 30 m,
0.25 mm, 0.25 um, carrier gas He (flow rate 30 cm/s); column temperature 80°C ramp
1 C/min to 90 C then 90 T t (major) = 81.36 min, t (minor) = 82.60 min].

[a]p?® = +19.2 (c 0.63, CHCIl5); IR (film) vma/cm™: 2969, 1728 (C=0), 1458, 1367, 1252,
1148 (C-0), 848; 'H NMR (CDCls, 400 MHz) & (ppm): 0.99 ppm (t, J = 7.5 Hz, 3 H,
CH3sCH,CH,S), 1.21 (d, J = 7.0 Hz, 3 H, CH(CH3)C=0), 1.46 (s, 9 H, OC(CHs)3), 1.61
(‘sxt’, J = 7.5 Hz, 2 H, CH3CH,CH,S), 2.47 - 2.60 (m, 4H, SCHaHsCH(CHs),
CH(CH3)C=0 and CH3CH,CH,S), 2.77 — 2.83 (m, 1 H, SCHAHsCH(CH3)); *C NMR
(CDCl;, 100 MHz) & (ppm): 13.4 (CHsCH,CH,S), 16.9 (CH(CHs)C=0), 22.9
(CH3CH,CH,S), 28.0 (OC(CHs)s), 34.7 (CHsCH,CH,S), 35.6 (SCH,CH(CHa)), 41.1
(CH(CH3)C=0), 80.4 (OC(CHj3)3), 174.6 (C=0); HRMS (ES+) exact mass calculated for

[M+Na]" (C11H2NaO,S) requires m/z 241.1233, found m/z 241.1240.
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8.4.3.6 Synthesis and characterisation of 288i

Methyl (2R)-2-methyl-3-[(3-methylbutyl)sulfanyl]propanoate 288i

)\/\ O
M
S/\HJ\O/ e
Me

according to General Procedure X. The reaction mixture was purified by FCC (petroleum

Methyl methacrylate (0.107 mL, 1.00 mmol, 5.0 eq) was

reacted with isopentylmercaptan (25 pL, 0.20 mmol, 1.0 eq)

ether to petroleum ether/Et,0 49/1) to afford the title compound 288i as a colourless oil in
86% yield (35 mg) and 92% ee [determined by GC, Supelco B-dex™ 325, 30 m, 0.25 mm,
0.25 um, carrier gas He (flow rate 40 cm/s); column temperature 80°C ramp 1 T/min to
120 C then 10 ‘C/min to 220 C, t (minor) = 89.56 min, t (major) = 90.27 min].

[a]p?® = +14.2 (¢ 0.51, CHCIs); IR (film) vmad/cm™: 2955, 1740 (C=0), 1460, 1163 (C-O);
'H NMR (CDCls, 400 MHz) & (ppm): 0.88 (d, J = 6.5 Hz, 6 H, CH(CHs),), 1.24 (d, J =
7.0 Hz, 3 H, CH(CH3)C=0), 1.38 - 1.50 (m, 2 H, CH,CH,S), 1.58 - 1.72 (m, 1 H,
CH(CHas)2), 2.45 - 253 (m, 2 H, CH,CH,S), 256 (dd, J = 13.0, 7.0 Hz, 1 H,
SCHaHsCH(CHa)), 2.67 (‘sxt’, J = 7.0 Hz, 1 H, CH(CH3)C=0), 2.82 (dd, J = 13.0, 7.0 Hz,
1 H, SCHAHsCH(CHs)), 3.69 (s, 3 H, OCH3); *C NMR (CDCls, 100 MHz) & (ppm): 16.8
(CH(CH3)C=0), 22.2 (CH(CHs),), 27.4 (CH(CHs),), 30.6 (SCH.CH(CHa)), 35.4
(CH,CH,S), 38.5 (CH,CH,S), 40.1 (CH(CH3)C=0), 51.8 (OCH3), 175.7 (C=0); HRMS
(ES+) exact mass calculated for [M+Na]* (C10H20NaO,S) requires m/z 227.1076, found m/z

227.1072.

295



8.4.3.7 Synthesis and characterisation of 288l

Methyl (2R)-3-[(4-methoxybenzyl)sulfanyl]-2-methylpropanoate 288l

o Methyl methacrylate (110 pL, 1.0 mmol, 5.0 eq) was
/@AS/\HJ\O/ reacted with  4-methoxybenzyl mercaptan (28 pL,
"o 0.20 mmol, 1.0 eq) according to General Procedure X. The
reaction mixture was purified by FCC (petroleum ether/Et,O = 99/1 to 4/1) to afford the
title compound 288l as a colourless oil in 89% yield (45 mg) and 89% ee [determined by
HPLC, Chiralcel OD, hexane/isopropanol = 98/2, 1 mL/min, A = 220 nm, t (minor) =
9.52 min, t (major) = 10.53 min].
[@]o? = +25.2 (c 1.00, CHCI3); *H NMR (CDCls, 400 MHz) & (ppm): 1.21 (d, J = 7.0 Hz,
3 H, SCHAHsCH(CHs)), 2.46 (dd, J = 13.0, 7.0 Hz, 1 H, SCHAHsCH(CHs)), 2.65 (‘sxt’, J
= 7.0 Hz, 1 H, SCHaHgCH(CH3)), 2.74 (dd, J = 13.0, 7.0 Hz, 1 H, SCHAHECH(CH)),
3.68 (s, 2 H, ArCH,S), 3.70 (s, 3 H, C(O)CHsy), 3.81 (s, 3 H, ArOCHj3), 6.82 - 6.89 (m, 2 H,
ArH), 7.20 - 7.26 (m, 2 H, ArH); *C NMR (CDCl;, 100 MHz) & (ppm): 16.9
(SCHAHBCH(CHg)), 34.4 (SCHAHBCH(CHa)), 36.0 (ArCH:S), 39.8 (SCHaAHsCH(CH3)),
51.8 (C(O)CHs), 55.3 (ArOCHs), 113.9 (ArCH), 129.9 (ArCH), 130.0 (ArC), 158.6 (ArC),
175.6 (C=0); HRMS (ES+) exact mass calculated for [M+Na]" (C13H1gNaO3S) requires

m/z 277.0869, found m/z 277.0868.

8.4.3.8 Synthesis and characterisation of 288m

Phenyl (2R)-3-(tert-butylsulfanyl)-2-methylpropanoate 288m

>I\ 0 Ester 287e (65 mg, 0.40 mmol, 2.0 eq) was reacted with tert-butyl
S

_Ph
/\HJ\O mercaptan (23 uL, 0.20 mmol, 1.0 eq) according to a modified

General Procedure X stirring at RT for 96 h. The reaction mixture was purified by FCC
(petroleum ether/Et,O = 99/1 to 19/1) to afford the title compound 288m as a colourless oil
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in 48% yield (24 mg) and 85% ee [determined by derivatization to the sulfone (according
to 8.4.6.1) and analysis by HPLC, Chiralcel AS-H, hexane/isopropanol = 95/5, 1 mL/min,
A =220 nm, t (minor) = 25.62 min, t (major) = 27.29 min].

[a]oZ = +24.7 (c 1.01, CHCI3); IR (film) vmad/cm™: 2963, 1758, 1594, 1493, 1458, 1193,
1162, 1135; 'H NMR (CDCls, 400 MHz) § (ppm): 1.36 (s, 9 H, (CH5)sCS), 1.41 (d, J =
7.0 Hz, 3 H, SCHAHgCH(CH3)), 2.74 (dd, J = 11.5, 7.0 Hz, 1 H, SCHAHsCH(CHs)), 2.90
(‘sxt’, J = 7.0 Hz, 1 H, SCHAHgCH(CH3)), 2.98 (dd, J = 115, 7.0 Hz, 1H,
SCHaHgCH(CHs)), 7.08 - 7.14 (m, 2 H, ArH), 7.20 - 7.25 (m, 1 H, ArH), 7.34 - 7.42 (m,
2H, ArH); *C NMR (CDCls;, 100 MHz) & (ppm): 17.2 (SCHaHsCH(CHa)), 31.1
((CH3)3CS), 31.8 (SCHaHBCH(CH3)), 40.7 (SCHAHBCH(CHz3)), 42.5 ((CH3)sCS), 121.7
(ArCH), 125.9 (ArCH), 129.5 (ArCH), 151.0 (ArC), 173.9 (C=0); HRMS (ES+) exact

mass calculated for [M+Na]" (C14H20NaO,S) requires m/z 275.1076, found m/z 275.1076.

8.4.3.9 Synthesis and characterisation of 2880

Methyl (2R)-2-[(propylsulfanyl)methyl]pent-4-enoate 2880

0 Ester 287g (50mg, 0.40 mmol, 2.0eq) was reacted with
s o~ 1-propanethiol (18 pL, 0.20 mmol, 1.0 eq) according to General

| Procedure X. The reaction mixture was purified by FCC
(petroleum ether to petroleum ether/Et,O 49/1) to afford the title compound 2880 as a
colourless oil in 94% yield (38 mg) and 93% ee [determined by HPLC, Chiralpak AS-H,
hexane/isopropanol = 99.5/0.5, 1 mL/min, A = 220 nm, t (major) = 12.62 min, t (minor) =
14.42 min].
[a]o? = +23.0 (¢ 0.32, CHCls); IR (film) vmad/cm™: 2959, 1739 (C=0), 1438, 1218;
'H NMR (CDCls, 400 MHz) & (ppm): 0.95 (t, J = 7.5 Hz, 3 H, CHsCH,CH,S), 1.57 (‘sxt’,

J =7.5Hz, 2 H, CH3CH,CH,S), 2.31 - 2.41 (m, 2 H, CH,CH=CHy), 2.46 (t, J = 7.5 Hz,
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2H, CH3CH,CH,S), 257 - 269 (m 2 H, SCHaHsCH(CH,CH=CH;) and
CH(CH,CH=CH,)C=0), 2.70 - 2.80 (m, 1 H, SCHAHsCH(CH,CH=CHy)), 3.67 (s, 3 H,
OCHg), 4.97 - 5.12 (m, 2H, CH=CHaHg and CH=CHaHg), 5.70 (ddt, J = 17.0, 10.0,
7.0 Hz, 1 H, CH=CHaHz); *C NMR (CDCls, 100 MHz) § (ppm): 13.3 (CH3CH,CH,S),
22.8 (CH3CH,CH,S), 33.2 (SCH,CHC=0), 34.5 (SCH3CH,CH,S), 35.8 (CH,CH=CH)),
45.7 (SCH,CHC=0), 51.6 (OCH3), 117.4 (CH=CHaHg), 134.5 (CH=CHaHg), 174.5
(C=0); HRMS (ES+) exact mass calculated for [M+Na]" (C1oH1gNaO,S) requires m/z

225.0920, found m/z 225.0916.

8.4.3.10 Synthesis and characterisation of 288p

Methyl (2R)-2-[(propylsulfanyl)methyl]butanoate 288p

o Ester 287h (114 mg, 1.00 mmol, 5.0 eq) was reacted with 1-
\/\S/j)l\o/ propanethiol (18 pL, 0.20 mmol, 1.0 eq) according to General
Procedure X. The reaction mixture was purified by FCC
(petroleum ether/Et,O = 99/1 to 49/1) to afford the title compound 288p as a colourless oil
in 47% vyield (18 mg) and 92% ee [determined by HPLC, Chiralpak AD-H,
hexane/isopropanol = 99/1, 1 mL/min, A = 230 nm, t (major) = 11.5 min, t (minor) =
12.6 min].
[@]o®® = +27.1 (c 0.72, CHCl5); IR (film) vmad/cm™: 2963, 1737, 1460, 1263, 1202, 1160,
797; 'H NMR (CDCl;, 400 MHz) & (ppm): 0.92 ppm (t, J = 7.5 Hz, 3H,
CH(CH,CHs)C=0), 0.98 (t, J = 7.5 Hz, 3 H, CH3CH,CH,S), 1.55 - 1.63 (m, 2 H, CH3;CH-
,CH,S), 1.63 - 1.71 (m, 2 H, CH(CH,CH3)C=0), 2.49 (t, J = 7.5 Hz, 1 H, CH3CH,CH,S),
250 - 258 (m, 1 H, CH(CH,CHs)C=0), 2.63 (dd, J = 13.0, 6.0 Hz, 1 H,
SCHaHsCH(CH,CHa)), 2.77 (dd, J = 13.0, 8.5 Hz, 1 H, SCHAHgCH(CH,CHs)), 3.72 (s,

3H, OCHg); ®C NMR (CDCls, 100 MHz) & (ppm): 11.6 (CH(CH,CH;)C=0), 13.4
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(CH3CH,CH,S), 22.9 (CH3CH,CH,S), 25.1 (CH(CH,CH3)C=0), 33.6
(SCH,CH(CH,CHy3)), 34.6 (CH3CH,CH,S), 47.6 (CH(CH,CH3)C=0), 51.6 (OCHj3), 175.2
(C=0); HRMS (ES+) exact mass calculated for [M+Na]® (CoH:sNaO,S) requires m/z

213.0920, found m/z 213.0916.

8.4.3.11 Synthesis and characterisation of 288q

Phenyl (2R)-2-[(propylsulfanyl)methyl]butanoate 2889

o} Ester 287 (70 mg, 0.40 mmol, 2.0 eq) was reacted with
\/\S/))A\O/Ph 1-propanethiol (18 pL, 0.20 mmol, 1.0 eq) according to General
Procedure X. The reaction mixture was purified by FCC (petroleum ether/Et,O = 99/1 to
49/1) to afford the title compound 288q as a colourless oil in 85% yield (43 mg) and 92%
ee [determined by HPLC, Chiralcel AS-H, hexane/isopropanol = 98/2, 1 mL/min, A =
220 nm, t (major) = 6.10 min, t (minor) = 6.43 min].

[a]po®* = +40.7 (¢ 0.82, CHCls); IR (film) vmad/cm™: 2969, 1754 (C=0), 1457, 1197 (C-O),
1133 (C-0); 'H NMR (CDCls, 400 MHz) & (ppm): 1.00 (t, J = 7.5 Hz, 3 H,
CH3CHCH,S), 1.06 (t, J = 7.5 Hz, 3 H, CH(CH,CH3)C=0), 1.64 (‘sxt’, J = 7.5 Hz, 2 H,
CH3CH,CH,S), 1.74 - 1.91 (m, 2 H, CH(CH,CH3)C=0), 2.57 (t, J = 7.5 Hz, 2 H,
CH3CH,CH,S), 2.73 - 2.83 (m, 2 H, SCHaHgCH and CH(CH,CH5)C=0), 2.84 - 2.95 (m,
1 H, SCHAHECH), 7.08 - 7.15 (m, 2 H, ArH), 7.20 - 7.26 (m, 1 H, ArH), 7.34 - 7.44 (m,
2H, ArH); ®C NMR (CDCl;, 100 MHz) & (ppm): 11.8 (CHsCH,CH,S), 13.6
(CH(CH,CH3)C=0), 23.0 (CH3sCH,CH,S), 25.4 (CH(CH,CH3)C=0), 33.8 (SCH,CH),
34.7 (CHsCH,CH,S), 47.9 (CH(CH,CHs)C=0), 121.8 (ArCH), 125.9 (ArCH), 129.5
(ArCH), 150.9 (ArC), 173.4 (C=0); HRMS (ES+) exact mass calculated for [M+Na]”

(C14H20NaO,S) requires m/z 275.1076, found m/z 275.1070.
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8.4.3.12 Synthesis and characterisation of 288r

Methyl (2R)-2-cyclohexyl-3-(propylsulfanyl)propanoate 288r

o Ester 287i (67 mg, 0.40 mmol, 2.0 eq) was reacted with
s o~ 1-propanethiol (18 puL, 0.20 mmol, 1.0 eq) in MTBE (4.0 mL) at
55 °C for 24 h according to a modified General Procedure X. The
reaction mixture was purified by FCC (petroleum ether/Et,O = 99/1 to 19/1) to afford the
title compound 288r as a colourless oil in 39% yield (19 mg) and 85% ee [determined by
HPLC, Chiralcel AS-H, hexane/isopropanol = 99.5/0.5, 1 mL/min, A = 210 nm, t (major) =
9.98 min, t (minor) = 13.48 min].
[a]o®® = +38.9 (c 0.48, CHCIls); IR (film) vma/cm™: 2927, 2853, 1737, 1157; *H NMR
(CDCls, 400 MHz) & (ppm): 0.90 - 1.01 (m, 4 H, SCH,CH,CH3; and one CgHi1), 1.01 -
1.32 (m, 5 H, 5 of C¢Hy), 1.53 - 1.85 (m, 7 H, SCH,CH,CHs, SCHAHsCHCH and 4 of
CeHy), 2.38 - 2.52 (m, 3 H, SCH,CH,CH3 and SCHaHgCH), 2.67 - 2.77 (m, 2 H,
SCHaHgCH), 3.70 (s, 3 H, OCHs); *C NMR (CDCls, 100 MHz) & (ppm): 13.5
(SCH2CH,CH3), 22.9 (SCH,CH,CHs), 26.2, 26.2, 26.2, 30.7, 30.8 (5 of CgHy), 31.5
(SCHAHgCHCH), 34.5 (SCH,CH,CHs), 40.3 (SCHaHgCHCH), 51.4 (OCHs), 52.5
(SCHAHBCHCH), 174.8 (C=0); HRMS (ES+) exact mass calculated for [M+Na]*

(C13H24Na0O,S) requires m/z 267.1389, found m/z 267.1389.

8.4.3.13 Synthesis and characterisation of 288s

Phenyl (2R)-2-cyclohexyl-3-(propylsulfanyl)propanoate 288s

0 Ester 2871 (92 mg, 0.40 mmol, 2.0 eq) was reacted with

g O/F’h ' '
1-propanethiol (18 pL, 0.20 mmol, 1.0 eq) according to General

Procedure X. The reaction mixture was purified by FCC
(petroleum ether/Et,O = 99/1 to 49/1) to afford the title compound 288s as a colourless oil
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in 93% vyield (57 mg) and 85% ee [determined by HPLC, Chiralcel AD-H,
hexane/isopropanol = 98/2, 1 mL/min, A = 220 nm, t (major) = 9.91 min, t (minor) = 10.55
min].

[a]o® = +40.5 (c 0.50, CHCI3); IR (film) vmad/cm™: 2928, 1740 (C=0), 1366, 1216 (C-O),
1129 (C-0); H NMR (CDCls, 400 MHz) & (ppm): 1.00 (t, J = 7.5 Hz, 3H,
CH3CH,CH,S), 1.04 - 1.37 (m, 5 H, 5 of CgHi1), 1.55 - 1.84 (m, 7 H, CH3CH,CH,S and
5 of CgHi1), 1.84 -1.96 (m, 1 H, one of CgHi1), 2.56 (t, J = 7.0 Hz, 2 H, CH3CH,CH,S),
2.67 (ddd, J = 10.5, 7.5, 5.0 Hz, 1 H, SCHAHBCH), 2.81 (dd, J = 13.0, 10.5Hz, 1 H,
SCHaHBCH), 2.87 (dd, J = 13.0, 5.0 Hz, 1 H, SCHaHgCH), 7.09 - 7.17 (m, 2 H, ArH),
7.19 - 7.25 (m, 1 H, ArH), 7.32 - 7.44 (m, 2 H, ArH); °C NMR (CDCl;, 100 MHz)
& (ppm): 13.6 (CH3CH,CH,S), 23.0 (CH3sCH.CH,S), 26.3, 26.3, 26.4, 30.9, 30.9
(CH(CH,)s), 31.8 (SCHaHsCH), 34.6 (CH3;CH.CH,S), 40.6 (SCHAHsCHCH), 52.6
(SCHaHBCH), 121.9 (ArCH), 125.9 (ArCH), 129.5 (ArCH), 150.9 (ArC), 173.0 (C=0);
HRMS (ES+) exact mass calculated for [M+Na]" (C1sH26Na0O,S) requires m/z 329.1546,

found m/z 329.1538.

8.4.3.14 Synthesis and characterisation of 288t

Phenyl (2R)-2-cyclopentyl-3-(propylsulfanyl)propanoate 288t

0 Ester 287m (86 mg, 0.40 mmol, 2.0 eq) was reacted with
g o Fh . ' ‘
-propanethiol (18 pL, 0.20 mmol, 1.0 eq) according to General
Procedure X. The reaction mixture was purified by FCC
(petroleum ether/Et,O = 99/1 to 49/1) to afford the title compound 288t as a colourless oil
in 96% vyield (56 mg) and 90% ee [determined by HPLC, Chiralcel AS-H,
hexane/isopropanol = 99.5/0.5, 0.5 mL/min, A =210 nm, t (major) = 29.47 min, t (minor) =

35.51 min].
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[a]o® = +53.8 (¢ 1.12, CHCI); IR (film) vmadcm: 2958, 1756 (C=0), 1493, 1194 (C-O),
1125 (C-0); 'H NMR (CDCls, 400 MHz) & (ppm): 1.00 (t, J = 7.5 Hz, 3 H,
CH3CH.CH,S), 1.18 - 133 (m, 1 H, CHAHgCHCHaHg), 1.36 - 150 (m, 1H,
CHaHgCHCHaHB), 1.55 - 1.76 (m, 6 H, CH3CH,CH,S and CH,CH,CH,CH,), 1.81 - 1.98
(m, 2 H, 2 of CHAHgCHCHaHg), 2.09 - 2.23 (m, 1 H, SCHAHsCHCH), 2.57 (t, J =
7.0 Hz, 2 H, CH3CH,CH,S), 2.63 - 2.72 (m, 1 H, SCHAHgCH), 2.82 - 2.87 (m, 2 H,
SCHaHgCH), 7.09 - 7.15 (m, 2 H, ArH), 7.19 - 7.25 (m, 1 H, ArH), 7.34 - 7.42 (m, 2 H,
ArH); *C NMR (CDCls, 100 MHz) & (ppm): 13.6 (CH3CH,CH,S), 23.0 (CH3CH,CH,S),
25.1 (one of CH,CH,CH,CHy), 25.2 (one of CH,CH,CH,CH,), 30.9 (one of CH,CHCH)),
31.0 (one of CH,CHCHj), 33.4 (CH3CH,CH,S), 34.6 (SCH,CH), 43.1 (SCH,CHCH), 52.2
(SCH,CH), 121.9 (ArCH), 125.9 (ArCH), 129.5 (ArCH), 151.0 (ArC), 173.2 (C=0);
HRMS (ES+) exact mass calculated for [M+Na]" (C17H24NaO,S) requires m/z 315.1389,

found m/z 315.1380.

8.4.3.15 Synthesis and characterisation of 288u

Phenyl (2R)-3-methyl-2-[(propylsulfanyl)methyl]butanoate 288u

o} Ester 287k (76 mg, 0.40 mmol, 2.0 eq) was reacted with
\/\S/IJ\O/Ph 1-propanethiol (18 uL, 0.20 mmol, 1.0 eq) according to General
Procedure X. The reaction mixture was purified by FCC (petroleum ether/Et,O = 99/1 to
49/1) to afford the title compound 288u as a colourless oil in 98% vyield (52 mg) and 88%
ee [determined by HPLC, Chiralcel OD, hexane/isopropanol = 99/1, 1 mL/min, A =
220 nm, t (minor) = 7.60 min, t (major) = 8.03 min].

[a]p?* = +52.8 (¢ 1.06, CHCI3); IR (film) vmad/cm™: 2963, 1756 (C=0), 1492, 1194 (C-O),
1121 (C-O); 'H NMR (CDCls, 400 MHz) & (ppm): 1.01 (t, J = 7.5 Hz, 3 H,

CHs;CH,CH,S), 1.08 (d, J = 7.0 Hz, 3 H, one of CH3;CHCH3), 1.08 (d, J = 7.0 Hz, 3 H, one
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of CH3;CHCHs3), 1.59 - 1.69 (m, 2 H, CH3CH,CH,S), 2.03 - 2.15 (m, 1 H, CH3CHCHj),
2.57 (t,J = 7.5 Hz, 2 H, CHsCH,CH.S), 2.65 (‘q’, J = 7.5 Hz, 1 H, SCHaHgCH), 2.84 (‘d’,
J=75Hz, 2 H, SCHaHsCH and SCHaHgCH), 7.09 - 7.16 (m, 2 H, ArH), 7.21 - 7.25 (m,
1 H, ArH), 7.34 - 7.43 (m, 2 H, ArH); *C NMR (CDCls, 100 MHz) & (ppm): 13.6
(CHsCH,CHsS), 20.4 (one of CHsCHCHs), 205 (one of CHsCHCHs), 23.0
(CHsCH,CH,S), 31.1 (CHsCHCH3), 32.0 (SCH,CH), 34.6 (CHsCH,CH,S), 53.3
(SCH,CH), 121.8 (ArCH), 125.9 (ArCH), 129.5 (ArCH), 150.9 (ArC), 172.9 (C=0);
HRMS (ES+) exact mass calculated for [M+Na]" (C1sH22NaO,S) requires m/z 289.1233,

found m/z 289.1226.

8.4.3.16 Synthesis and characterisation of 288v

Phenyl (2R)-2-(oxan-4-yl)-3-(propylsulfanyl)propanoate 288v

Ester 287n (77 mg, 0.40 mmol, 2.0eq) was reacted with
g o-F" 1-propanethiol (18 uL, 0.20 mmol, 1.0 eq) according to General

Procedure X. The reaction mixture was purified by FCC

(petroleum ether/Et,0 = 99/1 to 4/1) to afford the title compound
288v as a colourless oil in >99% vyield (63 mg) and 54% ee [determined by HPLC,
Chiralcel AD, hexane/isopropanol = 98/2, 1 mL/min, A = 220 nm, t (minor) = 15.22 min, t
(major) = 16.54 min].
[oL]D23 = +28.6 (c 0.92, CHCIl5); IR (film) vma/cm™: 2959, 2933, 2844, 1754, 1492, 1193,
1129; *H NMR (CDCl3, 400 MHz) & (ppm): 1.01 (t, J = 7.5 Hz, 3 H, SCH,CH,CHs), 1.41
- 1.57 (m, 1 H, CHAHgCH,OCH,;CHsHgCH), 1.57 - 1.71 (m, 4 H, SCH,CH,CH3; and two
of CHAHgCH,;OCH,CHaHgCH), 1.72 - 1.82 (m, 1 H, CHAHgCH,OCH,CHAHgCH), 2.01
(‘tdt’, J =115, 7.5, 4.0 Hz, 1 H, SCHAHgCHCH), 2.57 (t, J = 7.5 Hz, 2 H, SCH,CH,CH3),

2.67 - 276 (m, 1 H, SCHAHgCHCH), 2.77 - 2.94 (m, 2 H, SCHAHgCHCH), 3.35 - 3.49
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(m, 2 H, CH,CHAHgOCHAHCH,CH), 3.96 - 4.09 (m, 2 H, CH,CHAHgOCHaHgCH,CH),
7.09 - 7.16 (M, 2 H, ArH), 7.20 - 7.29 (m, 1 H, ArH), 7.34 - 7.45 (m, 2 H, ArH); *C NMR
(CDCl3, 100 MHz) & (ppm): 13.4 (SCH,CH,CHg), 22.8 (SCH,CH,CHs), 30.6 (OCH,CH,),
30.7 (OCH,CH,), 31.3 (SCHAHsCHCH), 34.5 (SCH,CH,CHj3), 37.6 (SCHaHsCHCH),
52.0 (SCHAHgCHCH), 67.7 (OCH,CH,), 67.8 (OCH,CH,), 121.6 (ArCH), 125.9 (ArCH),
129.4 (ArCH), 150.6 (ArC), 172.3 (C=0); HRMS (ES+) exact mass calculated for

[M+Na]* (C17H24NaOsS) requires m/z 331.1338, found m/z 331.1334.

8.4.3.17 Synthesis and characterisation of 288w

Methyl (2R)-2-benzyl-3-(propylsulfanyl)propanoate 288w

o Methyl 2-benzylprop-2-enoate 2870 (70 mg, 0.40 mmol, 2.0 eq)
s O/Me was reacted with 1-propanethiol (18 pL, 0.20 mmol, 1.0 eq)
according to a modified General Procedure X stirring for 48 h.
The reaction mixture was purified by FCC (petroleum ether/Et,O = 99/1 to 49/1) to afford
the title compound 288w as a pale yellow oil in 99% yield (50 mg) and 86% ee
[determined by HPLC, Chiralpak AD, hexane/isopropanol =99/1, 1 mL/min, A = 230 nm, t
(major) = 7.36 min, t (minor) = 7.92 min].
[a]o?® = +86.0 (c 1.01, CHCIl3); IR (film) vma/cm™: 2959, 1735 (C=0), 1495, 1435, 1369,
1214 (C-0), 1162 (C-0), 1029, 745, 700; *H NMR (CDCls, 400 MHz) & (ppm): 0.94 (t, J
= 7.5 Hz, 3 H, CH3CH,CH,S), 1.54 (‘sxt’, J= 7.5 Hz, 2 H, CH3CH,CH,S), 2.45 (t, J =
7.5Hz, 2 H, CH3CH,CH,S), 2.62 (dd, J = 13.0, 5.5 Hz, 1 H, either SCHAHgCH(CH,Ph) or
CH(CHaHsPh)C=0), 2.76 (dd, J = 13.0, 8.0 Hz, 1 H, either SCHAHsCH(CH,Ph) or
CH(CHaHgPh)C=0), 2.83 - 3.01 (m, 3 H, CH(CH,Ph)C=0 and either CH(CH,Ph)C=0 or
SCH,C(CH.Ph)), 3.62 (s, 3 H, OCH3), 7.12 - 7.23 (m, 3 H, ArH), 7.24 - 7.30 (m, 2 H,

ArH); *C NMR (CDCls, 100 MHz) & (ppm): 13.4 (CHsCH,CH,S), 22.8 (CHaCH,CH,S),
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33.2 (either SCH,CH(CH,Ph) or CH(CH,Ph)C=0), 34.5 (CHsCH,CH,S), 37.7 (either
SCH,CH(CH,Ph) or CH(CH,Ph)C=0), 48.0 (CH(CH,Ph)C=0), 51.7 (OCHs), 126.5
(ArCH)), 128.5 (ArCH), 128.8 (ArCH), 138.5 (ArC), 174.5 (C=0); HRMS (ES+) exact

mass calculated for [M+Na]" (C14H20Na0,S) requires m/z 275.1076, found m/z 275.1075.

8.4.3.18 Synthesis and characterisation of 288y

Methyl (2R)-2-(4-methoxyphenyl)-3-(propylsulfanyl)propanoate 288y

0 Ester 287p (38.4mg, 0.20 mmol, 1.0 eq) was reacted with
1-propanethiol (18 pL, 0.20 mmol, 1.0 eq) according to a modified
General Procedure X. The reaction mixture was purified by FCC
O (petroleum ether/Et,0 = 99/1 to 19/1) to afford the title compound
288y as a colourless oil in 94% yield (49 mg) and 86% ee [determined by HPLC, Chiralcel
OD-H, hexane/isopropanol = 99/1, 1 mL/min, A =220 nm, t (major) = 10.30 min, t (minor)
=12.39 min].
[a]p?® = -48.4 (c 0.86, CHCl5): IR (film) vma/cm™: 2959, 1735 (C=0), 1511, 1250 (C-O),
1155 (C-0); 'H NMR (CDCls, 400 MHz) & (ppm): 0.96 (t, J = 7.5 Hz, 3 H,
CH3CH,CH,S), 1.58 (‘sxt’, J = 7.5 Hz, 2 H, CH3sCH,CH,S), 2.43 - 2.50 (m, 2 H,
CH3CH,CH,S), 2.82 (dd, J = 13.0, 6.5 Hz, 1 H, SCHaHgCH), 3.16 (1 H, dd, J = 13.0,
9.5 Hz, SCHaHBCH), 3.68 (3 H, s, C(=0)OCHj3), 3.74 (dd, J = 9.5, 6.5 Hz, 1 H,
SCHaHgCH), 3.78 (s, 3 H, ArCOCHj), 6.80 - 6.91 (m, 2 H, ArH), 7.18 - 7.26 (m, 2 H,
ArH); °C NMR (CDCls, 100 MHz) & (ppm): 13.5 (CH3CH,CH,S), 23.0 (CH3CH,CH,S),
34.7 (CH3CH,CH,S), 35.4 (SCHAHsCH), 51.4 (SCHaHsCH), 52.3 (C(=O)OCHy), 55.3
(ArCOCHs), 114.2 (ArCH), 128.9 (ArCH), 130.1 (ArC), 159.2 (ArCOCHy), 173.6 (C=0);
HRMS (ES+) exact mass calculated for [M+Na]™ (C14H20NaOsS) requires m/z 291.1025,

found m/z 291.1020.
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8.4.3.19 Synthesis and characterisation of 288z

Methyl (2R)-2-(3-methoxyphenyl)-3-(propylsulfanyl)propanoate 288z

o Ester 287q (77mg, 0.40 mmol, 2.0 eq) was reacted with
~"s 0~ 1-propanethiol (18 puL, 0.20 mmol, 1.0 eq) according to General

Procedure X. The reaction mixture was purified by FCC (petroleum

O/

ether/Et,0 = 99/1 to 19/1) to afford the title compound 288z as a
colourless oil in 94% yield (51 mg) and 75% ee [determined by HPLC, Chiralcel 1B,
hexane/isopropanol = 99/1, 1 mL/min, A = 220 nm, t (major) = 7.41 min, t (minor) = 8.99
min].

[@]o® = -26.3 (c 1.11, CHCI5); IR (film) vmad/cm™: 2955, 2837, 1734, 1600, 1258, 1157,
1047; *H NMR (CDCls, 400 MHz) & (ppm): 0.96 (3 H, t, J = 7.5 Hz, CH3CH,CH,S), 1.53
- 1.65 (2 H, m, CH3CH,CH,S), 2.44 - 2.53 (2 H, m, CH3CH,CH,S), 2.84 (1 H, dd, J =
13.0, 6.0 Hz, SCHaHgCH), 3.19 (1 H, dd, J = 13.0, 9.5 Hz, SCHAHgCH), 3.70 (3 H, s,
C(0)OCHs), 3.76 (1 H, dd, J = 9.5, 6.0 Hz, SCHAHgCH), 3.80 (3 H, s, ArCOCHy), 6.78 -
6.93 (3 H, m, ArCH), 7.20 - 7.30 (1 H, m, ArCH); **C NMR (CDCls, 100 MHz) & (ppm):
13.6 (CHsCH,CH,S), 23.0 (CH3CH,CH,S), 34.8 (CH3CH,CH,S), 35.3 (SCHaH5CH), 52.4
(C(O)OCHs), 52.5 (SCHaHgCH), 55.4 (ArCOCH3), 113.2 (ArCH), 113.6 (ArCH), 120.2
(ArCH), 129.9 (ArCH), 139.5 (ArC), 159.9 (ArCOCHj3), 173.2 (C=0); HRMS (ES+) exact

mass calculated for [M+Na]" (C14H20NaO3S) requires m/z 291.1025, found m/z 291.1018.
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8.4.3.20 Synthesis and characterisation of 288aa

Methyl (2R)-2-(2-methoxyphenyl)-3-(propylsulfanyl)propanoate 288aa

o} Ester 287r (77mg, 0.40 mmol, 2.0 eq) was reacted with
\/\S O/

1-propanethiol (18 uL, 0.20 mmol, 1.0 eq) according to General
h Procedure X. The reaction mixture was purified by FCC
(petroleum ether/Et,O = 99/1 to 19/1) to afford the title compound 288aa as a colourless
oil in 89% vyield (47 mg) and 94% ee [determined by HPLC, Chiralcel 1B,
hexane/isopropanol = 99/1, 1 mL/min, A = 220 nm, t (major) = 6.96 min, t (minor) = 7.65
min].
[a]p?® = -67.2 (c 0.18, CHCI5); IR (film) vmad/cm™: 2960, 1737 (C=0), 1494, 1247 (C-0O),
1156 (C-0); 'H NMR (CDCls, 400 MHz) & (ppm): 0.97 (t, J = 7.5 Hz, 3 H,
CH3CH,CH,S), 1.60 (‘sxt’, J = 7.5 Hz, 2 H, CH3CH,CH,S), 2.50 (t, J = 7.5 Hz, 2 H,
CH3CH,CH,S), 2.80 (dd, J = 13.5, 6.0 Hz, 1 H, SCHAHgCH), 3.14 (dd, J = 13.5, 9.0 Hz,
1 H, SCHAHgCH), 3.70 (s, 3 H, C(=0)OCHs), 3.84 (s, 3 H, ArOCHs), 4.26 (dd, J = 9.0,
6.0 Hz, 1 H, SCHAHsCH), 6.89 (d, J = 8.0 Hz, 1 H, ArH), 6.94 (ddd, J = 7.5, 7.5, 1.0 Hz,
1H, ArH), 7.21 - 7.30 (m, 2 H, ArH); *C NMR (CDCl;, 100 MHz) & (ppm): 13.4
(CHsCH,CH,S), 22.8 (CH,CH,CH3S), 34.0 (SCH,CH), 34.4 (CHsCH,CH,S), 45.3
(SCH,CH), 52.0 (C(=0)OCHs), 55.5 (ArOCHs), 110.8 (ArCH), 120.7 (ArCH), 126.6
(ArC), 128.3 (ArCH), 128.6 (ArCH), 156.6 (ArCOCHj3), 173.6 (C=0); HRMS (ES+) exact

mass calculated for [M+Na]" (C1sH20NaO3S) requires m/z 291.1025, found m/z 291.1020.
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8.4.3.21 Synthesis and characterisation of 288ab

Ethyl (2R)-2-(2-methoxyphenyl)-3-(propylsulfanyl)propanoate 288ab

o Ester 317c¢ (82mg, 0.40 mmol, 2.0 eq) was reacted with

g 0~ ™ 1-propanethiol (18 uL, 0.20 mmol, 1.0 eq) according to General
o Procedure X. The reaction mixture was purified by FCC
(petroleum ether/Et,O = 99/1 to 19/1) to afford the title compound 288ab as a colourless
oil in 96% vyield (54 mg) and 93% ee [determined by HPLC, Chiralcel 1B,
hexane/isopropanol = 98/2, 1 mL/min, A = 230 nm, t (major) = 5.48 min, t (minor) = 5.88
min].
[@]o®® = -45.6 (c 1.01, CHCI5); IR (film) vmad/cm™: 2961, 2935, 1730, 1493, 1731, 1493,
1245, 1204, 1154, 1028, 754; *H NMR (CDCls, 400 MHz) & (ppm): 0.89 (t, J = 7.5 Hz,
3H, SCH,CH,CHs), 1.15 (t, J = 7.0 Hz, 3 H, OCH,CHz), 1.48 - 159 (m, 2 H,
SCH,CH,CHs), 2.39 - 2.46 (m, 2 H, SCH,CH,CHs3), 2.72 (dd, J = 13.5, 6.0 Hz, 1 H,
SCHaHgCH), 3.05 (dd, J = 13.5, 9.0 Hz, 1 H, SCHaHgCH), 3.76 (s, 3 H, ArOCH,), 4.10
(q, J = 7.0 Hz, OCH,CHs), 4.15 (dd, J = 9.0, 6.0 Hz, 1 H, SCHaHgCH), 6.80 (dd, J = 8.5,
1.0 Hz, 1 H, ArH), 6.85 (td, J = 7.5, 1.0 Hz, 1 H, ArH), 7.14 - 7.21 (m, 2 H, ArH);
BC NMR (CDCl;, 100 MHz) & (ppm): 13.5 (SCH,CH,CHs), 14.2 (OCH,CHs), 22.9
(SCH,CH,CHs), 34.1 (SCHaHsCH), 345 (SCH,CH,CH3), 45.6 (SCH,CH), 555
(ArCOCH;), 60.8 (OCH,CHs), 110.7 (ArCH), 120.7 (ArCH), 126.8 (ArC), 128.3 (ArCH),
128.6 (ArCH), 156.7 (ArCOCHj3), 173.1 (C=0); HRMS (ES+) exact mass calculated for

[M+Na]" (C15H2NaO3S) requires m/z 305.1182, found m/z 305.1182.
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8.4.3.22 Synthesis and characterisation of 288ac

Ethyl (2R)-2-(naphthalen-1-yl)-3-(propylsulfanyl)propanoate 288ac

0 Ester 317d (91 mg, 0.40 mmol, 2.0 eq) was reacted with

s g 1-propanethiol (18 pL, 0.20 mmol, 1.0 eq) according to General

OO Procedure X. The reaction mixture was purified by FCC
(petroleum ether/Et,O = 99/1 to 19/1) to afford the title compound 288ac and ester 317d as
a colourless oil as an inseparable mixture (100% conversion by *H NMR (105 mg)) and
74% ee [determined by HPLC, Chiralcel AD, hexane/isopropanol = 99/1, 1 mL/min, A =
220 nm, t (minor) = 9.53 min, t (major) = 10.50 min].

IR (film) vma/ocm™ 2961, 2931, 1731, 1195, 1150, 1032, 779; 'H NMR (CDCls
400 MHz) & (ppm):*" 0.98 (t, J = 7.5 Hz, 3 H, SCH,CH,CHs), 1.20 (t, J = 7.0 Hz, 3 H,
OCH,CHs), 1.62 (‘sxt’, J = 7.5 Hz, 2H, SCH,CH,CHs), 2.48 - 2.63 (m, 2 H,
SCH,CH,CHs), 2.97 (dd, J = 13.0, 5.0 Hz, 1 H, SCHaHsCH), 3.39 (dd, J = 13.0, 10.0 Hz,
1 H, SCHAHgCH), 4.15 (ddq, J = 7.5, 11.0, 7.0 Hz, 1 H, OCHaHgCHs), 4.23 (ddg, J = 7.5,
11.0, 7.0 Hz, 1 H, OCHaHgCH3), 4.64 (dd, J = 10.0, 5.0 Hz, 1 H, SCHAHgCH), 7.41 - 7.63
(m, 4 H, ArH), 7.80 (d, J = 8.0 Hz, 1 H, ArH), 7.88 (d, J = 7.5 Hz, 1 H, ArH), 8.16 (d, J =
8.5 Hz, 1 H, ArH); *C NMR (CDCls, 100 MHz) & (ppm): 13.5 (SCH,CH,CHs), 14.2
(OCH,CHs), 23.1 (SCH,CH,CHs), 35.0 (SCH,CH,CHs), 35.1 (SCHaHgCH), 48.0
(SCHaHBECH), 61.3 (OCH,CHs), 123.0 (ArCH), 124.9 (ArCH), 125.6 (ArCH), 125.9
(ArCH), 126.6 (ArCH), 128.3 (ArCH), 129.1 (ArCH), 131.4 (ArC), 134.1 (ArC), 134.5
(ArC), 173.1 (C=0); HRMS (ES+) exact mass calculated for [M+Na]" (C1gH22NaO,S)

requires m/z 325.1233, found m/z 325.1237.

M NMR data is given for rac-288ac.
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8.4.3.23 Synthesis and characterisation of 288ad

Methyl (2R)-2-(2-nitrophenyl)-3-(propylsulfanyl)propanoate 288ad

O Methyl 2-(2-nitrophenyl)prop-2-enoate 287s (63 mg, 0.40 mmol,
\/\S O/

NO 2.0eq) was reacted with 1-propanethiol (18 uL, 0.20 mmol,
2

1.0 eq) according to General Procedure X. The reaction mixture
was purified by FCC (petroleum ether/Et,O = 99/1 to 19/1) to afford the title compound
288ad as a colourless oil in 98% vyield (56 mg) and 84% ee [determined by HPLC,
Chiralcel 1A, hexane/isopropanol = 98/2, 1 mL/min, A = 220 nm, t (minor) = 10.20 min, t
(major) = 10.96 min].

[a]p?® = -137.3 (¢ 0.64, CHCI5); IR (film) vmad/cm™: 3016, 2970, 1739 (C=0), 1527 (NO,),
1435 (C-0), 1368, 1216; *H NMR (CDCls, 400 MHz) & (ppm): 1.18 (t, J = 7.5 Hz, 3 H,
CH3sCH,CH,S), 1.54 - 1.63 (m, 2 H, CH3CH,CH,S), 2.47 - 2.53 (m, 2 H, CH3CH,CH,S),
2.95 (dd, J = 13.5, 6.5 Hz, 1 H, SCHACHgCH), 3.24 (dd, J = 13,5, 8.0 Hz, 1 H,
SCHAHgCH), 3.69 (s, 3 H, OCHj3), 4.46 (dd, J = 8.0, 6.5 Hz, 1 H, SCHAHsCH), 7.38 -
7.49 (m, 1 H, ArH), 7.54 - 7.61 (m, 2 H, ArH), 7.91 (dd, J = 8.0, 1.0 Hz, 1 H, ArH);
3C NMR (CDCls, 100 MHz) & (ppm): 13.5 (CH3CH,CH,S), 23.0 (CH3CH,CH,S), 34.6
(CH5CH,CH,S), 34.8 (SCH,CH), 47.4 (SCH,CH), 52.6 (OCHs), 125.0 (ArCH), 128.7
(ArCH), 130.2 (ArCH), 132.3 (ArCH), 133.4 (ArC), 149.3 (ArC), 172.1 (C=0); HRMS
(ES+) exact mass calculated for [M+Na]" (C13H17NNaO,4S) requires m/z 306.0771, found

m/z 306.0763.
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8.4.3.24 Synthesis and characterisation of 288ae and 320

Methyl (2R)-2-(4-nitrophenyl)-3-(propylsulfanyl)propanoate 288ae and dimethyl 2,4-

bis(4-nitrophenyl)-2-[(propylsulfanyl)methyl]pentanedioate 320

NO,

Ester 287t (84 mg, 0.40 mmol, 2.0 eq) was reacted with 1-propanethiol (18 pL, 0.20 mmol,
1.0 eq) according to General Procedure X. The reaction mixture was purified by FCC
(petroleum ether/Et,O = 99/1 to 4/1) to elute first 288ae as a pale yellow oil in 36% vyield
(16 mg) and 2% ee [determined by HPLC, Chiralcel IB, hexane/isopropanol = 98/2,
1 mL/min, A = 220 nm, t (minor) = 10.53 min, t (major) = 11.39 min] and then 320 as a
pale yellow amorphous solid 64% (62 mg) as 1.1:1 mixture of diastereomers.

Characterisation data for 288ae: IR (film) vma/cm™: 2960, 1735, 1520, 1346, 1157, 855,
733; 'H NMR (CDCls, 400 MHz) & (ppm): 0.95 (t, J = 7.5 Hz, 3 H, SCH,CH,CHj), 1.58
(‘sxt’, J = 7.5 Hz, 2 H, SCH,CH,CHs), 2.48 (td, J = 7.5, 2.0 Hz, 2 H, SCH,CH,CHj), 2.88
(dd, J = 13.3, 8.0 Hz, 1 H, SCHaHgCH), 3.21 (dd, J = 13.5, 8.0 Hz, 1 H, SCHAHgCH),
3.71 (s, 3 H, OCHg), 3.90 (‘t’, J = 8.0 Hz, 1 H, SCHaHgCH), 7.47 - 7.52 (m, 2 H, ArH),
8.16 - 8.23 (m, 2 H, ArH); *C NMR (CDCls, 100 MHz) & (ppm): 13.5 (SCH,CH,CHs),
22.9 (SCH,CH,CHs), 34.9 (SCH,CH,CHg), 35.1 (SCHaHsCH), 52.0 (SCHAHsCH), 52.7
(OCHs), 124.1 (ArCH), 129.1 (ArCH), 145.0 (ArC), 147.6 (ArC), 172.2 (C=0); HRMS
(ES+) exact mass calculated for [M+Na]" (C13H17NNaQ,4S) requires m/z 306.0770, found

m/z 306.0771.
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Characterisation data for 320: IR (film) vmad/cm™: 2956, 1733, 1605, 1519, 1346, 856;
'H NMR (CDCl3, 400 MHz) § (ppm): 8.20 — 8.13 (m, ArCH), 7.46 — 7.41 (m, ArCH), 3.79
— 3.71 (m, 1H, ArCHCHaHg), 3.69 (s, 3H, OCHs), 3.65 — 3.61 (m, 1H, ArCHCHaHg),
3.57 (s, 3H, OCHs), 3.46 (s, 3H, OCHg), 3.45 (s, 3H, OCHs), 3.24 — 3.16 (m, ), 3.01 (dd, J
=145, 8.5 Hz, 1H), 2.67 (dd, J = 14.5, 4.0 Hz, 1H), 2.62 (dd, J = 14.5, 4.0 Hz, 1H), 2.30 -
2.24 (m, 2H, SCH,CH,CHj3), 1.48 (‘sxt’, J = 7.5 Hz, SCH,CH,CH3), 0.88 (t, J = 7.5 Hz,
SCH,CH,CHjs); *C NMR (CDCls, 100 MHz) § (ppm): 173.5 (C=0), 173.3 (C=0), 172.7
(C=0), 172.5 (C=0), 147.6 (ArC), 147.5 (ArC), 147.4 (ArC), 147.4 (ArC), 147.2 (ArC),
147.2 (ArC), 146.5 (ArC), 146.2 (ArC), 129.1 (ArCH), 128.9 (ArCH), 128.1 (ArCH),
128.1 (ArCH), 124.1 (ArCH), 124.1 (ArCH), 123.6 (ArCH), 123.6 (ArCH), 55.5 (C,), 55.2
(Cy), 52.9 (OCHs), 52.8 (OCH3), 52.7 (OCHs), 52.6 (OCHs), 47.7 (ArCHCHaHg), 47.4
(ArCHCHaHg), 39.7, 39.1, 388, 38.3 (ArCHCHaHg and SCH,C,), 36.0, 36.0
(SCH,CH,CHs), 22.9, 22.9 (SCH,CH,CHs), 13.4 (SCH,CH,CHs); HRMS (ES+) exact
mass calculated for [M+Na]® (C,3HsN2NaOgS) requires m/z 513.1302, found m/z

513.1301.

8.4.4 Determination of Absolute Configuration
8.4.4.1 Synthesis and characterisation of 321

Methyl (2R)-2-methyl-3-phenylpropanoate 321

0]

O
P Raney-Ni P
\/\S 0 - 0
EtOH, 50 °C, 2 h
Ph

Ph

Raney®-Nickel (approximately 300 mg wet) was weighed into a round bottom flask under
an argon atmosphere and the water was decanted with washings (3 x 2 mL EtOH). The

activated catalyst was suspended in 2 mL EtOH and a solution of 288w (20 mg,
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0.079 mmol, 86% ee) in 0.5 mL EtOH was added and the reaction mixture placed under a
hydrogen atmosphere. The reaction mixture was warmed to 50C and stirring was
maintained for 2 h whereupon the reaction mixture was cooled to rt, filtered through a pad
of silica washing with CH,Cl, and MeOH, and the volatiles were removed in vacuo. The
crude product was purified by FCC (petroleum ether to petroleum ether/Et,O 19/1) to
afford the title compound 321 as a colourless oil in 86% vyield (12 mg) and 83% ee.
[determined by GC, Supelco B-dex™ 325, 30 m, 0.25 mm, 0.25 pm, carrier gas He (flow
rate 30 cm/s); column temperature 80 °C ramp 1 C/min to 90 C then 90 T t (major) =
72.96 min, t (minor) = 73.82 min].

[a]p?! = -27.2 (¢ 0.6, CHCIy), [1it.** [a]p = -35.3, (¢ 0.5, CHCI5)], [it.*° [a]o® = -33.7, (c
1, CHCI3)]. From the optical rotation, the absolute configuration was determined to be
(R)_zzg,zso

'H NMR (CDCls, 400 MHz) & (ppm): 1.17 (d, J = 7.0 Hz, 3 H, CHCHs), 2.61 - 2.83 (m,
2 H, PhCHaHsCH(CHs) and CH(CHs)C=0), 3.04 (dd, J = 13.0, 6.5 Hz, 1 H,
PhCHAHECH(CHs)), 3.65 (s, 3 H, OCHj3), 7.11 - 7.34 (m, 5 H, ArH); *C NMR (CDCls,
100 MHz) & (ppm): 16.7 (CHCH3), 39.7 (PhCHAHsCH(CHs3)), 41.4 (CH(CH3)C=0), 51.6
(OCH3), 126.3 (ArCH), 128.3 (ArCH), 128.9 (ArCH), 139.4 (ArC), 176.5 (C=0). Data is

consistent with that given in the literature.??
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8.4.5 Preparative Scale Synthesis of 288e

O O

N SH 0.05 mol% 302
\‘)\OPh i MTBE,03M \/\S/\HJ\OF’“
55°C, 24 h Me
287e 286a 288e
19.59,1.2eq 7.62g, 100 mmol 95% conversion, ee 90%
84.5% yield after distillation
90% ee

Under an argon atmosphere, azide 306 (24 mg, 0.05mmol, 0.0005 eq) and tris(4-
methoxyphenyl)phosphine (18 mg, 0.05 mmol, 0.0005 eq) were stirred in diethyl ether
(0.5 mL) at room temperature for 24 h.

To a two-necked 500 mL R.B. was charged phenyl methacrylate 287e (19.5 g, 120 mmol,
1.2 eq), freshly distiled MTBE (330 mL) and distilled 1-propanethiol (9.05 mL,
100 mmol, 1.00 eq) under an argon atmosphere at room temperature. The in situ generated
catalyst was then transferred with washings (3 mL MTBE) to the flask and the reaction
mixture was stirred at reflux for 24 h (an aliquot taken after 22 h showed 95% conversion
by 'H NMR and an ee of 90%) whereupon it was quenched by the addition of 1 M AcOH
in CH,Cl; (2 mL). The solvent was removed in vacuo and the crude product was purified
by distillation [120°C, 0.7 mmHg] to afford the pure title compound 288e as a colourless
oil in 84.5% vyield (20.1g)™" and 90% ee [determined by HPLC, Chiralpak AD,
hexane/isopropanol = 99/1, 1 mL/min, A = 220 nm, t (major) = 8.68 min, t (minor) = 9.25
min]. [a]o® = +47.3 (c 0.99, CHCI5); all other spectroscopic data was in accordance to that

reported in Section 8.4.3.4..

XMl The jsolated yield of title compound 288e is lower than the conversion due to the occurrence of mixed
distillates resulting from a suspected azeotrope with phenyl methacrylate.
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8.4.6 Derivatisation of 288e
8.4.6.1 Synthesis and characterisation of 322
Phenyl (2R)-2-methyl-3-(propane-1-sulfonyl)propanoate 322

o H,0,, TFA O
_Ph - _Ph
’ oo}

209

According to a modified literature procedure,” to a solution of 288e (119 mg,
0.500 mmol, 90% ee) in trifluoroacetic acid (5 mL) was added 30% H,O, (5 mL). The
reaction mixture was stirred at room temperature for 4 hours whereupon it was diluted with
water (30 mL) and extracted with CH,Cl, (2 x 30 mL). The combined organics were
washed (brine), dried (MgSQO,) and the volatiles were removed in vacuo. The crude
product was purified by FCC (petroleum ether to petroleum ether/Et,O 4/1) to afford the
title compound 322 as a pale yellow oil in >99% yield (135 mg) and 89% ee [determined
by HPLC, Chiralpak IB, hexane/isopropanol = 90/10, 1 mL/min, A = 220 nm, t (major) =
21.91 min, t (minor) = 25.29 min].

[a]p?® = +27.7 (c 0.93, CHCl5); IR (film) vma/cm™: 2979, 2940, 2356, 1757 (C=0), 1382,
1253 (S=0), 1131 (S=0); *H NMR (CDCls, 400 MHz) & (ppm): 1.09 (t, J = 7.5 Hz, 3 H,
CH3sCH,CH,S), 1.55 (d, J = 7.0 Hz, 3H, CH(CH3)C=0), 1.87 - 1.97 (m, 2 H,
CH3CH,CH,S), 2.99 - 3.04 (m, 2 H, CH3CH,CH,S), 3.05 (dd, J = 14.0, 5.0 Hz, 1 H,
SCHAHBCH(CHj3)), 3.37 - 3.47 (m, 1 H, CH(CH3)C=0), 3.66 (dd, J = 14.0, 8.0 Hz, 1 H,
SCHAHgCH(CHs)), 7.09 - 7.14 (m, 2 H, ArH), 7.22 - 7.27 (m, 1 H, ArH), 7.36 - 7.43 (m,
2H, ArH); ®C NMR (CDCl;, 100 MHz) & (ppm): 13.0 (CHsCH,CH,S), 15.7
(CH3CH,CH,S), 17.8 (CH(CH3)C=0), 34.2 (CH(CH3)C=0), 55.1 (SCH,CH(CHj3)), 55.8

(CH3CH,CH,S), 121.3 (ArCH), 126.1 (ArCH), 129.4 (ArCH), 150.4 (ArC), 172.7 (C=0);

315



HRMS (ES+) exact mass calculated for [M+Na]" (C13H1sNaO4S) requires m/z 293.0818,

found m/z 293.0810.

8.4.6.2 Synthesis and characterisation of 323
(2R)-2-Methyl-3-(propylsulfanyl)propanoic acid 323

0 0
Ph LiOH.H,0
\/\S O/ —> \/\S OH
2:1 THF:H,0

rt, 2 h

To a solution of 288e (238 mg, 1.00 mmol, 1.00 eq, 90% ee) in THF (6.0 mL) at rt was
added LiOH<*H,0 (210 mg, 5.00 mmol, 5.00 eq) in H,O (3.0 mL). Stirring was maintained
for 2 h whereupon the reaction mixture was diluted with H,O (10 mL) and extracted with
Et,O (2 x 10 mL). The aqueous layer was acidified to pH 2 using 1 M HCI (ag) and
extracted with CH,Cl, (4 x 10 mL). The organics were washed with brine, dried (MgSO,)
and the volatiles removed in vacuo. The crude product was purified by FCC (petroleum
ether/Et,0 9/1 to Et,0) to yield the title compound 323 as a pale yellow oil in 82% yield
(133 mgs) and 86% ee.

[The ee was determined by treating 323 in CH,Cl,/MeOH (4/1) with 1.0eq of
(trimethylsilyl)diazomethane (2.0 M in hexanes) to afford 288a in 86% ee]

[a]p?® = +24.3 (¢ 1.22, CHCl5); IR (film) vmad/cm™: 2964, 2934 (O-H), 1706 (C=0), 1462,
1234, 932; *H NMR (CDCls, 400 MHz) & (ppm): 0.98 (t, J = 7.5 Hz, 3 H, CH3CH,CH,S),
1.29 (d, J = 7.0 Hz, 3 H, CH(CHa)), 1.61 (‘sxt’, J = 7.5 Hz, 2 H, CH3CH,CH,S), 2.51 (t, J
= 7.5 Hz, 2 H, CH3CH,CH,S), 2.58 (dd, J = 13.0, 7.0 Hz, 1 H, SCHAHsCH(CHz)), 2.70
(‘sxt’, J = 7.0 Hz, 1 H, SCHaHgCH(CH3)), 2.85 (dd, J=13.0, 7.0 Hz, 1 H,
SCHAHgCH(CHs)); *C NMR (CDCls, 100 MHz) & (ppm): 13.6 (CHsCH,CH,S), 16.8

(SCHAHBCH(CHz3)), 23.0 (CH3CH,CH,S), 34.9 (CH3CH2CH,S), 35.2 (SCHAHCH(CHs3)),
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40.3 (SCHAHgCH(CHy3)), 181.6 (C=0); HRMS (ES+) exact mass calculated for [M+Na]"

(C7H14Na0,S) requires m/z 185.0607, found m/z 185.0608.

8.4.6.3 Synthesis and characterisation of 324

(2R)-2-methyl-3-(propylsulfanyl)propan-1-ol 324

o DIBAL-H
O _Ph NN
Sﬁ)ko -78°Ct00°C, 1h S/Y\OH

To a solution of 288e (119 mg, 0.500 mmol, 1.00 eq, 90% ee) in THF (2.5 mL) at -78°C

was added DIBAL-H (1.10 mL, 1.10 mmol, 2.20 eq) dropwise. Upon complete addition
the reaction mixture was allowed to warm to 0°C whereupon stirring was maintained for
20 min. The reaction mixture was quenched by the addition of saturated ag NH4CI (5 mL)
and extracted with Et,0 (3 x 10 mL). The combined organics were washed with brine,
dried (MgSOQ,), the volatiles in vacuo and purification by FCC (petroleum ether/Et,0O 9/1
to Et,0) to afford the title compound 324 as a pale yellow oil in 64% vyield (47 mg) and
90% ee. [determined by HPLC, Chiralpak 1A, hexane/isopropanol = 95/5, 1 mL/min, A =
210 nm, t (major) = 8.12 min, t (minor) = 9.15 min].

[a]o? = -3.1 (¢ 0.66, CHCI3); IR (film) vmadcm™: 3354 (O-H), 2960 (C-H), 2930, 2872,
1457 (C-0), 1033 (C-0); *H NMR (CDCls, 400 MHz) & (ppm): 3.52 (d, J = 6.0 Hz, 2 H,
CH,OH), 2.53 (dd, J = 12.5, 7.0 Hz, 1 H, SCHaHsCH(CHa)), 2.47 - 2.37 (m, 3 H,
SCHAHgCH(CH3) and CH3CH,CH,S), 1.98 (br s, 1 H, OH), 1.91 - 1.77 (m, 1 H,
SCHAHgCH(CHs)), 1.55 (‘sxt’, J = 7.5 Hz, 2 H, CH3CH,CH,S), 0.97 - 0.87 (m, 6 H,
CH3CH,CH,S and CH(CHj3)); *C NMR (CDCls, 100 MHz) & (ppm): 67.4 (CH,0H), 36.3
(SCHAHBCH(CH3)), 35.6 (SCHAHBCH(CHz)), 34.8 (CH3CH,CH,S), 22.9 (CH3CH,CH,S),
16.6 (SCHAHgCH(CH3)), 13.4 (CH3CH,CH,S); HRMS (ES+) exact mass calculated for

[M+H]" (C;H170S) requires m/z 149.0995, found m/z 149.0996.
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8.4.6.4 Synthesis and characterisation of 325

(2R)-2-Methyl-N-(prop-2-en-1-y1)-3-(propylsulfanyl)propanamide 325

O

/\/NHZ
S Ng O/Ph > g N
0°C,2h N

To a vial containing 288e (119 mg, 0.500 mmol, 1.00 eq, 90% ee) at 0C was added

!

allylamine (113 pL, 1.50 mmol, 3.00 eq) and the reaction mixture was stirred for 2 hours
whereupon it was purified by FCC (petroleum ether to petroleum ether/Et,O 1/1) to yield
the title compound 325 as a colourless oil in 99% yield (107 mg) and 91% ee [determined
by HPLC, Chiralpak AD, hexane/isopropanol = 97/3, 1 mL/min, A = 220 nm, t (major) =
18.67 min, t (minor) = 20.16 min].

[a]po?® = +9.9 (c 0.82, CHCI5): IR (film) vmadcm™: 3289 (N-H), 2964, 1642 (C=0), 1548,
1248 (C-N); 'H NMR (CDCls;, 400 MHz) & (ppm): 0.93 (t, J = 7.5 Hz, 3 H,
CH3CH2CH,S), 1.19 (d, J = 7.0 Hz, 3 H, CH(CHy)), 1.56 (‘sxt’, J = 7.5 Hz, 2 H,
CH3CH,CH,S), 2.35 - 2.49 (m, 3 H, SCHaHsCH(CHs3) and CH3CH,CH,S), 2.53 (dd, J =
13.0, 6.0 Hz, 1 H, SCHaHgCH(CHs3)), 2.78 (dd, J = 13.0, 8.0 Hz, 1 H, SCHAHsCH(CHy)),
3.85 (ddd, J = 7.0, 4.0, 2.0 Hz, 2 H, CHCH,NH), 5.09 (dd, J = 10.0, 1.5Hz, 1 H,
CHaHgCHCH,NH), 5.18 (dd, J = 17.0, 1.5 Hz, 1 H, CHaHgCHCH,NH), 5.73 - 5.89 (m,
1 H, CHaHgCHCH;NH), 6.11 (br. s, 1 H, NHCH,); **C NMR (CDCls, 100 MHz) & (ppm):
13.3  (CH3CH,CH,S), 17.6 (SCHaHgCH(CHs)), 22.8 (CHsCH,CH,S), 34.8
(CH3CH,CH,S), 35.9 (SCHaHgCH(CHg)), 41.7 (CHCH;NH), 41.8 (SCHAHsCH(CHs3)),
116.1 (CHAHsCHCH,NH), 134.1 (CHaAHsCHCH,NH), 174.7 (C=0); HRMS (ES+) exact

mass calculated for [M+H]" (C1oH20NOS) requires m/z 202.1260, found m/z 202.1260.
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8.4.6.5 Synthesis and characterisation of 326

(2R)-N-Benzyl-2-methyl-3-(propylsulfanyl)propanamide 326

0 o Ph" > NH, 0
O . N PN
plom S .

To a vial containing 288e (119 mg, 0.500 mmol, 1.00 eq, 90% ee) at 0C was added

benzylamine (164 pL, 1.50 mmol, 3.00 eq) and the reaction mixture was stirred for
12 hours whereupon it was purified by FCC (petroleum ether to petroleum ether/Et,O 1/1)
to yield the title compound 326 as a colourless oil in 99% yield (125 mg) and 89% ee
[determined by HPLC, Chiralpak AD, hexane/isopropanol = 90/10, 1 mL/min, A =220 nm,
t (major) = 9.24 min, t (minor) = 10.60 min].

[a]p?® = +5.3 (c 1.28, CHCl5): IR (film) vmadcm™: 3284 (N-H), 2963, 2930, 1645 (C=0),
1548, 1239 (C-N); 'H NMR (CDCl;, 400 MHz) & (ppm): 0.96 (t, J = 7.5 Hz, 3 H,
CH3CH2CH,S), 1.23 (d, J = 7.0 Hz, 3 H, CH(CHy)), 1.58 (‘sxt’, J = 7.5 Hz, 2 H,
CH3CH,CH,S), 2.38 - 2.51 (m, 3 H, SCHaHsCH(CHs3) and CH3CH,CH,S), 2.56 (dd, J =
13.0, 6.0 Hz, 1 H, SCHAHsCH(CH3)), 2.82 (dd, J = 13.0, 8.0 Hz, 1 H, SCHAHgCH(CHs3)),
4.37 - 450 (m, 2 H, NHCH,), 6.32 (br. s., 1 H, NHCH,), 7.22 - 7.37 (m, 5 H, ArH);
3C NMR (CDCl;, 100 MHz) & (ppm): 13.3 (CH3CH,CH,S), 17.6 (SCHaHsCH(CHz)),
228 (CHsCH,CH,S), 34.8 (CHsCH,CH.S), 359 (SCHaHsCH(CH3)), 41.9
(SCHAHgCH(CH3)), 43.4 (NHCH,), 127.3 (ArCH), 127.6 (ArCH), 128.5 (ArCH), 138.2
(ArC), 174.7 (C=0); HRMS (ES+) exact mass calculated for [M+H]" (C1H22NOS)

requires m/z 252.1417, found m/z 252.1418.
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8.4.6.6 Synthesis and characterisation of 327

(2R)-2-methyl-3-(propylsulfanyl)-1-(pyrrolidin-1-yl)propan-1-one 327

o E:NH 0
o _Ph > SN
o - S%D

To a vial containing 288e (238 mg, 1.00 mmol, 1.00 eq, 90% ece) at 0C was added

pyrrolidine (250 pL, 3.0 mmol, 3.0 eq) and the reaction mixture was stirred for 2 hours
whereupon it was purified by FCC (petroleum ether to petroleum ether/Et,O 1/1) to yield
the title compound 327 as a colourless oil in 85% yield (183 mg) and 84% ee [determined
by HPLC, Chiralpak AS-H, hexane/isopropanol = 90/10, 1 mL/min, A = 220 nm, t (major)
=7.76 min, t (minor) = 9.26 min].

[a]o? = +10.9 (c 1.03, CHCI3); IR (film) vmadcm™: 2964, 2872, 2361, 1638, 1432;
'H NMR (CDCls, 400 MHz) & (ppm): 0.95 (t, J = 7.5 Hz, 3 H, SCH,CH,CHs), 1.17 (d, J =
7.0 Hz, 3 H, CH(CH3)C=0), 1.58 (sxt, J = 7.5 Hz, 2 H, SCH,CH,CHs), 1.84 (quin, J =
6.5 Hz, 2 H, C(=0)NCH,CH,CH,CH,), 1.89 - 2.03 (m, 2 H, C(=0)NCH,CH,CH,CHy),
240 - 249 (m, 2 H, SCH,CH,CHs), 252 (dd, J = 125 65 Hz, 1 H,
SCHaHsCH(CH5)C=0), 2.73 (sxt, J = 7.0 Hz, 1 H, SCHAHsCH(CH5)C=0), 2.86 (dd, J =
125, 80 Hz, 1 H, SCHaHgCH(CH3)C=0), 338 - 351 (m, 3 H,
C(=0)NCHaHgCH,CH,CHy), 351 - 362 (m, 1 H, C(=0)NCHaHgCH,CH,CH,);
BCNMR (CDCl;, 100 MHz) & (ppm): 135  (SCH,CH,CHs3), 175
(SCHaHECH(CH3)C=0), 23.1 (SCH,CH,CHj3), 24.4 (C(=0)NCHaHsCH,CH,CH,), 26.2
(C(=0)NCHaHgCH,CH,CH,), 35.2 (SCH,CH,CHs3), 36.2 (SCHAHsCH(CH3)C=0), 39.1
(SCHAHBCH(CH3)C=0), 45.9 (C(=O)NCHAHCH,CH,CHy>), 46.7
C(=O)NCHaHgCH,CH,CH,), 173.8 (C=0); HRMS (ES+) exact mass calculated for

[M+H]" (C1:H2:NOS) requires m/z 216.1417, found m/z 216.1421.

320



8.4.6.7 Synthesis and characterisation of 328

Methyl (25)-2-[(2R)-2-[(propylsulfanyl)methyl]lpropanamido]propanoate 328

o)
Q . __PyBOP _
g OH + @]
NH,.HC| NEts, DMF

16 h

To a solution of acid 323 (32.5 mg, 0.200 mmol, 1.00 eq, 86% ee) and PyBOP (104 mg,
0.200 mmol, 1.00 eq) in DMF (1.5 mL) was added L-alanine methyl ester hydrochloride
(28.0mg, 0.200 mmol, 1.00eq). Stirring was maintained for 5 minutes and then
triethylamine (84 pL, 0.60 mmol, 3.0 eq) was added dropwise and the reaction mixture
stirred for 16 h. The reaction was quenched by the addition of brine (4 mL) and extracted
with EtOAc (2 x 10 mL). The combined organics were washed with 10% aq Na,COs3 (2 x
5 mL), washed with brine, dried (MgSO.) and the volatiles removed in vacuo. The crude
product was purified by FCC (petroleum ether/EtOAc 9/1 to petroleum ether/EtOAc 1/1)
to yield the title compound 328 as a pale yellow oil in 76% yield (37 mg) and 12.4:1 dr .

[alo?* = +10.7 (¢ 1.03, CHCI3); IR (film) vmadcm™: 3300 (NH), 2964 (C-H), 1746
(C(=0)0), 1650 (C(=O)N), 1539 (NH), 1455, 1211; *H NMR (CDCls, 400 MHz) & (ppm):
0.96 (t, J = 7.5 Hz, 3 H, CH3CH,CH,S), 1.23 (d, J = 7.0 Hz, 3 H, SCHAHsCH(CHa)), 1.40
(d, J = 7.0 Hz, 3 H, NHCH(CHy)), 1.59 (‘sxt’, J = 7.5 Hz, 2 H, CH3CH,CH,S), 2.41 - 2.46
(m, 1 H, SCHAHgCH(CHa)), 2.49 (t, J = 7.5 Hz, 2 H, CH3CH,CH,S), 2.55 (dd, J = 13.0,
6.5 Hz, 1 H, SCHpAHgCH(CH3)), 2.74 (dd, J=13.5, 6.5 Hz, 1 H, SCHaHsCH(CHj3),
minor), 2.81 (dd, J = 13.0, 7.5 Hz, 1 H, SCHaHgCH(CHs3), major), 3.75 (s, 3 H, OCHj),
4.59 (‘quin’, J = 7.0 Hz, 1 H, NHCH(CH?3)), 6.24 (d, J = 7.0 Hz, 1 H, NH, minor), 6.30 (d,
J=7.0Hz, 1 H, NH, major);**C NMR (CDCls, 100 MHz) & (ppm): 13.4 (CH3CH,CH,S),
17.4 (SCHaHBCH(CHs3)), 18.4 (NHCH(CH3)), 22.9 (CH3CH,CH,S), 34.9 (CH3CH,CH,S),

35.8 (SCHAHgCH(CHs)), 41.6 (SCHAHsCH(CHy)), 47.9 (NHCH(CHg)), 52.4 (OCHs),

321



1735 (C=0), 1743 (C=0); HRMS (ES+) exact mass calculated for [M+Na]*

(C11H21NNaO3S) requires m/z 270.1134, found m/z 270.1134.

8.4.6.8 Synthesis and characterisation of 329

Benzyl (25)-1-[(2R)-2-methyl-3-(propylsulfanyl)propanoyl]pyrrolidine-2-carboxylate 329

o O _ PyBOP \:
+
BnO— " ~NH.HCI
\/\S/\‘)J\OH n \\\ NEt;, DMF Q
o 16 h

To a solution of acid 323 (32.5 mg, 0.200 mmol, 1.00 eq, 86% ee) and PyBOP (104 mg,

X—O0Bn

0.200 mmol, 1.00 eq) in DMF (1.5 mL) was added L-proline benzyl ester hydrochloride
(48.3mg, 0.200 mmol, 1.00eq). Stirring was maintained for 5 minutes and then
triethylamine (84 pL, 0.60 mmol, 3.0 eq) was added dropwise and the reaction mixture
stirred for 16 h. The reaction was quenched by the addition of brine (4 mL) and extracted
with EtOAc (2 x 10 mL). The combined organics were washed with 10% aq Na,COs3 (2 x
5 mL), washed with brine, dried (MgSO,) and the volatiles removed in vacuo. The crude
product was purified by FCC (petroleum ether/EtOAc 9/1 to petroleum ether/EtOAc 1/1)
to yield the title compound 329 as a pale yellow oil in 90% yield (63 mg) and 13.5:1 dr.

[a]o?! = -42.3 (c 1.07, CHCI3); IR (film) vma/cm™: 2962, 2873, 1744, 1646, 1498, 1456,
1168; *H NMR (CDCls, 400 MHz) & (ppm, major diastereomer exists as a 2:1 mixture of
rotamers): 0.96 (t, J = 7.5Hz, 3H, SCH,CH,CHs), 1.21 (d, J = 7.0Hz, 3H,
SCHAHgCH(CH3)), 1.50 - 1.63 (m, 2H, SCH,CH,CHs), 1.84 - 232 (m, 4H,
NCHCH,CHy), 2.37 - 2.55 (m, 3 H, SCH,CH,CH3 and SCHaHsCH(CHs)), 2.70 - 2.80 (m,
1 H, SCHaHsCH(CHs)), 2.86 (dd, J = 13.0, 5.5 Hz, 1 H, SCHAHgCH(CHj3)), 3.51 - 3.67
(m, 1 H, NCHaHsCH,), 3.71 - 3.76 (m, 1 H, NCHaHgCH,), 4.53 (dd, J = 9.0, 4.0 Hz,
NCHCH,CH,, major rotamer), 4.72 (dd, J = 8.5, 2.5 Hz, NCHCH,CH,, minor rotamer),

4,58 (dd, J= 9.0, 4.0 Hz, NCHCH,CH,, minor diastereomer), 5.12 (d, J = 12.0 Hz,
322



OCHHgAT), 5.19 (d, J = 12.0 Hz, OCHaHgAT), 7.28 - 7.39 (m, 5 H, ArH); *C NMR
(CDCl3, 100 MHz) & (ppm, data given for major rotamer): 13.6 (SCH,CH,CHj3), 16.8
(SCHaHECH(CHs3), 23.1 (SCH,CH,CHs), 24.9 (NCHCH,CH,), 29.2 (NCHCH,CH,), 35.1
(SCH,CH,CH3), 35.8 (SCHAHgCH(CHs3)), 39.0 (SCHaHsCH(CHs)), 47.1 (NCH2CHy),
59.0 (NCHCH,), 66.8 (OCHaHgATr), 128.2 (ArCH), 128.3 (ArCH), 128.6 (ArCH), 135.9
(ArC), 172.1 (C=0), 174.2 (C=0); HRMS (ES+) exact mass calculated for [M+Na]"

(C19H27NNaO3S) requires m/z 372.1604, found m/z 372.1601.

8.4.7 Towards the Synthesis of Captopril
8.4.7.1 Synthesis and characterisation of 330

(2R)-3-[(4-methoxybenzyl)sulfanyl]-2-methylpropanoic acid 330

_ LIOH.H,0
s o) -~ S OH
H,O:THF
o o

To a solution of 288l (38 mg, 0.15 mmol, 1.0 eq, 89% ee) in THF (1.0 mL) at rt was added

LiOH*H,0 (19 mg, 0.45 mmol, 3.0 eq) in H,O (1.0 mL). Stirring was maintained for 16 h
whereupon the reaction mixture was diluted with H,O (2 mL) and extracted with Et,0O (2 x
5mL). The aqueous layer was acidified to pH 2 using 1 M HCI (ag) and extracted with
CH,Cl, (3 x 5 mL). The organics were washed with brine, dried (MgSO,) and the volatiles
removed in vacuo to afford the title compound 330 as a pale yellow solid in 82% yield
(32 mgs).

[alo? = +19.9 (c 0.20, CHCI3); IR (film) vmadcm™: 2934, 1706, 1512, 1248, 1176;
'H NMR (CDCls, 400 MHz) & (ppm): 1.24 (d, J = 7.0 Hz, 3 H, CH(CHs)), 2.46 (dd, J =
13.0, 7.0 Hz, 1 H, SCHAHBCH), 2.65 (sxt, J = 7.0 Hz, 1 H, SCHAHgCH(CHs)), 2.75 (dd, J

= 13.0, 7.0 Hz, 1 H, SCHAHaCH), 3.69 (s, 2 H, CH,S), 3.80 (s, 3 H, OCHj), 6.81 - 6.89
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(m, 2 H, ArH), 7.19 - 7.25 (m, 2 H, ArH); **C NMR (CDCls, 100 MHz) 5 (ppm): 16.8
(SCHAHgCH(CH3)), 34.1 (SCHAHgCH), 36.1 (ArCH,S), 39.9 (SCHaHgCH(CHs3)), 55.4
(OCHz), 114.1 (ArCH), 130.0 (ArC), 130.1 (ArCH), 158.8 (ArCOCHs), 181.5 (C=0);
HRMS (ES+) exact mass calculated for [M+Na]" (C1.H1sNaO3S) requires m/z 263.0712,

found m/z 263.0714.

8.4.7.2 Synthesis and characterisation of 331

Methyl 1-{(2R)-3-[(4-methoxybenzyl)sulfanyl]-2-methylpropanoyl}-D-prolinate 331

e

o
0 H HCI 0 o
PyBOP
S OH S N
NEt;, DMF
~o )

To a solution of acid 330 (24 mg, 0.10 mmol, 1.0 eq) and PyBOP (52 mg, 0.10 mmol,

1.0eq) in DMF (0.7 mL) was added D-proline methyl ester hydrochloride (17 mg,
0.10 mmol, 1.0 eq). Stirring was maintained for 5 minutes and then triethylamine (42 pL,
0.30 mmol, 3.0 eq) was added dropwise and the reaction mixture stirred for 16 h. The
reaction was quenched by the addition of brine (2 mL) and extracted with EtOAc (2 x
5mL). The combined organics were washed with 10% aq Na,CO3 (2 x 3 mL), washed
with brine, dried (MgSQO,) and the volatiles removed in vacuo. The crude product was
purified by FCC (petroleum ether/EtOAc 4/1 to EtOAc 1/1) to yield the title compound
331 as a colourless oil in 66% yield (23 mg) and 19:1 dr.

[a]p? = +48.7 (c 0.46, CHCIL3); IR (film) vmad/cm™: 2954, 1745, 1643, 1512, 1431, 1247,
1175, 1033, 834; 'HNMR (CDCl;, 500 MHz, compound exists as a mixture of
diastereomers (19:1) and rotamers (8.9:1 for the major diastereomer) & (ppm): 1.16 (d, J =

7.0 Hz, 3 H, CH(CHs)), 1.89 - 2.00 (m, 2 H, NCHCHaHsCHaHg), 2.00 - 2.08 (m, 1 H,
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NCHCHAHgCHaHB), 2.14 - 2.21 (m, 1 H, NCHCHaHp), 2.43 (dd, J =13.0, 6.0 Hz, 1 H,
SCHaHgCH), 2.61 - 2.70 (m, 1 H, SCHaHgCH(CH3)), 2.82 (dd, J = 13.0, 8.0 Hz, 1 H,
SCHaHgCH), 3.44 - 3.50 (m, 1 H, NCHAHBCH>), 3.51 - 3.58 (m, 1 H, NCHAHgCHAHg),
3.66 (s, 2 H, CH,S), 3.70 (s, 3 H, C(O)OCHs), 3.78 (s, 3 H, ArCOCHj), 4.35 (dd, J = 8.5,
2.5 Hz, 1 H, NCHCH,CH,, minor rotamer), 4.39 (dd, J = 8.5, 4.0 Hz, 1 H, NCHCH,CH,,
minor diastereomer), 4.50 (dd, J = 8.5, 4.0 Hz, 1 H, NCHCH,CH,), 6.80 - 6.88 (m, 2 H,
ArH), 7.17 - 7.24 (m, 2 H, ArH); *C NMR (CDCls, 125 MHz) & (ppm): 17.3 (CH(CH3)),
24.9 (NCHCH,CH,), 29.2 (NCHCH,), 35.1 (SCHAHsCH(CHa)), 36.8 (ArCH,S), 38.8
(SCHAHECH(CH3)), 47.0 (NCH.CH,), 52.3 C(O)OCHs), 55.4 (ArCOCHs), 58.7
(NCHCH,CHj), 114.0 (ArCH), 130.0 (ArCH), 130.7 (ArC), 158.8 (ArCOCHs), 172.9
(C=0), 174.1 (C=0); HRMS (ES+) exact mass calculated for [M+Na]* (C1gH25NaNO,S)

requires m/z 374.1397, found m/z 374.1397.

8.5 p-Amido Ester Conjugate Addition Reactions to Nitro-olefins
8.5.1 Synthesis and Characterisation of #-Amido Esters

The starting materials 344, 347, 349, 351 and 353 were kindly provided by Dr Pavol

Jakubec and were synthesised according to literature procedures.

8.5.1.1 Synthesis and characterisation of 80

(1)-1-Methyl-2-oxo-pyrrolidine-3-carboxylic acid methyl ester 80

o O According to a literature procedure,’® 2.5M "BuLi in hexanes
\O%N/ (25.0 mL, 63.6 mmol, 2.10 eq) was added dropwise to a solution of
diisopropylamine (8.5 mL, 60.5 mmol, 2.0 eq) in THF (30 mL) at -78 °C and the mixture
was stirred at -78 °C for 30 min. N-methylpyrrolidinone (2.90 mL, 30.3 mmol, 1.0 eq) was

added and the mixture was stirred at -78 °C. After 1 h dimethylcarbonate (2.55 mL,
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30.3 mmol, 1.0 eq) was added dropwise with vigorous stirring and the resulting suspension
was stirred 4 h at rt. The suspension was poured into a saturated solution of NH,CI
(50 mL) and extracted with CH,Cl, (3 x 50 mL). The combined organic extracts were
dried over MgSO, and the volatiles removed in vacuo. Purification by flash column
chromatography [EtOAc] afforded the title compound 80 as a yellow oil in 60% yield
(2.88 g).

'H NMR (400 MHz, CDCl3) § ppm 2.23 - 2.34 (m, 1 H, CHaHgCH), 2.38 - 2.50 (m, 1 H,
CHaHgCH), 2.90 (s, 3 H, NCHj3), 3.38 (td, J = 9.0, 5.5 Hz, 1 H, CHaHgN), 3.46 (dd, J =
9.5, 6.5 Hz, 1 H, CHCH,), 3.53 (td, J = 9.0, 5.5 Hz, 1 H, CHaHgN), 3.80 (s, 3 H, OCHy);
3C NMR (100 MHz, CDCl3) & ppm 22.3 (CH,CH), 30.2 (CH3sN), 48.0 (CH,N), 48.2
(CH,CH), 52.8 (OCHj3), 169.8 (C=0), 170.9 (C=0). Data is consistent with that given in

the literature.'®

8.5.1.2 Synthesis and characterisation of 342

(£)-Methyl 1-methyl-2-oxopiperidine-3-carboxylate 342

O O 2.5M "BuLi in hexanes (14.9 mL, 37.2 mmol, 2.10 eq) was added
\OJ\@/ dropwise to a solution of diisopropylamine (5.0 mL, 35.4 mmol, 2.0 eq)
in THF (20 mL) at -78 °C and the mixture was stirred at -78 °C for 30 min. N-
methylpiperidin-2-onedin-2-one (2.00 g, 17.7 mmol, 1.0 eq) was added and the mixture
was stirred at -78 °C. After 1 h dimethylcarbonate (1.49 mL, 17.7 mmol, 1.0 eq) was added
dropwise with vigorous stirring and the resulting suspension was stirred 4 h at rt. The
suspension was poured into a saturated solution of NH4Cl (40 mL) and extracted with
CH.CI, (3 x 40 mL). The combined organic extracts were dried over MgSO, and the
volatiles removed in vacuo. Purification by flash column chromatography [EtOAc]

afforded the title compound 342 as a pale yellow solid in 42% vyield (1.28 g).
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MP 48 - 50 °C; ‘H NMR (400 MHz, CDCl3) § ppm 1.71 - 1.81 (m, 1H, CHAHsCH:N),
1.89 - 2.14 (m, 3H, CHCH,, CHaHgCH;N), 2.93 (s, 3H, NCH3), 3.22 - 3.28 (m, 1H,
CHaHgN), 3.31 - 3.39 (m, 2H, CHCH, and CHaHgN), 3.71 (s, 3H, OCHs); *C NMR
(100 MHz, CDCl5) & ppm 21.0 (CHaHsCH:N), 25.3 (CHCH,), 35.0 (NCH3), 49.0
(CHCH,), 49.8 (NCH,CH,), 54.4 (OCHs), 165.8 (C=0), 171.6 (C=0). Data is consistent

with that given in the literature.3®

8.5.2 Synthesis and Characterisation of Cyclic g-amido Ester Addition Products
8.5.2.1 Synthesis and characterisation of 81

Methyl (35)-1-methyl-3-[(1S)-2-nitro-1-phenylethyl]-2-oxopyrrolidine-3-carboxylate 81

NO,
(0]
? o 10 mol% 147 wPh
~ N
(@) N— + Ph/\/ 2 J
THF, -40 °C MeOOC ~ N
g

To a solution of pro-nucleophile 80 (76 mg, 0.48 mmol, 1.0 eq) and trans-nitrostyrene
(83 mg, 0.576 mmol, 1.2 eq) in THF (0.72 mL) at -40 °C was added catalyst 147 (35 mg,
0.048 mmol, 0.10 eq). Stirring was maintained for 12 hours whereupon the reaction
mixture was quenched by the addition of a 1 M acetic acid solution in CH,Cl, (0.10 mL).
The volatiles were removed in vacuo and purification by flash column chromatography
[Et,O] yielded the title compound 81 as an 8.3: 1 mixture of diastereomers (140 mg, 95%
yield). The ee was determined by HPLC analysis (Chiralpak AS-H, hexane/iso-propanol
90:10, A 220 nm, 1.0 mL/min): major: t (major) = 19.50 min., t (minor) = 27.04 min
(ee 91%), minor: t (major) = 25.51 min., t (minor) = 33.80 min (ee 52%).

[@]o® = - 43.6 (c = 1.1, CHCIs); *H NMR (400 MHz, CDCl3) & ppm 1.92 — 2.06 (m, 1H,
major & minor), 2.15 (td, J = 8.8, 5.7 Hz, 1H, major & minor), 2.22 — 2.32 (m, 1H, major),
2.35 — 2.43 (m, 1H, minor), 2.70 (s, 3H, minor), 2.72 (s, 3H, major), 2.87 — 2.92 (m, 1H,
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minor), 3.06 (td, J = 9.0, 4.4 Hz, 1H, major), 3.23 — 3.29 (m, 1H, minor), 3.75 (s, 3H,
minor), 3.76 (s, 3H, major), 4.11 (dd, J = 11.1, 3.5 Hz, 1H, minor), 4.18 (dd, J = 11.1,
3.3 Hz, 1H, major), 4.99 (dd, J = 13.6, 3.3 Hz, 1H, major), 5.08 (dd, J = 13.6, 11.1 Hz, 1H,
minor), 5.25 (dd, J = 13.6, 11.1 Hz, 1H, major), 5.46 (dd, J = 13.6, 3.5 Hz, 1H, minor),
7.17 — 7.34 (m, 5H, major & minor); **C NMR (100 MHz, CDCls) & ppm 26.4 (minor),
28.2 (major), 29.9 (major), 30.0 (minor), 46.3 (minor), 46.5 (major), 47.0 (minor), 47.2
(major), 53.0 (minor), 53.0 (major), 57.6 (major), 58.0 (minor), 76.3 (minor), 76.9 (major),
128.2 (minor), 128.4 (major), 128.6 (minor), 128.6 (major), 128.8 (minor), 128.9 (major),
135.0 (major), 135.4 (minor), 169.8 (minor), 170.3 (minor), 170.4 (major), 171.7 (major);
MP 94 - 97 °C [lit. 106-107 °C, racemate of major diastereomer]'®®. Data of the major

diastereomer consistent with that given in the literature.*®

8.5.2.2 Synthesis and characterisation of 343

Methyl (35)-1-methyl-3-[(1S)-2-nitro-1-phenylethyl]-2-oxopiperidine-3-carboxylate 343

o o
10 mol% 149
o N+ pp XNO2 -
THF, 20 °C

To a solution of 342 (41 mg, 0.24 mmol, 1.2 eq) and nitrostyrene (30 mg, 0.20 mmol,

1.0 eq) in THF (0.66 mL) at -20 °C was added 149 (17 mg, 0.020 mmol, 0.10 eq) and the
reaction mixture was stirred for 22 h whereupon it was quenched by the addition of 1 M
AcOH in CH,CI, (0.1 mL) and the volatiles were removed in vacuo. Purification by flash
column chromatography [Et,O] afforded the title compound 343 as a colourless solid in
78% vyield and as a 4.0:1 mixture of diastereomers (50 mg). The ee was determined by

HPLC analysis (Chiralpak AD, hexane/iso-propanol 90:10, A 220 nm, 1.0 mL/min): major:
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t (minor) = 21.50 min., t (major) = 40.99 min (ee 91%), minor: t (major) = 18.74 min.,
t (minor) = 23.32 min (ee 44%).

MP 115 - 117 °C; [a]o® = + 71.2 (c = 1.1, CHCI5); IR (film) vmad/cm™: 2952, 1731, 1637,
1548, 1496, 1454, 1434, 1433, 1402, 1379, 1331, 1291, 1242, 1197, 1182, 1148; *H NMR
(500 MHz, C¢Ds) & ppm 0.70 - 0.77 (m, 1H, CHaHgCHaHsCHAH&N, major), 1.11 - 1.19
(m, 1H, CHaAHgCHAHgCHAHgN, minor), 1.27 - 1.36 (m, 1H, CHAHgCHaHgCHAHEN,
major and minor), 1.37 - 1.43 (m, 1H, CHaHgCHAHgCHaHgN, major and minor), 1.71 -
1.76 (m, 1H, CHaAHgCHAHgCHAHgN, major and minor), 2.01 (‘td’, J =11.5 Hz, 4.5 Hz,
1H, CHaHsN, major), 2.19 - 2.23 (m, 1H, CHaHgN, minor), 2.24 - 2.28 (m, 1H, CHaHgN,
major), 2.31 - 2.36 (m, 1H, CHaHgN, minor), 2.45 (s, 3H, NCHs;, minor), 2.53 (s, 3H,
NCHs, major), 3.22 (s, 3H, OCHs, minor), 3.28 (s, 3H, OCHs;, major), 4.21 (dd,
J=10.6 Hz, 3.0 Hz, 1H, CHCHAHgNO,, major), 4.48 (dd, J=10.6 Hz, 4.0 Hz, 1H,
CHCHaHgNO>, minor), 4.97 (dd, J =13.5 Hz, 10.5 Hz, 1H, CHCHAHgNO,, minor), 5.08
(dd, J=13.5Hz, 3.0 Hz, 1H, CHCHaHgNO,, major), 5.42 (dd, J =13.5 Hz, 4.0 Hz, 1H,
CHCHaHgNO,, minor), 5.70 (dd, J = 13.5 Hz, 10.5 Hz, 1H, CHCHAHgNO,, major), 6.95 —
7.05 (m, 3H, ArH, major and minor), 7.21 —7.24 (m, 2H, ArH, major), 7.37 — 7.41 (m, 2H,
ArH, minor), *C NMR (125 MHz, CeDg) 8 ppm 20.0 (CqCH,CH,CH;N, minor), 20.1
(C4CH,CH,CH2N, major), 29.2 (C,CH,CH,CH;N, minor), 32.3 (C4CH,CH,CH;N, major),
35.2 (NCHjz, major), 355 (NCHs, minor), 49.2 (CHCH;NO,;, minor), 49.2
(CqCH.CH2CH,N, minor), 49.2 (C4CH.CH,CH:N, major), 51.2 (CHCH,NO,, major), 52.5
(OCHs, minor), 52.7 (OCHs, major), 57.2 (CqCH,CH,CH:N, minor), 58.4,
(C4CH,CH,CHN, major), 78.4 (CHCH;NO,, minor), 80.5 (CHCH,NO,, major), 128.5
(ArCH, minor), 128.7 (ArCH, major), 128.9 (ArCH, minor), 129.3 (ArCH, major), 130.6
(ArCH, major), 130.7 (ArCH, minor), 137.1 (ArC, minor), 137.5 (ArC, major) 167.0

(C=0, major), 167.2 (C=0, minor), 172.2 (C=0, minor), 173.3 (C=0, major); HRMS
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(ES+) exact mass calculated for [M+Na]* (C16H2:N2Os) requires m/z 321.1445, found m/z

321.1437.

8.5.2.3 Synthesis and characterisation of 350

Methyl (7aS)-6-[(1S)-1-(furan-3-yl)-2-nitroethyl]-3,3-dimethyl-5-oxotetrahydro-1H-

pyrrolo[1,2-c][1,3]oxazole-6-carboxylate 350

y

O,N

\o :
/\/@o . o N O 10mol% 149 o
= :]\;)) toluene, MeOOC

MeOOC 0°C

To a solution of nitro-olefin 349 (28 mg, 0.20 mmol, 1.0 eq) and pro-nucleophile 344
(85 mg, 0.40 mmol, 2.0 eq) in toluene (0.67 mL) at 0 °C was added catalyst 149 (1.7 mg,
0.0020 mmol, 0.01 eq). The reaction mixture was stirred at 0 °C for 80 min whereupon it
was quenched by the addition of 1 M AcOH in CH,ClI; (0.1 mL) and the volatiles removed
in vacuo. The crude diastereomeric ratio was determined to be 98:2:0:0 by 'H NMR.
Purification by flash column chromatography [Petroleum ether then petroleum ether:
EtOAc: CH,Cl, 5:5:1] followed by trituration in Et,O afforded the title compound 350 as a
colourless solid in 68% vyield (48 mg) and as a single diastereomer.

[a]p?* = +0.78 (c = 0.9, CHCl5) [lit [a]p®® = +2.1 (c 0.75, CHCI3)]**°; MP 153- 155 °C [lit.
157 °CJ*%; 'H NMR (400 MHz, CDCl3) & ppm 1.42 (s, 3 H, C(CH3)(CHs)), 1.67 (s, 3 H,
C(CH3)(CHa)), 2.16 (dd, J = 13.5, 7.5 Hz, 1 H, C.CHaHsCHN), 2.20 (dd, J = 13.5, 7.0 Hz,
1 H, C,CHaHgCHN), 3.24 - 3.34 (m, 1 H, C,CHaAHgCHN), 3.35 - 3.44 (m, 1 H,
OCHaHgECHN), 3.82 (s, 3 H, OCHj), 3.90 (dd, J = 7.5, 5.5 Hz, 1 H, OCHAHgCHN), 4.14
(dd, J = 11.0, 4.0 Hz, 1 H, CHCHAHgNO,), 4.92 (dd, J = 13.5, 11.0 Hz, 1 H,
CHCHaHgNO,), 4.99 (dd, J = 13.5, 4.0 Hz, 1 H, CHCHAHgNO), 6.41 (s, 1 H, ArH), 7.39

- 7.43 (m, 1 H, ArH), 7.44 (s, 1 H, ArH); ®C NMR (100 MHz, CDCl3) & ppm 23.4
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(C(CH3)(CHg)), 26.4 (C(CHs)(CHs)), 33.4 (CqCHAHECHN), 38.7 (CHCHAHENO), 53.6
(OCH3), 58.7 (CqCHaHBCHN), 63.6 (C,CHaHsN), 70.0 (OCHAHgCHN), 76.9
(CHCHAHsNO), 92.1 (C(CH3)(CH)), 109.6 (ArCH), 119.3 (ArC), 142.1 (ArCH), 144.1

(ArCH), 167.4 (C=0), 171.8 (C=0). Data is consistent with that given in the literature.?*°

8.5.2.4 Synthesis and characterisation of 352

Methyl (25,97,10aR)-2-{(1S)-1-[5-(but-3-en-1-yl)-3-furyl]-2-nitroethyl}-3-0x0-1,

2.3,5,6,7,8,10a-octahydropyrrolo[1,2-a]azocine-2-carboxylate 352

Ph
\;/\N
S _N.
Y H
F.C N
0 3 N
NG f;/ H
MeOOC L
3
+
// tol, RT
0
W

O,N™ ™
To a solution of pro-nucleophile 351 (30 mg, 0.14 mmol, 1.0 eq) in toluene (0.40 mL), at
room temperature was added nitro olefin 347 (29 mg, 0.15 mmol, 1.1 eq), then catalyst 148
(10 mg, 0.014 mmol, 0.10 eq). The reaction mixture was stirred at RT for 2 h with the
exclusion of light. The reaction mixture was passed through a pad of silica [Et,O] and the
volatiles removed in vacuo. Purification by flash column chromatography [petrol: Et,O 2:1
then 1: 1] afforded the title compound 352 as a pale yellow oil with a dr of 4.5: 1 (33 mg,
59% vyield).
[a]p®* = -16.2 (¢ = 1.4, CHCly), lit [a]p® = -15.2 (c = 1.57, CHCI)'. Major
diastereomer: *H NMR (400 MHz, CDCls) & ppm 1.45 - 1.63 (m, 3H), 1.86 - 2.00 (m, 2H),
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2.13 (dd, J = 13.5., 6.4 Hz, 1H), 2.29 - 2.41 (m, 4H), 2.65 (t, J = 7.6 Hz, 2H), 3.30 - 3.36
(m, 1H), 3.43 - 3.48 (m, 1H), 3.55 (‘q’, J = 7.0 Hz, 1H), 3.78 (s, 3H), 4.04 (dd, J = 11.0,
3.2 Hz, 1H), 4.88 (dd, J = 13.1, 3.3 Hz, 1H), 4.96 - 5.10 (m, 3H), 5.27 (dd, J = 10.9,
6.6 Hz, 1H), 5.72 - 5.84 (m, 2H), 5.93 (s, 1H), 7.26 (s, 1H); *C NMR (100 MHz, CDCl5)
o ppm 25.3, 25.5, 27.2, 27.5, 31.8, 37.3, 39.4, 41.9, 53.1, 54.3, 57.6, 77.1, 102.2, 115.5,
119.7, 129.0, 133.4, 137.0, 157.0, 170.0, 172.3. Data is consistent with that given in the

literature.*®°

8.6  Miscellaneous Organocatalytic Addition Reactions
8.6.1 General Procedures

General Procedure XI for the Addition of MeNO; to B-Substituted a,B-Unsaturated

Esters

To a solution of the B-substituted o,B-unsaturated ester 55 (0.20 mmol) in nitromethane
(0.11 mL, 2.0 mmol, 10 eq) in a sealed vial was added catalyst 149 (17 mg, 0.020 mmol,
0.10 eq) and the reaction mixture was stirred at rt for 96 h. Purification by flash column
chromatography [Petroleum ether to petroleum ether: Et,O 4:1] afforded the desired y-

nitroester 378.

8.6.2 Synthesis and Characterisation of Miscellaneous Addition Reactions
8.6.2.1 Synthesis and characterisation of 358
(R)-1,1,1-Trifluoro-3-nitro-2-phenyl-propan-2-ol 358

o 10 mol% 147 ©\@
CF
©)J\ ’ 20 eq MeNO, N NO

20 °C HO CF;
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To catalyst 147 (15 mg, 0.020 mmol, 0.10 eq) in nitromethane (0.22 mL, 4.0 mmol, 20 eq)
at -20 °C was added 2,2,2-trifluoroacetophenone (28 pL, 0.20 mmol, 1.0 eq). Stirring was
maintained for 8 h whereupon it was quenched by the addition of 0.1 mL 1 M AcOH in
CH,Cl, and the volatiles removed in vacuo. Purification by flash column chromatography
(Petroleum ether to petroleum ether/Et,O 9/1) afford the title compound 358 as a
colourless oil in 94% yield (44 mg) and 66% ee [determined by HPLC, Chiralcel AS-H,
hexane/isopropanol = 90/10, 1.0 mL/min, A = 220 nm, t (major) = 10.55 min, t (minor) =
11.34 min].

[a]o®* = - 38.6 (c = 0.28, CHCIy), [lit. -67, ¢ = 1.54, MeOHJ**®; 'H NMR (400 MHz,
CDCl3) & ppm 4.63 (s, 1 H, OH), 5.01 (d, J = 13.7 Hz, 1 H, CHaHgNO5), 5.10 (d, J = 13.7
Hz, 1 H, CHaHgNO,), 7.41 - 7.50 (m, 3 H, ArH), 7.56 - 7.64 (m, 2 H, ArH); *C NMR
(100 MHz, CDCl3) § ppm 76.4 (q, Jec = 29.4 Hz, CCF3), 77.6 (CHAHsNO), 123.5 (4, Jrc
= 286.0 Hz, CCF3), 126.3 (ArCH), 129.1 (ArCH), 130.2 (ArCH), 133.1 (ArC); °F NMR

(376 MHz, CDCls) 5 ppm -78.7. Data is consistent with that given in the literature.?*®

8.6.2.2 Synthesis and characterisation of 362

Isopropyl propionimidate hydrochloride 362

A
According to a literature procedure,®*® hydrogen chloride gas [generated by the dropwise
addition of conc. HCI (12.5 mL) to anhydrous CaCl, (15 g)]**° was bubbled into a solution
of propionitrile (6.5 mL, 91 mmol, 1.07 eq) and isopropanol (6.5 mL, 85 mmol, 1.0 eq) at

room temperature for 10 min. The reaction mixture was stirred at rt for 2 h and then the

volatiles were removed under a stream of nitrogen. The resultant precipitate was washed
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with Et,0 to afford the title compound 362 as an amorphous colourless solid in 33% vyield
(4.20 g).

'H NMR (400 MHz, CDCls) § ppm 1.22 (t, J = 7.5 Hz, 3 H, CH3CH,), 1.40 (d, J = 6.0 Hz,
6 H, CH(CHs)y), 2.68 (g, J = 7.5 Hz, 2 H, CH3CH,), 5.45 (spt, J = 6.0 Hz, 1 H, CH(CHs)y),
11.30 (br. s., 1 H, NH), 12.07 (br. s., 1 H, NH); *C NMR (100 MHz, CDCl3)  ppm 9.8

(CH3CHy), 21.2 (CH(CHa)2), 27.1 (CH3CHy), 78.9 (CH(CH3),), 178.6 (C(=N)O).

8.6.2.3 Synthesis and characterisation of 363

Propan-2-yI-N-[(4-nitrophenyl)sulfonyl]propanimidoate 363

10 mol% DMAP

(ONN0)
HCl ¥ NEts N
NH + Cl S NO
PSS CHyC, N 2
0 NO J\
A

2

According to a modified literature procedure,>**

to a suspension of 362 (1.00 g, 6.62 mmol,
1.0eqg) in CH.Cl, (17 mL) was added sequentially triethylamine (2.77 mL, 19.9 mmol,
3.0 eq), 4-nitrobenzenesulfonyl chloride (1.47 g, 6.62 mmol, 1.0 eq) and DMAP (81 mg,
0.66 mmol, 0.10 eq) at room temperature. The reaction mixture was stirred at rt for 14 h
and the volatiles concentrated in vacuo. Purification by flash column chromatography
[Petroleum ether: EtOAc 9:1] afforded the title compound 363 in 72% yield (1.43 g).

MP 71 - 72 °C [lit. 70 - 71 °C]***; *H NMR (400 MHz, CDCls3) & ppm 1.20 - 1.28 (m, 9 H,
CH3CH; and CH(CHs),), 2.91 (g, J = 7.5 Hz, 2 H, CH3CHy), 4.99 (spt, J = 6.5 Hz, 1 H,
CH(CHj3),), 8.07 - 8.15 (m, 2 H, ArH), 8.31 - 8.38 (m, 2 H, ArH); *C NMR (100 MHz,
CDCl3) & ppm 10.1 (CH3CHy), 21.0 (CH(CHs),), 28.4 (CHsCH,), 72.8 (CH(CHs),), 124.0

(ArCH), 127.7 (ArCH), 147.6 (ArC), 149.7 (ArC), 177.5 (C(=N)O). Data is consistent with

that given in the literature.*!
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8.6.2.4 Synthesis and characterisation of 172

P,P-Diphenyl-N-[(E)-phenylmethylidene]phosphinic amide 172

\-POPh; A solution of benzaldehyde (4.8 mL, 47 mmol, 1.0 eq), hydroxylamine
©) hydrochloride (4.8 g, 71 mmol, 1.5 eq) and sodium acetate (5.8 g,
71 mmol, 1.5eq) in 1:1 water: EtOH (38 mL) was refluxed for 14 h.
The reaction mixture was cooled and volatiles removed in vacuo and the reaction mixture
was diluted with water (20 mL) and extracted with CH,Cl, (3 x 30 mL). The organics were
washed with brine (30 mL), dried (MgSO,). The crude product was purified by distillation
[8 mBar, 115 °C] (lit.*** bp 10 Torr, 120 - 125 °C) to afford the oxime as a colourless solid
in 78% vyield (4.5 g). The aldimine was synthesised according to General Procedure 111, on
a 16.5 mmol scale of the oxime to afford the title compound 172 as a colourless solid after
purification by flash column chromatography (3.00 g, 60% yield).
MP 130 - 132 °C [136 - 137 °C]***; 'H NMR (400 MHz, CDCls) & ppm 7.41 - 7.56 (m, 8
H, ArH), 7.56 - 7.63 (m, 1 H, ArH), 7.91 - 8.00 (m, 4 H, ArH), 8.00 - 8.06 (m, 2 H, ArH),
9.34 (d, Jpy = 32.0 Hz, 1 H, C(=N)H); *C NMR (100 MHz, CDCls) 5 ppm 128.5 (d, Jpc =
12.7 Hz), 129.0, 130.2, 131.6 (d, Jpc = 8.7 Hz), 131.8 (d, Jpc = 2.4 Hz), 133.0 (d, Jpc =
127.2 Hz), 133.7, 135.9 (d, Jpc = 25.4 Hz), 173.8 (d, Jpc = 7.2 Hz); *'P NMR (162 MHz,

CDCls) 6 ppm 24.9. Data is consistent with that given in the literature. "4
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8.6.2.5 Synthesis and characterisation of 364

Propan-2-vl (12)-3-[(diphenylphosphoryllamino]-2-methyl-N-[(4-nitrophenyl)sulfonyl]-3-

phenylpropanimidoate 364

00
_P(O)Ph 0 Y
N © Oy 10 mol% 147 Ph2(O)P< S
| Pis NG NH N
+ N 2 — , N02
\)I\ J\ Toluene, rt oiPr
0]

To a solution of N-DPP aldimine 172 (73 mg, 0.24 mmol, 1.2 eq) and pro-nucleophile 363

(60 mg, 0.20 mmol, 1.0eq) in toluene (1.0 mL) was added catalyst 147 (15 mg,
0.020 mmol, 0.10 eq) and the reaction mixture was allowed to stir at rt for 36 h whereupon
the reaction mixture was quenched by the addition of 1 M AcOH in CH,Cl, (0.1 mL) and
the volatiles removed in vacuo. Purification by flash column chromatography [Petroleum
ether to petroleum ether: EtOAc 1:1] afforded the title compound 364 as a pale yellow oil
in 87% yield (105 mg) and 1% ee. The ee was determined by HPLC analysis (Chiralpak
IA, hexane/iso-propanol 80:20, A 220 nm, 1.0 mL/min): t (minor) = 12.05 min, t (major) =
24.44 min (1%).
'H NMR (400 MHz, CDCl3) § ppm 0.98 (d, J = 6.5 Hz, 3 H, CHsCHCHNH), 1.30 (d, J =
6.0 Hz, 3 H, OCH(CHs),), 1.48 (d, J = 6.0 Hz, 3 H, OCH(CHs),), 4.00 (dg, J =10.5, 6.5
Hz, 1 H, CH;CHCHNH), 4.29 (‘q’, J = 10.5 Hz, 1 H, CH3CHCHNH), 4.86 (‘t’, J = 11.0
Hz, 1 H, CHNH), 5.11 (spt, J = 6.0 Hz, 1 H, OCH(CHs),), 7.10 - 7.28 (m, 7 H, ArH), 7.28
-7.39 (M, 3 H, ArH), 7.39 - 7.54 (m, 3 H, ArH), 7.63 - 7.79 (m, 2 H, ArH), 7.89 - 7.98 (m,
2 H, ArH), 8.21 - 8.35 (m, 2 H, ArH); **C NMR (100 MHz, CDCls) & ppm 15.4
(CHsCHCHNH), 21.1 (OCH(CHas),), 21.5 (OCH(CHs),), 48.1 (CHsCHCHNH), 58.7
(CH3sCHCHNH), 74.7 (OCH(CHa),), 124.2 (ArCH), 127.2 (ArCH), 127.9 (ArCH), 128.0
(d, Jpc = 13.2 Hz, ArCH), 128.5 (d, Jec = 12.5 Hz, ArCH), 128.7 (ArCH), 131.8 (d, Jec =
128.4 Hz, ArC), 131.3 (ArCH), 131.4 (ArCH), 131.4 (d, Jpc = 2.9 Hz, ArC), 132.6 (d, Jpc
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= 10.3 Hz), 133.6 (d, Jpc = 127.7 Hz, ArC), 141.5 (d, Jpc = 2.2 Hz, ArC), 147.4 (ArC),
149.9 (ArC), 178.1 ((C=N)0O); HRMS (ES+) exact mass calculated for [M+Na]*
(C31H32N306PS) requires m/z 606.1822, found m/z 606.1820.

8.6.2.6 Synthesis and characterisation of 82

tert-Butyl 1-o0x0-2,3-dihydro-1H-indene-2-carboxylate 82

o - ook = oy

According to a literature procedure,** 1-indanone (660 mg, 5.0 mmol, 1.0 eq) was added

to a suspension of NaH (60% in mineral oil, 400 mg, 10 mmol, 2.0 eq) in THF (20 mL).
The reaction mixture was warmed to reflux and N-Boc pyrrole (1.7 mL, 10 mmol, 2.0 eq)
was added dropwise and reflux maintained for 5 h. The reaction mixture was cooled to
0 °C, acidified with 1 M HCI and extracted with EtOAc (2 x 25 mL). The combined
organics were washed with brine (20 mL), dried (MgSQO,) and the volatiles removed in
vacuo. Purification by flash column chromatography [Petroleum ether to petroleum ether:
Et,O 4:1] afforded the title compound 82 as a purple oil in 73% yield (850 mg).

'H NMR (400 MHz, CDCls) & ppm 1.49 (s, 9 H, OC(CHa)s), 3.33 (dd, J = 17.5, 8.0 Hz, 1
H, CHaHsCH), 3.50 (dd, J = 17.5, 4.0 Hz, 1 H, CHAHgCH), 3.62 (dd, J = 8.0, 4.0 Hz, 1 H,
CHaHgCH), 7.35-7.41 (m, 1 H, ArH), 7.49 (d, J=8.0 Hz, 1 H, ArH), 7.58 - 7.64 (m, 1 H,
ArH), 7.76 (d, J = 8.0 Hz, 1 H, ArH); C NMR (100 MHz, CDCl3) & ppm 28.1
(OC(CHa)s), 30.4 (CHCH,), 54.5 (CHCH,), 82.2 (OC(CHs)s), 124.7 (ArCH), 126.6
(ArCH), 127.8 (ArCH), 135.4 (ArCH), 135.6 (ArC), 153.8 (ArC), 168.5 (C(=0)0), 200.2

(C=0). Data is consistent with that given in the literature.**®

337



8.6.2.7 Synthesis and characterisation of 365

tert-Butyl 2-(3-methoxy-3-oxopropyl)-1-0x0-2,3-dihydro-1H-indene-2-carboxylate 365

o
2 0
ol ol 10 mol% 147
+
o < \)J\o/ THF o%
o
o!
\

To a solution of 82 (50 mg, 0.20 mmol, 1.0 eq) and methyl acrylate (54 uL, 0.60 mmol,

3.0 eq) in THF (0.40 mL) was added catalyst 147 (15 mg, 0.020 mmol, 0.10 eq) at room
temperature. The reaction mixture was stirred at rt for 48 h and the volatiles removed in
vacuo. Purification by flash column chromatography [Petroleum ether to petroleum ether:
Et,0 4:1] afforded the title compound 365 as a pale yellow oil in 68% yield (43 mg). The
ee was determined by HPLC analysis (Chiralpak AD, hexane/iso-propanol 80:20, A 220
nm, 1.0 mL/min): t (minor) = 8.09 min, t (major) = 8.90 min (18%).

'H NMR (400 MHz, CDCl3) & ppm 1.32 (s, 9 H, OC(CHs)3), 2.09 - 2.17 (m, 1 H,
C4CHaHBCHAHEC=0), 2.21 - 2.33 (M, 2 H, CCHAHCHAHC=0), 2.34 - 2.42 (m, 1 H,
CCHaHBCHAHEC=0), 2.95 (d, J = 17.0 Hz, 1 H, C,CHAH&Ca/), 3.56 (d, J = 17.0 Hz, 1
H, C4CHaHgCAar), 3.57 (s, 3H, OCHj3), 7.29 - 7.36 (m, 1 H, ArCH), 7.40 (d, J=8.0 Hz, 1
H, ArCH), 7.51 - 7.58 (m, 1 H, ArCH), 7.69 (d, J = 8.0 Hz, 1 H, ArCH); **C NMR (100
MHz, CDCl3) & ppm 27.9 (OC(CHs)s), 29.7, 29.8 (C,CH,CH,C=0), 37.4 (C{CH2Ca),
51.8 (OCH3), 60.3 (Cyg), 82.2 (OC(CHs)s), 124.8 (ArCH), 126.4 (ArCH), 127.9 (ArCH),
135.3 (ArC), 135.4 (ArCH), 152.8 (ArC), 169.9 (ArC), 173.4 (C(=0)0), 202.5 (C=0).

Data is consistent with that given in the literature.?®
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8.6.2.8 Synthesis and characterisation of 366

Methyl 3-(3-methoxy-3-oxopropyl)-1-methyl-2-oxopyrrolidine-3-carboxylate 366

O o
O o o 10 mol% 147 N o~
+
0
o}
\

To a solution of 80 (47 mg, 0.30 mmol, 1.5 eq) and methyl acrylate (18 uL, 0.20 mmol,
1.0eq) in THF (0.40 mL) was added catalyst 147 (15 mg, 0.020 mmol, 0.10 eq) at room
temperature. The reaction mixture was stirred for 72 h whereupon the volatiles were
removed in vacuo. Purification by flash column chromatography [Petroleum ether to Et,0O]
afforded the title compound as a colourless oil in 14% vyield (7 mg). The ee was determined
by HPLC analysis (Chiralpak AD-H, hexane/iso-propanol 95:5, & 220 nm, 1.0 mL/min):
t (major) = 31.20 min, t (minor) = 33.71 min (16%).

'H NMR (400 MHz, CDCls) & ppm 1.94 (ddd, J = 13.0, 9.0, 7.0 Hz, 1 H,
NCHAHgCHaHg), 2.05 - 2.15 (m, 1 H, C{CHaHgCHaHsC=0), 2.27 - 2.40 (m, 2 H,
C4CHaHBCHAHBC=0), 2.44 - 2.54 (m, 2 H, NCHaAHsCHaHg and C,CHaHgCHAHsC=0),
2.87 (s, 3 H, NCH3), 3.30 (td, J = 9.0, 4.0 Hz, 1 H, NCHAHsCHaHg), 3.41 - 3.50 (m, 1 H,
NCHaHgCHaHg), 3.66 (s, 3 H, OCHs3), 3.73 (s, 3 H, OCHs); *C NMR (100 MHz, CDCl3)
d ppm 28.8 (NCHaHgCHaHg), 29.3 (C,CH,CH,C=0), 29.7 (C4CH.CH,C=0), 30.3
(NCHs3), 46.9 (NCHAHgCHaHg), 51.9 (OCH3), 52.9 (OCHs), 54.9 (C,), 171.6 (C=0),
172.0 (C=0), 1735 (C=0); HRMS (ES+) exact mass calculated for [M+Na]*

(C11H17NNaOs) requires m/z 266.0999, found m/z 266.0998.
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8.6.2.9 Synthesis and characterisation of 367

5-Methyl 1-phenyl 2-methyl-4-(4-nitrophenyl)pentanedioate 367

@) O 0]

N N * *
© o 10 mol% 302 ©

+ >
\‘)koph Et,0, 1t, 72 h

NO, NO,

OPh

Azide 306 (9.6 mg, 0.020 mmol, 0.10 eq) and tris(4-methoxyphenyl)phosphine (7.0 mg,
0.020 mmol, 0.10 eq) were stirred in diethyl ether (0.2 mL) in a sealed vial at room
temperature for 24 h. To the in situ generated catalyst was added a solution of methyl 2-(4-
nitrophenyl)acetate 319 (78 mg, 0.40 mmol, 2.0 eq) and phenyl methacrylate (31 uL,
0.20 mmol, 1.0 eq) in Et;O (0.47 mL) at rt. The reaction mixture was stirred for 72 h
whereupon it was quenched by the addition of 1 M AcOH in CH,Cl, (0.1 mL) and the
volatiles removed in vacuo. The crude conversion was determined to be 67% by *H NMR.
Purification by flash column chromatography [Petroleum ether to Et,O] afforded the title
compound 367 in 1.15:1 dr and excess 319 as a pale yellow amorphous solid (88 mg). The
ee was determined by HPLC analysis (Chiralpak AD, hexane/iso-propanol 95:5, A 220 nm,
1.0 mL/min): major t (minor) = 19.30 min, t (major) = 28.62 min (25%), minor t (major) =
20.82 min, t (major) = 23.56 min (26%).

'H NMR (400 MHz, CDCI3)*™ & ppm 1.33 (d, J = 7.0 Hz, 3H, CH(CHs)), 1.36 (d, J =
7.0 Hz, 3H, CH(CH3)), 2.05 (ddd, J = 14.0, 9.0, 5.0 Hz, 1H, one of CHsHsCH(CHs)), 2.22
- 2.37 (m, 2H, two of CHAHgCH(CHy)), 2.46 - 2.55 (m, 1H, CH(CHj3)), 2.59 - 2.64 (m, 1H,
one of CHAHgCH(CHs3)), 2.66 - 2.73 (m, 1H, CH(CHs)), 3.67 (s, 3H, OCHs), 3.71 (s, 3H,
OCHs), 3.91 (dd, J = 6.5, 9.0 Hz, 1H, ArCHCHaHg), 3.93 (dd, J = 6.5, 9.0 Hz, 1H,

ArCHCHAHg), 7.04 - 7.08 (m, 4H, ArH), 7.20 - 7.26 (m, 2H, ArH), 7.35 - 7.40 (m, 4H,

X NMR data is given for the racemic compound synthesised using 10 mol% BEMP as catalyst in 1.1:1dr.
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ArH), 7.49 - 7.53 (m, 4H, ArH), 8.16 - 8.22 (m, 4H, ArH); *C NMR (CDCls, 100 MHz)
& ppm 17.4 (CH(CHs)), 17.5 (CH(CH3)), 36.6 (CHCH,CH(CHS3)), 36.9 (CHCH,CH(CH3)),
37.1 (CH(CHs)), 37.6 (CH(CHa)), 48.9 (ArCHCH,), 49.0 (ArCHCH,), 52.4 (OCH3), 52.4
(OCHs), 121.2 (ArCH), 121.2 (ArCH), 123.9 (ArCH), 123.9 (ArCH), 125.8 (ArCH), 125.8
(ArCH), 128.8 (ArCH), 129.0 (ArCH), 129.3 (ArCH), 129.4 (ArCH), 145.4 (ArC), 145.6
(ArC), 147.2 (ArC), 147.3 (ArC), 150.4 (ArC), 150.4 (ArC), 172.6 (C=0), 172.6 (C=0),
173.8 (C=0), 174.0 (C=0); HRMS (ES+) exact mass calculated for [M+Na]*

(C19H19NNaOg) requires m/z 380.1101, found m/z 380.1104.

8.6.2.10 Synthesis and characterisation of 376 and 377

Methyl 2-methyl-4-nitrobutanoate 376 and dimethyl 2,6-dimethyl-4-nitroheptanedioate

377
0 (e} (0]

o 10 mol% 147
- - 02N * e + ~ ~
Yko MeNO, V\Hko 0 T 0

2

To a solution of methyl methacrylate (0.021 mL, 0.20 mmol, 1.0 eq) in nitromethane
(0.11 mL, 2.0 mmol, 10eq) was added catalyst 147 at room temperature and stirring
maintained for 6 h. Purification by flash column chromatography [Petroleum ether to
petroleum ether/Et,O 3/2] eluted 376 as a colourless oil in 38% vyield (12 mgs) and 33% ee
[determined by HPLC, chiralpak AS, hexane/isopropanol = 90/10, 1 mL/min, A =
230.8 nm, t (major) = 10.40 min, t (minor) = 15.56 min] then 377 as a colourless oil in
15% vyield (8 mgs) as 1:1 mixture of diastereomers.

Characterisation data for 376: [a]p** = +6.8 (¢ = 0.56, CHCI3); 'H NMR (400 MHz,
CDCl3) & ppm 1.24 (d, J = 7.0 Hz, 3 H, CH(CH3)C=0), 2.15 (dtd, J = 14.5, 7.5, 5.5 Hz, 1
H, CHaHsCH(CH3)), 2.25 - 2.40 (m, 1 H, CHAHgCH(CHa)), 2.59 (dqd, J = 9.0, 7.0, 5.5

Hz, 1 H, CH(CH3)C=0), 3.70 (s, 3 H, OCHs), 4.43 (dt, J =13.5, 7.0 Hz, 1 H, CHAHgNO,),

341



4.47 (dt, J = 13.5, 7.0 Hz, 1 H, CHAHgNO,); *C NMR (CDCls, 100 MHz) § ppm 17.2
(CH(CH3)), 30.5 (CH(CHs)), 36.4 (CH,CH(CHs3)), 52.0 (OCHs3), 73.4 (O,NCH,CH,),
175.3 (C=0). Data is consistent with that given in the literature.?®

Characterisation data for 377: *H NMR (400 MHz, CDCl5) & ppm 1.21 (d, J = 7.0 Hz, 3 H,
CH(CHsy)), 1.24 (d, J = 7.0 Hz, 3 H, CH(CHs)), 1.75 - 1.89 (m, 1 H, CHaHg), 1.96 - 2.15
(M, 2 H, CHaHg), 2.38 - 2.52 (m, 3 H, CH(CH3), CH(CH3) and of CHaHg), 3.69 (s, 3 H,
OCHs), 3.71 (5, 3 H, OCHj3), 4.59 - 4.70 (m, 1 H, CHNO,); *C NMR (CDCls, 100 MHz)
& ppm 17.8, 18.1 (CH(CHa)), 36.2, 37.3, 37.4 (CHCH,CH(CH3)), 52.0, 52.0 (OCHs), 84.7

(CHNO,), 176.7 (C=0). Data is consistent with that given in the literature.?®

8.6.2.11 Synthesis and characterisation of 378a

(S)-Methyl 3-methyl-4-nitrobutanoate 378a

e} 10 mol% 147 OaN 0o

/\)J\O/ MeNO, i /?\)J\O/

To a solution of methyl crotonate (0.021 mL, 0.20 mmol, 1.0 eq) in nitromethane

(0.11 mL, 2.0 mmol, 10eq) at room temperature was added catalyst 147 (15 mg,
0.020 mmol, 0.10 eq). Stirring was maintained for 96 h and the crude reaction mixture was
concentrated in vacuo. Purification by flash column chromatography [Petrol: Et,O 9:1] to
afford the title compound 378a as a colourless oil in 69% vyield (22 mg). The ee was
determined by HPLC analysis (Chiralpak AS-H, hexane/iso-propanol 95:5, A 220 nm,
1.0 mL/min): t (minor) = 17.76 min, t (major) = 20.74 min (60%).

[a]p?* = + 11.3 (c = 0.30, CHCl3); *H NMR (500 MHz, CDCl3) 6 ppm 1.09 (d, J = 7.0 Hz,
3 H, CH5CH), 2.36 (dd, J = 16.0, 6.5 Hz, 2 H, CHCHaHgC(=0)), 2.45 (dd, J = 16.0, 7.0
Hz, 2 H, CHCHaHgC(=0)), 2.70 - 2.86 (m, 1 H, CH;CHCHaHg), 3.69 (s, 3 H, OCHj),

4.34 (dd, J =12.0, 7.0 Hz, 1 H, CHAHBNO:>), 4.47 (dd, J = 12.0, 6.5 Hz, 1 H, CHAHgNO»);
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BC NMR (50 MHz, CDCls) & ppm 17.3 (CHsCH), 29.4 (CH3CHCHAHsC(=0)), 37.6
(CH3CHCHAHgC(=0)), 51.8 (OCHj3), 80.1 (CHaHBNO), 171.7 (C=0). Data is consistent

with that given in the literature.?®

8.6.2.12 Synthesis and characterisation of 378b

(R)-Methyl 4-nitro-3-phenylbutanoate 378b

0 10 mol% 147 ON_ 4

ph/\)J\o/ MeNO, B Ph/?\)J\O/

To a solution of methyl cinnamate (32 mg, 0.0.20 mmol, 1.0 eq) in nitromethane

(0.110 mL, 2.0 mmol, 10eq) at room temperature was added catalyst 147 (15 mg,
0.020 mmol, 0.10 eq). Stirring was maintained for 96 h and the crude reaction mixture was
concentrated in vacuo. Purification by flash column chromatography [Petrol: Et,O 9:1] to
afford the title compound 378b as a colourless oil in 42% vyield (18 mg). The ee was
determined by HPLC analysis (Chiralpak AS-H, hexane/iso-propanol 95:5, A 220 nm,
1.0 mL/min): t (minor) = 28.91 min, t (major) = 34.46 min (63%).

[a]o®* = + 27.6 (c = 0.24, CHCI3) [lit. -13.3, ¢ = 0.21, CHCI; for (S)-378b]**%; *H NMR
(400 MHz, CDCl3) & ppm 2.80 (d, J = 7.5 Hz, 2 H, CHCH,), 3.65 (s, 3 H, OCHs), 4.01
(‘quin’, J = 7.5 Hz, 1 H, CHCH,), 4.66 (dd, J = 12.5, 7.5 Hz, 1 H, CHaHgNO,), 4.76 (dd, J
=12.5, 7.5 Hz, 1 H, CHAHgNO,), 7.20 - 7.43 (m, 5 H, ArH); *C NMR (100 MHz, CDCls)
§ ppm 37.6 (CHCH,), 40.3 (CHCH,), 52.1 (OCHj3), 79.5 (CHAHgNO,), 127.4 (ArCH),
128.2 (ArCH), 129.2 (ArCH), 138.4 (ArC), 171.2 (C=0). Data is consistent with that given

in the literature.®*

343



8.6.2.13 Synthesis and characterisation of 378c

Ethyl (3R)-3-methyl-4-nitrobutanoate 378c

O,N o Synthesised according to General Procedure XI from ethyl
)\/U\o/\ crotonate (25 uL, 0.20 mmol, 1.0 eq) to afford the title compound
378c as a colourless oil in 69% vyield (24 mg) and 73% ee [determined by HPLC,
Chiralpak AS-H, hexane/isopropanol = 95/5, 1 mL/min, A = 220 nm, t (major) =
11.79 min, t (minor) = 14.13 min].
'H NMR (400 MHz, CDCl3) & ppm 1.10 (d, J = 7.0 Hz, 3 H, CH5CH), 1.26 (t, J = 7.0 Hz,
3 H, OCH,CHj), 2.34 (dd, J = 16.0, 7.0 Hz, 1 H, CHCHaHgC(=0)), 2.43 (dd, J = 16.0, 6.5
Hz, 1 H, CHCHAHgC(=0)), 2.78 (‘octet’, J = 7.0 Hz, 1 H, CH3;CHCHaHg), 4.15 (g, J =
7.0 Hz, 2 H, OCH,CH3), 4.33 (dd, J = 12.0, 7.0 Hz, 1 H, CHAHgNO,), 4.47 (dd, J = 12.0,
6.5 Hz, 1 H, CHAHgNO,); **C NMR (100 MHz, CDCls) & ppm 14.3 (OCH,CHs), 17.4
(CH3CH), 29.6 (CH3CHCHaHsC(=0)), 38.1 (CHsCHCHaHsC(=0)), 60.9 (OCH,CHy),

80.4 (CHaHgNO,), 171.3 (C=0). Data is consistent with that given in the literature.*’

8.6.2.14 Synthesis and characterisation of 378d

Propan-2-yl (3R)-3-methyl-4-nitrobutanoate 378d

Synthesised according to General Procedure XI from isopropyl
)\/U\ J\ crotonate (25.6 mg, 0.20 mmol, 1.0eq) to afford the title
compound 378d as a colourless oil in 45% vyield (17 mg) and 56% ee [determined by
HPLC, Chiralpak AS-H, hexane/isopropanol = 95/5, 1 mL/min, A = 220 nm, t (major) =
8.79 min, t (minor) = 9.61 min].
IR vma/cm™ 3272, 2982, 1725, 1550, 1375, 1180, 1106; 'H NMR (400 MHz, CDCl3)
& ppm 1.09 (d, J = 7.0 Hz, 3 H, CH3CH), 1.23 (d, J = 6.5 Hz, 6 H, OCH(CHa),), 2.30 (dd, J
= 16.0, 7.0 Hz, 1 H, CHCHAHgC(=0)), 2.39 (dd, J = 16.0, 6.5 Hz, 1 H, CHCHAHgC(=0)),
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2.77 (‘octet’, J = 7.0 Hz, 1 H, CH3CHCHaHg), 4.32 (dd, J = 12.0, 7.0 Hz, 1 H,
CHaHsNO,), 4.46 (dd, J = 12.0, 6.5 Hz, 1 H, CHAHgNO,), 5.02 (spt, J = 6.5 Hz, 1 H,
OCH(CHs),); ®C NMR (100 MHz, CDCls) & ppm 17.4 (CHsCH), 21.9, 21.9
(OCH(CHs),), 29.7 (CHsCHCHaHgC(=0)), 384 (CH3sCHCHaHgC(=O)), 68.4
(OCH(CHy3)y), 80.4 (CHAHBNOy), 170.8 (C=0); HRMS (ES+) exact mass calculated for

[M+Na]* (CgH1sNNaQ,) requires m/z 212.0893, found m/z 212.0893.

8.6.2.15 Synthesis and characterisation of 378e

Benzyl (3R)-3-methyl-4-nitrobutanoate 378e

O,N o Synthesised according to General Procedure XI from benzyl
)\/U\o/\ph crotonate (35mg, 0.20 mmol, 1.0eq) to afford the title
compound 378e as a colourless oil in 89% yield (42 mg) and 69% ee [determined by
HPLC, Chiralpak IA, hexane/isopropanol = 95/5, 1 mL/min, A = 220 nm, t (minor) =
17.17 min, t (major) = 18.20 min].
[a]o®* = + 11.4 (c = 0.7, CHCI3); IR vmadecm™ 2970, 1733, 1550, 1456, 1219, 1171, 773,
698; *H NMR (400 MHz, CDCls) & ppm 1.10 (d, J = 7.0 Hz, 3 H, CH3CH), 2.41 (dd, J =
16.0, 7.0 Hz, 1 H, CHCHHgC(=0)), 2.50 (dd, J = 16.0, 6.5 Hz, 1 H, CHCHAHgC(=0)),
2.80 (‘octet’, J = 7.0 Hz, 1 H, CHsCHCHaHg), 4.33 (dd, J = 12.0, 7.0 Hz, 1 H,
CHaHENO,), 4.46 (dd, J = 12.0, 6.5 Hz, 1 H, CHaHgNO,), 5.14 (s, 2 H, OCH,Ar), 7.29 -
745 (m, 5H, ArH); ®CNMR (100 MHz, CDCls) & ppm 17.4 (CHsCH), 29.6
(CH3CHCHAHEC(=0)), 38.0 (CHsCHCHAH&C(=0)), 66.7 (OCH,Ar), 80.3 (CHAHsNO,),
128.4 (ArCH), 128.6 (ArCH), 128.8 (ArCH), 135.7 (ArC), 171.2 (C=0); HRMS (ES+)
exact mass calculated for [M+Na]® (C1,H1sNNaO,) requires m/z 260.0893, found m/z

260.0893.
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9 Appendices

9.1 Representative NMR Spectra

'H NMR of compound 131 (500 MHz, CD30D) /
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'H NMR of compound 152a (400 MHz, CDCl5)
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'H NMR of 288ad (400 MHz, CDCly)
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'H NMR of 343 (500 MHz, C¢Dg)
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'H NMR of 378b (400 MHz, CDCls)
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'H NMR of 443 (400 MHz, CDCI5)
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9.2 'H NMR Kinetic Experiment Data

9.2.1 Ketimine nitro-Mannich reaction (Figure 26)

Catalyst 147
Expt Time product CH; CH, starter Internal standard Conversion
Number (minutes) CHaHsNO, mesitylene conversion (%) SM vs pdt (%)
0 0 0.00 0.00 1.00 0.00 0.00
1 9 1.00 28.75 6.79 31.30 30.64
2 19 1.00 16.47 3.08 54.64 49.34
3 29 1.00 13.69 2.06 65.74 59.29
4 39 1.00 12.37 1.56 72.76 65.79
5 49 1.00 11.28 1.24 79.79 70.75
6 59 1.00 10.82 1.06 83.18 73.89
7 69 1.00 10.19 0.89 88.32 77.12
8 79 1.00 10.19 0.82 88.32 78.53
9 89 1.00 10.43 0.78 86.29 79.37
10 99 1.00 9.76 0.69 92.21 81.30
11 109 1.00 10.35 0.67 86.96 81.74
12 119 1.00 9.81 0.63 91.74 82.64
13 129 1.00 9.66 0.59 93.17 83.57
14 139 1.00 9.56 0.57 94.14 84.03
15 149 1.00 9.39 0.55 95.85 84.51
16 159 1.00 9.79 0.54 91.93 84.75
17 169 1.00 9.26 0.53 97.19 84.99
18 179 1.00 9.26 0.51 97.19 85.47
19 189 1.00 9.27 0.52 97.09 85.23
20 199 1.00 9.21 0.48 97.72 86.21
21 209 1.00 9.28 0.50 96.98 85.71
22 219 1.00 9.24 0.51 97.40 85.47
23 229 1.00 9.19 0.48 97.93 86.21
24 239 1.00 9.13 0.50 98.58 85.71
25 249 1.00 9.11 0.47 98.79 86.46
26 259 1.00 9.14 0.48 98.47 86.21
27 269 1.00 9.13 0.48 98.58 86.21
28 279 1.00 8.98 0.49 100.22 85.96
29 289 1.00 9.42 0.49 95.54 85.96
30 299 1.00 9.03 0.48 99.67 86.21
31 309 1.00 8.87 0.45 101.47 86.96
32 319 1.00 8.85 0.44 101.69 87.21
33 329 1.00 8.85 0.44 101.69 87.21
34 339 1.00 8.86 0.44 101.58 87.21
35 349 1.00 8.9 0.46 101.12 86.71
36 359 1.00 8.83 0.46 101.93 86.71
37 369 1.00 9.36 0.46 96.15 86.71
38 379 1.00 8.92 0.45 100.90 86.96
39 389 1.00 8.94 0.44 100.67 87.21
40 399 1.00 8.8 0.46 102.27 86.71
41 409 1.00 8.8 0.45 102.27 86.96
42 419 1.00 8.94 0.47 100.67 86.46
43 429 1.00 8.79 0.45 102.39 86.96
44 439 1.00 8.81 0.46 102.16 86.71
45 449 1.00 8.92 0.46 100.90 86.71
46 459 1.00 8.97 0.47 100.33 86.46
47 469 1.00 9.11 0.46 98.79 86.71
48 479 1.00 8.99 0.47 100.11 86.46
49 489 1.00 9.35 0.45 96.26 86.96
50 499 1.00 9.09 0.46 99.01 86.71
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Catalyst 145

Expt Time product CH; CH, starter Internal standard Conversion
Number (minutes) CHaHsNO, mesitylene conversion (%) SM vs pdt (%)

0 0 0.00 0.00 1.00 0.00 0.00
1 9 1.00 41.66 11.59 21.60 20.56
2 19 1.00 22.63 4.98 39.77 37.59
3 29 1.00 17.88 331 50.34 47.54
4 39 1.00 15.12 2.37 59.52 55.87
5 49 1.00 13.44 1.85 66.96 61.86
6 59 1.00 12.76 1.55 70.53 65.93
7 69 1.00 12.16 1.30 74.01 69.77
8 79 1.00 11.89 1.17 75.69 71.94
9 89 1.00 11.13 1.00 80.86 75.00
10 99 1.00 10.99 0.92 81.89 76.53
11 109 1.00 10.62 0.81 84.75 78.74
12 119 1.00 10.47 0.76 85.96 79.79
13 129 1.00 10.39 0.71 86.62 80.86
14 139 1.00 10.30 0.67 87.38 81.74
15 149 1.00 10.10 0.63 89.11 82.64
16 159 1.00 10.07 0.60 89.37 83.33
17 169 1.00 10.05 0.58 89.55 83.80
18 179 1.00 9.96 0.55 90.36 84.51
19 189 1.00 10.01 0.55 89.91 84.51
20 199 1.00 9.93 0.54 90.63 84.75
21 209 1.00 9.85 0.51 91.37 85.47
22 219 1.00 9.71 0.49 92.69 85.96
23 229 1.00 9.71 0.49 92.69 85.96
24 239 1.00 9.66 0.48 93.17 86.21
25 249 1.00 9.76 0.48 92.21 86.21
26 259 1.00 9.83 0.48 91.56 86.21
27 269 1.00 9.56 0.46 94.14 86.71
28 279 1.00 9.58 0.47 93.95 86.46
29 289 1.00 9.49 0.46 94.84 86.71
30 299 1.00 9.52 0.46 94.54 86.71
31 309 1.00 9.55 0.45 94.24 86.96
32 319 1.00 9.55 0.45 94.24 86.96
33 329 1.00 9.57 0.45 94.04 86.96
34 339 1.00 9.55 0.44 94.24 87.21
35 349 1.00 9.63 0.45 93.46 86.96
36 359 1.00 9.64 0.44 93.36 87.21
37 369 1.00 9.66 0.44 93.17 87.21
38 379 1.00 9.55 0.43 94.24 87.46
39 389 1.00 9.64 0.44 93.36 87.21
40 399 1.00 9.49 0.45 94.84 86.96
41 409 1.00 9.49 0.43 94.84 87.46
42 419 1.00 9.47 0.43 95.04 87.46
43 429 1.00 9.35 0.42 96.26 87.72
44 439 1.00 9.46 0.42 95.14 87.72
45 449 1.00 9.38 0.44 95.95 87.21
46 459 1.00 9.64 0.43 93.36 87.46
47 469 1.00 9.62 0.44 93.56 87.21
48 479 1.00 9.58 0.44 93.95 87.21
49 489 1.00 9.61 0.43 93.65 87.46
50 499 1.00 9.60 0.41 93.75 87.98

353




Catalyst 229

Expt Time Conversion
Number (minutes) SM vs pdt (%)

0 0.00
1 1.70
2 19 4.20
3 29 6.40
4 39 8.48
5 49 10.98
6 59 13.11
7 69 15.31
8 79 17.31
9 89 19.93
10 99 22.79
11 109 24.61
12 119 26.24
13 129 27.78
14 139 29.27
15 149 30.55
16 159 32.08
17 169 33.36
18 179 34.90
19 189 36.05
20 199 37.27
21 209 38.34
22 219 39.16
23 229 40.06
24 239 40.87
25 249 41.60
26 259 42.48
27 269 43.20
28 279 44.00
29 289 44.76
30 299 45.63
31 309 46.36
32 319 47.17
33 329 47.78
34 339 48.70
35 349 49.53
36 359 50.25
37 369 51.08
38 379 51.56
39 389 52.17
40 399 53.01
41 409 53.61
42 419 54.01
43 429 54.90
44 439 55.55
45 449 55.92
46 459 56.61
47 469 57.14
48 479 57.80
49 489 58.50
50 499 59.19

Catalyst 53
Time Conversion
(minutes) SM vs pdt (%)
0 0.00
600 0.00
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Catalyst 207

9.2.2 Ketimine nitro-Mannich reaction (Figure 27)

Internal Conversion
Expt Number 'I"ime product (‘3H3 CH; starter standard SM vs pdt
(minutes) | CHaHsNO, mesitylene conversion o
(%) (%)
0 0 0.00 0.00 1.00 0.00 0.00
1 15 1.00 671.25 197.24 1.34 1.50
2 35 1.00 63.6 15.58 14.15 16.15
3 55 1.00 34.53 7.11 26.06 29.67
4 75 1.00 25.67 4.51 35.06 39.95
5 95 1.00 20.77 3.13 43.33 48.94
6 115 1.00 18.35 2.4 49.05 55.56
7 135 1.00 16.46 1.86 54.68 61.73
8 155 1.00 15.32 1.53 58.75 66.23
9 175 1.00 14.17 1.25 63.51 70.59
10 195 1.00 13.34 1.06 67.47 73.89
11 215 1.00 12.76 0.91 70.53 76.73
12 235 1.00 12.68 0.82 70.98 78.53
13 255 1.00 12.3 0.72 73.17 80.65
14 275 1.00 12.26 0.73 73.41 80.43
15 295 1.00 11.92 0.68 75.50 81.52
16 315 1.00 11.8 0.63 76.27 82.64
17 335 1.00 11.57 0.57 77.79 84.03
18 355 1.00 11.3 0.53 79.65 84.99
19 375 1.00 11.24 0.49 80.07 85.96
20 395 1.00 11.17 0.45 80.57 86.96
21 415 1.00 11.03 0.42 81.60 87.72
22 435 1.00 10.97 0.41 82.04 87.98
23 455 1.00 10.83 0.39 83.10 88.50
24 475 1.00 10.92 0.39 82.42 88.50
25 495 1.00 10.76 0.36 83.64 89.29
26 515 1.00 10.79 0.41 83.41 87.98
27 535 1.00 10.6 0.38 84.91 88.76
28 555 1.00 10.64 0.36 84.59 89.29
29 575 1.00 10.61 0.32 84.83 90.36
30 595 1.00 10.67 0.32 84.35 90.36
31 615 1.00 10.57 0.31 85.15 90.63
32 635 1.00 10.63 0.31 84.67 90.63
33 655 1.00 10.56 0.3 85.23 90.91
34 675 1.00 10.64 0.3 84.59 90.91
35 695 1.00 10.51 0.31 85.63 90.63
36 715 1.00 10.57 0.32 85.15 90.36
37 735 1.00 10.51 0.32 85.63 90.36
38 755 1.00 10.61 0.32 84.83 90.36
39 775 1.00 10.57 0.31 85.15 90.63
40 795 1.00 10.56 0.31 85.23 90.63
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Catalyst 148

Internal

Time roduct CH standard Conversion
Expt Number (minutes) C;AHBNOZ mesityslene CHs starter conversion M \:s pdt
- (%) (%)
0 0 0.00 0.00 1.00 0.00 0.00
1 9 1.00 37.93 9.98 23.73 23.11
2 19 1.00 20.24 3.97 44.47 43.04
3 29 1.00 16.15 2.53 55.73 54.25
4 39 1.00 14.02 1.81 64.19 62.37
5 49 1.00 12.93 1.41 69.61 68.03
6 59 1.00 12.27 1.12 73.35 72.82
7 69 1.00 11.87 0.94 75.82 76.14
8 79 1.00 11.14 0.78 80.79 79.37
9 89 1.00 11.07 0.70 81.30 81.08
10 99 1.00 10.81 0.65 83.26 82.19
11 109 1.00 10.79 0.59 83.41 83.57
12 119 1.00 10.43 0.50 86.29 85.71
13 129 1.00 10.43 0.51 86.29 85.47
14 139 1.00 10.16 0.46 88.58 86.71
15 149 1.00 10.24 0.43 87.89 87.46
16 159 1.00 10.08 0.38 89.29 88.76
17 169 1.00 10.19 0.39 88.32 88.50
18 179 1.00 9.94 0.35 90.54 89.55
19 189 1.00 9.95 0.38 90.45 88.76
20 199 1.00 9.92 0.37 90.73 89.02
21 209 1.00 10.09 0.36 89.20 89.29
22 219 1.00 10.00 0.33 90.00 90.09
23 229 1.00 10.12 0.37 88.93 89.02
24 239 1.00 9.92 0.35 90.73 89.55
25 249 1.00 9.99 0.37 90.09 89.02
26 259 1.00 9.94 0.34 90.54 89.82
27 269 1.00 10.06 0.36 89.46 89.29
28 279 1.00 9.96 0.36 90.36 89.29
29 289 1.00 9.96 0.34 90.36 89.82
30 299 1.00 9.86 0.35 91.28 89.55
31 309 1.00 9.86 0.33 91.28 90.09
32 319 1.00 9.75 0.35 92.31 89.55
33 329 1.00 9.83 0.34 91.56 89.82
34 339 1.00 9.80 0.34 91.84 89.82
35 349 1.00 9.90 0.36 90.91 89.29
36 359 1.00 9.76 0.33 92.21 90.09
37 369 1.00 9.96 0.34 90.36 89.82
38 379 1.00 9.79 0.34 91.93 89.82
40 399 1.00 9.60 0.31 93.75 90.63
45 449 1.00 9.73 0.32 92.50 90.36
50 499 1.00 9.79 0.31 91.93 90.63
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Catalyst 230

Time product CH sl:at::lra‘:! Conversion
Expt Number (minutes) | CHAHgNO, mesityslene CH; starter conversion M \:s pdt
= (%) (%)
0 0.00 0.00 1.00 0.00 0.00
1 1.00 63.09 17.07 14.27 14.95
2 19 1.00 26.65 5.42 33.77 35.63
3 29 1.00 19.1 3.02 47.12 49.83
4 39 1.00 15.41 1.92 58.40 60.98
5 49 1.00 13.75 1.39 65.45 68.34
6 59 1.00 12.97 1.08 69.39 73.53
7 69 1.00 12.23 0.92 73.59 76.53
8 79 1.00 11.62 0.75 77.45 80.00
9 89 1.00 11.33 0.64 79.44 82.42
10 99 1.00 11.21 0.56 80.29 84.27
11 109 1.00 10.92 0.49 82.42 85.96
12 119 1.00 11.03 0.46 81.60 86.71
13 129 1.00 10.88 0.41 82.72 87.98
14 139 1.00 10.69 0.39 84.19 88.50
15 149 1.00 10.56 0.40 85.23 88.24
16 159 1.00 10.56 0.36 85.23 89.29
17 169 1.00 9.71 0.45 92.69 86.96
18 179 1.00 10.58 0.34 85.07 89.82
19 189 1.00 10.63 0.42 84.67 87.72
20 199 1.00 10.61 0.39 84.83 88.50
21 209 1.00 10.65 0.39 84.51 88.50
22 219 1.00 10.81 0.37 83.26 89.02
23 229 1.00 10.68 0.40 84.27 88.24
24 239 1.00 10.5 0.39 85.71 88.50
29 289 1.00 10.71 0.38 84.03 88.76
39 389 1.00 10.55 0.35 85.31 89.55
50 499 1.00 9.79 0.31 91.93 90.63
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Catalyst 231

Time product CH sl:at::lra‘:! Conversion
Expt Number (minutes) | CHAHgNO, mesityslene CH; starter conversion M \:s pdt
= (%) (%)
0 0.00 0.00 1.00 0.00 0.00
1 1.00 134.24 40.76 6.70 6.86
2 17 1.00 34.66 8.27 25.97 26.62
3 27 1.00 21.79 4.11 41.30 42.19
4 37 1.00 17.15 2.60 52.48 53.57
5 47 1.00 15.11 191 59.56 61.10
6 57 1.00 13.29 1.41 67.72 68.03
7 67 1.00 12.50 1.13 72.00 72.64
8 77 1.00 12.10 0.95 74.38 75.95
9 87 1.00 11.87 0.80 75.82 78.95
10 97 1.00 11.48 0.77 78.40 79.58
11 107 1.00 11.13 0.67 80.86 81.74
12 117 1.00 10.98 0.62 81.97 82.87
13 127 1.00 10.98 0.58 81.97 83.80
14 137 1.00 10.88 0.55 82.72 84.51
15 147 1.00 10.78 0.51 83.49 85.47
16 157 1.00 10.75 0.49 83.72 85.96
17 167 1.00 10.75 0.49 83.72 85.96
18 177 1.00 10.82 0.49 83.18 85.96
19 187 1.00 10.83 0.48 83.10 86.21
20 197 1.00 10.65 0.47 84.51 86.46
21 207 1.00 10.87 0.46 82.80 86.71
22 217 1.00 10.78 0.46 83.49 86.71
23 227 1.00 10.84 0.46 83.03 86.71
24 237 1.00 10.72 0.47 83.96 86.46
25 247 1.00 10.74 0.47 83.80 86.46
26 257 1.00 10.87 0.49 82.80 85.96
27 267 1.00 10.66 0.47 84.43 86.46
28 277 1.00 10.87 0.47 82.80 86.46
29 287 1.00 11.03 0.49 81.60 85.96
30 297 1.00 10.50 0.46 85.71 86.71
31 307 1.00 10.53 0.47 85.47 86.46
32 317 1.00 10.56 0.46 85.23 86.71
33 327 1.00 10.59 0.45 84.99 86.96
34 337 1.00 10.80 0.49 83.33 85.96
35 347 1.00 11.14 0.48 80.79 86.21
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9.2.3 Sulfa-Michael Kinetic Isotope Effect Experiment (Figure 51)

Protonated Thiol Expt
NI=Not able to integrate

Product Peaks Int Peaks Int
ppm 2.74 2.54 2.4 226 (2H) 1.44 (2H) 1.14(3H) 0.86 (3H) 1.36 (2H) 0.78 (3H)
1 2 3 4 5 6 7 AVERAGE 1 2 Average
Expt Time /s Time/min Conv (%)
0 0.00 0.00
3 210 2.50 0.04 0.05 0.07 NI NI NI NI 0.0533 2.45 3.34 1.169 4.36
4 260 3.33 0.05 0.04 0.05 0.17 0.0492 211 3.19 1.059 4.44
5 310 4.17 0.08 0.06 0.08 0.17 0.34 0.0833 2.30 3.22 1.112 6.97
6 360 5.00 0.09 0.08 0.10 0.20 0.34 0.0958 2.30 3.20 1.108 7.96
7 410 5.83 0.11 0.11 0.14 0.25 0.39 0.1225 2.27 3.11 1.086 10.14
8 460 6.67 0.11 0.10 0.12 0.24 0.28 0.35 0.40 0.1200 1.99 3.04 1.004 10.67
9 510 7.50 0.14 0.13 0.15 0.30 0.61 0.51 0.57 0.1764 2.24 3.07 1.072 14.14
10 560 8.33 0.14 0.12 0.15 0.30 0.33 0.45 0.50 0.1488 1.92 2,97 0.975 13.24
11 610 9.17 0.17 0.15 0.18 0.36 0.59 0.61 0.61 0.1974 2.12 3.00 1.030 16.08
12 660 10.00 0.18 0.17 0.20 0.38 0.59 0.61 0.68 0.2093 2.10 2.94 1.015 17.09
13 710 10.83 0.20 0.18 0.21 0.41 0.65 0.70 0.69 0.2262 2.07 2.94 1.008 18.33
14 760 11.67 0.20 0.18 0.20 0.40 0.44 0.67 0.70 0.2081 1.79 2.84 0.921 18.43
15 810 12.50 0.21 0.19 0.22 0.43 0.46 0.74 0.71 0.2212 1.77 2.81 0.911 19.54
16 860 13.33 0.24 0.22 0.26 0.50 0.72 0.87 0.87 0.2729 1.95 2.79 0.953 22.27
17 910 14.17 0.25 0.23 0.28 0.52 0.71 0.92 0.91 0.2836 1.93 2.79 0.948 23.03
18 960 15.00 0.27 0.24 0.30 0.56 0.74 0.98 0.98 0.3019 1.93 2.71 0.934 24.42
19 1010 15.83 0.28 0.26 0.31 0.58 0.79 1.01 0.99 0.3145 1.87 2.73 0.923 25.43
20 1060 16.67 0.29 0.27 0.32 0.60 0.77 1.04 1.03 0.3221 1.84 2.69 0.908 26.18
21 1110 17.50 0.31 0.27 0.31 0.59 0.77 1.06 1.05 0.3248 1.79 2.65 0.889 26.75
22 1160 18.33 0.32 0.29 0.34 0.64 0.82 1.12 1.07 0.3443 1.81 2.64 0.893 27.84
23 1210 19.17 0.33 0.30 0.36 0.67 0.85 1.16 1.13 0.3590 1.77 2.60 0.876 29.08
24 1260 20.00 0.34 0.31 0.37 0.69 0.87 1.20 1.15 0.3690 1.75 2.57 0.866 29.89
25 1310 20.83 0.35 0.31 0.36 0.69 0.85 1.22 1.16 0.3690 1.69 2.54 0.846 30.38
29 1510 24.17 0.40 0.35 0.40 0.76 0.92 1.36 1.32 0.4119 1.60 2.40 0.800 33.99
33 1710 27.50 0.44 0.40 0.47 0.87 1.01 1.51 1.44 0.4619 1.55 231 0.773 37.42
37 1910 30.83 0.48 0.44 0.52 0.96 1.08 1.64 1.58 0.5048 1.48 221 0.738 40.61
41 2110 34.17 0.52 0.47 0.55 1.01 111 1.74 1.65 0.5329 1.41 2.14 0.709 42.90
45 2310 37.50 0.56 0.50 0.59 1.08 117 1.85 176 0.5683 134 2.02 0.672 45.83
49 2510 40.83 0.59 0.53 0.62 1.15 1.22 1.95 191 0.6017 1.23 1.90 0.624 49.08
53 2710 44.17 0.62 0.56 0.66 1.21 1.26 2.05 2.00 0.6321 117 1.80 0.593 51.62
57 2910 47.50 0.64 0.58 0.68 1.25 1.29 213 2.06 0.6524 111 1.74 0.568 53.48
61 3110 50.83 0.67 0.60 0.71 1.30 133 221 2.12 0.6769 1.06 1.69 0.547 55.32
65 3310 54.17 0.70 0.62 0.74 136 137 2.30 2.20 0.7036 1.03 1.64 0.531 57.00
69 3510 57.50 0.73 0.65 0.78 1.41 1.47 2.39 2.30 0.7376 0.97 1.58 0.506 59.32
73 3710 60.83 0.75 0.67 0.80 1.46 1.50 2.46 2.36 0.7581 0.94 1.54 0.492 60.66
77 3910 64.17 0.77 0.67 0.79 1.46 1.50 2.51 241 0.7643 0.88 1.47 0.465 62.17
81 4110 67.50 0.78 0.68 0.82 1.50 153 2.57 2.48 0.7826 0.84 1.42 0.447 63.66
85 4310 70.83 0.81 0.70 0.84 1.54 1.56 2.63 2.51 0.8019 0.81 138 0.433 64.96
89 4510 74.17 0.82 0.71 0.85 1.57 1.60 2.68 2.61 0.8183 0.77 1.29 0.408 66.76
93 4710 77.50 0.83 0.73 0.87 1.60 1.62 2.73 2.65 0.8333 0.74 1.25 0.393 67.93
97 4910 80.83 0.86 0.77 0.92 1.67 1.69 2.81 2.72 0.8676 0.74 1.19 0.383 69.36
101 5110 84.17 0.87 0.76 0.91 1.66 1.68 2.84 2.74 0.8671 0.68 1.15 0.362 70.57
105 5310 87.50 0.89 0.78 0.93 1.69 1.70 2.88 2.78 0.8831 0.66 111 0.350 71.62
109 5510 90.83 0.90 0.79 0.94 1.73 1.73 2.93 2.84 0.8976 0.65 1.06 0.339 72.58
113 5710 94.17 0.92 0.83 0.99 179 179 3.01 2.88 0.9276 0.66 1.04 0.338 73.27
117 5910 97.50 0.93 0.81 0.97 1.78 1.76 3.01 291 0.9219 0.61 1.02 0.323 74.08
121 6110 100.83 0.94 0.83 0.99 1.80 179 3.06 2.95 0.9369 0.60 0.98 0.313 74.94
125 6310 104.17 0.95 0.84 1.00 1.83 1.81 3.10 2.98 0.9481 0.58 0.98 0.308 75.46
129 6510 107.50 0.97 0.87 1.04 1.88 1.85 3.15 3.01 0.9712 0.58 0.94 0.302 76.30
133 6710 110.83 0.97 0.86 1.03 1.87 1.84 3.17 3.04 0.9693 0.54 0.89 0.283 77.38
137 6910 114.17 0.99 0.87 1.03 1.89 1.85 3.19 3.06 0.9776 0.52 0.89 0.278 77.84
141 7110 117.50 1.00 0.88 1.05 191 1.88 3.23 3.09 0.9902 0.51 0.86 0.271 78.52
145 7310 120.83 1.02 0.90 1.07 1.93 1.90 3.27 3.12 1.0050 0.50 0.82 0.262 79.34
149 7510 124.17 1.02 0.90 1.07 1.95 191 3.29 3.14 1.0090 0.48 0.81 0.255 79.83
152 7660 126.67 1.02 0.91 1.08 1.96 1.93 331 3.16 1.0160 0.47 0.79 0.249 80.30
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Deuterated Thiol Expt

Product Peaks Int SM Peaks
Int
ppm 274 g::; 24 (22:‘; 1.44 (2H) (13:_:; 0.86 (3H) 1.36 (2H) 0.78 (3H)
1 2 3 4 5 6 7 AVERAGE 2 3 Average
. Time /

Expt Time/s min Conv (%)
0.00 0.00
2 171 2.85 0.06 0.00 0.07 0.14 0.14 0.2 0.28 0.0717 177 279 0.908 7.32
3 221 3.68 0.08 0.00 0.09 0.8 0.17 0.26 034 0.0908 1.68 275 0.878 9.37
4 271 452 0.12 0.01 0.14 0.26 0.27 036 0.44 0.1319 173 2.69 0.881 13.03
5 321 535 0.13 0.02 0.16 0.29 025 04 0.48 0.1422 1.61 2.62 0.839 14.49
6 371 6.18 0.17 0.03 0.8 033 033 0.48 0.55 0.1706 1.65 258 0.843 16.84
7 a1 7.02 0.19 0.03 023 0.40 039 057 0.66 0.2042 1.62 250 0.822 19.90
8 471 7.85 0.22 0.03 0.24 0.43 0.45 0.74 0.74 0.2322 157 2.45 0.801 2248
9 521 8.68 0.24 0.04 025 0.46 0.48 0.8 078 0.2478 153 2.40 0.783 24.05
10 571 9.52 0.26 0.03 027 0.50 0.48 0.82 0.81 0.2606 1.42 232 0.742 26.00
1 621 10.35 0.28 0.04 0.29 0.54 0.56 0.93 0.89 0.2878 1.46 231 0.750 27.73
12 671 1118 0.30 0.05 032 0.58 0.59 0.99 0.93 0.3075 143 227 0.736 29.47
13 721 12.02 031 0.05 033 0.61 0.63 1.04 0.98 0.3222 1.39 222 0.718 30.99
14 771 12.85 033 0.05 0.36 0.65 0.66 1.10 1.03 0.3425 136 217 0.702 32.80
15 821 13.68 035 0.05 037 0.68 0.69 116 1.10 0.3597 134 211 0.687 34.38
16 871 14.52 037 0.06 039 071 073 121 116 0.3783 131 2.06 0.671 36.06
17 921 15.35 0.39 0.06 0.41 0.74 0.76 1.26 119 0.3944 127 2.03 0.656 37.56
18 971 16.18 0.4 0.06 0.43 0.78 0.78 132 127 0.4122 1.25 1.96 0.639 39.21
19 1021 17.02 0.42 0.07 0.44 0.81 0.82 138 135 0.4308 122 1.91 0.623 40.87
20 1071 17.85 0.44 0.07 0.46 0.84 0.85 143 139 0.4475 1.2 1.87 0.612 42.25
21 1121 18.68 0.45 0.07 0.48 0.87 0.88 1.48 1.42 0.4619 117 1.83 0.598 43.60
2 1171 19.52 0.47 0.07 0.49 0.90 0.91 153 1.46 0.4769 116 1.81 0,592 44.63
23 1221 20.35 0.48 0.08 051 0.93 0.93 158 1.49 0.4906 114 1.78 0.582 45.75
24 1271 2118 0.50 0.08 053 0.96 0.96 1.63 1.56 0.5089 111 175 0.569 47.20
28 1471 24.52 0.56 0.09 0.59 1.07 1.06 1.82 175 0.5675 1.04 1.65 0535 51.47
32 1671 27.85 0.62 0.10 0.65 1.19 1.20 2.02 1.93 0.6303 0.98 155 0.503 55.60
36 1871 3118 0.67 0.10 0.70 1.28 1.27 2.16 2.05 0.6747 0.92 1.48 0.477 58.60
40 2071 34.52 0.7 0.11 0.74 135 134 229 217 0.7119 0.87 1.39 0.449 61.32
44 2271 37.85 0.74 011 0.78 1.42 1.40 241 227 0.7483 0.81 1.30 0.419 64.10
48 2471 4118 0.77 0.12 0.82 1.48 1.46 2.52 2.37 0.7817 0.76 1.22 0.393 66.52
52 2671 44.52 0.81 0.13 0.86 154 151 261 243 0.8125 0.72 1.16 0373 68.52
56 2871 47.85 0.84 0.13 0.87 1.59 1.56 2.69 251 0.8364 0.67 111 0.353 70.35
60 3071 51.18 0.86 0.14 0.91 1.64 161 2.78 257 0.8631 0.63 1.05 0333 72.19
64 3271 54.52 0.89 0.15 0.94 1.69 1.65 2.87 265 0.8900 0.61 1.02 0323 73.40
68 3471 57.85 0.90 0.14 0.95 171 1.66 2.92 2.70 0.9014 0.56 0.97 0.302 74.92
72 3671 61.18 0.92 0.15 0.98 176 171 2.99 2.76 0.9253 0.54 0.91 0.287 76.35
76 3871 64.52 0.95 0.15 0.99 1.79 1.75 3.04 2.81 0.9433 0.49 0.87 0.268 77.91
80 4071 67.85 0.97 0.16 1.02 1.83 18 311 2.88 0.9669 0.48 0.81 0.255 79.13
84 4271 71.18 0.98 0.17 1.04 1.85 1.84 3.15 2.97 0.9842 0.43 0.76 0.234 80.78
88 4471 74.52 1.00 0.16 1.05 1.88 1.86 321 3.04 1.0006 0.4 071 0.218 82.09
92 4671 77.85 1.01 0.17 1.06 1.90 1.88 3.26 3.08 1.0122 038 0.66 0.205 83.16
% 4871 81.18 1.02 0.17 1.08 1.93 1.9 331 3.12 1.0264 036 0.63 0.195 84.03
100 5071 84.52 1.04 0.17 1.09 1.95 1.93 335 317 1.0406 0.34 0.57 0.180 85.25
104 5271 87.85 1.05 0.17 11 1.97 1.95 339 321 1.0517 033 0.56 0.176 85.68
108 5471 91.18 1.06 0.8 112 2.00 1.97 3.42 323 1.0636 032 053 0.168 86.34
112 5671 94.52 1.07 0.8 113 2.01 1.99 345 3.26 1.0728 0.30 0.52 0.162 86.90
116 5871 97.85 1.08 0.18 1.15 2.03 2.01 3.8 3.29 1.0844 0.29 0.48 0.153 87.67
120 6071 101.18 1.09 0.18 115 2.04 2.02 351 332 1.0911 0.27 0.47 0.146 88.21
124 6271 104.52 1.10 0.18 116 2.06 2.04 354 334 1.1006 0.26 0.44 0.138 88.83
128 6471 107.85 1.10 0.19 116 2.07 2.05 357 3.36 1.1050 0.25 0.43 0.134 89.17
132 6671 111.18 111 0.19 117 2.08 2.05 3.58 337 1.1103 0.24 0.42 0.130 89.52
136 6871 114.52 111 0.19 118 2.10 2.06 3.60 339 1.1167 0.23 0.41 0.126 89.87
140 7071 117.85 112 0.19 118 2.10 2.08 3.63 3.41 1.1228 0.23 038 0.121 90.28
144 7271 121.18 113 0.19 1.19 212 2.09 3.64 3.42 1.1297 0.22 039 0.120 90.40
148 7471 124.52 114 0.20 1.20 2.14 211 3.66 3.42 1.1375 021 038 0.116 90.76
152 7671 127.85 114 0.18 1.19 214 212 3.60 3.45 1.1400 0.18 032 0.098 92.06
156 7871 13118 115 0.20 121 215 212 3.70 3.46 1.1469 0.20 036 0.110 91.25
158 7971 132.85 115 0.19 1.22 2.16 211 3.68 3.46 1.1475 0.14 031 0.087 92.98
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9.2.4 Nitro-olefin Michael Addition Reaction (Figure 72)

Expt &Tne) mesitylene CH3 pg;is pdtp‘;i—s'?’ pd;:'r-:'s C(();:)Il co(;)\; 2 conv 3 (%)
0 0 9.00 0.00 0.00 0.00 0.0 0.0 0.0
1 4 9.00 0.18 0.16 0.20 18.0 16.0 20.0
2 6 9.00 0.37 0.41 0.54 37.0 41.0 54.0
3 8 9.00 0.44 0.47 0.56 44.0 47.0 56.0
4 10 9.00 0.49 0.52 0.59 49.0 52.0 59.0
5 12 9.00 0.55 0.59 0.64 55.0 59.0 64.0
6 14 9.00 0.58 0.62 0.67 58.0 62.0 67.0
7 16 9.00 0.61 0.63 0.68 61.0 63.0 68.0
8 18 9.00 0.64 0.68 0.72 64.0 68.0 72.0
9 20 9.00 0.65 0.69 0.72 65.0 69.0 72.0
10 22 9.00 0.67 0.71 0.75 67.0 71.0 75.0
11 24 9.00 0.69 0.74 0.79 69.0 74.0 79.0
12 26 9.00 0.71 0.77 0.82 71.0 77.0 82.0
13 28 9.00 0.71 0.75 0.79 71.0 75.0 79.0
14 30 9.00 0.73 0.78 0.83 73.0 78.0 83.0
15 32 9.00 0.73 0.77 0.82 73.0 77.0 82.0
16 34 9.00 0.74 0.77 0.82 74.0 77.0 82.0
17 36 9.00 0.75 0.79 0.83 75.0 79.0 83.0
18 38 9.00 0.76 0.82 0.86 76.0 82.0 86.0
19 40 9.00 0.76 0.82 0.87 76.0 82.0 87.0
20 42 9.00 0.76 0.81 0.85 76.0 81.0 85.0
21 44 9.00 0.77 0.83 0.87 77.0 83.0 87.0
22 46 9.00 0.78 0.85 0.89 78.0 85.0 89.0
23 48 9.00 0.78 0.85 0.89 78.0 85.0 89.0
24 50 9.00 0.79 0.85 0.90 79.0 85.0 90.0
25 52 9.00 0.81 0.90 0.94 81.0 90.0 94.0
26 54 9.00 0.79 0.85 0.89 79.0 85.0 89.0
27 56 9.00 0.80 0.88 0.92 80.0 88.0 92.0
28 58 9.00 0.80 0.88 0.92 80.0 88.0 92.0
29 60 9.00 0.80 0.86 0.90 80.0 86.0 90.0
30 62 9.00 0.80 0.86 0.91 80.0 86.0 91.0
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9.3 X-ray Diffraction Data

9.3.1 X-ray Diffraction Data for 131
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Crystal data
Chemical formula CisH17FsNsS
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M,

Crystal system, space group
Temperature (K)

a, b, c (A

V (A%

Z

Radiation type

W (mm™)

Crystal size (mm)

Data collection
Diffractometer

Absorption correction

Tmin, Tmax

No. of measured, independent and
observed [I > 2.0o(1)] reflections

Rint
(Sin 0/M)max (A

Refinement

R[F* > 26(F?)], wR(F%), S
No. of reflections

No. of parameters

H-atom treatment

Apmax, APmin (e A_a)
Absolute structure

Absolute structure parameter

413.39

Orthorhombic, P2,2:2;

150

8.1384 (1), 9.2254 (1), 25.1063 (3)
1884.98 (4)

4

Mo Ka

0.24

0.2x0.2x0.2

Nonius
diffractometer

Multi-scan

DENZO/SCALEPACK (Otwinowski & Minor, 1997)

1.00, 1.00
4281, 4281, 3759

0.000
0.649

0.034, 0.078, 0.96

4281

297

Only H-atom coordinates refined
0.29, —0.25

Flack (1983), 1828 Friedel-pairs
—0.04 (6)

KappaCCD

Computer programs: COLLECT (Nonius, 2001)., DENZO/SCALEPACK (Otwinowski & Minor,

1997),  USER

2003), CAMERON (Watkin et al., 1996).
Table 2Selected geometric parameters (A, ©)

S1—C2
C2—N3
C2—N13
N3—C4
C4—C5
C4—C9
C5—N6
N6—N7
N7—N8
C9—C10
C9—C11

1.6926 (16) C14—C19
1332 (2) C15—C16
1.361 (2) C16—C17
1.461 (2) C16—C24
1527 (2) C17—C18
1.552 (2) C18—C19
1.482 (2) C18—C20
1.228 (2) C20—F21
1.126 (2) C20—F22
1524 (3) C20—F23
1529 (3) C24—F25

DEFINED STRUCTURE SOLUTION,CRYSTALS (Betteridge et

1.389 (3)
1.388 (3)
1.381 (3)
1.496 (3)
1.387 (3)
1.385 (2)
1.500 (3)
1.325 (2)
1.313 (2)
1.337 (3)
1.325 (2)

al.,
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C9—C12
N13—C14
C14—C15

S1—C2—N3
S1—C2—N13
N3—C2—N13
C2—N3—C4
N3—C4—C5
N3—C4—C9
C5—C4—C9
C4—C5—N6
C5—N6—N7
N6—N7—N8
C4—C9—C10
C4—C9—C11
C10—C9—C11
C4—C9—C12
C10—C9—C12
C11—C9—C12
C2—N13—C14
N13—C14—C15
N13—C14—C19
C15—C14—C19
C14—C15—C16

1528 (3)
1.416 (2)
1.392 (2)

123.39 (12)
123.04 (12)
113.56 (15)
126.16 (14)
108.33 (14)
111.28 (13)
114.17 (13)
106.49 (14)
114.60 (15)
172.6 (2)

111.68 (15)
108.42 (14)
109.39 (17)
109.02 (15)
109.83 (16)
108.42 (17)
128.11 (15)
122.44 (16)
117.81 (15)
119.70 (16)
119.29 (17)

Table 3 Hydrogen-bond geometry (A, °)

D—H--A
N13—H131---N6'

D—H
0.783

Symmetry code: (i) —x, y+1/2, —z+1/2.

C24—F26
C24—F27

C15—C16—C17
C15—C16—C24
C17—C16—C24
C16—C17—C18
C17—C18—C19
C17—C18—C20
C19—C18—C20
C14—C19—C18
C18—C20—F21
C18—C20—F22
F21—C20—F22

C18—C20—F23
F21—C20—F23

F22—C20—F23

C16—C24—F25
C16—C24—F26
F25—C24—F26

Cl16—C24—F27
F25—C24—F27

F26—C24—F27

H---A
2.516

1.331 (3)
1.315 (3)

121.40 (17)
117.86 (17)
120.74 (17)
118.74 (17)
120.79 (17)
120.04 (16)
119.16 (17)
120.00 (17)
112.41 (15)
113.12 (17)
108.38 (18)
111.55 (17)
105.38 (18)
105.47 (17)
113.22 (17)
111.50 (16)
105.22 (18)
113.29 (18)
105.88 (16)
107.16 (19)

D—H---A

132 (2)
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9.3.2 X-ray Diffraction Data for 147

CF3

Compound 147 shown in its dimer form as solved by Crystals.

Compound 147 shown as a monomer for clarity.
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(147)

Crystal data

CasH3sFsN3O3PS V =3680.66 (7) A°

M, = 737.74 Z=4

Monoclinic, P2; Mo Ka radiation, A =0.71073 A
a=12.8838 (1) A n=020mm*

b =19.4546 (2) A T=150K

c=15.0458 (2) A 0.58 x 0.46 x 0.22 mm

B=102.5816 (4)°

Data collection

Nonius KappaCCD
diffractometer

Absorption correction: Multi-scan
DENZO/SCALEPACK (Otwinowski & Minor, 14629 reflections with 1 > 2.0c(1)
1997)

Tmin = 0.63, Tmax = 0.96 Rint = 0.057
98019 measured reflections

16705 independent reflections

366



Refinement
R[F? > 20(F?%)] = 0.039 H-atom parameters constrained
wWR(F?) = 0.089 Apmax = 0.37 e A7
$=0.97 Apmin=-027 ¢ A3

16705 reflections Absolute structure: Flack (1983), 8111

Friedel-pairs

902 parameters Flack parameter: —0.04 (4)
1 restraint

Table 1

Selected geometric parameters (A, °)
S1—C2 1.6802 (19) S51—Ch2 1.679 (2)
C2—N3 1.344 (2) C52—N53 1.345 (3)
C2—N36 1.370 (2) C52—N86 1.379 (3)
N3—C4 1.457 (2) N53—C54 1.456 (2)
C4—C5 1.533 (3) C54—C55 1.529 (3)
C4—C32 1.556 (3) C54—C82 1.557 (3)
C5—N6 1.479 (2) C55—N56 1.476 (2)
N6—P7 1.5935 (17) N56—P57 1.5896 (16)
P7—C8 1.794 (2) P57—C58 1.794 (2)
P7—C16 1.802 (2) P57—C66 1.810 (2)
P7—C24 1.814 (2) P57—C74 1.813 (2)
C8—C9 1.395 (3) C58—Ch9 1.398 (3)
C8—C15 1.389 (3) C58—C65 1.391 (3)
C9—C10 1.386 (3) C59—C60 1.381 (3)
Cl10—C11 1.385 (3) C60—C61 1.393 (3)
Cl1—012 1.370 (3) C61—062 1.367 (3)
Cl1—Ci4 1.385 (3) C61—C64 1.390 (3)
012—C13 1.423 (3) 062—C63 1.432 (3)
Cl14—C15 1.396 (3) C64—C65 1.388 (3)
Cl6—C17 1.396 (3) C66—C67 1.386 (3)
C16—C23 1.398 (3) C66—C73 1.406 (3)
Cl17—C18 1.386 (3) C67—C68 1.396 (3)
C18—C19 1.393 (3) C68—C69 1.389 (3)
C19—020 1.371 (3) C69—070 1.366 (3)
C19—C22 1.384 (3) C69—C72 1.384 (3)
020—C21 1.428 (3) 070—C71 1.422 (3)
C22—C23 1.391 (3) C72—C73 1.374 (3)
C24—C25 1.390 (3) C74—CT75 1.393 (3)
C24—C31 1.398 (3) C74—C81 1.398 (3)

367



C25—C26
C26—C27
C27—028
C27—C30
028—C29
C30—C31
C32—C33
C32—C34
C32—C35
N36—C37
C37—C38
C37—C42
C38—C39
C39—C40
C39—C47
C40—C41
C41—C42
C41—C43
C43—F44
C43—F45
C43—F46
C47—F48
C47—F49
C47—F50

S1—C2—N3
S1—C2—N36
N3—C2—N36
C2—N3—C4
N3—C4—C5
N3—C4—C32
C5—C4—C32
C4—C5—N6
C5—N6—P7
N6—P7—C8
N6—P7—C16
C8—P7—C16
N6—P7—C24
C8—P7—C24
Cl6—P7—C24
pP7—C8—C9

1.393 (3)
1.381 (3)
1.369 (3)
1.398 (3)
1.427 (3)
1.380 (3)
1.539 (3)
1523 (3)
1523 (3)
1.388 (3)
1.397 (3)
1.396 (3)
1.378 (3)
1.387 (3)
1.493 (3)
1.380 (3)
1.400 (3)
1.494 (3)
1.336 (3)
1.330 (3)
1.337 (3)
1.329 (3)
1.319 (3)
1.348 (4)

124.94 (15)
124.28 (14)
110.73 (17)
126.60 (16)
107.74 (15)
111.93 (15)
113.50 (16)
112,51 (15)
115.62 (13)
107.10 (9)

115.87 (10)
104.44 (10)
112.61 (9)

110.09 (10)
106.39 (10)
124.58 (16)

C75—C76
Cr6—C77
Cr7—O78
Cr77—C80
078—C79
C80—C81
C82—C83
C82—C84
C82—C85
N86—C87
C87—C88
C87—C92
C88—C89
C89—C90
C89—C97
C90—C91
C91—C92
C91—C93
C93—F94
C93—F95
C93—F96
C97—F98
C97—F99
C97—F100

S51—C52—N53
S51—C52—N86
N53—C52—N86
C52—N53—C54
N53—C54—C55
N53—C54—C82
C55—C54—C82
C54—C55—N56
C55—N56—P57
N56—P57—C58
N56—P57—C66
C58—P57—C66
N56—P57—C74
C58—P57—C74
C66—P57—C74
P57—C58—C59

1.398 (3)
1.375 (3)
1.368 (3)
1.383 (3)
1.438 (3)
1.379 (3)
1.536 (4)
1.521 (4)
1531 (3)
1.396 (2)
1.392 (3)
1.401 (3)
1.381 (3)
1.394 (3)
1.480 (3)
1.372 (3)
1.388 (3)
1.490 (3)
1.331 (3)
1.347 (3)
1.310 (3)
1.337 (3)
1.328 (3)
1.365 (3)

124.71 (15)
124.20 (15)
111.04 (17)
12550 (17)
107.50 (15)
112.41 (16)
113.15 (17)
112.96 (16)
116.40 (13)
108.19 (9)
116.51 (9)
105.87 (9)
112.16 (9)
109.02 (10)
104.75 (9)
123.04 (16)
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p7—C8—C15
C9—C8—C15
C8—C9—C10
C9—C10—C11
C10—C11—012
C10—C11—C14
012—C11—C14
C11—012—C13
C11—C14—C15
C14—C15—C8
pP7—C16—C17
P7—C16—C23
C17—C16—C23
C16—C17—C18
C17—C18—C19
C18—C19—020
C18—C19—C22
020—C19—C22
C19—020—C21
C19—C22—C23
C16—C23—C22
P7—C24—C25
P7—C24—C31
C25—C24—C31
C24—C25—C26
C25—C26—C27
C26—C27—028
C26—C27—C30
028—C27—C30
C27—028—C29
C27—C30—C31
C24—C31—C30
C4—C32—C33
C4—C32—C34
C33—C32—C34
C4—C32—C35
C33—C32—C35
C34—C32—C35
C2—N36—C37
N36—C37—C38
N36—C37—C42

117.08 (16)
118.3 (2)
120.9 (2)
119.7 (2)
115.45 (19)
120.7 (2)
123.9 (2)
117.65 (19)
119.0 (2)
121.4 (2)
120.26 (16)
121.46 (17)
118.2 (2)
121.0 (2)
119.6 (2)
115.2 (2)
120.4 (2)
124.4 (2)
116.95 (19)
119.4 (2)
121.2 (2)
124.11 (17)
117.77 (17)
118.0 (2)
121.4 (2)
119.8 (2)
124.9 (2)
119.8 (2)
115.4 (2)
117.3 (2)
119.9 (2)
121.3 (2)
107.99 (17)
111.19 (17)
109.6 (2)
110.20 (17)
108.24 (18)
109.51 (19)
130.38 (17)
115.58 (18)
125.69 (18)

P57—C58—C65
C59—C58—C65
C58—C59—C60
C59—C60—C61
C60—C61—062
C60—C61—Co64
062—C61—C64
C61—062—C63
C61—C64—C65
C58—C65—C64
P57—C66—C67
P57—C66—C73
C67—C66—C73
C66—C67—C68
C67—C68—C69
C68—C69—070
C68—C69—C72
070—C69—C72
C69—070—C71
C69—C72—C73
C66—C73—C72
P57—C74—C75
P57—C74—C81
C75—C74—C81
C74—C75—C76
C75—C76—C77
C76—C77—O78
C76—C77—C80
078—C77—C80
Cr7r7—0O78—C79
C77—C80—C81
C74—C81—C80
C54—C82—C83
C54—C82—C84
C83—C82—C84
C54—C82—C85
C83—C82—C85
C84—C82—C85
C52—N86—C87
N86—C87—C88
N86—C87—C92

118.44 (16)
11851 (19)
1206 (2)
120.1 (2)
115.3 (2)
120.1 (2)
124.5 (2)
116.76 (18)
119.2 (2)
1215 (2)
121.49 (15)
120.16 (16)
118.23 (19)
121.23 (19)
119.3 (2)
124.1 (2)
120.0 (2)
115.90 (19)
118.13 (19)
120.4 (2)
120.8 (2)
123.74 (16)
118.49 (16)
117.52 (19)
121.4 (2)
119.5 (2)
124.4 (2)
120.0 (2)
115.6 (2)
116.6 (2)
120.3 (2)
121.2 (2)
108.4 (2)
111.11 (18)
111.0 (2)
110.19 (18)
107.2 (2)
108.8 (2)
129.50 (17)
116.75 (17)
124.35 (19)
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C38—C37—C42 118.55 (18)
C37—C38—C39 120.9 (2)
C38—C39—C40 121.2 (2)
C38—C39—C47 118.2 (2)
C40—C39—C47 120.6 (2)
C39—C40—C41 118.1 (2)
C40—C41—C42 121.9 (2)
C40—C41—C43 120.7 (2)
C42—C41—C43 117.37 (19)
C41—C42—C37 119.38 (19)
C41—C43—F44 112.0 (2)
C41—C43—F45 113.3(2)
F44—C43—F45 106.2 (2)
C41—C43—F46 112.8 (2)
F44—CA43—F46 106.5 (2)
FA5—C43—F46 105.5 (2)
C39—C47—F48 112.9 (2)
C39—C47—F49 113.5(2)
FA48—C47—F49 109.1 (2)
C39—C47—F50 112.0 (2)
F48—C47—F50 104.6 (2)
F49—C47—F50 103.9 (3)
Table 2

Hydrogen-bond geometry (A, °)
D—H---A
C13—H132.--020'
N86—H861:--N6
N3—H31---N56
N53—H531:--N6
N36—H361---N56

Symmetry code: (i) —X, y—1/2, —z+1.

D—H
0.97
0.88
0.87
0.91
0.88

C88—C87—C92
C87—C88—C89
C88—C89—C90
C88—C89—C97
C90—C89—C97
C89—C90—C91
C90—C91—C92
C90—C91—C93
C92—C91—C93
C87—C92—C91
C91—C93—F9%4
C91—C93—F95
F94—C93—F95
C91—C93—F96
F94—C93—F96
F95—C93—F96
C89—C97—F98
C89—C97—F99
F98—C97—F99
C89—C97—F100
F98—C97—F100
F99—C97—F100

H---A
2.51
2.16
2.19
2.15
2.14

3.228 (3)
3.008 (3)
3.031 (3)
3.010 (3)
2.995 (3)

118.71 (18)
120.77 (19)
120.7 (2)
1206 (2)
118.6 (2)
118.3 (2)
122.1 (2)
118.8 (2)
119.1 (2)
119.3 (2)
112.5 (2)
111.8 (2)
104.2 (2)
114.3 (2)
106.5 (2)
106.9 (2)
113.4 (2)
114.0 (2)
108.0 (2)
111.2 (2)
104.8 (2)
104.7 (2)

D—H---A

131
160
162
158
162
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9.3.3 X-ray Diffraction Data for 148
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Crystal data

C3gH34FsN3O3PS Z=6

M, =757.73 Mo Ka radiation, L = 0.71073 A
Trigonal, P3,21 n=0.17 mm*

a=22.8761 (1) A T=150 K

c=14.2626 (1) A 0.44 x 0.40 x 0.34 mm

V = 6463.88 (6) A’

Data collection

N.ONUS KappaCCD 9789 independent reflections
diffractometer
Absorption correction: Multi-scan

DENZO/SCALEPACK (Otwinowski & Minor, 9025 reflections with | > 2.0c(1)
1997)

Tmin = 0.88, Tmax = 0.94
177140 measured reflections

Rint = 0.062

Refinement
R[F* > 26(F*)] = 0.042
WR(F?) = 0.106
$=0.91

H-atom parameters constrained
Apmax = 0.25e A7
Apmin=—-0.24 ¢ A3

Absolute structure: Flack (1983), 4540
Friedel-pairs

Flack parameter: —0.076 (8)

9787 reflections

470 parameters
0 restraints

Table 3

Selected geometric parameters (A, °)

S1—C2 1.6798 (18) C24—C31 1.386 (3)
C2—N3 1.340 (2) C25—C26 1.373 (3)
C2—N38 1.374 (2) C26—C27 1.380 (4)
N3—C4 1.461 (2) C27—028 1.364 (2)
C4—C5 1.530 (2) C27—C30 1.396 (3)
C4—C32 1.528 (2) 028—C29 1.420 (3)
C5—N6 1.479 (2) C30—C31 1.389 (3)
N6—P7 1.5914 (15) C32—C33 1.389 (3)
P7—C8 1.7960 (19) C32—C37 1.396 (3)
P7—C16 1.809 (2) C33—C34 1.396 (3)
P7—C24 1.8030 (18) C34—C35 1.373 (4)
C8—C9 1.391 (3) C35C36 1.383 (4)
C8—C15 1.404 (3) C36—C37 1.391 (3)
C9—C10 1.397 (3) N38—C39 1.397 (2)
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C10—C11
C11—012
Cl1—Ci14
012—C13
C14—C15
C16—C17
C16—C23
C17—C18
C18—C19
C19—020
C19—C22
020—C21
C22—C23
C24—C25

S1—C2—N3
S1—C2—N38
N3—C2—N38
C2—N3—C4
N3—C4—C5
N3—C4—C32
C5—C4—C32
C4—C5—N6
C5—N6—P7
N6—P7—CS8
N6—P7—C16
C8—P7—C16
N6—P7—C24
C8—P7—C24
Cl6—P7—C24
pP7—C8—C9
p7—C8—C15
C9—C8—C15
C8—C9—C10
C9—C10—C11
C10—C11—012
C10—C11—C14
012—C11—C14
C11—012—C13
C11—C14—C15
C8—C15—C14

1.384 (3)
1.366 (3)
1.394 (3)
1.430 (3)
1.383 (3)
1.393 (3)
1.400 (3)
1.394 (3)
1.376 (3)
1.373 (3)
1.391 (3)
1.429 (3)
1.374 (3)
1.401 (3)

123.14 (13)
125.79 (14)
111.01 (15)
125.80 (15)
107.81 (14)
111.11 (14)
112.91 (15)
110.06 (15)
118.95 (12)
106.41 (8)
116.04 (9)
106.38 (9)
112.83 (8)
108.61 (9)
106.22 (9)
123.78 (14)
117.37 (14)
118.61 (18)
121.02 (18)
119.48 (19)
125.2 (2)
120.2 (2)
114.5 (2)
117.9 (2)
120.1 (2)
120.52 (19)

C39—C40
C39—C44
C40—C41
C41—C42
C41—C49
C42—C43
C43—C44
C43—C45
C45—F46
C45—F47
C45—F48
C49—F50
C49—F51
C49—F52

C25—C26—C27
C26—C27—028
C26—C27—C30
028—C27—C30
C27—028—C29
C27—C30—C31
C30—C31—C24
C4—C32—C33

C4—C32—C37

C33—C32—C37
C32—C33—C34
C33—C34—C35
C34—C35—C36
C35—C36—C37
C32—C37—C36
C2—N38—C39

N38—C39—C40
N38—C39—C44
C40—C39—C44
C39—C40—C41
C40—C41—C42
C40—C41—C49
C42—C41—C49
C41—C42—C43
C42—C43—C44
C42—C43—C45

1.407 (3)
1.385 (3)
1.390 (3)
1.372 (3)
1.497 (3)
1.392 (3)
1.395 (3)
1.497 (4)
1.331 (3)
1.311 (4)
1.329 (4)
1.333 (3)
1.313 (3)
1.351 (4)

120.8 (2)
1155 (2)
120.29 (19)
124.2 (2)
117.7 (2)
118.4 (2)
121.86 (19)
119.93 (18)
121.31 (17)
118.72 (18)
120.2 (2)
1205 (2)
120.0 (2)
119.9 (2)
120.7 (2)
131.75 (16)
114.83 (16)
126.28 (17)
118.84 (17)
120.24 (19)
121.4 (2)
120.0 (2)
1185 (2)
118.07 (19)
121.9 (2)
117.7 (2)
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p7—C16—C17

P7—C16—C23

C17—C16—C23
C16—C17—C18
C17—C18—C19
C18—C19—020
C18—C19—C22
020—C19—C22
C19—020—C21
C19—C22—C23
C16—C23—C22
P7—C24—C25

P7—C24—C31

C25—C24—C31
C24—C25—C26

121.51 (15)
120.62 (15)
117.86 (19)
121.11 (19)
119.34 (19)
124.2 (2)
120.8 (2)
115.0 (2)
116.9 (2)
119.2 (2)
121.6 (2)
122.52 (16)
119.05 (14)
118.41 (18)
120.3 (2)

Table 4

Hydrogen-bond geometry (A, °)

D—H--A

C15—H151---C37"
C17—H171..-028"

N3—H31---N6'

N38—H381---N6'

D—H

0.97
0.94
0.84
0.85

Symmetry codes: (i) y, X, —z; (ii) y, X, —z+1.

C44—C43—C45
C43—C44—C39
C43—C45—F46
C43—C45—F47
F46—C45—F47
C43—C45—F48
F46—C45—F48
F47—CA45—F48
C41—C49—F50
C41—C49—F51
F50—C49—F51
C41—C49—F52
F50—C49—F52
F51—C49—F52

H---A
2.54
2.46
2.17
2.17

3.483 (4)
3.293 (4)
2.975 (4)
2.987 (4)

120.4 (2)
119.49 (19)
1135 (2)
112.4 (3)
106.1 (3)
112.4 (3)
105.4 (3)
106.5 (3)
113.9 (2)
112.6 (2)
108.9 (3)
112.1 (3)
104.6 (2)
104.1 (2)

D—H---A

163
147
161
161

Low temperature single crystal X-ray diffraction data were collected for 4b and 4c using a

Nonius Kappa CCD diffractometer. Intensity data were reduced using Denzo-SMN (with

SCALEPACK) 3# including unit cell refinement, inter-frame scaling and corrections for

absorption. The structures were solved with SuperFlip®*® and refined with CRYSTALS.**03!

Although it was necessary to model disordered solvent in 4b with PLATON/SQUEEZE, %33

the final Flack x parameter

354,355

compounds was in agreement with the assignment from the initial amino acid.

and Bayesian analysis the Bijvoet pairs®***’ for both
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Crystal data
Chemical formula
M.

Crystal system, space group
Temperature (K)
a, b, c(A)

V (A)

Z

Radiation type

H (mm-)

Data collection
Diffractometer

Absorption correction

C.H:N:OS
480.68

Orthorhombic, P2.2,2,

150

10.3102 (1), 24.4640 (3), 10.7881 (1)

2721.07 (5)
4

Mo Ka
0.15

Nonius
diffractometer

Multi-scan

KappaCCD

DENZO/SCALEPACK (Otwinowski & Minor, 1997)

T T 1.00, 1.00

No. of measured, independent 9852, 4936, 4602
and

observed [1> 2.0o(1)]

reflections

R 0.018

(sin O/A),... (A) 0.603
Refinement

R[F:>20(F?)], wR(F?), S
No. of reflections
No. of parameters
H-atom treatment

AP A (8 A%)

0.045, 0.117,0.94

4936
451

H atoms treated by a mixture of independent and constrained

refinement
0.68, —0.30

Selected geometric parameters (A, °)

S1—C2
C2—N3
C2—N25
N3—C4
C4—C5
C4—C21
C5—06
C5—N7
N7—C8
C8—C9
C8—C15

1.678 (2)
1.354 (3)
1.349 (3)
1.451 (3)
1532 (3)
1.560 (3)
1.243 (3)
1.327 (3)
1.478 (3)
1.507 (3)
1.523 (3)

C15—C20
Cl6—C17
C17—C18
C18—C19
C19—C20
C21—C22
C21—C23
C21—C24
N25—C26
C26—C27
C26—C31

1.403 (4)
1.382 (4)
1.380 (4)
1.386 (5)
1.383 (4)
1528 (3)
1527 (3)
1.535 (4)
1.459 (3)
1527 (3)
1.546 (3)
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C9—C10
C9—Cl14
C10—C11
Cl1—C12
C12—C13
C13—Ci14
C15—C16
S1—C2—N3
S1—C2—N25
N3—C2—N25
C2—N3—C4
N3—C4—C5
N3—C4—C21
C5—C4—C21
C4—C5—06
C4—C5—N7
06—C5—N7
C5—N7—C8
N7—C8—C9
N7—C8—C15
C9—C8—C15
C8—C9—C10
C8—C9—C14
C10—C9—C14
C9—C10—C11
C10—C11—C12
C11—C12—C13
Cl12—C13—C14
C9—C14—C13
C8—C15—Cl16
C8—C15—C20
C16—C15—C20

1.379 (4)
1.393 (4)
1.395 (4)
1.376 (5)
1.373 (5)
1.386 (4)
1.386 (4)

122.18 (17)
123.79 (17)
114.00 (19)
124.13 (19)
111.91 (19)
110.52 (18)
113.61 (19)
121.1 (2)
117.2 (2)
121.6 (2)
122.2 (2)
112.54 (19)
108.23 (19)
114.5 (2)
122.2 (2)
118.4 (2)
119.4 (2)
120.1 (3)
119.8 (3)
120.7 (3)
119.6 (3)
1205 (3)
123.1 (2)
118.7 (2)
118.2 (2)

C27—N28
N28—N29
N29—N30
C31—C32
C31—C33
C31—C34

C15—C16—C17
C16—C17—C18
C17—C18—C19
C18—C19—C20
C15—C20—C19
C4—C21—C22

C4—C21—C23

C22—C21—C23
C4—C21—C24

C22—C21—C24
C23—C21—C24
C2—N25—C26

N25—C26—C27
N25—C26—C31
C27—C26—C31
C26—C27—N28
C27—N28—N29
N28—N29—N30
C26—C31—C32
C26—C31—C33
C32—C31—C33
C26—C31—C34
C32—C31—C34
C33—C31—C34

1.469 (4)
1.208 (4)
1.169 (5)
1.536 (4)
1527 (4)
1.538 (4)

121.1 (3)
120.4 (3)
119.4 (3)
120.4 (3)
120.4 (3)
109.9 (2)
111.2 (2)
109.1 (2)
107.8 (2)
108.5 (2)
110.4 (2)
125.45 (19)
108.9 (2)
111.99 (18)
113.9 (2)
113.6 (2)
112.5 (3)
173.7 (4)
111.1 (2)
108.4 (2)
110.2 (2)
109.2 (2)
109.6 (2)
108.2 (2)
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ABSTRACT: The design, synthesis, and development of
a new class of modular, strongly basic, and tunable
bifunctional Bronsted base/H-bond-donor organocatalysts
are reported. These catalysts incorporate a triarylimino-
phosphorane as the Bronsted basic moiety and are readily
synthesized via a last step Staudinger reaction of a chiral
organoazide and a triarylphosphine. Their application to
the first general enantioselective organocatalytic nitro-
Mannich reaction of nitromethane to unactivated ketone-
derived imines allows the enantioselective construction of
P-nitroamines possessing a fully substituted carbon atom.
The reaction is amenable to multigram scale-up, and the
products are useful for the synthesis of enantiopure 1,2-
diamine and @-amino acid derivatives.

he addition of a carbon- or heteroatom-centered acid to an
electron-deficient carbon—carbon (C=C) or carbon—
heteroatom (C=X) double bond is a reaction of fundamental
importance in organic synthesis. Such reactions offer perfect
atom economy, are often energetically favorable, and can
generate products that are chiral.' Bronsted basic reagents can
be employed to catalyze the addition by generating the ion-
paired conjugate base as the key nucleophilic entity, and
asymmetry in the Brensted base can relay through to the
product via energetically discriminated transition states.” To this
end, a plethora of chiral single-enantiomer Bronsted bases have
been developed for a wide range of enantioselective addition
reactions. These range from relatively weak chiral tertiary amines
to organic superbases’ such as amidines, guanidines,®
phosphazenes,6 and cycloprope:nimines.7
Within the past decade, one particular class of base that has
received considerable attention is that of the bifunctional
Bronsted base/H-bond donor organocatalyst.® These catalysts
typically possess both a tertiary amine group and a hydrogen-
bond donor group appropriately positioned on a chiral scaffold.
Additional organization of the transition structure through
stabilization of developing negative charge by the H-bond donor
can result in increased reaction rates and/or enantioselectivity
relative to H-bond donor free analogues.” Although this class
continues to demonstrate synthetic utility, it is not without its
limitations; reaction times are often long even with the most
reactive reagent combinations, and arguably the range of pro-
nucleophiles and electrophiles amenable to asymmetric union is
relatively narrow. This low catalytic activity often stems from the
relatively weak Bronsted basicity of the tertiary amine moiety,
providing insufficient activation of the pro-nucleophile. To

i i © 2013 American Chemical Society
7 ACS Publications

address some of these limitations, we proposed to develop a new
class of bifunctional organocatalysts that possessed a much
stronger and tunable Bronsted basic group. Our hope was that
through the synergistic effects of the stronger Bronsted base and
the H-bond donor, good reactivity and selectivity in new and
challenging enantioselective organocatalytic addition reactions
would be obtained. Herein we report our findings.

From the outset, we wanted a design that relied on a clean and
efficient last step generation of the Bronsted basic moiety of the
catalyst; this would greatly simplify their synthesis and handling.
To this end we considered the Staudinger reaction'® of a
triarylphosphine and an enantiopure organoazide possessing an
effective H-bond donor group (Scheme 1). Our hope was that

Scheme 1. Concept and Design of a New Class of Bifunctional
Iminophosphorane (BIMP) Organocatalysts

potent bifunctional
organocatalyst?

%

* *

Staudinger
I‘? reaction EWG/N’H Nsp-R
N,

P
"R
0 o
variable scaffold and variable H-bond | (Brensted
H-bond donor group phosphine donor base

the strong nucleophilicity of the triarylphosphine would create a
strongly Bronsted basic iminophosphorane moiety through
favorable loss of dinitrogen gas.'"' As many triarylphosphine
reagents are readily available, this simple design could allow the
synthesis of a range of bifunctional catalysts with electronic and/
or steric variations at the iminophosphorane moiety. Further
variations to the chiral scaffold and the H-bond donor group
would add favorably to the diversity of catalysts accessible
through this design.

The premise of our catalyst design was the enhanced Breonsted
basicity of the triaryliminophosphorane functionality relative to
the weak tertiary amine group. Interestingly, whereas the
basicities of triaminoiminophosphoranes are reported—such as
P,-Bu with a pKpyy, (MeCN) of 26.98 (Figure 1)—the Bronsted
basicities of triaryliminophosphoranes are not. Accordingly, to
quantify the basicity of triaryliminophosphoranes, pKgy,
measurements were carried out on a model triphenylphos-
phine-derived iminophosphorane, 1a (derived from cyclohexyl
azide; see Supporting Information). Indeed its pKyy, (MeCN)
of 22.7 was determined to be 4 orders of magnitude greater than

Received: September 3, 2013
Published: October 9, 2013

dx.doi.org/10.1021/ja409121s | J. Am. Chem. Soc. 2013, 135, 16348—16351



Journal of the American Chemical Society

Communication

trialkyl- triarylimino- guanidine amidine triarylimino- P1 phos-
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Figure 1. pKpy, (MeCN) measurements of a tertiary amine and some
common organic superbases and two triaryliminophosphorane super-
bases 1a and 1b. PMP = para-methoxyphenyl.

that of triethylamine and comparable to that of guanidines and
other organic superbases, thus validating our design concept.”"*
Importantly, tris(4-methoxyphenyl)phosphine-derived imino-
phosphorane 1b was found to be a further hundred-fold more
basic (pKpy, (MeCN) of 25.0), thus demonstrating that the
basicity of the triaryliminophosphorane moiety can be readily
modified by varying the electronics of the triarylphosphine
component.

L-tert-Leucine-derived azide 2 was then prepared on a gram
scale (see Supporting Information) and reacted separately with
equimolar quantities of both triphenylphosphine and tris(4-
methoxyphenyl)phosphine in anhydrous diethyl ether (Scheme
2). In both cases after stirring for 24 h bifunctional

Scheme 2. Synthesis of Two Representative BIMPs and
Single-Crystal X-ray Structures of 4b and 4c (P, orange; N,
blue; S, yellow; O, red; F, green; H, white)
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iminophosphoranes 4a and 4b were isolated as bench-stable
solids by precipitation and filtration."® In the case of tris(4-
methoxyphenyl)phosphine-derived catalyst 4b, crystals of
suitable quality for single-crystal X-ray diffraction were obtained
(Scheme 2), allowing the unambiguous determination of its
solid-state structure. Furthermore, in the enantiomeric series, the
single-crystal X-ray structure of D-phenylglycine-derived imino-
phosphorane 4c was also obtained.

To demonstrate the synthetic potential of this new class of
bifunctional organocatalysts, we selected the challenging
enantioselective organocatalytic nitro-Mannich (or aza-Henry)
reaction of nitromethane with unactivated ketone-derived imines
(ketimines). Unlike the many variations of the well-developed
organocatalytic enantioselective nitro-Mannich reaction of
aldehyde-derived imines (aldimines),'* the corresponding
ketimine variant has no reported general solution."> We believed
that the strong Brensted basicity of the triaryliminophosphorane

and the appropriate positioning of an effective H-bond donor
group over a suitable chiral scaffold could provide both the
potency and control required.'®

To expedite screening, a library of BIMP catalysts (4a, 4d—i)
was made in situ from the corresponding catalytically inactive
azides and triphenylphosphine by simply stirring equimolar
amounts in diethyl ether at rt for 24 h (see Supporting
Information). This library was assessed for performance in the
reaction of nitromethane with acetophenone-derived N-

diphenylphosphinoyl (DPP) ketimine Sa (Table 1)."” Pleasingly,

Table 1. Proof of Concept and Optimization Studies in the
Nitro-Mannich Reaction of Nitromethane with N-Diphenyl-
phosphinoyl Ketimine Sa®

-P(O)Phy 4 (10 mol%) -P(O)Phy
j‘,\ +  MeNO, — o N
Ph (20 eq) i, 24 h Ph)\/ NO,
5a 6a
Ph PhgPs
R PPhy R~ PPy PPh, H
: N N
ewe ewe NH Ewe
EWG”
4a, d-e, j-r 4f, g 4h 4i

4a: R = 'Bu, EWG = C(SINH(3,5-(CF3),CeHs)
4d: R = Bn, EWG = C(S)NH(3,5-(CF3),Cats)

4e: R = /Pr, EWG = C(S)NH(3,5-(CF3),CeHs)

4f: R = Ph, EWG = C(S)NH(3,5-(CF3),CeHs)

4g: R = Ph,CH, EWG = C(S)NH(3,5-(CF3),C¢Ha)
4h: EWG = C(S)NH(3,5-(CF3);CeHa)

4 EWG = C(S)NH(3,5-(CF3),CgHs)

4j: R = Bu, EWG = C(O)NH(3,5-(CF3),CHs)

4k: R = Bu, EWG = C(S)NH(4-CF3CgHy)
41: R = 'Bu, EWG = C(S)NH(4-NO,CgH)
4m: R = 'Bu, EWG = C(S)NH(4-MeOCgHy)
4n: R = 'Bu, EWG = C(S)NH(4-MeCgHy)
40: R =By, EWG = C(S)NHPh

4p: R = Bu, EWG = C(0)(3,5<CF3),CeHa)
4q:R='Bu, EWG=Ts

4r: R = 'Bu, EWG = Boc

q b ¢ q b ¢
conversion, ee conversion, ee

entry catalyst (%) entry catalyst (%)
1 4a 98, 85 9 4k 98, 79
2 4d 93, 78 10 41 98, 84
3 4e 94, 77 11 4m 98, 70
4 4f 95, 777 12 4n 99, 68
s 4g 93, 707 13 40 98, 73
6 4h 48, 344 14 4p 98, 11
7 4i 98, 207 15 4q 92,0
8 4 97,79 16 4r 99, 0

“Reactions performed using 0.2 mmol of ketimine Sa in 0.2 mL of
MeNO, at rt. "Conversion was determined by 'H NMR analysis of the
crude reaction mixtures. “Enantiomeric excess (ee) was determined by
HPLC analysis on a chiral stationary phase. “Enantiomer (S)-6a was
obtained.

using neat nitromethane (20 equiv) and 10 mol % catalyst, all
BIMPs demonstrated excellent reactivity in the formation of
addition product 6a; conversion after 24 h was near full with all
but catalyst 4h. Furthermore, enantioselectivities were good
except with catalysts 4h and 4i (Table 1, entries 6, 7). L-tert-
Leucine-derived catalyst 4a outperformed the other catalysts in
terms of enantioselectivity (85% ee at rt, Table 1, entry 1) and
was therefore selected as the scaffold of choice for the remainder
of the optimization studies.

BIMPs 4j—r possessing a range of H-bond donor groups
including thiourea, urea, amide, sulfonamide, and carbamate
were investigated for performance. In all cases good conversion
to addition product 6a was observed after 24 h at rt (Table 1,
entries 8—16). Pleasingly both urea and thioureas with electron-
donating or electron-withdrawing substituents (4a, 4j—o)
attached to the aromatic ring imparted high levels of
enantioselectivity in the reaction (Table 1, entries 1, 8—13).
However, electron-deficient aryl amide 4p afforded the product

dx.doi.org/10.1021/ja409121s | J. Am. Chem. Soc. 2013, 135, 16348—16351
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with poor enantiocontrol (Table 1, entry 14), and both
sulfonamide 4q and carbamate 4r yielded the product in racemic
form (Table 1, entries 15, 16). From these results, it was clear
that the H-bond donor group was playing a key role in
controlling the stereochemical outcome of the reaction and that
the Schreiner-type 3,5-bis(trifluoromethyl)phenyl thiourea
moiety of catalyst 4a was optimal.'®

With the best scaffold and H-bond donor group identified, we
turned our attention to the Bronsted base moiety and studied
how the reaction rate varied as a function of the electronics of the
triarylphosphine component. Catalyst 4a (R = H) and its
analogues 4b (R = MeO) and 4s (R = Cl) were used in the
reaction of ketimine Sa with nitromethane, and conversion to
addition product 6a was measured by "H NMR analysis (Figure
2). The reaction rate was indeed governed by the aryl

100 + >k(\E?/@,R

N
,_;80 [ S. N,
X L7
8 FiC N, R
560 - 3 s
z
$a0 -
g 4b, R = OMe, 4s,R=Cl, N
&, 0 81% ee 88% #Z
i —_—tE R eend. RS
ee 85% H /& 2N
°N S
0
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Figure 2. Comparison of reaction rates with BIMP catalysts 4a, 4b, and
4s and cinchonine-derived bifunctional organocatalyst I.

substituents of the iminophosphorane moiety. The reaction
with catalyst 4s was slower than that with 4a or 4b, in line with a
more electron-deficient triarylphosphine generating a weaker
base. As a direct comparison, when cinchonine-derived bifunc-
tional organocatalyst I was used as the catalyst in the same 'H
NMR kinetic experiment, no product was detected even after a
prolonged reaction time of 32 h. The above experiments clearly
demonstrate that the enhanced basicity of iminophosphoranes
compared to tertiary amines is responsible for the increase in
catalytic activity.

Although catalyst 4b was marginally superior to 4a in terms of
reaction rate, 4a was more enantioselective and was therefore
chosen as the catalyst to investigate the substrate scope in the
nitro-Mannich addition of nitromethane to ketimines. To
maximize enantioselectivity, reactions were performed in chilled
(0 or —15 °C) nitromethane. Good to excellent enantioselectiv-
ities were obtained with aromatic ketone-derived imines bearing
either electron-withdrawing or electron-donating substitutents
(up to 95% yield, up to 95% ee; Table 2, entries 1—12). Phenyl
ethyl ketone-derived imine Sm also afforded the product with
high enantioselectivity, as did the tetralone-derived imine
substrate Sn albeit in lower yield in the latter case (Table 2,
entries 13, 14). Heteroaromatic ketimines So and Sp gave the
desired products in near quantitative yields and with good
enantioselectivities (Table 2, entries 15, 16). Pleasingly, the
reaction was also applicable to aliphatic ketimine Sq (Table 2,
entry 17)."

The performance of our new BIMP catalysts for enantiose-
lective catalysis on a preparative scale was investigated next. To
minimize reaction time, the most active catalyst, 4b, was selected
for this purpose. Using 1 mol % 4b, 10 g of ketimine Sa was
reacted with 10 equiv of nitromethane at rt over 21 h to afford the

Table 2. Scope of Asymmetric Nitro-Mannich Reaction of

Ketimines”
ﬂ\‘/\ PP

SY N. H
FiC N,
.P(O)Ph, O v pn- POPh:
R1J|\ R2 + MeNO, CF31 . R:J\/ NO:
5a-q (20 eq) Tt 6a-q
Entry R! R®  TFC th ‘({,‘,/‘ll)d (.;f’)f,
1 CoHs (5a) Me 15 9 86 95
2 4-MeCeH; (5b)  Me 0 48 93 89
3 4-MeOCGH;(5¢) Me 0 48 95 91
4 3-MeOC¢H, (5d)  Me 0 48 88 91
5 2-MeOCiHi(5¢)  Me 0 48 6 93
6 4-PhCH,(5)  Me 0 24 0 90
7 4NOCiHs(5g) Me 15 48 92 86
8 2-FCH,(5h)  Me 15 96 89 94
9 4CICH,(5)  Me 0 20 9 90
10 4-BrCH,(5)  Me 0 48 84 90
11 34-CLCH;(5k) Me 0 20 92 87
12 3.5 '(%;;)Zcﬁm Me  -15 96 95 90
13 CeHs (5m) Et 0 48 95 92
NP(O)Phy
14 -15 96 40* 92
(5m)

15 2-furyl (50) Me 0 48 97 84
16 3-pyridyl (5p)  Me 0 48 97 82
17 cyclohexyl (5q) Me 0 48 71 78

“Reactions were carried out on 0.2 mmol of S at the indicated
temperature. “Enantiomeric excess (ee) was determined by HPLC
analysis on a chiral stationary phase. *Conversion was 50%.

crude product in 98% conversion and 86% ee. After
recrystallization, 8.3 g of addition product 6a (70% yield) was
obtained in 98% ee, and a further recrystallization afforded 6a in
>99% ee. In a short demonstration of synthetic utility this
enantiopure f-nitroamine was converted to the corresponding
1,2-diamine derivative 7%° via a nickel boride-mediated reduction
of the nitro group followed by Cbz protection and then DPP
removal. Furthermore, 6a was transformed into fully substituted
a-amino acid 8*' by a two-step sequence involving a Nef
oxidation followed by DPP removal (Scheme 3).

In summary, we have designed and developed a new and effective
class of modular bifunctional iminophosphorane superbase
organocatalysts and have applied it to the first metal-free
catalytic enantioselective addition of nitromethane to unreactive
ketone-derived imines, a reaction where existing tertiary amine
organocatalysts are impotent. The synthesis of the catalysts from
catalytically inactive and readily synthesized azide precursors and
triarylphosphines allows for rapid catalyst screening and
optimization. The nitro-Mannich reaction of ketimines can be
performed on a multigram scale and allows ready access to
synthetically relevant, nitrogen-containing chiral building blocks
possessing a fully substituted carbon atom. Work to uncover the
full capabilities of this new catalyst design is ongoing, and the
results will be disclosed in due course.

dx.doi.org/10.1021/ja409121s | J. Am. Chem. Soc. 2013, 135, 16348—16351
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Scheme 3. Preparative-Scale Synthesis of 6a and
Derivatization into Enantiopure Diamine 7 and Quaternary
a-Amino Acid 8%

NH,
Ty,
g or NHCbz
_P(O)Ph, _P(O)Ph, / 7, ee > 99%
N HN
| a 1.,
Ph)\ - = Ph)\/NOZ
e-f NH.
5a 6a,83g “)\ 2
100g 98% conv., 86% ee Ph” >COOH
0, It 0,
70% yield, 98 % ee 8, ee > 99%

63% yield, 99.7 % ee

“Reagents and conditions: (a) 1 mol % 4b (231 mg), 17 mL of
MeNO, (10 equiv), 21 °C, 21 h, recrystallization (propan-2-ol), 70%;
(b) NiCL-6H,0, NaBH,, MeOH, 84%; (c) CbzCl, Na,CO5, H,0/
dioxane, 90%; (d) HCl, MeOH, 73%; (e) KMnO,, KOH, KH,PO,,
‘BuOH; (f) HCl, MeOH, 57% over 2 steps.
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