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Abstract

This thesis details the development of dual catalytic processes involving achiral
palladium and enantiopure isothiourea catalysts for the synthesis of enantioenriched and
highly functionalised products. Taking inspiration from related literature examples
demonstrating the compatibility of palladium and isothiourea catalysis, the extension of

existing methodologies as well as the development of novel processes were investigated.

Based on the relay catalytic allylic amination/[2,3]-rearrangement protocol, previously
developed in our group for the synthesis of enantioenriched a-amino ester derivatives,
the scope and limitations of this process were probed. Initial studies aimed at identifying
functional groups that could be tolerated in the relay catalysis. Electron-withdrawing
amide substituents proved most promising and were explored in more depth to furnish

enantioenriched a-amino ester derivatives featuring a 1,4-dicarbonyl motif.

As processes reported so far had focused on ammonium enolates as reaction partners, the
range of reactivity modes accessible by isothiourea catalysis had not been fully exploited
in dual catalytic methodologies. As such, the development of a cooperative palladium
and isothiourea catalysis process employing «,[-unsaturated acyl ammonium
intermediates was explored. This process furnishes enantioenriched cyclopentane
products with up to four contiguous stereogenic centres with high stereoselectivity (up to
99:1 dr, up to 97:3 er). The scope and limitations of this process were probed, with
subsequent derivatisation reactions demonstrating the synthetic utility of the products.
In addition, a range of control experiments provided insight into the mechanism of this

cooperative palladium and isothiourea catalysis.
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Chapter 1: Introduction

1.1 Chirality and asymmetric synthesis

The landscape of synthetic organic chemistry has seen major advancements over the last
century. The way in which we think about organic transformations has changed, by
considering their efficiency and impact in terms of atom economy, waste prevention, or
reagent toxicity following the principles of green chemistry."? Similarly, the bond forming
events accessible have also expanded dramatically, with modern methods allowing for
excellent levels of control over chemo-, regio- and stereoselectivity. The latter has gained
considerable importance as pharmaceuticals,® agrochemicals,* or odour and flavour
compounds® contain an increasing number of chirality elements, which often requires
their accessibility in enantiopure form.

Chirality is a symmetry property that renders a molecule non-superimposable upon its
mirror image, resulting in a pair of enantiomers. One of the most common forms of
chirality is point chirality, describing a tetrahedral atom, usually carbon, but also sulfur,
phosphorus or nitrogen, with four different substituents. Thus, opposite enantiomers
differ in their spatial arrangement. As a consequence, even though a pair of enantiomers
has the same physicochemical properties, by placing them in a chiral environment, they
can be distinguished based on their differing spatial requirements, potentially resulting
in different effects for each enantiomer. For example, the smell of lemons and oranges is
caused by the same molecule limonene, with the only difference being the configuration
of the C(4)-stereogenic centre (Figure 1, left).® By coming in contact with the chiral
environment in our receptors, (R)-limonene conveys the smell of oranges, whereas (S)-
limonene is associated with the smell of lemons. The choice of enantiomer can have even
greater consequences than a change in smell. The drug (S)-DOPA is used for the treatment

of Parkinson’s disease, but its enantiomer (R)-DOPA is toxic to humans (Figure 1, right).”
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limonene enantiomers DOPA enantiomers
\@ HO CO,H HO COxH
HO 2 HO 2
(S)-1 (R (S)-2 (R)-2
(S)-(-)-limonene (R)-(+)-limonene L-DOPA D-DOPA
smells of lemons smells of oranges Parkinson's treatment toxic

Figure 1 Examples of pairs of enantiomers with different biological effects.

In order to assess the effect of the individual enantiomers it is crucial to have access to
each in enantiopure form. A number of strategies have been developed to achieve this
goal. Of particular interest are those creating new stereogenic centres with control of the
relative and absolute configuration, generalised as asymmetric synthesis. The following
methods can be distinguished:

(i) chiral pool synthesis: This approach uses naturally occurring enantiopure
compounds, such as amino acids or carbohydrates (Scheme 1, left).%° The stereochemical
information from the starting material is usually preserved in the product and used to
direct the relative stereochemistry of diastereoselective transformations en route. This has
been elegantly demonstrated by Tokuyama and co-workers in the total synthesis of (-)-
Acetylaranotin 5 (Scheme 1, right).!° The atoms and stereochemistry of the starting (S)-
tyrosine 3 are preserved in the product and used to direct the formation of new
stereogenic centres. Although the starting materials for a chiral pool synthesis are usually
cheap and available in enantiopure form, this approach is inherently limited to the

formation of products that fit the natural precursors.

—— chiral pool —— 0
(0] \ A\
CO,H 9 steps H 13 steps NS o OAc
Hom*z - N coaMe — a0 " S\_—SN y
H (_) H Cbz o \ \
(S)-ty::osine 4 5 . o
(—)-Acetylaranotin

Scheme 1 Box: chiral pool compound; right: application in total synthesis.

(ii) chiral auxiliaries: An enantiopure molecule is covalently attached to the
substrate and used to direct the stereoselectivity of subsequent transformations. After the
reaction, the auxiliary is removed to reveal the enantiopure product. This approach has
been extensively used over the last decades, with a range of different auxiliaries

available.!’ An example by Enders and Reichenbach demonstrates the use of RAMP

2 |



1.1 | Chirality and asymmetric synthesis

auxiliary 6 in the asymmetric synthesis of Synargentolide A, which enabled the
installation of the first two stereogenic centres in excellent diastereo- and
enantioselectivity (9) (Scheme 2).2 Although auxiliaries reliably and predictably facilitate
stereoselective transformations, a major drawback is the requirement for stoichiometric

amounts of auxiliary and additional synthetic steps for incorporation and removal.

chiral  _ example application
auxiliary Q
OMe -N
an/ 0 N| z i) diastereoselective o
N HJ\ RAMP 6 ~~OMe alkylation \)W
NH, —_— = = Synargentolide A
OXO O7<O ii) auxiliary removal 050
6 7 8 9
Enders >99:1 dr
RAMP reagent >99:1 er

Scheme 2 Box: chiral auxiliary; right: application in stereoselective synthesis.

(iii) chiral reagents: The stereoinducing element resides on the chiral reagent and
is transferred onto the substrate in a stereoselective reaction. Within this class, a range of
boron reagents have been demonstrated to be particularly useful, as exemplified by the
asymmetric allylation of aldehyde 11 using (+)-Ipc:B(allyl) reagent 10 (Scheme 3).'? This
approach circumvents the need for additional synthetic steps, however the chiral reagent

is still required in stoichiometric amounts and can often be expensive.

— chiral reagent — example application
Qe Ipc,B(allyl) 10 Qhe
+)-
. (rlpcoBaly) PO
z | =
OAc OAc (0] OAc OAc OH
1" 12
10
>99:1 dr
(+)-IpczB(ally) 5991 er

Scheme 3 Box: chiral reagent; right: application in stereoselective synthesis.

(iv) asymmetric catalysis: A very small amount of a chiral molecule, the catalyst,
is used to facilitate the desired, stereoselective transformation. In this approach, the
catalyst is regenerated after each cycle and no additional synthetic steps are required. One
of the very first examples reported by Knowles and co-workers demonstrated the
asymmetric hydrogenation of enamine 14 in the presence of a rhodium catalyst and a
chiral phosphine ligand to generate L-DOPA precursor 15 with high enantioselectivity
(Scheme 4).13
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—— chiral catalyst — example application
®
Ar_ 1
Y.Ph © MeO

L\Rh/Pj BF, %M 43 5 moie), 1,  MEO COH

I i NHAC NHAC
Ar Ph AcO AcO

14 15

13 88:12 er
Rh(COD)(DiPAMP)BF 4

Scheme 4 Box: chiral catalysts; right: application in stereoselective synthesis.

Each of the above approaches has proven useful many times in the pursuit of enantiopure
compounds. By far the most attractive, however in terms of atom economy and range of
transformations accessible, is asymmetric catalysis, which will be considered in more

detail in the following sections.

1.2 Asymmetric Catalysis

A catalyst is a substance that provides a lower energy (activation energy AGt) pathway
for a given transformation without changing the reaction outcome and without being
consumed in the reaction (Figure 2a). Two potential modes of catalysis can be envisioned
to achieve an overall reduction of AG!. The catalyst can either lead to a lower energy
transition state (green curve) or raise the ground state energy of the starting material
(orange curve). For either scenario, the catalyst facilitates the intended transformation
under milder reaction conditions. In asymmetric catalysis, the catalyst also leads to the
preferred formation of one enantiomer over the other. This is achieved by employing a
chiral catalyst which induces enantioselectivity by forming diastereomeric transition state
assemblies with the substrate on the way to either enantiomer (Figure 2b).!* In order to
obtain useful levels of enantioselectivity in the product, two criteria have to be met:

(i) the uncatalyzed, hence unselective reaction pathway should energetically not
be accessible under the reaction conditions. This means that no reaction should be
observed in the absence of catalyst. In cases when the reaction still proceeds even without
catalyst, the rate of the catalysed process should be much higher than for the uncatalysed
one to avoid an unselective racemic background reaction.

(ii) the difference in energy of the diastereomeric transition states (AAGY) needs
to be sufficiently large to significantly favour the formation of one enantiomer over the

other. The numbers depicted in Figure 2b highlight the required energy differences at

4 |



1.3 | Enantioselective organocatalysis using tertiary amine Lewis bases

room temperature in order to achieve certain levels of enantioselectivity.!> For comparison,

the rotational barrier of ethane at room temperature is 3.0 kcal/mol.

a) catalysis energy diagram b) enantioselective catalysis energy diagram
E E
at room temperature (25 °C):
AAGH of 1.02 keal/mol for 85:15 er
AAG* of 1.30 keal/mol for 90:10 er |
AAGE of 1.74 keal/mol for 95:5 er |
AAGF of 2.72 keal/mol for 99:1 er |
P
reaction coordinate reaction coordinate

Figure 2 Energy diagrams for a) a catalysed reaction; b) an enantioselective catalysis reaction and required
energy differences for certain selectivity levels.
These numbers indicate that large changes in product enantioselectivity can be brought
about by very small variations in transition state energies. The factors influencing the
respective transition state energies are manifold and often the result of a combination of
different interactions, including hydrogen bonding, van der Waals interactions or
electrostatic interactions. Today, a variety of chiral catalysts with different modes of
activation are well established, enabling the stereoselective transformation of a broad
range of substrates. They can generally be assigned to one of three categories (Figure 3):
transition metal catalysts, organocatalysts, or biocatalysts, with examples including
Noyori-Ikariya catalyst 16, MacMillan’s imidazolidinone catalyst 177 and hydrolase
enzyme 3bl7 18,8 respectively. Of particular relevance to this work is the use of chiral,

Lewis base organocatalysts, which will be introduced in the next section.

metal catalyst organocatalyst biocatalyst
AR
ST » >
N N ) 8
/RL( i-Pr Ph\j )< I .
N el N :
Hz H e
o
16 17 18
RuCl(p-cymene)[(S,S)-Ts-DPEN] imidazolidinone hydrolase 3bl7

Figure 3 Examples for different types of catalysts.

1.3 Enantioselective organocatalysis using tertiary amine Lewis bases

Lewis basic organocatalysts based on a tertiary amine scaffold have seen widespread
application in the transformation of substrates at the carboxylic acid oxidation level.

Common catalysts include DMAP 19, cinchona alkaloids, amidine based catalysts as well

| 5



Chapter 1: Introduction |

as isothioureas (Figure 4a). Substrates amenable to this type of catalysis require a
carboxylic acid derivative bearing a good leaving group, such as acid chlorides, acid
anhydrides, thioesters and electron deficient aryl esters (Figure 4b). Activation of these
substrates is achieved through nucleophilic addition of the catalyst, forming a covalent
acyl ammonium adduct. This mode of activation is classified as a n—m* interaction, as the
Lewis base catalyst donates electron density through its lone pair into the 7* orbital of the
substrate. The reactive species accessible include acyl ammonium, ammonium enolate
and a,B-unsaturated acyl ammonium intermediates. Depending on the nature of the
intermediate, different reactivities can be observed. For an ammonium enolate
intermediate, the binding of the Lewis base catalyst leads to an increase in acidity of the
C(2)-protons, resulting in an enhanced nucleophilicity. In acyl ammonium and «,3-
unsaturated acyl ammonium intermediates, on the other hand, an increase in

electrophilicity at the C(1) and C(3) position is observed, respectively.

(a) Common tertiary amine Lewis base catalysts

=
! W
aj N {%Nx
Phi (\ R Phi- -
%/v NJ\/ N/J\S
N

DMAP 19 cinchona alkaloid amidine based catalyst isothiourea (n = 1,2)
(b) Common precursors and reactive intermediates accessible o o
® 5 ®
0 6 R1ANR3 © R NR;

R1’“\\‘:)J\ R1"‘\\‘:)J\ : ' a,B-unsaturated

acyl ammonium .
\ acyl ammonium

acid chloride acid anhydride NR; ® enhanced electrophilic centre
—_—
(0] (0] O@
PN Rs 1 ®
R R1 R NRs
aryl ester thioester

ammonium enolate
@ enhanced nucleophilic centre

Figure 4a) Common tertiary amine Lewis base catalysts; b) common
carboxylic acid precursors and reactive intermediates accessible.

1.3.1 The advancement of chiral isothiourea catalysts

In 2006, Birman and co-workers reported the first use of a chiral isothiourea Lewis base
as organocatalyst.”” The commercially available drug molecule tetramisole (TM) 20 and
its benzannulated derivative benzotetramisole (BTM) 21 (see Figure 5) were shown to be
efficient acyl transfer catalysts for the kinetic resolution of secondary benzylic and allylic

alcohols (Scheme 5a). In 2010, Romo and co-workers demonstrated the first application of
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1.3 | Enantioselective organocatalysis using tertiary amine Lewis bases

an isothiourea catalyst in the generation of ammonium enolates (Scheme 5b).% In situ

derivatization of the carboxylic acid starting material 24 followed by treatment with base

to generate an ammonium enolate enabled the formation of tricyclic -lactones 25 in

excellent yield, diastereo- and enantioselectivity. Three years later, the first catalytic

generation of a,[3-unsaturated acyl ammonium intermediates using isothiourea catalysis

was reported by Smith and co-workers (Scheme 5c¢).2! Employing 1,3-bisnucleophiles 27

in a Michael addition-annulation process allowed the formation of lactone or lactam

products in high yield and with excellent enantioselectivity. Addition of methanol also

gave access to the ring opened analogues 29 without erosion of enantiopurity.

o
4o

R'"™NR,

acyl ammonium

o®

R! ®
NR;

ammonium enolate

(0]
®
R! NR3
a,B-unsaturated
acyl ammonium

a) Birman, 2006: acyl ammonium intermediate in KR

(S)-TM 20 (10 mol%)
(EtCO),0 (0.75 eq)

e N>

/?\H -Pr,NEt (0.75 eq) oH QCOEt Y
Ph Me CHCI3, 0°C, 6 h Ph/\Me * Ph Me 20
(+)-22 (R)-22 (S)-23 (S)-TM-HCI
¢ =52%,s =31

b) Romo, 2010: ammonium enolate intermediate in cascade lactonisation process
(S)-HBTM 26 (20 mol%)

i-Pr,NEt (4.0 eq) 0o
o p-TsCl (1.25 eq) o N
LiCl (1.0 eq) Lo

CO,H
CH,Cl,, 23 °C, 24 h
O 24 o 25
93%
>19:1 dr, 95:5 er

(S)-HBTM

¢) Smith, 2013: a,B-unsaturated acyl ammonium intermediate in annulation-ring opening process
O O

Ph

"7 (10 Ph (2S,3R)-30 (5 mol%) o 0 —
(1.0eq) PS-BEMP (1.1eq) p, - '(\N
+ L
N s
0

o0 o CH,Cl,, 0°C,5h & COMe P
then MeOH, rt, 16 h 3
/\)J\ J\/\ 29 (2S,3R)-HyperBTM
Ph o Ph 83%
28 (1.4 eq) 98:2 er

Scheme 5 Examples of the first use of isothiourea catalysts in: a) acyl ammonium catalysis; b) ammonium

enolate catalysis; c) a,f-unsaturated acyl ammonium catalysis.

The continued interest in isothioureas as Lewis base catalysts spurred further catalyst

development by the groups of Okamoto,? Birman,? Shiina?* and Smith,? resulting in a

small library of structural analogues (Figure 5), capable of furnishing excellent yields and

selectivities for a variety of transformations featuring acyl ammonium,?® C(1)-ammonium

enolate?” and a,3-unsaturated acyl ammonium intermediates.?
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isothiourea catalysts

N N
Ph»(\ /> Ph"--(\ /Q (\ /Q
s P e
(S)-TM-HCI 20 (R)-BTM 21 DHPB 31
2006, Birman 2006, Okamoto
i-Prs,
oo Trtetilee sy
Ph N7 S
(S)-HBTM 26 BTM derivatives (2S,3R)-HyperBTM 30
2008, Birman 2010, Shiina 2011, Smith

Figure 5 Common isothiourea catalysts

Although the individual reactions might be quite different, the success of the isothiourea
catalysts can be rationalised through common principles applicable to all reactive
intermediates. In general, a non-bonding 1,5-O-::S interaction between the carbonyl
oxygen and the sulfur atom of the catalyst is invoked for the catalyst bound intermediate
(Figure 6). A combination of computational and experimental studies have shown that
this results from an intramolecular orbital interaction between the oxygen lone pair and
the antibonding S-C orbital (no — ¢*sc).?” This contact is significantly shorter than the
sum of the relevant van der Waals radii and is energetically favourable, as suggested by
crystallographic® and computational studies.?-33 As a result, the conformational freedom
of the substrate is restricted. This, in combination with the stereodirecting phenyl group
of the catalyst effectively blocking the si face, forces any reaction to take place on the re

face, resulting in excellent facial selectivity.

ammonium enolate a,B-unsaturated acyl ammonium
I3 Qs
NkNé\/Ph NkNé\/\Ph
’Ph Ph
— E* * syn-periplanar 1,5-O¢++S interaction ’ | ‘ //’ Nu”
/ (no to 0*s_¢) locks conformation /

’/
[ R s o) /
)\ e stereodirecting Ph group Q_)\ N
\ N \N/\\/Ph blocks si face N_SNZ="Ph

* reaction is forced to proceed @ <

from re face

Figure 6 Stereochemical rationale in isothiourea catalysis.
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1.3.2 Catalyst turnover strategies

The catalytic cycle in isothiourea catalysis typically begins with acylation of the catalyst
by the corresponding carboxylic acid derivative, forming an acyl ammonium ion pair.
Depending on the leaving group of the acylating starting material, two distinct catalyst
turnover strategies are possible, exemplified on a catalytic cycle featuring an o,3-
unsaturated acyl ammonium intermediate (Scheme 6), but equally applicable to
ammonium enolate catalysis. Traditional approaches rely on acid chlorides and acid
anhydrides as starting material, as they are often commercially available and provide
good reactivity. Upon catalyst acylation, these substrates liberate weakly nucleophilic
chloride and carboxylate counterions. As these are not able to displace the catalyst at the
end of the transformation, an additional reaction partner is required to facilitate catalyst
turnover. In the case of a,B-unsaturated acyl ammonium catalysis, this can be achieved
by employing bis-(pro)nucleophiles (e.g. 1,3-diketones, acylbenzothiazoles) (Scheme 6a).
The reactive nucleophile (Nu") can be generated in situ to undergo Michael addition with
the o, f-unsaturated acyl ammonium ion pair, forming an intermediate C(1)-ammonium
enolate. Subsequent proton transfer gives an acyl ammonium ion. Finally, the second,
latent nucleophile (Y) can facilitate intramolecular catalyst turnover via lactonization or
lactamization. Though powerful, this approach is inherently limited to producing cyclic
products. To overcome this limitation, the carboxylic acid starting material needs to have
a good enough leaving group to facilitate catalyst acylation, generating a counterion that
is also nucleophilic enough to turn over the catalyst at the end of the reaction, while not
interfering in any other steps in the catalytic cycle. One possibility for such counterions
are the aryloxides liberated from electron deficient aryl esters, as pioneered by Scheidt
and co-workers in 2009.#% In this scenario, the aryloxide (ArO-) released upon N-
acylation of the catalyst, can react with the post reaction acyl ammonium ion to generate
the corresponding aryl ester product and promote catalyst turnover (Scheme 6b). This
strategy represents a complementary approach to using bis-(pro)nucleophiles as it
enables the use of simple, monofunctional nucleophiles to generate linear products,

broadening the scope of isothiourea catalysis.
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a) turnover via latent nucleophile ' b) turnover via aryloxide
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Scheme 6 Catalyst turnover strategies in isothiourea catalysis via a) latent nucleophile or b) aryloxide.

1.4 Palladium catalysed allylic substitution reactions

Over the last 50 years, transition metal catalysed allylic substitution reactions have been
intensively investigated and developed into a common tool in today’s synthetic chemistry.
In particular asymmetric allylic substitution reactions have been used as key steps in
numerous syntheses of natural products.®**%” Although a variety of transition metals have
shown activity for this transformation, methodologies relying on palladium3 and
iridium® are the most developed and understood.

A generalised catalytic cycle for a palladium catalysed allylic substitution reaction shown
in Scheme 7 starts with coordination of the palladium catalyst to the t-bond of the allylic
substrate bearing a leaving group (LG), forming an olefin complex.* Oxidative addition
expels the leaving group and gives the key cationic palladium #n-allyl intermediate.
Nucleophilic attack at the less substituted allylic terminus of the electrophilic m-allyl
moiety, followed by dissociation of the resulting olefin complex, releases the substituted
product and regenerates the catalyst. Importantly, formation of the n?-allyl intermediate
is a reversible process, with the equilibrium position dependent on the nature of the
substrate, the leaving group and the ligands around Pd. Subsequent nucleophilic addition
is usually considered irreversible, biasing the overall process toward product formation.
The rate limiting step in this catalytic process can be either oxidative addition or

nucleophilic substitution, depending on the involved transition states.
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RNy RN
4. DISSOCIatIO// \KCoordlnanon
R/\/\Nu R/\/\ LG
olefin complex olefin complex

3. Nucleophilic 2 Oxidative
addition addition

Pd n -aIIyI intermediate

L = ligand; S = solvent or vacant; LG = leaving group,; Nu = nucleophile

Scheme 7 General catalytic cycle for palladium catalysed allylic substitution reactions.

The following paragraphs highlight some general considerations that can be made for
palladium catalysed allylic substitution reactions, with a more detailed discussion on allyl
palladium intermediates and nucleophiles thereafter.

To tune the activity of the palladium catalyst, electron donating phosphine
ligands are usually employed to facilitate oxidative addition. As such, simple
monodentate phosphines like triphenylphosphine (PPhs) or other trialkylphosphines
(P(alk)s) are commonly used. Depending on the exact transformation, the use of
moderately electron-withdrawing phosphine ligands might also be applicable, which
render the m-allyl intermediate more electrophilic and hence facilitate nucleophilic
attack.*!

With unsymmetrical allylic substrates, regioselectivity becomes an important
consideration. As a general rule, palladium catalysed allylic substitution reactions will
give the linear product with nucleophilic attack occurring at the less hindered allylic
terminus. In contrast, when iridium is employed as the catalytically active metal,
nucleophilic attack usually takes place at the more substituted allylic terminus, resulting
in the branched product.*?

A variety of leaving groups can be employed for the allylic substrate. Most
commonly alcohol derivatives such as acetates (-OCOR), carbonates (-OCO:R) or

phosphates (-OP(O)(OR)2) are used, but other examples based on sulfur (e.g. sulfones),
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nitrogen (e.g. nitro groups) or halides have also been reported. More elaborate precursors
such as cyclopropanes and epoxides can also be used. As a general rule, a better leaving
group will shift the equilibrium towards the Pd 7?-allyl intermediate as ion-pair return

will be less favoured, resulting in a faster catalytic turnover.*!

1.4.1 Potential isomerisation processes for Pd rn*-allyl intermediates

The key Pd n?-allyl intermediate can be subject to isomerisation processes, especially
when the equilibria involved are faster than subsequent nucleophilic attack, which can
have a significant influence on the regio- and stereoselectivity of the overall process. Two
major types of isomerisation have to be considered: syn-anti isomerisation and apparent
allyl rotation. Both processes occur via n’n!-1° isomerisation, also known as m-o-m
isomerisation (Scheme 8, top). However, the allyl fragment in the intermediate
tetracoordinate n'-complex can undergo different o-bond rotations. Isomerisation
processes that occur via C-C bond rotation are classified as syn-anti isomerisation,
whereas rotation around the Pd-C bond is characteristic for apparent allyl rotation
(Scheme 8, bottom). Depending on the nature of the allyl fragment, these processes can

have different consequences for the overall Pd m-allyl complex.

L 12 R L 12
~Pd s 1 .\ Pd | - ~Pd
Ny n°-n D HL n'-n 0
R/\V = E R ' R/\V
A | n'-complex! A
(A L2
C-C rot Pd Pd rot

-anti i isati Hi, H.2 t allyl rotati
Syn-anti isomerisation <::I RJ&/ or R/\/ I:> apparent allyl rotation

Scheme 8 Isomerisation processes: generalised mechanism (top); classification based on o-bond rotation
(bottom,).
For syn-anti isomerisation one such consequence becomes apparent when considering the
position of the allylic substituent R with regards to the C(2)-H, which can be either syn or
anti (Scheme 9a). Interconversion of the syn-anti isomers occurs via 1°-n'-1n° isomerisation,
with the syn-isomer being generally more energetically favourable. Starting from the syn-
isomer, 1°-1! isomerisation leads to the formation of the tetracoordinate n'-complex, with
excess ligand or solvent usually filling the vacant coordination site (not shown for
simplicity). Rotation around the C-C o-bond followed by n'-n® isomerisation gives the Pd
nP-allyl complex with the allylic substituent R in the anti-position. This isomerisation

process also results in an exchange of the complexed allyl face, but does not change the
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1.4 | Palladium catalysed allylic substitution reactions

relative position of the allyl carbons and the ligands towards each other. In case of a
monosubstituted allyl fragment, an alternative isomerisation pathway is also possible, as
the allylic termini are not identical. If coordination to the palladium centre occurs through
the less substituted allylic carbon, syn-anti isomerisation results only in an exchange of
the complexed allyl face without changing the allyl geometry, which leads to the

formation of the enantiomeric Pd n3-allyl complex (ent-A) (Scheme 9b).

syn-anti isomerisation

a) syn-anti isomerisation

1 2 1 2 1 2 1 2 180°
~L L L L [E L R
“Pd 3.n' Pd Pd 1.3 Pd ) -
n>-n C-C rot n'-n H
L HiA~ He N = H |
R/X«/ R R P R N\ pd
\_H L1 o2
-A anti-A

b) enantiomerization

! 2 112 i L2 ! 2 oo (L2 LT L )2
Spg-t ~Pd ~Pd Spg-t 1800 Fpgt 1 Bopyg
3_,1 1.3
P L cont I - T
N R < — === — TSR R
A R ent-A A

Scheme 9 Syn-anti isomerisation processes via an n'-intermediate.

As for the second isomerisation process, apparent allyl rotation describes the formal
rotation of the allyl fragment around the hypothetical palladium-allyl bond. In analogy
to syn-anti isomerisation processes, 1n-n! isomerisation can result in two different
tetracoordinate n'-intermediates (Scheme 10). Rotation around the Pd-C o-bond followed
by n'-1® isomerisation, results in a Pd rt-allyl complex with a rotated allyl fragment. In this
scenario, the outcome of the overall process is the same for both potential intermediates.
In contrast to a syn-anti isomerisation process, apparent allyl rotation changes the relative
position of the allyl carbons and the coordinated ligands, but does not exchange the allyl

face complexed to the palladium centre.

apparent allyl rotation
Ly 2!
Pd Pd
Pd-C rot
Hi's Hi,
1 / Rﬁ)\/ RJ\/ \ 1
Lt L Lt
Pd 3 1 3 4 Pd 180° Pd
0 n°-n =1 Jo =2 [ R
R N U U/R/\'/——"
A “pd” Pd-C rot “Pd” rot-A
e R

Scheme 10 Apparent allyl rotation via n'-allyl intermediate.

The implications of these isomerisation processes depend on the nature of the substrate,

nucleophile and ligands involved, potentially resulting in different regio- and
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stereochemical outcomes. In the simplest case, using monodentate PRs ligands and linear,
monosubstituted allylic substrates, the above-described isomerisation processes will only
influence the alkene geometry in the product. Starting from either (E)-32 or (Z)-32 initially
generates the corresponding syn- and anti-Pd mt-allyl complexes (33), as oxidative addition
occurs with retention of the alkene geometry (Scheme 11a). Subsequent syn-anti
isomerisation processes facilitate the equilibration towards a common, energetically more
favourable syn-n-allyl intermediate, which exists as a pair of enantiomers (Scheme 11a,
box). Attack of a nucleophile at the less substituted carbon gives the corresponding (E)-
isomer 34 as the major product. As the molecule is not chiral, enantiomerization processes
of the intermediate complex 33 are inconsequential. Hence, starting from either (E)- or
(Z)-allyl precursor will result in the same product, as long as nucleophilic substitution is
slow compared to syn-anti isomerisation. In this scenario, given that the ligands L are
identical, apparent allyl rotation has no influence on the reaction outcome, as the Pd n-

allyl complex is regenerated in this process (Scheme 11b).

a) syn-anti isomerisation
Lw_ L
Pd n3-n'-n3 R
Pd
syn-33 anti-33 L L R
PdL PdL
R/\/\ X n . s + n v X
(E)-32 - T Lo L (2)-32
RTXX R Pd
Pd WO
i ~L \v/
syn ent-33 anti ent-33
l Nu l Nu
R
R/\/\ Nu vNu
(E)-34 (2)-34
major minor
b) apparent allyl rotation
180°
L L L L L L
PPN PdL, ~Pd n*-n'-n®  Tpg  Tpd
R X AL AR T AR
(E) R N R
regeneration

Scheme 11 Exemplified implications of syn-anti isomerisation (a) and apparent allyl rotation (b).

In the case of unsymmetrical ligands however, apparent allyl rotation can result in the
formation of different product enantiomers, as exemplified in Scheme 12. A bulky,
bidentate ligand with different donor atoms (e.g. L' = P, L? = N) can direct the approach

of the nucleophile along a certain trajectory. Apparent allyl rotation changes the
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orientation of the allyl fragment along this trajectory, potentially resulting in different

enantiomers being formed.

Nu R 13 R Nu
. , n°-n'-n R R -
R/\/LR -~ kvrpd_/\/;l\? ‘——‘ kur'Pd—\A/ —_— R/\/\R
35 R © N © ent-35
Nu Nu

Scheme 12 Enantiomerization as a consequence of apparent allyl rotation.

1.4.2 Nucleophiles in allylic substitution reactions

Nucleophiles are usually simplistically categorised as soft or hard, depending on the pKa
of their conjugate acid.* Hence, soft nucleophiles are defined as those derived from
conjugate acids with a pKa < 25 (such as stabilised carbanions, alcohols or amines),
whereas hard nucleophiles are derived from conjugate acids with a pKa > 25 (such as
organometallic reagents). Depending on the nature of the nucleophile, two mechanistic
pathways for nucleophilic attack on the mt-allyl intermediate can be differentiated (Scheme
13). Starting from enantiopure allylic substrate 36, coordination of the palladium catalyst
and subsequent oxidative addition occurs on the opposite face to the leaving group,
giving symmetrical n’-allyl intermediate 37 with formal inversion of configuration.
Subsequently, two outcomes are possible, depending on the nucleophile. Use of soft
nucleophiles will result in direct substitution on the allylic terminus from the opposite
side of the palladium centre. This again takes place with inversion of stereochemistry,
which results in overall retention of configuration in the substituted product 38. Hard
nucleophiles, on the other hand, first coordinate to the palladium centre (39), with
subsequent reductive elimination giving the product. In this case, the nucleophile is
transferred from the same face as the palladium centre, which proceeds with retention of

configuration for this step, but results in an overall inversion of stereochemistry in the

substituted product 40.
L. _L L. _L
ft N e P, Nu
soft Nu H substitution
R/\V//\R R/\/'\R
L L L L
pd’  x  Oxidative “pd” 37 N 38
/\)\ addition : ] u
R N R R/\’/\R inversion
36 n*-allyl Lo L N\ L. reductive L. _L
intermediate | hard Nu Pd . PA=Nu" ejimination  Pd Nu
R/\,/’\R R/\,/’\R R/\/.\R
37 39 40

Scheme 13 Nucleophile dependent stereochemical outcome in Pd catalysed allylic substitution reactions.
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Allylic substitution reactions can be used to form a variety of carbon-carbon and carbon-
heteroatom bonds, with soft nucleophiles making up the majority of reaction partners
used in the literature. Soft carbon nucleophiles, stabilised by two electron-withdrawing
groups and generated through deprotonation of the corresponding C-H acidic compound
(e.g. diesters, ketoesters, nitrile-esters, etc) are most commonly used to form new C-C
bonds. The allylic substitution reaction involving soft carbon nucleophiles is also
commonly called the Tsuji-Trost reaction, based on the pioneering works of Jiru Tsuji*
and Barry Trost®. Heteroatom nucleophiles are also classified as soft and have been

successfully employed in the formation of C-N, C-O and C-S bonds, amongst others.*

1.5 Dual catalytic processes

Catalytic transformations are of great importance to modern chemistry in enabling more
efficient, economical and environmentally friendly processes. Of particular interest are
protocols that allow the combination of multiple catalytic transformations within a single
synthetic step run as a one-pot setup. This strategy is attractive as it minimizes work-up
and purification steps, thereby circumventing yield losses and generation of waste. It also
shortens the overall synthetic sequence, saving time and energy as well as maximizing
synthetic efficiency. Compared to traditional synthesis methods, multi-catalysis strategies
also avoid the handling of unstable or toxic intermediates, as they will only be generated
in small amounts and converted promptly to more stable compounds. In addition, new
reaction pathways might be accessible by exploiting highly reactive but fleeting
intermediates, which would not be stable enough for isolation under classical synthesis
conditions. Moreover, the combination of multiple catalytic reactions in a single synthetic
step could also have beneficial effects on the overall reactivity, selectivity and efficiency
of the process. Despite numerous potential advantages, designing a multi-catalytic
process poses several challenges. The most profound is the compatibility of all the
different components — catalysts, substrates, formed intermediates and products, or
additional reagents. As the growing number of reports on dual- or multi-catalytic

processes highlights, researchers have been successful in overcoming these challenges.*4
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1.5.1 Combining transition metal and organocatalysis

Of particular significance for the work presented herein is the combination of transition
metal catalysis with organocatalysis. Both are well established methodologies with broad
applicability, with their combination bearing the potential for opening new reaction
pathways and new opportunities for stereocontrol. The challenge associated with this
pairing is to avoid the deactivation of the catalysts by strong Lewis acid-base interactions,
which would lead to catalytically inactive Lewis adducts. Within the multitude of dual
transition metal and organocatalytic processes,*> distinctions can be made based upon
the different modes of activation used to transform the substrates. Unfortunately, there is
no generally accepted taxonomy within the chemistry community, resulting in various
categories being suggested to classify and differentiate these processes. In recent
reports,”> up to seven such categories were proposed, however only two of those —
cooperative catalysis and relay catalysis — are relevant for the current work and will be

discussed in more detail.

1.5.1.1 Cooperative catalysis

In cooperative catalysis both catalysts work together simultaneously to activate two
distinct functionalities within the substrates. This sets up the reactive intermediates
generated by each catalyst to react with each other and form the product. This catalytic
method can be operative in an intra- and intermolecular fashion, with examples for each
shown below. It should be noted that cooperative catalysis is often used interchangeably
with the term synergistic catalysis,® with no apparent preference for either within the
organic chemistry community.

An intramolecular cooperative organo- and transition metal catalysis strategy was
employed by Ratovelomanana-Vidal and Michelet in 2011 for the synthesis of a variety of
five-membered carbocycles.** The methodology employed CyNH: (20 mol%) and a
combination of Cu(OTf)2 (5 mol%) and PPhs (20 mol%) for the simultaneous activation of
an aldehyde and an alkyne functionality within substrate 41 (Scheme 14). In their
mechanistic proposal the amine catalyst reacts with 41 to form an enamine intermediate
44. The copper catalyst coordinates to the alkyne, promoting an intramolecular ring
closure by nucleophilic attack from the enamine to form the corresponding five-

membered ring 47. Subsequent hydrolysis of the formed imine and protodemetallation of
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the vinylcopper complex liberates the cyclic product 42 and regenerates the catalysts. This
methodology was subsequently expanded to include starting materials with a broad
range of carbon and heteroatom tethers, furnishing various carbo- and heterocycles
including cyclopentanes, indanes, pyrrolidines and tetrahydrofurans in high yields.® In
control experiments the authors demonstrated the necessity of both catalysts for the
carbocyclization to take place. Following on from their initial reports, they also developed
an enantioselective variant of this cooperative catalysis.* By using C2-symmetrical
phosphine L43 as chiral ligand for copper in place of PPhs, it was possible to synthesise

chiral cyclopentanes with an all-carbon quaternary stereogenic centre in good yields and

up to 97:3 er.
Cu(OTf), (5 mol%)
PPh; (20 mol%) or L43 (12.5 mol%)
OHC Il CyNH, (20 mol%) OHC MeO PAr,
MeO PAr,
e DCE, rt, 2-90 h 7 O
41 42
Z = C(EWG),, C(CH,0R'),, NTs, O upt0 95% | Ar = 3,5-di-'butyl-4-methoxy
@ = Me, Et, Ph, n-Bu, Bn up to 97:3 er L43
o
P/\NHZ \Q
Cy\ . Cy<
N
)] [ J\(‘J'
44 45 >z
Cy\ ) Cu(?Tf)z
o] PPh,
46 z

Scheme 14 Cooperative primary amine and copper catalysis.

In 2019, Glorius and co-workers showcased an intermolecular, cooperative organo- and
transition metal catalysis using N-heterocyclic carbene (NHC) and iridium catalysts.>”
Starting from readily available a,3-unsaturated aldehydes 48 and vinyl carbonate 49,
highly enantioenriched a,p-disubstituted y-lactones 50 could be obtained under mild
conditions (Scheme 15). Key to this transformation was the simultaneous activation of the
substrates by the organocatalyst 51 (10 mol%) and the catalytically active iridium complex

57, formed in situ from [Ir(COD)Cl]2 (2 mol%) and spinol-derived phosphoramidite ligand
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1.5 | Dual catalytic processes

L52 (8 mol%). In their mechanistic proposal the NHC catalyst reacts with aldehyde 48 to
form the corresponding Breslow intermediate (homoenol 53), followed by proton transfer
to give enolate 54. At the same time, the iridium catalyst undergoes oxidative addition to
vinyl carbonate 49, which after decarboxylation gives Ir rt-allyl intermediate 58. The chiral
elements of the catalysts dictate the facial selectivity in the subsequent nucleophilic
addition between the enolate and allyl intermediate (55). Preferential attack at the
branched position followed by lactonization of the acyl azolium species 56 delivers -
lactone 50 and regenerates the catalysts. Employing this methodology, lactones bearing
various aryl and heteroaryl moieties could be obtained in good yields with excellent
stereocontrol. A particular feature of this methodology is the potential for a
diastereodivergent synthesis to obtain all four stereoisomers of the product by choosing
the appropriate NHC/ligand enantiomer combination. In control experiments the authors
demonstrated the necessity for an excess of NHC catalyst compared to the amount of
iridium catalyst for the reaction to take place. Additionally, a striking counter-anion effect

was seen, with the presence of chloride ions proving essential for catalytic activity.

S o}

o [I(COD)CI], (2 mol%) o BF4 N= oh

L52 (8 mol%) Ar/NVN

o/< 51 (10 mol%) ®
./\/CHO + O ] 51 Ph
ﬁ\/ Et;N (30 mol%) Ar = 2,4,6-Me3CgH,
48 | a9 toluene, rt, 48-96 h 50
(1.5 eq) (1.0 eq) up to 92%

up to >95:5 dr O

® = aryl, allkyl up to >99:1 er 9]

N=\ (0]
! NHC
Ar-NN-R Ar e O
L — “=
OH
| SAN
53
L_/O
./\/C*f/
48
N= 0
Ar/N\/N‘R OJ<
N 5
NHC 51 ﬁ\/
PN L
N
ArZaN\\7 / NG \ g\Q NHC
N, N— P~ ~C ~—— Ir(L52),Cl

° 5 R Q/\/ “NHC T
57

Og 56 [I(COD)CI],
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Scheme 15 Cooperative NHC and Ir catalysis
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1.5.1.2 Relay (sequential) catalysis

In relay or sequential catalysis, both catalysts operate simultaneously but transformation
of the substrates takes place in two discrete catalytic cycles in a sequential fashion. Hence,
the substrates are transformed to an intermediate by the first catalyst, which in turn acts
as the substrate for the second catalyst to form the final product.

In 2009, this strategy was applied by Gong and co-workers in the synthesis of
enantioenriched tetrahydroquinolines using sequential gold and Brensted acid catalysis.>
Employing alkyne 59 and Hantzsch ester 60 in the presence of PhsPAuMe (5 mol%) and
chiral phosphoric acid (CPA) 62 furnished the desired products in high yields and
excellent enantioselectivities (Scheme 16). The catalysis is initiated by coordination of the
gold catalyst to alkyne 59, activating the triple bond for intramolecular hydroamination.
The resulting 1,4-dihydroquinoline intermediate 64 serves as substrate for the second
catalytic cycle facilitated by the chiral phosphoric acid. Isomerisation in the presence of
CPA 62 gives chiral ion pair 65, which undergoes asymmetric transfer hydrogenation

with Hantzsch ester 60 to yield enantioenriched tetrahydroquinoline 61.

Ar
PhsPAuMe (5 mol%) OO o. .0
NN EtO,C COzEt  CPA 62 (15 mol%) i
L e [ ] oo
‘ NH, N toluene, rt, 16 h ‘ OO

/N

59 60 ®- Ar
Ar, alkyl
(1.0 eq) (1.2 eq) LAy up X 99% Ar = 9-phenanthrenyl
@ =H, Hal, OR, Ph up to 99:1 er CPA 62
N N AN
P N JAu()] | 60
N ~
‘ NH; | \\\. ‘/(‘DN
59 ‘ = NH @o
2 O\ , H 65
— transfer hydrogenation —
[Au(i]
X
o o OH |
o Mo &N
H
62 61

Scheme 16 Gold and chiral phosphoric acid relay catalysis.
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1.5.2 Combining transition metal and isothiourea catalysis

The combination of various transition metal and isothiourea catalysts poses an attractive
expansion to transformations traditionally facilitated by these catalysts, as it would
greatly widen the pool of potential reaction partners and the possibilities for stereocontrol.
With isothioureas being Lewis bases and transition metals generally considered as Lewis
acids, Lewis adduct formation represents an area of concern as it could prove detrimental
to any intended dual catalytic process. However, numerous methodologies relying on a
combination of a transition metal and an isothiourea catalyst have been reported,
showcasing the compatibility of these catalytic systems.

In 2016, Snaddon and co-workers reported the first combination of isothiourea (ITU) and
transition metal catalysis using (R)-BTM and a Pd-Xantphos complex for the
stereoselective a-allylation of aryl acetic acid esters (Scheme 17, left).* The same group
subsequently expanded this methodology to incorporate various functional groups
within the allylic fragment (67), including, amongst others aryl,*¢! boron,® silicon,* and
electron-withdrawing groups.® In 2017, Smith and co-workers showcased a palladium
and isothiourea relay catalysis methodology for the stereoselective synthesis of
functionalised a-amino acid derivatives 70 (Scheme 17, right).®> Gong and co-workers
employed a dual catalytic palladium and isothiourea approach in the formation of
dihydropyridones 73 (Scheme 17, bottom).® Use of the simple feedstock chemicals alkyl
halides (71) and carbon monoxide (CO) in the presence of a palladium catalyst allowed
the in situ formation of ammonium enolate species, which underwent isothiourea
controlled Michael addition-lactamization with unsaturated imines 72. Notably, these
methodologies rely solely on the isothiourea catalyst for enantioinduction, with product

selectivities reaching up to 99:1 er in all examples.

| 21



Chapter 1: Introduction |

dual Pd and ITU catalysis
Snaddon, 2016 . Smith, 2017
O .

P
.\)J\ocea : H@ N \)J\OAr
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0 ! 0
66 o, :
Pd .éo\c:Fs ' Pd (:;% \%/“\OAI_
+ M +
68 o ©°

. :
& "0x ; O N0 @-akyl @=Ar 70
67 O®=Ar®=H,Ar upto99:1er 67 Ar = 4-NO,CgH4 up to >99:1 er
Gong, 2019
9 o]
~_-Br Pd ",
o NTs CO NTS °
=Ar H
X Z '
./\)\. 73 ® = Ar, alkyl
72 up to 99:1 er

Scheme 17 Examples of dual palladium and isothiourea catalysis.

In 2017, the groups of Gong®” and Wu® independently reported the successful
combination of copper and isothiourea catalysis. The generation of electrophilic copper-
allenylidene complexes from benzoxazinones 75 and trapping with ammonium enolate
species generated from carboxylic acid 74 allowed the formation of dihydroquinolinone
products 76 with excellent stereoselectivity (Scheme 18, left). Subsequently, Gong and co-
workers also employed a dual catalytic copper/isothiourea methodology for the synthesis

of highly enantioenriched diaziridinones 78 (Scheme 18, right).*

cooperative Cu and ITU catalysis
Gong and Wu, 2017 , Gong 2018
o] 5 o]
.\)J\OH Il : .\)Locer o)
74 Cu N @ 66 Cu .,..%N/t-Bu
+ // o P E + N
.X \ N o tBd O
_ 76 1° | N 78
0 up to >99:1 er . — up to 99:1 er
TsN~< ®=ar P ! Bu By ® = Ar, SR
75 O ® =H, Me, Hal f 77

Scheme 18 Examples of cooperative copper and isothiourea catalysis.

In 2017, Hartwig and co-workers used a combination of a chiral iridium catalyst and chiral
isothiourea BTM to obtain a-allylated aryl acetic acid esters 80.”° Compared to Snaddon’s
work, the use of an iridium catalyst rather than a palladium catalyst resulted in the
selective formation of the corresponding branched products (Scheme 19, left). Recently,
Suna and co-workers reported a combination of ruthenium and isothiourea catalysis in
the dynamic kinetic resolution of secondary alcohols (Scheme 19, right).”? Again, excellent

levels of enantioselectivity (up to 99:1 er) were observed in both methodologies.
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cooperative Ir and ITU catalysis cooperative Ru and ITU catalysis ——
0 Hartwig, 2017 Suna, 2021

.\)Locer i OH

Ir Ru

66 OCqFs 3
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79 O=Ar®=Ar up to >99:1 er ®=Ar @=aky,Ar U 99:1 er

b

Scheme 19 Examples of iridium (left) or ruthenium (right) and isothiourea catalysis.

Although these examples clearly highlight the compatibility of isothiourea catalysts with
various transition metals, some limitations have also been encountered. When the groups
of Nolan and Smith attempted to combine isothiourea and gold catalysis, the intended
transformations proved unsuccessful, with only starting materials returned.”? Instead,
irreversible binding of the Lewis basic isothiourea to the Lewis acidic gold centre was
observed, resulting in the formation of isolable, chiral Au'- and Au-isothiourea

complexes (Figure 7).

chiral Au - ITU complexes

IN g_
~—S I/ S
Ph l}l Ph N

|
Alu' CI—ALIJHI-CI
cl 83 Cl 84

Figure 7 Isolated, chiral Au - isothiourea complexes.

This example highlights the need to gain a deeper understanding of the behaviour of
isothioureas in the presence of transition metals to further expand the scope of compatible
catalytic partners. In addition, the range of reactivity modes accessible by isothiourea
catalysis has not yet been fully exploited in dual catalytic processes. Methodologies so far
have been focused on ammonium enolates as reactive intermediates, with only the most
recent example by Suna also utilising acyl ammonium intermediates. Notably, no
methodologies featuring a,f-unsaturated acyl ammonium intermediates in combination

with a transition metal catalyst have been reported to date.
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1.6 Aims and Objectives

The dual catalytic processes featuring transition metal catalysts and Lewis basic
isothiourea catalysts showcased in this chapter highlight the potential of such catalyst
combinations for accessing new reaction pathways. These methodologies also represent
a versatile way of broadening the scope of potential reaction partners for the individual
catalytic transformations, thereby allowing access to novel product scaffolds. As the use
of isothiourea catalysts in dual catalytic methodologies has emerged as a fairly recent area

of research, more potential combinations are yet to be identified.

As such, this thesis aims at exploring new avenues to engage isothiourea catalysts in dual
catalytic processes, focusing on palladium as the transition metal catalyst. In particular,
the use of Pd m-allyl intermediates as reaction partner in combination with different

isothiourea bound intermediates is examined.

Chapter 2 investigates the combination of Pd m-allyl intermediates and ammonium
enolate intermediates in a relay catalytic process featuring a palladium catalysed allylic
amination followed by an isothiourea controlled [2,3]-rearrangement to furnish
enantioenriched amino esters 85. Based on previous work, the potential for broadening
the scope of this process is evaluated by incorporating various functional groups (FG)

within the allylic reaction partner.

Chapter 3 demonstrates the first use of a,3-unsaturated acyl ammonium intermediates in
a dual catalytic process. By engaging these reactive species with zwitterionic Pd mt-allyl
intermediates, a stereoselective formal (3+2) cycloaddition process to generate highly

substituted cyclopentane products 86 is developed.

®

Pd'(L),

O FG @ Pd Pd-r-allyl @
R , ;
N allylation/ = formal -
o ° [2,3]-rearrangement L ° (3+2) cycloaddition
N7T v

85 O@ Phl...(N\/J\S/_ Z o
RL~ %IBR3 isothiourea Rz’\)J\ﬁRs
ammonium a,B-unsaturated
enolate acyl ammonium

Scheme 20 Proposed work on dual catalytic palladium and isothiourea catalysis.
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isothiourea catalysis

2.1 Project Overview

This chapter describes the extension of a dual palladium and isothiourea catalysed allylic
amination / [2,3]-sigmatropic rearrangement process previously developed in our group.
In this methodology, an allylic ammonium salt 88 is generated in situ by a palladium
catalysed allylic substitution of allylic phosphate 87 with glycine ester 69. Subsequent
acylation of this salt with the isothiourea, followed by generation of an ammonium ylid
in the presence of base, promotes [2,3]-sigmatropic rearrangement to yield functionalised
amino acid derivatives with high diastereo- and enantioselectivity. Limitations within the
previous work required allylic phosphates derived from cinnamyl alcohols, while in this
work allylic phosphates containing ester, amide, silyl and protected alcohol functional
groups (FG), as well as a branched substrate, have been investigated. Application of these
functionalised allylic phosphates 87 in the relay palladium and isothiourea catalysis
resulted in the formation of highly functionalised syn-a-amino acid derivatives 85 in good
yield (up to 70%) and moderate to high stereocontrol (up to 60:40 dr and 90:10 er).

0]
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PNPO

: o !
. _OEt | N
J\ *HCl : © B¢ : Ph—(\ />
69 N Pd,dbazCHCl; | | o O OEt. NT~s 7.7
(1.0 q) P(2-furyl)s : PNPoJLj FG | “HCI PNPOJLT/}\fé
+ \N\J/ _N.
' 88 '® !

0
“ 1 OEt
FG~ "0 NOEt

Intermediate ! 85
87 i not isolated ! 10 examples
(1.25 eq) e . 16-70% yield

up to 64:36 dr
up to 90:10 er

Scheme 21 Relay palladium and isothiourea catalysis.
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2.2 Introduction

2.2.1 Sigmatropic Rearrangements

Sigmatropic rearrangements have proven to be a useful tool in organic synthesis,
especially in the formation of complex molecules in a stereoselective fashion.*” Together
with cycloadditions and electrocyclic reactions, sigmatropic rearrangements are
categorised as pericyclic reactions (Scheme 22). These types of reactions are characterised
by a concerted, cyclic transition state, in which bonds are formed and broken without the
involvement of intermediates. Each of these shows a characteristic change in the number
of o-bonds (highlighted in Scheme 22 in orange). In cycloadditions, cyclic molecules are
either formed or broken with an overall change in the number of o-bonds of +2 (Scheme
22(i)). The most famous example from this class is the Diels-Alder reaction.” Electrocyclic
reactions also involve the formation or opening of cyclic structures (Scheme 22(ii)).
However, only one o-bond is formed or broken in the process and only one conjugated
m-system is involved, rather than the two non-conjugated m-systems that characterise
cycloadditions. The third class, sigmatropic rearrangements, are defined by the migration
of a o-bond with the redistribution of one or more adjacent m-bonds so that the overall

number of o-bonds stays unchanged (Scheme 22(iii)).

pericyclic reactions

i) cycloaddition = . ” | |
Ac = %2 X
ii) electrocyclic reaction | X =
Ac = £1 = A
iii)  sigmatropic rearrangement X 2N
-
Ac =0 F X

Scheme 22 Types of pericyclic reactions.

To further distinguish between different reactions within each category, Woodward and
Hoffmann developed an unambiguous numbering system to classify these types of
processes. [llustrated using an example of a sigmatropic rearrangement, their numbering
system counts the atoms between the broken and newly formed o-bond (Scheme 23).7+
Starting on the o-bond to be broken, the involved atoms are numbered with 1 and 1".

Continuing the numbering in opposite directions towards the atoms between which the
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new o-bond will be formed gives the specific class of sigmatropic rearrangement. Hence,
the illustrated Cope and Wittig rearrangements are examples of [3,3]- and [2,3]-
sigmatropic rearrangements, respectively. The sum of this number label also implies the
total number of atoms involved in the cyclic transition state, which are six for a [3,3]-

rearrangement and five for a [2,3]-rearrangement.

' c-bond
. o formed
2 5 Cope 2, ! /\ Wittig ﬂ
s-bond = _1_j§/ rearrangement 1 " s_pond | ﬁ@/lﬁ rearrangement 2\I 5
broken .. — formed ! / ,
1 \'/3 [3,3]-sigmatropic 1'\‘/ 3 ; 1 % ¢ 2" [2,3]-sigmatropic 1 8 Z 2
2 rearrangement 2 ' o-bond J T rearrangement 1
89 90 ' broken 91 92

Scheme 23 Nomenclature and examples for sigmatropic rearrangements.

In 1965, Woodward and Hoffmann also introduced a set of rules in order to assess
whether pericyclic reactions are thermally or photochemically allowed, based on orbital
symmetry considerations for the desired transformations.”>”” For each of these reactions
the components taking part in the transformation have to be identified — where a
component is a bond or orbital directly involved in the reaction. For example, a double
bond is a 72 component (2' indicating the number of electrons and '7t’ indicating the type
of orbital), a single bond is a 02 component and an orbital located on a single atom is an
w component (w° indicating an empty orbital, for example in a carbocation, and w?
indicating a filled orbital, for example in a carbanion or a lone pair). Furthermore, it must
be indicated whether a component forms new bonds on the same face at both ends
(suprafacial component, suffix s) or on opposite faces (antarafacial component, suffix a)

as depicted in Figure 8 for m-components.

pericyclic reactions

nomenclature
same face opposite face
8 ~asy, 8 8 RN %4
A 8
TEZS tha
suprafacial antarafacial

Figure 8 Suprafacial vs. antarafacial bond formation.

Based on this classification and the number of electrons, the components involved in the
reaction can be categorised in one of four categories: (4p + 2)s, (4p + 2)q, (49)s, (4Q)

where p and g are integral numbers. Woodward and Hoffmann then developed Equation
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1, where only (4p + 2); and (4q9), components have to be considered. According to their
approach, a pericyclic reaction will be thermally allowed if the sum of the components in
Equation 1 is odd. If the sum is an even number, the transformation will only be allowed
photochemically. The application of these rules will be illustrated for an example of a

[2,3]-sigmatropic rearrangement.

Z(4p +2)s + (49)q

Equation 1 Woodward Hoffmann equation for pericyclic reactions.

As shown in Scheme 24 the components involved in a [2,3]-sigmatropic rearrangement
are the carbanion at C(2) (w? component), the o-bond being broken (% component) and
the migrating m-bond (7% component). Each of these components can be classified as a
(4p + 2) component for p = 0. In order to use Equation 1, the faces from which the new
bonds are formed must be determined. In fact, there are two equally correct ways to
consider the formation of the new bonds, as demonstrated in Scheme 24 (right). One
possibility is to draw the g2 component reacting in a suprafacial fashion with the other
two reacting in an antarafacial fashion, yielding one (4p + 2); component. Another
possibility is to draw all three components reacting suprafacially, yielding three (4p + 2);
components overall. In each case, the sum for Equation 1 is an odd number,

demonstrating that a [2,3]-sigmatropic rearrangement is a thermally allowed process.

(Dza
ﬂ/ (4p+2)s components: 1
2 3 [2.3}-sigmatropic ;< L (4r), components: 0 = thermally allowed
>|@ | rearrangement %2 . o2 Ta 5 = 1
S
1X J 2 1X ) > —
® 7 - - 3/8 3
) or
93 ©) 12 94
xn 2
3 s
=z ﬂ/ (4p+2)s components: 3
" f( A (4r), components: 0 = thermally allowed
TS-95 , A e
C's @E%i

Scheme 24 Woodward-Hoffmann rules as exemplified on a [2,3]-sigmatropic rearrangement.

In addition to the generalisations Woodward and Hoffmann made based on orbital
symmetry considerations resulting in Equation 1, the geometrical feasibility of a
transformation must also be taken into account. As a consequence, even though a reaction
might be symmetry allowed according to the Woodward-Hoffmann rules, it might not be

geometrically feasible and therefore will not proceed. This can be exemplified on another
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type of sigmatropic rearrangements, a [1,3]-hydrogen shift. A [1,3]-H shift describes the
migration of a H-atom from its current position (1) to its new position (3) with
simultaneous shift of a double bond (Scheme 25). The components involved are the C-H
o-bond (0? component) and the double bond (72 component). When the H-shift proceeds
in an antarafacial fashion, the reaction is thermally allowed, however it is not
geometrically feasible, as the transition state structure would be very distorted,
preventing sufficient orbital overlap. A suprafacial H-shift, on the other hand, is
geometrically feasible and according to Woodward-Hoffmann rules allowed under

photochemical conditions.

antarafacial shift

H ) H % :\\ 2 (4p*2)s component-s: " = thermally allowed
. ha shift « Ry (4n)a Cog‘f‘;“e”ts' 0 | = geometrically NOT feasible
R 1\/3 —_— R/1\/3 =
2 + 2
96 H, - 97 or
R 2 . .
suprafacial shift
TS-98

P, (4p+2)s components: 2| — photochemically allowed
N T .
R s (4r)a components: 0| — geometrically feasible

x=2

Scheme 25 Geometrical considerations in sigmatropic rearrangements.

Within the class of sigmatropic rearrangements, [3,3]-sigmatropic rearrangements have
been extensively studied and used in total synthesis.”” This can be ascribed to their
predictable and reliable outcome for the synthesis of olefins and stereocentres owing to
the rigid six-membered cyclic transition state. [2,3]-Sigmatropic rearrangements are less
well studied and their stereochemical outcome is often more difficult to control.
Nonetheless, they are very useful reactions as they allow for easy access to functionalised
molecules, the installation of up to two new stereogenic centres and a new 7-bond. The
following section will provide a more detailed discussion of the characteristics of

[2,3]-sigmatropic rearrangements and highlight significant developments in this area.

2.2.2 [2,3]-Sigmatropic Rearrangements

Based on the nature of the reactive species in [2,3]-sigmatropic rearrangements, the
reactions can be categorised as neutral: employing either onium ylids 99 (Scheme 26(i)),
or heteroatom-oxides 103 (Scheme 26(ii)); or anionic: featuring heteroatom-stabilised

carbanions 107 (Scheme 26(iii)). Examples for each type of rearrangement include the
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Sommelet-Hauser rearrangement,” the Mislow-Evans rearrangement,” or the Wittig
rearrangement,®! respectively. The main focus of this discussion will be on [2,3]-
sigmatropic rearrangements of onium ylids, which will be explored in more detail in
section 2.2.3.

—— neutral rearrangements ——

(i) ylids (X = OR, NR,, SR) Sommelet-Hauser rearrangement
R R = ~
) S)
P)—— T 7| o —
®X X —/N
99 100 101 102
(i) oxides (X = NR,, SR) Mislow-Evans rearrangement
0© S
) X0 o) () —— ¢ 1
®X =S S
- R
103 104 105 R 106
—— anionic rearrangements ———
(ii) (X =0, NR, S) Wittig rearrangement
R R = R R
Y)—- T T — |
X Xo O OH
107 108 109 110

Scheme 26 Categories of [2,3]-sigmatropic rearrangements and examples.

2.2.2.1 Stereochemical considerations for [2,3]-sigmatropic rearrangements

[2,3]-Sigmatropic rearrangements proceed via a cyclic five-membered, six-electron
transition state with an envelope conformation. Compared to [3,3]-sigmatropic
rearrangements, this transition state is less rigid and hence more susceptible to
substituent effects.®? Thus, the preferred conformation in the transition state will be
dependent on the steric and electronic properties of the substituents around the new o-
and m-bond as well as the involved heteroatom. Although [2,3]-sigmatropic
rearrangements have great synthetic potential, their widespread application has been
hampered by the lack of theoretical and mechanistic investigations, which makes it more
difficult to reliably predict the stereochemical outcome compared to [3,3]-sigmatropic
rearrangements. Hence, further fundamental studies are necessary to gain a deeper
understanding of this process. The following paragraphs introduce general
considerations which affect the relative and absolute configuration around the new

o-bond as well as the -bond geometry in the product.
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In order to rationalise any observed stereoselectivities for a given reaction, possible pre-
transition state assemblies have to be considered. In a [2,3]-sigmatropic rearrangement,
two conformations are possible depending on the orientation of the substituents opposite
the envelope 'apex' (R' and H) (Figure 9). If R! is situated on the same side as the 'apex’,
the conformer will be referred to as endo. If R! is on the opposite side to the 'apex’, the
conformer will be labelled exo. The same holds true in cases where another substituent
instead of hydrogen is present, with R! being the substituent of higher priority according

to Cahn-Ingold-Prelog rules.

pre-transition state assemblies

H.O R ¥ R'© H t
®/ @/
X i ; X i

! \ = steric /s !

N repulsion §>

apex apex

endo-TS exo-TS

Figure 9 Pre-transition state assemblies.

The observed diastereoselectivity of a given [2,3]-sigmatropic rearrangement is
dependent on the relative energies of the respective endo and exo transition states as
demonstrated by Houk and Marshall for the [2,3]-Wittig rearrangement.®® An exo
transition state is often more favourable as the steric repulsion between R!' and the
substituents on the 'apex' is reduced in this conformation. As shown in Scheme 27,
opposite diastereomers of the product are accessible when starting with either (E)- or (Z)-
alkene, as the double bond geometry determines the orientation of R2. Proceeding through
an exo-TS will lead to anti-product 114 when starting from an (E)-alkene 111, whereas
starting from a (Z)-alkene 116 will give the corresponding syn-product 115. Hence, [2,3]-
sigmatropic rearrangements are often stereospecific with regard to the relative product
configuration and allow for control of the desired diastereoselectivity by selecting the

double bond geometry in the starting material.
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Scheme 27 Diastereoselectivity determining transition states in [2,3]-sigmatropic rearrangements.

Control of the absolute stereochemistry is in many cases more difficult and less well
understood than the relative configuration. Many synthetic methods rely either on
chirality transfer from existing stereogenic centres in the starting molecule or the use of
stoichiometric reagents such as chiral auxiliaries or ligands. Current examples for these
methods will be presented in section 2.2.3.2.

Consideration of the geometry of the newly formed m-bond becomes important if the
onium ylid bears a substituent R® at the allylic position next to X (Scheme 28). In these
cases, the newly formed double bond can have either (E)- or (Z)-geometry. Assuming that
an exo-transition state is again more favourable, the transition states 120 and 121 have to
be considered. As 1,3-allylic strain is minimized in TS 120, it is energetically more
favourable and results in the formation of the corresponding (E)-alkene 122. However,
depending on the configuration of the starting material, the reaction might have to

proceed via TS 121, which would result in the corresponding (Z)-alkene 123.

RO _H ¥
on
preferred X R P
H R3 X
1 exo-TS (E)-122
Rj@ 120
L) —
® | "
R® 5 UCHY
119 | 4 R3
O H R > R1 =
=T
1,3-allylic strain R3 X
exo-TS (2)-123
121

Scheme 28 Factors controlling the geometry of the new m-bond.
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2.2.3 [2,3]-Sigmatropic rearrangement of ammonium ylids

The [2,3]-sigmatropic rearrangement of ammonium ylids offers great synthetic utility as
an efficient and potentially stereoselective route to a-functionalised amino acid
derivatives, which are widely used as chiral catalysts or building blocks in peptide
chemistry and total synthesis.® For widespread application, control over the
stereochemical outcome of the rearrangement is critical. In addition, the accessibility of
the starting ammonium ylid is equally important but has proven non-trivial in the past.
Hence, ylid formation and subsequent [2,3]-rearrangement form the overall process
depicted in Scheme 29, leading from simple starting materials to chiral molecules with

high molecular complexity.

R2
ylid formation RH@ R? [2,3]-rearrangement Rl A~
/ PN

Scheme 29 General reaction sequence: ammonium ylid formation — [2,3]-rearrangement.

In the following sections, common methods for the preparation of the intermediate
ammonium ylid and strategies for efficient stereocontrol in the following rearrangement

step will be presented.

2.2.3.1 Preparation of ammonium ylids

Ammonium ylids can be prepared from a number of different precursors. However, only
the two most common methods will be discussed here: (i) preparation from diazo
compounds in the presence of a metal catalyst and (ii) deprotonation of allylic ammonium
salts.
(i)  Preparation from diazo compounds

The use of diazo compounds as allylic ammonium ylid precursors has been extensively
studied.®> In the presence of a suitable metal catalyst (usually based on rhodium or
copper) the corresponding diazo compound 124 can react with the metal centre to form a
metal carbenoid 125 with loss of nitrogen (Scheme 30). This species is now highly reactive
towards nucleophilic attack by a suitable tertiary allylic amine. Subsequent formation of
the ammonium ylid 127 regenerates the metal complex, rendering this approach catalytic.
Although this method has been widely used, it is partially hampered by the challenging

synthesis of diazo compounds and their relative instability. Moreover, the generation of
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ammonium ylids usually requires elevated temperatures, which can have a detrimental

effect on the stereoselectivity of the subsequent rearrangement.

b 126 |
o) | 2 R2
N2 [M,:n] R1J]\?[MLn] /N\/\/Ri £ | [2.3] Ll A
124 o 125 E AN 128
' 0] i
R1ﬂ\@ | R |
@N\)/127 5

Scheme 30 Ammonium ylid formation from diazo compounds.

(ii) Deprotonation of Ammonium Salts
A popular method for the generation of ammonium ylids is via the deprotonation of the
corresponding ammonium salt (Scheme 31). Quaternary ammonium salts can be easily
prepared by alkylation of a tertiary amine with an alkyl halide. Depending on the nature
of the ammonium salt, different bases can be used for deprotonation next to the positively
charged nitrogen.®® Hydroxides or alkoxides are a common choice for the formation of
stabilised ylids (e.g. bearing a carbonyl substituent (R')), whereas stronger bases such as

metal amides or alkyl lithium bases are needed for the deprotonation of simple alkyl salts.

| o S . R?
R! X R? ' R RZ ! R~ Pz

R x . /N\/\/Rz @j\J/ base @j@\J/ [2,3] *

—/N : —/N E /N\

Scheme 31 Ammonium ylid formation via deprotonation of ammonium salts.

Although this method is popular for the generation of allylic ammonium ylids, it has
some drawbacks associated with it. First, the isolation of the intermediate ammonium salt
is often challenging, limiting the scope of this methodology. To circumvent this problem,
methodologies allowing its in situ generation are highly desirable. Moreover, under the
basic reaction conditions of the rearrangement, dealkylation of the ammonium salt can
also occur as the tertiary amine is a good leaving group which can be displaced in an Sx2
reaction. By generating the ammonium salt in situ, only small amounts of it would be
present as subsequent [2,3]-rearrangement could continuously take place, lowering the

chance of dealkylation.
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In 2011, Tambar and co-workers reported the use of a palladium catalysed allylic
substitution reaction to generate quaternary ammonium salts in situ from the
intermolecular reaction of a-amino esters and allylic carbonates (Scheme 32).8” In their
methodology, amino ester 129 and allylic carbonate 130 form the desired ammonium salt
131 employing Pda(dba)s-CHCls, P(2-furyl)s and Cs2COs in acetonitrile. Subsequent
deprotonation of the intermediate salt to form ylid 132 followed by [2,3]-sigmatropic
rearrangement furnished a-alkylated amino esters 133 in excellent yield and anti-
diastereoselectivity. This methodology is tolerant of a variety of substituents. Branched
as well as linear carbonates featuring aromatic substituents with electron-withdrawing
and -donating groups as well as heterocycles could be employed. Different tertiary
amines could also be applied, including cyclohexyl and dimethyl amino esters and a
variety of aliphatic and aromatic ester groups (R'). The observed diastereoselectivity was
attributed to the [2,3]-rearrangement proceeding via an exo transition state, leading to the
observed racemic anti-product 133. However, it was difficult to gain mechanistic insight
as the authors could not observe the intermediate ammonium salt. This was attributed to
two factors: firstly, a high rate of deprotonation of the ammonium salt to form ylid 132
and subsequent rearrangement leading to only transient existence of the ammonium salt.
Secondly, it was proposed that the formation of ammonium salt 131 via palladium
catalysis is reversible, with the equilibrium disfavouring salt formation. This could be
demonstrated in crossover experiments and might account for the absence of tertiary

amines as nucleophiles in catalytic allylic substitutions.#8

o 9
R1OJJ\/N\. ..................

(1.5 eq) Pd,dbaz*CHCI3 (1 mol%) ! O ~OCO,Et! o o e
P(2-furyl)s (4 mol%) ! 1 . =
129 3 .
Cs,COs (3.0eq) RO CEJ/. : R10 % | R0 NS
* — ! ®N LT ®—N - N
MeCN, rt, 4 h H .
OCO,Et ; ¢ ; ¢ oo
_ ° | 131 ! 132 (£)-133
= alkyl v ’
_ y generated in situ 20 exaznplgs
(1.0 eq) @ = Ar, heteroaryl up to 97% yield
130 up to 92:8 dr

Scheme 32 Pd-catalysed in situ formation of ammonium salts followed by base-promoted [2,3]-
rearrangement.
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2.2.3.2 Stereocontrol in [2,3]-rearrangements of ammonium ylids

Whilst diastereoselective [2,3]-rearrangements of ammonium ylids are well represented
in the literature,® enantioselective variants are less common. Asymmetric [2,3]-
rearrangements usually rely on the use of stoichiometric amounts of chiral auxiliaries or
chiral ligands. In 2005, Sweeney and co-workers reported the [2,3]-rearrangement of
acyclic, allylic ammonium ylids with high stereocontrol employing Oppolzer’s
camphorsultam auxiliary (Scheme 33a).* In this methodology, the preformed N’,N’,N’-
allyldimethyl glycinoyl (1S,2R)-sultam 135 underwent diastereoselective [2,3]-
rearrangement in the presence of base giving excellent yields and diastereoselectivity. By
choosing the opposite enantiomer of the auxiliary, both enantiomers of the product were
accessible. Although this method demonstrates the feasibility of stereoselective [2,3]-
rearrangements, it produces stoichiometric waste and two additional steps for
introducing and removing the auxiliary are necessary.

Also in 2005, Somfai and co-workers demonstrated the use of superstoichiometric
amounts of a chiral Lewis acid to promote the enantioselective [2,3]-rearrangement of
allylic ammonium ylids (Scheme 33b).” In their methodology, the chiral Lewis acid is
generated in situ from BBrs and sulphonamide L139, which can react with the substrate to
give the corresponding oxazaborolidine (see exo-TS 141). In the presence of base, the
ammonium ylid is generated and undergoes [2,3]-sigmatropic rearrangement to give

product 140 in good yields and with good diastereo- and enantioselectivity.

a) Sweeney, 2005

" (o) (] R3 R4 i R3 R4
R4 auxiliary R R NaH auxiliary
|ntroduct|on N 3A MS removal HO
R1 ————————— / R1 N® | _— /S
2o RY DME, 0°C (’)"\o r1"N-R2
135 136 137
8 examples
up to 99% yield
up to 99:1 drand er
b) Somfai, 2005
} i) BBr; (2.0 eq), L139 (2.0 eq), *
o Bn R CH,Cl, 0 RPR? 7. NTS
J\/N\)\/Rz ii) EtsN (5.0 eq), rt P R 1 Phy
R® iii) HCI/MeOH (1:5) _NH R — 0
138 B Ts\-N">ph
Ph  Ph 140 NR;
” 11 examples
up to 92% vyield exo-TS
TsHN — NHTs up to 95:5 dr 141
L139 up to 99:1 er

Scheme 33 Enantioselective [2,3]-rearrangement of ammonium ylids.
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These approaches demonstrate that excellent stereoinduction in [2,3]-sigmatropic
rearrangements is possible. However, they rely on (super)stoichiometric amounts of
chiral reagents, making catalytic variants highly desirable. Whilst catalytic methodologies
have been employed for the generation of the intermediate ammonium salt, they are
extremely rare in enantioselective [2,3]-rearrangements. To date only one approach of a
catalytic enantioselective [2,3]-sigmatropic rearrangement of allylic ammonium ylids has
been reported by Smith and co-workers (Scheme 34),°* with an extension to propargylic
ammonium ylids described by Song and co-workers.”? Starting from p-nitrophenyl (PNP)
bromoacetate 142 and an allylic amine 143, the intermediate ammonium salt 144 was
either isolated or formed in situ, before reacting with (R)-BTM 21 and i-Pr-NH as base to
promote the formation of ammonium ylid 147 and subsequent [2,3]-rearrangement. Use
of HOBt 150 and addition of an external nucleophile (Nu) gave syn-a-amino acid
derivatives 145 in good yield with excellent diastereo- and enantioselectivity. A range of
aromatic substituents (Ar) were tolerated, bearing electron-donating and -withdrawing
groups as well as cyclic and acyclic substituents on the amine functionality. Variation of
the external nucleophile allowed access to different amino acid derivatives, including
alcohols, amides or unactivated esters. The proposed catalytic cycle starts with acylation
of the isothiourea catalyst 21 by ammonium salt 144. Subsequent deprotonation with base
leads to the formation of ammonium ylid 147, which rearranges via endo-TS 148 to yield
149. Final catalyst turnover is facilitated by the co-catalyst HOBt 150, which itself is
regenerated by previously displaced p-nitrophenoxide. Upon completion of the catalysis,
an external nucleophile was added to generate amino acid derivatives 145. The
methodology relies on the use of activated amino esters for two reasons: firstly,
p-nitrophenoxide is an excellent nucleofuge that can be easily displaced by the Lewis basic
catalyst, and secondly, it is nucleophilic enough to displace the co-catalyst HOBt at a later
stage in the catalytic cycle in a so called “rebound” fashion, which enables the
regeneration of the catalyst. To rationalise the observed stereoselectivity and gain a
deeper understanding of the reaction mechanism, a mechanistic and computational study
was subsequently published by Smith and co-workers.” This work confirms the proposed
mechanism depicted in Scheme 34 and suggests that the [2,3]-sigmatropic rearrangement
is the rate- and product determining step. In addition, transition state 148 was identified

as the stereodetermining step, displaying the following key interactions:
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i) A stabilising 1,5-5:--O interaction between the S atom of the catalyst and the
carbonyl O of the substrate, resulting from a no to o*cs delocalisation. This rigidification
of the transition state in combination with the facial selectivity imparted by the phenyl
directing group of the catalyst gives a rational for the high enantioselectivity observed.

ii) The preference for the formation of syn product via endo-TS 148 compared to
the observed anti selectivity in Tambar’s report (see 2.2.3.1(ii)) can be explained by a
favourable m-cation interaction between the positively charged catalyst and the aromatic

substituent (Ar) of the substrate.

O il
PNPOJ\/ Br 5 o o | i) (R)-BTM 21 (20 mol%) 0 Ar
| Br ! HOBt 150 (20 mol%) N A~
142 ' PNPO \J/ ! i-PryNH (1.4 eq), MeCN, -20°C ~ Nu™
+ _ o-N® : N
Ar MeCN, rt, 4 h : ¢ : i) NuH (excess) o °
’ \J/ ; 144 ; 145
N i el 15 examples
@ generated in situ up to 89%pyie|d
143 or isolated up to 95:5dr
(1.05 eq) up to 99:1 er

(0] Ar N=N

O Ar (0] o

NuH R ! B N"{ ; Br
PNPO/H\//\V%9 <::§7/N\O/H\Y/\\;¢ PWW<f;i\ PNPO/M\]\/H/Ar
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.- endo-TS 148

Scheme 34 Organocatalysed enantioselective [2,3]-rearrangement of ammonium ylids.
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2.3 Concept and Aims

Following on from this work, Smith and co-workers described the successful combination
of Tambar’s allylation strategy with isothiourea controlled [2,3]-rearrangement, resulting
in a dual palladium and isothiourea relay catalysis to obtain chiral a-amino acid
derivatives.®® Their methodology relied on a sequential transformation of the initial
substrates via an in situ generated ammonium salt to give the desired product (Scheme
35). In the first catalytic cycle, the active palladium catalyst, generated in situ from the
precatalyst PdFurCat 154, facilitates the intermolecular allylic substitution of allylic
phosphate 153 with the tertiary amine functionality of free base 156. The resulting
ammonium salt 157 can acylate the chiral isothiourea catalyst 21 to form activated acyl
ammonium 158. Subsequent formation of ammonium ylid 147 in the presence of base
enables [2,3]-rearrangement. In this step, two new stereogenic centres are formed which
are controlled by the chiral isothiourea catalyst. Subsequent displacement of the catalyst
by the aryloxide (PNPO") regenerates the catalyst and releases the final product 152,

which could be obtained in good yields and excellent diastereo- and enantioselectivity.

go
: ~ N/, P(2-furyl);
)J\ *HCI OzN A I /Pd\
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i-PryNH (2.2 eq) N
+
o o
N MeCN, rt, 16h
A7 X" 0P(0)(0EY), 152 Ph,,,,( )N\
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Scheme 35 Relay palladium and isothiourea catalysis.
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Although this methodology demonstrated great improvements to the previously
reported isothiourea catalysed [2,3]-rearrangement of isolated ammonium salts (see
section 2.2.3.2), some limitations still remain. Most notably, the requirement of having an
aromatic substituent within the allylic phosphate, as this seems crucial for obtaining good
stereoselectivity.

The current work investigates the potential for expanding the scope beyond cinnamyl
derived allylic phosphates to accommodate more diverse substituents in this dual
palladium and isothiourea catalysis. Considering the current mechanistic understanding
for this process, the following questions arise: (i) what effects on reactivity will be
observed by having functional groups other than aryl within the allylic phosphate? (ii)
will it still be possible to obtain high levels of stereocontrol without the stabilising effect

of a m-cation interaction?
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2.4 Results and Discussion

2.4.1 Initial functional group assessment

Initial investigations aimed to identify functional groups other than aryl substituents that
could be tolerated in the dual N-allylation/[2,3]-rearrangement protocol. Readily
accessible allylic alcohols containing an electron-withdrawing C(3)-ester substituent, an
electron-donating C(3)-silyl substituent, a silyl protected homoallylic alcohol and a C(2)-
phenyl branched allylic substrate were chosen to probe the electronic and steric
limitations within the allylic fragment. Their feasibility was tested under the previously
established relay catalysis conditions, subjecting the corresponding allylic phosphates
160-163 and N,N-dimethyl 4-nitrophenyl ester hydrochloride salt 159 to PdFurCat 154
(5 mol%) as stable palladium catalyst precursor, (+)-BTM 21 as Lewis base catalyst and
i-PraNH as external base in MeCN at room temperature (Table 1). Pleasingly, ester
containing phosphate 160 gave the desired product in promising 70% yield as determined
by 'H NMR analysis of the crude reaction mixture. Trimethylsilyl (MesSi) containing
phosphate 161, on the other hand, showed no reactivity, with only starting materials
returned. This observation is in agreement with the expected electronic requirements in
the [2,3]-rearrangement step, where an electron-withdrawing group would enhance the
electrophilicity at C(3) and hence facilitate the rearrangement, whereas an electron-
donating group would have the opposite effect. It was speculated that having a silyl
substituent in the (B-position rather than the a-position would suit the electronic
requirements, potentially harnessing the -silicon effect to stabilise the transition state
(Scheme 36). Unfortunately, attempts to synthesise the desired {3-silyl allylic phosphate
169 failed, resulting in decomposition upon phosphorylation of the corresponding allylic
alcohol (168). Gratifyingly, phosphate 162 bearing a silyl protected alcohol and sterically
demanding C(2)-phenyl mesylate 163 also furnished the desired products, albeit in lower
yields as determined by '"H NMR analysis (33% and 32%, respectively). Notably, the use
of mesylate as leaving group rather than phosphate was crucial for the formation of
rearranged product 167, as the latter showed no reactivity. This result is consistent with
observations by Snaddon and co-workers, who demonstrated the requirement for
reactive mesylate substrates in a related dual catalytic process.®® Unfortunately, PNP ester

167 could not be isolated as it proved unstable to column chromatography. Products
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containing an ethyl ester substituent (164) and a silyl protected alcohol (166) could be
isolated in 61% and 30% yield with modest diastereoselectivities of 60:40 dr and 55:45 dr,
respectively. As ethyl ester 160 gave better results in this initial assessment, it was taken

for further optimisation.

Table 1 Initial functional group assessment in relay palladium/isothiourea catalysis.

o) PdFurCat 154 (5 mol%) o
(+)-BTM 21 (20 mol%)
PNPO chol . _N_OP(O)(OEt), i-Pr,NH (2.2 eq) PNPO
159 _N_ 160-163 MeCN, rt, 16 h 67 -~ N~
(10ea) ... (20eq) . 164167 ______________
o
OzN g P(2-furyl) N/Q
N, W -fu
T, Sgmn
¥ O Br”  P2furyl), N= S
PNP PdFurCat 154 (+)-BTM 21
entry? allyl precursor product yield [%]*  dr
O CO,Et
Et0,C._~__OP(O)(OEt), P
1 N PNPO 70 (61)  60:40
164 N
(0] SiMe;
MeSi_~__OP(0)(OEY)
2 ’ \/\1‘; 2 PNPO 7 - -
165 N~
o OSi'BuPh,
Ph,'BuSiO OP(O)(OEt),
3 N~ ~ 33(30) 5545
162 PNPO
166 N~
Ph 9
4 _A_onuis pro)W 32 (-) -
163 167 N Fh

@ Reactions performed on a 0.25 mmol scale. * Combined NMR vyield of diastereoisomers determined by
H NMR analysis using 1,4-dinitrobenzene as internal standard. Values in parenthesis are isolated yields.
¢ Determined by 'H NMR analysis of the crude material.
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Scheme 36 Attempted synthesis and proposed application of -silyl containing allylic phosphate.
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2.4.2 Reaction optimisation for ethyl ester containing allylic phosphate

During the isolation of PNP ester product 164, several issues were encountered. The
desired product contained varying amounts of unreacted phosphate 160, isothiourea
catalyst (+)-BTM 21 and an unknown side-product, which proved difficult to remove via
column chromatography. The side product was identified as amine 173, presumably
resulting from a competing allylic substitution with the amine base i-Pr.NH acting as the

nucleophile (Scheme 37).

Et0,C._~_OP(O)(OEt),

160
or . HNW/ . EtOZC\/\/NW/
Et0,C.__ay_ ® 173
172 Pd"Lhn

Scheme 37 Side-product formation observed in unoptimized relay catalysis.

To mitigate these problems and increase the isolated yield of PNP ester 164, the
adjustments outlined in Table 2 were made. The formation of side product 173 was
completely suppressed by changing to the tertiary amine base i-Pr2NEt without effecting
the catalytic transformation (Table 2, entry 2). In addition, changing the catalyst from
(#)-BTM 21 to (+)-TM-HCI 20 further simplified the purification, allowing the desired
product to be isolated in 56% yield without altering the observed reactivity or
stereoselectivity (entry 3). Finally, the amount of phosphate 160 could be reduced to
1.25 eq without any effects on the reaction outcome (entry 4). With these optimised
conditions in hand, PNP ester 164 could be isolated in 70% yield as an inseparable mixture
of diastereoisomers in 60:40 dr with good enantioselectivity using (S)-TM-HCI (90:10 ermaj,
70:30 ermin) (entry 5). The relative and absolute configuration within the major
diastereoisomer were assigned by analogy to related isothiourea catalysed [2,3]-
rearrangement reactions and further confirmed by single crystal X-ray diffraction analysis

of a related derivative (186maj, see 2.4.3.1, Figure 10).
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Table 2 Optimisation of relay catalysis for ethyl ester containing allylic phosphate.

PdFurCat 154 (5 mol%)

0 LB (20 mol%) O  CO,Et
PNPo)H g+ E0:C A _OPIO)OEY, base (x eq) PNPO Z
159 /N\ 160 MeCN, I't,16h 164 /N\
(1.0 eq) (xx eq)
o W(\N/Q Ph—(\/J\S
N/J\s HCI
(+)-BTM 21 (S)-TM-HCI 20
entry? LB catalyst base phosphate yield [%]° dre
1 (x)-BTM i-Pra2NH (2.2 eq) 2.0eq 70 60:40
2 (#)-BTM i-Pr2NEt (2.2 eq) 2.0eq 65 (17) 56:44
3 (x)-TM-HCl  i-Pr2NEt (2.4 eq) 2.0eq 87 (56) 67:33
4 (x)-TM-HCl  i-Pr2NEt (2.4 eq) 1.25eq (62) 55:45
5 (S)-TM-HCl  i-Pr2NEt (2.4 eq) 1.25eq (70) 60:404

@ Reactions performed on a 0.25 mmol scale. * Combined NMR yield of diastereoisomers determined by
'H NMR analysis using 1,4-dinitrobenzene as internal standard. Values in parentheses are isolated yields.
¢ Determined by '"H NMR analysis of the crude material. ¢ 90:10 ermaj, 70:30 ermin; enantiomeric ratios
determined by chiral stationary phase HPLC analysis.
With a simplified protocol in place, a closer look was taken at the variation in isolated
yield compared with the yield expected based on 'H NMR analysis of the crude reaction
mixture (Table 2). This discrepancy is indicative of the PNP ester product being unstable
to purification by column chromatography, which is a recognised problem in the
literature, often circumvented by converting the initial PNP ester product into more stable
derivatives in situ.°! Based on established methods within the group, a range of
nucleophiles was explored to achieve the desired derivatisations (Scheme 38a).
Unfortunately, none of the reductive or nucleophilic reagents led to the desired
derivatised product, but resulted in decomposition instead, with no material isolated in
most cases. For the derivatisation with benzylamine (BnNH:), compound 175 was the only
product isolated, and its identity was confirmed by 'H NMR, C NMR and mass
spectrometry analysis. The alkene configuration was assigned through NOE experiments,
with reciprocal NOE enhancement observed for the protons highlighted in Scheme 38b.
A plausible mechanism for the formation of side-product 175 is proposed in Scheme 38c,
starting with the intended amide formation to give derivative 178 and free phenol

PNPOH. The released phenol can act as Brensted acid, protonating the NMe: group,
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transforming it into a good leaving group (179). Proton abstraction, either by phenoxide
or BnNHo>, leads to the elimination of dimethylamine (Me:2NH) and the formation of diene
182. As BnNH: is present in excess, another molecule can add via Michael addition to give
183, which, after protonation of the dienolate, yields side-product 175 with the double
bond having migrated into conjugation. A similar migration of the double bond has also
been observed by 'H NMR analysis of the crude material upon derivatisation with NaOEt
(176, Scheme 38a). However, as no material could be isolated after column

chromatography, the identity of product 176 could not be confirmed.

(a) Attempted derivatisation of PNP ester 164

Os_OR
N @) (@] CO,Et o o) CO,Et
% HT* _ Nu'® P
174 AN~ 164 NS 177 N
(d)
(b) NOE analysis Ban-y weiOEt
o Oy OEt | % ..
: O  CO,Et! 0 CO,Et
Bnin b ' N : AN decomposition
AN C 3 I during isolation
) P 175 - 176 _N__
Ph 1 30% ;

Reaction Conditions: a) DIBAL (4.0 eq), CH,Cl,, -78 °C to rt, 2h; b) LiBH,4 (1.2 eq), THF, rt, 1 h; c) BnNH, (5.0
eq), CH,Cl,, rt, 16 h; d) NaOEt (1.5 eq), EtOH, 0 °C to rt, 2 h; e) pyrrolidine (1.5 eq), CH,Cl,, rt, 16 h; f) EtOH,
DMAP (0.25 eq), rt, 16 h.

(c) Proposed mechanism for the formation of side product 175
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Scheme 38 Derivatisation of PNP ester 164 (a) with different reagents; (b) assignment of alkene geometry
via 'H NOE correlations; (c) proposed mechanism for side-product formation.

The observed difficulties in the derivatisation of PNP ester 164 can likely be attributed to
the acidity of the C(3)-H, which seems to be readily deprotonated under the investigated

reaction conditions, enabling unwanted side reactions. It was hypothesised that a less
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electron-withdrawing amide substituent could minimize these undesired reaction
pathways as the corresponding C(3)-H should be less acidic. Hence, amide-containing

allylic phosphates were next investigated.

2.4.3 Amide containing allylic phosphates
2.4.3.1 Initial assessment

First, the validity of our hypothesis was tested by subjecting Weinreb amide containing
allylic phosphate 184 to the above optimised catalysis conditions. (The development of a
synthetic strategy to access these substrates will be discussed in 2.4.3.3.) Gratifyingly,
good reactivity could be observed, furnishing the desired PNP ester 185 as separable
diastereoisomers in 57% combined, isolated yield in 60:40 dr and promising
enantioselectivity (91:9 erms, 83:17 ermn) (Scheme 39). Importantly, subsequent
derivatisation of the separate diastereoisomers with pyrrolidine gave the corresponding
amide products 186maj and 186min without loss of enantiointegrity or the formation of side
products. This result served as proof of concept that by reducing the acidity of the C(3)-H,
derivatisation and isolation of the allylation/[2,3]-rearrangement product is feasible. In
addition, single crystal X-ray diffraction analysis allowed the unambiguous assignment

of the relative syn-configuration of the major diastereoisomer 186maj (Figure 10).

0N 0N
0 0 ~0” 0 ~0o”
Pd,dbaz*CHCl3 (2.5 mol%) P P
PNPOJ\ ool P(2-furylz (10 mol%) ~ PNPO
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159 "V . .
i-Pr,NEt (2.4 eq) < 185maj 1 rrolidine (3.0 eq) < 186,
+ + +
MeCN, rt, 16 h | CH,Cly, 1t, 16 h |
i 0 O N~ 0 O N0~
\NJ\/\/OP(O)(OEt)Q L P
6\ 184 PNPO
N 185, AN 186,
57%, 60:40 dr 62%, 60:40 dr
91:9 ermyj, 83:17 eryin 90:10 erpqj, 84:16 eryy

Scheme 39 Initial assessment of amide containing allylic phosphate

single crystal
X-ray diffraction analysis

I
N
o Nl
_ C/N =
PN

(o)
|
N
1865

Figure 10 Determination of relative configuration for 186maj.
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2.4.3.2 Optimisation of catalysis conditions, product isolation and derivatisation

To further improve the observed stereoselectivity, a selection of Lewis base catalysts as
well as variation of the reaction temperature were investigated (Table 3). Interestingly, all
catalysts tested gave the product in a similar 'H NMR yield (60-68%) and even a slight
improvement in diastereoselectivity (up to 68:32 dr) compared with (S)-TM-HCI (Table 3,
entries 2-4). Unfortunately, no improvement in enantioselectivity was observed, with
Tetramisole still performing best. Lowering the reaction temperature to 0 °C resulted in a
slightly improved diastereoselectivity with no change in enantioselectivity, but led to a
dramatic drop in reactivity, giving only 10% 'H NMR yield after 24 h (Table 3, entry 5).
Hence, the already established conditions using (S)-TM-HCI 20 as Lewis base catalyst at
room temperature were kept as optimal.

Table 3 Catalysis optimisation for amide containing phosphate.

Pd,(dba)3*CHCl3 (2.5 mol%) |

o P(2-furyl); (10 mol%) O _N___
o LB (20 mol%) o) (o}
PNPO enol * \NJ\/\/OP(O)(OEt)Z i-ProNEt (2.2 eq) PNPO Pz
159 N ) MeCN, T, 16 h :
(oeq . Oneadte) e TS
"D D D
*HCI Ph N/)\S pr N7 S
(S)-TM-HCI 20 (R)-BTM 21 (2S,3R)-HyperBTM 30 Quinidine 187
. 'H NMR
entry? LB catalyst T [°C] yield [%]® dre erd
91:9 (maj)
1 -TM-HCIf t 2 4:4
%) C r 6 54:46 83:17 (min)
. 13:87 (maj)
2 (R)-BTM rt 61 68:32 g
40:60 (maj)
25,3R)-H BTM t 37
3 (25,3R)-Hyper r 68 63:3 46:54 i
i . 50:50 (maj)
4 Quinidine rt 60 60:40 5050 min
91:9 (maj)
e -TM-HClIf 1 :32
5 (S)-TM-HC 0 0 68:3 83:17 i

@ Reactions performed on a 0.25 mmol scale. * Combined NMR vyield of diastereoisomers determined by
H NMR analysis using 1,4-dinitrobenzene as internal standard. < Determined by 'H NMR analysis of
the crude material. ¢ Determined by chiral stationary phase HPLC analysis. ¢ Reaction run for 24 h.
f2.4 eq i-Pr2NEt used.
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Next, attention was shifted towards optimising the isolation and derivatisation protocol.
Although PNP ester 185 could be isolated in good yield, variation in the diastereomeric
ratio compared to the crude mixture was observed (50:50 drer vs 60:40 drisolated). In addition,
the two-step isolation-derivatisation protocol resulted in a low overall yield of only 35%
for the combined diastereoisomers of the final amide product 186. To avoid these issues,
an alternative one-pot catalysis-derivatisation procedure was investigated. Direct
addition of the pyrrolidine nucleophile to the catalysis reaction mixture after 16 h resulted
in an improved 54% isolated yield of the amide product, without altering the
diastereomeric ratio (Scheme 40). Unfortunately, the diastereoisomers of the final amide
product were no longer separable, thus the enantiomeric ratio of the product could not be

unambiguously determined.

(o] N
0 o} 0~
=
PNPOJ\ «HCl
159 N N 186,
+ +
o o) r!J
X o~
\NJ\/\/OP(O)(OEt)Z W
O NG 184
AN 186,
54%, 50:50 dr
ern.d.
(i) Pdydbas*CHCI3 (2.5 mol%)
P(2-furyl)s (10 mol%)
(S)-TM+HCI 20 (20 mol%)
i-Pr,NEt (2.4 eq) (ii) pyrrolidine (3.0 eq)
MeCN, rt, 16 h CH,Cly, rt, 16 h
one pot

catalysis - derivatisation

Scheme 40 One pot relay catalysis-derivatisation protocol with a pyrrolidine nucleophile.

To improve the separation of the derivatised diastereoisomers, an alternative protocol
using benzyl alcohol (BnOH) as the nucleophile was investigated. Importantly, this
strategy required use of activated sodium benzylate (NaOBn) and the removal of the
palladium catalyst from the crude reaction mixture prior to addition of the nucleophile,
as no reaction was observed with BnOH in the presence of catalytic DMAP or residual
palladium catalyst. Therefore, the crude reaction mixture was filtered through silica
before addition of NaOBn in THF, generating the desired benzyl ester 188 in 56% isolated
yield with 63:37 dr and without loss of enantiopurity (87:13 ermaj, 77:23 ermin) (Scheme 41).

Notably, each diastereoisomer could be isolated in >95:5 dr after purification.
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o]
)J\ Pd,dbas*CHCl; (2.5 mol%) | |
PNPO P(2-furyl); (10 mol%)
159 N HC' (S)TM-HCI20 (20 mol%) o O N~ o O Mo~
N i-PrNEt (2.4 eq) P Na (1.5 eq) _
+ PNPO I
o MeCN, rt, 16 h THF, rt, 2 h
\NJ\/\/OP(O)(OEt)Z NI 185 NJ
\ . 188, 56%
not isolated ;
SN 184 63:37 dr

87:13 efmqj, 77:23 eryn

Scheme 41 Optimised one-pot derivatisation protocol using sodium benzylate.

2.4.3.3 Synthesis of amide containing allylic phosphates

At the onset of synthesising amide containing allylic alcohols as effective precursors for
the desired allylic phosphates, no general protocol for their synthesis had been
established. Therefore, two conceptually different strategies were considered to access the
desired allylic alcohol (Scheme 42): (i) installation of the alkene, for example in a Horner-
Wadsworth-Emmons (HWE) reaction, or (ii) selective reduction of the corresponding 1,4-

dicarbonyl compound.

o (I? OEt
: Pl CTTTTTTTTTTTTTI T '
:.\i JJ\/ OEt o : o |
alkene formation selective reductio :
* e —— o A on e —— ‘\NJ\/\,{OR :
OA/OH 6 V ‘ fo) E

Scheme 42 Potential synthetic routes for the synthesis of amide containing allylic alcohols.

2.4.3.3.i. Horner-Wadsworth-Emmons strateqy

Accessing the desired allylic alcohol via installation of the alkene (Scheme 42, path (a)) is
an attractive strategy as it would allow a modular approach towards the desired amide
target. The synthesis of the required phosphonate and aldehyde fragments is well
precedented and could be achieved in two steps each following literature procedures.?*
Weinreb amide containing phosphonate 184 was synthesised from commercially
available ethyl ester 189 via hydrolysis and subsequent amide coupling to yield the
desired phosphonate 191 in 73% yield over two steps (Scheme 43a). Importantly, this
route tolerated the incorporation of various amines, as the corresponding diethyl amide
192 could also be synthesised in 85% overall yield. The aldehyde fragment was
synthesised starting from readily available 1,4-butenediol 193. Double protection of the
alcohol functionality with TBSCI followed by ozonolysis of the alkene under mildly

reducing conditions gave the desired aldehyde 195 in 75% overall yield (Scheme 43b). The
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key coupling reaction of both fragments furnished the desired a,-unsaturated amide 196
in good 53% yield with excellent (>95:5) (E)-selectivity. Subsequent deprotection followed
by phosphorylation of the allylic alcohol allowed a first entry towards the desired amide
containing allylic phosphate 184, albeit in only modest 43% yield. The comparatively low
yields of the last two steps might be a result of difficulties during isolation and
purification of the intermediate allylic alcohol 197, with remaining impurities affecting

the final phosphorylation step.

(a) Synthesis of phosphonate fragment JO]\/E/OEt
N “OEt
R,NH (1.1 eq) o o
O O 191, 79%
)J\/'F'VOEt 1M NaOH (1.0 eq) )Ol\/('p?/OEt CDI (1.1 eq) o )OJ\/('p?/OEt ~
EtO TOEt  80°C,5h HO “OEt  CH,Cl,, 1t, 18 h N “OEt o o
189 190, 93% 191,192 pOEt
/\NJ\/ “OEt
192, 91%
(b) Synthesis of aldehyde fragment
TBSCI (2.4 eq) \/ \ / |
Imidazole (4.0 eq) t{.By-Si Si—t-Bu i) O3 \Si/t-Bu
HO OH DMAP (0.4 eq) ‘o—\_/—o' i) PPh; (1.2 eq) o
— CH,Cl, anhydr., — CH,Cl, anhydr., oo
193 0°Ctort,18 h 194, 97% -78°Ctort,7h 195, 78%
(c) Fragment coupling via HWE reaction
o O
i _OEt
\I;IJ\/P\OEt
~ (1 1291q) o o o
: i I i ii
. (i) \’}‘J\/\/O\S.‘/ (if) \hIIJJ\/\/OH (iif) \NJ\/\/OP(O)(OE'{)Z
o t-B (0] 0}
Oé\/o\sli/ ~ 196,53% 197, 34% ™ 184, 43%
195 1By >95:5 (E):(2)
(1.0 eq)

Conditions: i) i-Pro,NEt (1.1 eq), LiCl (6.7 eq), MeCN, rt. 48 h; ii) TBAF (3.0 eq), THF anhyrd., 0 °C to rt, 16 h;
iii) (OEt),(O)PCI (2.5 eq), DMAP (25 mol%), Et3N (2.5 eq), CH,Cl,, 0 °C to rt, 16 h.

Scheme 43 HWE strategy to synthesise amide containing allylic phosphates.

It was also possible to generate the aldehyde fragment with the phosphate group already
in place, albeit in lower yield compared to the silylated diol route (Scheme 44a). However,
subjecting the corresponding aldehyde 199 to HWE conditions resulted in a mixture of
products, which were difficult to separate, resulting in only 15% isolated yield of the

desired allylic phosphate 184.
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(a) Synthesis of phosphate containing aldehyde fragment
(OEt),(O)PCI (2.5 eq)

EtsN (2.5 eq) i) O3
. -
HO . OH DMAP (25 mol A)) (EtO)Q(O)PO_\:/—OP(O)(OEt)Q II) PPh3 (1 2 eq) ONOP(O)(OEt)Z
CH,Cl,,0°Ctort, 3h CH,Cl, anhydr.,
193 198, 86% 78°Ctort, 7h  199,46%
(b) Fragment coupling via HWE reaction
II _OEt Q
GRS omormn nancze _ A omoros.
O 191 199 THF anhydr., fo)
™ (1.05 eq) (1.0 eq) 0°Ctort, 16 h ~ 184,15%

Scheme 44 Preparation of phosphate containing aldehyde fragment and subsequent HWE coupling.

2.4.3.3.i1. Selective reduction strategy

As an alternative route, the synthesis of an amide containing allylic phosphate was
designed in analogy to the synthesis of ester containing allylic phosphate 160, as depicted
in Scheme 45. Starting from commercially available monoethyl fumarate 200,
derivatisation of the carboxylic acid into the desired amides furnishes the necessary
amide esters 201. By variation of the amine, amides with varying substituents are readily
accessible. Subsequently, a selective reduction of the ester is required to yield the desired
allylic alcohol, which, following phosphorylation, would yield the targeted amide
containing allylic phosphate 203 in a straight-forward, three step synthesis. The key
challenge in this strategy is selectively reducing the ester functionality without reducing

the amide or the alkene.

o]

HO)J\/\”/ ~ O J\/\”/ > @ J\/\/OH _('" [ § J\/\/ O)(OEt),

200 O 201 © 202 203

Intended transformations: (i) amide coupling; (ii) selective reduction; (iii) phosphorylation

Scheme 45 Proposed synthetic route towards amide containing allylic phosphates via selective reduction.

To test this strategy, pyrrolidine containing amide 204 was selected as model substrate
with DIBAL as the reducing agent, as it is commonly employed for the reduction of a,3-
unsaturated esters and should be mild enough to leave the amide untouched (Scheme 46).
Unfortunately, it was not possible to isolate any material after the reaction, presumably

due to decomposition.

0 i) SOCl, (2.0 eq) 0
toluene, 3 h DIBAL (2.2 eq)
HO)J\/\”/OEt )J\/\”/ NJJ\/\/OH
o ii) pyrrolidine (2.5 eq) o CH,Cl, anhydr.
200 THF anhydr., 1h 204 -78°Ctort,3h 205
77%

Scheme 46 Attempted selective reduction using DIBAL.
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At this point, an extended search in the literature brought another route, first reported by
Jacobi and co-workers, ® to our attention. Weinreb amide containing allylic alcohol 197
was synthesised in two steps from readily available maleic anhydride by ring opening
with N,O-dimethyl hydroxyl amine followed by reduction of in situ generated anhydride
carbonate to yield the desired allylic alcohol 197 in 14% over two steps (Scheme 47).
Importantly, subsequent phosphorylation gave the desired allylic phosphate in much
higher yield compared to the HWE strategy (82% vs. 43%), indicative that no reactivity
inhibiting impurities were formed in this route. The key step in this sequence is the in situ
generation of the reactive anhydride-carbonate intermediate, which can be reduced with
NaBHs as a mild reductant, giving the desired allylic alcohol without unwanted side

reactions or decomposition.

i) CIC(O)(OEY) (1.1 eq)

O MeNHOMe+HCI (1.1 eq) 0 Et;N (1.1 eq) o
qo pyridine (2.2 eq) \NJ\/\”/OH ii) NaBH, (2.5 eq) \NJ\/\/OH
206

CHCI3, 0°Ctort, 24 h (') 207 O THF/H,0, 0 °C to rt, 3h lo)
~N
30% 45%

(OEt),(0)PCI (2.5 eq) e .

O 1
DMAP (25 mol%) : 0]
EtN (2.5 eq) \NJJ\/\/OP(OXOH)Z NP PN
CH,Cl, 0°Ctort, 4 h o .
2Cly (o] ~ 1804 , O\
82% i anhydride-carbonate

intermediate

Scheme 47 Synthesis of Weinreb amide containing allylic phosphate via selective reduction.

Unfortunately, opening of maleic anhydride with different amines did not prove
generally applicable, requiring a slightly modified route towards the intermediate amide
acid for different amide groups. At the same time, Snaddon and co-workers reported a
cooperative Pd/ITU dual catalysis employing allylic phosphates containing carboxylic
acid derivatives.* Their synthesis also featured the reduction strategy first reported by
Jacobi to access the required substrates. Inspired by this and Jacobi's work, as well as
previously established methods within the group to access amide acids, the following
general synthesis strategy was developed (Scheme 48, top). Following amide coupling on
monoethyl fumarate and hydrolysis, the obtained amide acid 208 could be subjected to
the previously established reduction conditions, affording the desired allylic alcohols 202.
Subsequent phosphorylation yields the final amide containing allylic phosphate, allowing
access to a selection of secondary and tertiary amides featuring aliphatic and aromatic

substituents (Scheme 48, bottom).
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EDCI-HCI (1.1 eq)

0 amine (1.1 eq) 0 Q
HOJ\/\”/OEt DMAP (10 mol%) .\NJ\/\”/OEt LIOH+H,0 (1.1 eq) O\NJ\/\WOH
CH,Cl,, 0 °C to rt ,
200 © oCly o & ,04 O THF/H,0, rt 6 L O
i) CIC(O)(OEY) (1.1 eq) o (OEt),(O)PCI (2.5 eq) o
Et3N (1.1 eq) DMAP (25 mol%)
ii) NaBH, (2.5 eq) .\NJ\/\/OH EtsN (2.5 eq) .\NJ\/\/OP(O)(OEt)z
THF/H,0, 0 °C to rt °
5 or ® 202 CH,Cly, 0 °C to rt ® 203
: o Qg
\NJ\/\/OP(O)(OEt)z ©/\NJ\/\/OP(O)(OE02 NJ\/\/OP(O)(OEt)z
|
O 184 ! 209 ! 210
7% A7 %* 21%

o) o)

o}
©\N J\/\/OP(O)(OEt)Z (\N J\/\/OP(O)(OE'()Z G J\/\/OP(O)(OE’()Z
H
211 0\) 212 213

22% 9% 13%

Scheme 48 General synthesis strategqy and library of amide containing allylic phosphates. Quoted yields
represent the overall isolated yield starting from monoethyl fumarate. *Ouverall yield for a mixture of desired
phosphate and inseparable by-product.

Although this strategy seemed rather general and straightforward, over the course of
synthesising differently substituted amide containing allylic alcohols, several issues were
encountered that resulted in low isolated yields for the reduction step. Different
side-products were present in the crude reaction mixture post-reduction, necessitating
meticulous purification of these alcohols in order to obtain good yields in the following
phosphorylation step and to avoid the formation of inseparable side-products. From
crude 'H NMR analyses, the major impurity was suspected to be the fully reduced amide
alcohol 214 (Scheme 49) however, it could not be isolated and characterised
unambiguously. Moreover, its formation was difficult to control, resulting in varying
amounts of side-product generated for each synthesis. Where a full separation of both
alcohols 202 and 214 was not possible, the corresponding phosphates 203 and 215 were
generated in the subsequent phosphorylation step, again proving difficult to separate.
However, as the reduced phosphate 215 could not act as an electrophile in the palladium
catalysis, it was hypothesised that its presence should not result in unwanted side-
reactions in the relay catalytic process. Moreover, the rearrangement product should be
of sufficiently different polarity to allow efficient separation from unreacted phosphates

215 post-catalysis.
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(0] O
SN L A OP(O)(OEY),
| |
202 203
0 (desired allylic alcohol) (desired substrate)
. OH reduction . phosphorylation .
N =
209 O 0 0
\NJ\/\/OH \NJJ\/\/OP(O)(OEt)z
| |
21,4 i 215 no interference
u ide- u ide- u
(suspected side-product) (side-product) ==

in catalysis

Scheme 49 Suspected side-products in reduction and phosphorylation steps.

It should be noted that considering these findings, further optimisation of the reduction
protocol would be necessary for future applications. Alternatively, the HWE strategy
could also be revisited. Optimisation of either the deprotection step using silyl protected
aldehyde 195 or the coupling conditions using phosphate substituted aldehyde 199 might
result in a feasible alternative. Nonetheless, the current synthetic route allowed access to

sufficient material to probe the scope of the desired dual catalytic process.

2.4.3.4 Scope of relay allylation/[2,3]-rearrangement using amide substrates

The range of phosphates synthesised was next applied in the relay allylation/[2,3]-
rearrangement catalysis using the previously optimised conditions (Table 4). The model
Weinreb amide 184 gave the corresponding product 188 in 56% isolated yield in 63:37 dr
in favour of the syn-diastereoisomer with good enantioselectivity (87:13 ermaj, 77:23 €I'min).
Differently substituted acyclic and cyclic tertiary amides were also well tolerated,
resulting in similar diastereomeric ratios between 54:46 and 67:33, but generally lower
enantioselectivities (67:33 — 75:25 ermaj, 53:47 — 67:33 ermin) than the model substrate.
Amides bearing a N-Ph (210) or N-morpholinyl (212) substituents also gave the
corresponding products 217 and 219 in a diminished yield (34% and 31%, respectively).
All products could be isolated as separable diastereoisomers with the relative
configuration assigned by analogy to 186 (Figure 10). The absolute configuration was
assigned by analogy to that previously reported for related isothiourea catalysed [2,3]-
rearrangement reactions based on the catalyst enantiomer used in the current process.®%
In addition, a crystal structure was obtained for the minor diastereoisomer 220min,
confirming its relative configuration to be anti. Notably, the absolute configuration was
determined to be (25,35)-220min. Based on the mechanistic understanding of the catalytic

process and the low enantiopurity (66:34 er) of the sample, the obtained crystal structure
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is assumed to correspond to the minor enantiomer. So far, this assumption could not be

unequivocally verified by additional analysis.

Table 4 Scope of amide containing allylic phosphates *
0]

Pd,dbaz*CHCl; (2.5 mol%) ,
PNPO e P(2-furyl); (10 mol%) ou m
159 N (S)-TM+HCI 20 (20 mol%) 1) R
i-ProNEt (2.4 eq) NaOBn (1.5 eq) —
+ BnO
o)
MeCN, rt, 16 h THF, t, 2 h
N
.\NJ\/\/OP(O)(OEt)z N
® 184,200-213 188, 216-220
Bn Ph
o rL 0N 0N I 0
o) ~0” o) ~ o} ~ _N
N—Ph
BnO Z BnO = BnO = P
N N N (0}
188, 56% 216, 58% 217, 34% 218, 36%
63:37 dr 54:46 dr 57:43 dr 80:20 (E):(2)

87:13 erygj, 77:23 efpy  71:29 efpyg, 53:47 €y 67:33 erpy, 67:33 ery;,  (E) 45:55 er, (2) 50:50 er
(9

Os_N ) NO ) NQ
SeAL eI
BnO 7 BnO Z Bno” N =

N

PN
219, 31% (2R,3S)-220,,,; (2S,35)-220 i
64:36 dr 58%, 61:39 dr
75:25 efpygj, 56:44 erpy, 71:29 erpygj, 66:34 ermy,

@ Reactions performed on a 0.3 mmol scale. * Combined yields of isolated diastereoisomers. < dr

determined by 'H NMR analysis of the crude reaction mixture. ¢ er determined by chiral

stationary phase HPLC analysis.
Interestingly, use of a secondary amide 211 did not yield the anticipated product, but
resulted in the formation of cyclic imide 218 instead. The product was isolated in 36%
combined yield of fully separable (E)- and (Z)-isomers ((E):(Z) 80:20). Unfortunately, both
isomers were obtained as racemic mixtures. The formation of cyclic imide 218 is proposed
to occur after the allylation/[2,3]-rearrangement sequence, which initially yields the
expected, linear product pre-218 (Scheme 50). Rough estimations of pKa values taken
from Evans pKa table”” suggest that deprotonation of N-H is feasible under the basic
reaction conditions, and would facilitate intramolecular cyclisation, either by displacing
p-nitrophenoxide (as shown) or the catalyst directly. Subsequent isomerisation of the
alkene into conjugation would furnish cyclic imide 218. The absence of enantiopurity
could either arise from the [2,3]-rearrangement with the catalyst failing to induce any
enantioselectivity, or from racemisation post-catalysis. The structure of the (E)-isomer
was unambiguously identified by single crystal X-ray diffraction analysis.
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O,N 0O %
O\O&L

N ; pre-218 N

base
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| o | o
—~N _N
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cyclisation = isomerization into /

0 conjugation

Scheme 50 Proposed mechanism for the formation of cyclic imide 218.

Next, variation of the N-substituent within the glycine ester substrate was investigated

(Table 5). Changing to a cyclic N-piperidinyl substituent (221) resulted in a dramatically

reduced reactivity, consistent with previous work.® Thus, product 223 was obtained in

only 29% isolated yield, even after a prolonged reaction time of 84 h, with 61:39 dr as an

inseparable mixture of diastereoisomers. Unfortunately, the enantiomeric ratios could not

be determined. Use of an unsymmetrical N-allyl-N-methylglycine ester 222 gave the

desired product 224 in only 16% yield, with low diastereoselectivity (56:44 dr), but good

enantioselectivity (85:15 erma). Surprisingly, compound 225 was also isolated from the

reaction in 13% yield, indicative of competing reaction pathways as a consequence of an

additional N-allyl unit.

Table 5 Scope of glycine esters

0
Pd,dbag*CHCl3 (2.5 mol%)
PNPOJ\ eHCI P(2-furyl) (10 mol%) |
159 o N (S)-TM-HCI 20 (20 mol%) 0 O N~
221,222 i-Pr,NEt (2.4 eq) NaOBn (1.5 eq) P
+
o MeCN, rt, 16 h THF, 1t, 2 h BnO I
\NJJ\/\/OP(O)(OEt)z PR
c'>\ 184 188, 223, 224
Ny o N
o Kol o Kol o o7 1o ;
BnO = BnO = BnO = : BnO)WE
PLN N N : N E
188, 56% O 224, 16%]\ 5 k 5
63:37 dr 223, 29%° 56:44 dr' L 22513% |
! .
87:13 erpqj, 77:23 €rmip 61:39 dr 85:15€erny 0 Tttt

@ Reactions performed on a 0.3 mmol scale. * Combined yields of isolated diastereoisomers. © dr

determined by 'H NMR analysis of the crude reaction mixture. ¢ er determined by chiral

stationary phase HPLC analysis. ¢ Reaction run for 84 h. diastereoisomers could not be

separated, er could not be determined. I er for minor diastereoisomer could not be determined.
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A proposed mechanism for the formation of 225 is depicted in Scheme 51. The catalysis
starts with the active palladium catalyst undergoing oxidative addition with allylic
phosphate 203 to give allyl intermediate 226. After nucleophilic substitution with N-allyl-
N-methylglycine ester 227 to give the intermediate ammonium salt 228, different
pathways are conceivable. Path A follows the anticipated pathway for the allylation/[2,3]-
rearrangement sequence, yielding intermediate ammonium salt 229, which upon
rearrangement gives the desired product 224. Alternatively, dissociation of the palladium
catalyst from intermediate 228 and re-coordination to the unsubstituted allyl fragment
would enable Path B. As the formation of the intermediate ammonium salt is a reversible
process, oxidative addition from intermediate 230 would give unsubstituted Pd-m-allyl
intermediate 231 and modified glycine ester 232 as side-product, however, this could not
be isolated. The unsubstituted Pd-m-allyl complex 231 can react with another molecule of
PNP ester 227, giving ammonium salt 233 bearing two unsubstituted allyl fragments. The
formation of 233 from an uncatalyzed nucleophilic substitution of ammonium salt 229
with PNP ester 227 (Path C) cannot be ruled out. [2,3]-Rearrangement of the ylid formed
from ammonium salt 233 will lead to PNP ester 234, which upon derivatization with

NaOBn gives the observed side product 225.

Pd,(dba)s*CHClI3 OPNP O
+ o OxNR2
(EtO)2(0)PO P(2-furyl); @) | NR, ., P
RoN X l = 229 BnO
203 © N
0 [Pd] _ 224 7 XY
Path A

®
CONR,

[Pd] palladium OPNP

R _ catalysis

RzNj]/\l/ Y 02\ o Path & O%\ |

228 \N\/ —_— ~N 230
O 226 @

\—/ -

OPNP O
o) [Pld] )\
PNPO SeF © [ NRe
N 231 232 N
227 -V~ 229

Path C
i-Pr,NEt OPNP
o )\ 0 0

0

)1\ 232 \NQJ 231 | enpo # NaOBn_ | gno Z
PNPO .

N Hel 293 238 N A 225 N~

222 NN Vs

Scheme 51 Possible pathways for the formation of side-product 225.
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The exchange of N-allyl units observed in this work has not been reported previously for
an N-allylation/rearrangement protocol. Earlier work from our group®®* as well as
Tambar and co-workers®” showed that the use of N-allyl-N-methyl esters or N,N-diallyl
esters was well tolerated, resulting in exclusive, or at least favoured rearrangement via
the N-cinnamyl unit (Scheme 52). In agreement with the results obtained for an
isothiourea catalysed protocol, the product resulting from rearrangement via the N-allyl
substituent from unsymmetrically substituted ammonium salt 241 was also not observed

in the current work.

Tambar, 2011
(0]

tB oJ\
Y ! Pd,dbas*CHCl; (1 mol%) 0 O Ph o
235 XL P(2-furyl); (4 mol%) N _Ph —
Cs,CO; (30eq)  [tBuO” P | +BuO Z tBuO
+ ~/N® - N + No . Ph
MeCN, rt, 16 h \ \ N N
P N-"N0C0,Et 237 238 239
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Smith, 2017
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Scheme 52 Use of N-allyl units in allylation/[2,3]-rearrangement protocols.

These results indicate that the developed N-allylation/[2,3]-rearrangement method is
highly susceptible to changes in N-substitution as well as the allylic fragment, requiring
a fine balance to obtain the desired products in high yield and with high stereocontrol,

and to suppress undesired side-reactions.

2.4.3.5 Mechanistic control experiments

To gain further mechanistic insight, a series of control experiments was performed. At
first, the significance of each catalyst was investigated. In the absence of palladium
catalyst, no reaction occurred with only starting materials returned (Scheme 53a). In the
absence of isothiourea catalyst however, a significant background reaction was observed,
giving the product in 59% yield as a racemic mixture (Scheme 53b). This result indicates

a Brensted base-catalysed reaction pathway, which was not observed for cinnamate

58 |



2.4 | Results and Discussion

derived phosphates®® and might account for the comparatively lower enantioselectivities
observed in this work. Interestingly, even without the isothiourea catalyst the reaction
still proceeded in favour of the syn-diastereoisomer. This is in contrast to previous
observations by our group and Tambar and co-workers,”” who reported preferred
formation of the anti-diastereoisomer under Bronsted basic conditions. The only other
report describing a bias to generate syn-amino acid derivatives involves a
N-allylation/[2,3]-rearrangement sequence between proline derivatives and cinnamyl
alcohol derivates bearing ortho-substituents on the aryl ring.'® These findings indicate the
preference for either exo or endo transition state in the [2,3]-rearrangement is highly
susceptible to changes in substituents and that further investigations are necessary to gain
a deeper understanding of the influencing parameters.

Additional control experiments looked at the potential for product epimerization under
the reaction conditions (Scheme 53c). PNP ester 185 was isolated as separate
diastereoisomers and each re-subjected to standard catalysis conditions. After 16 h, no
change in diastereomeric ratio was observed for either, indicating that epimerization of
the PNP ester product does not occur under these conditions. However, epimerization of
the acyl ammonium species post-rearrangement and prior to catalyst turnover cannot be
ruled out, as displacement of the catalyst by the aryloxide is assumed to be irreversible

based upon previous work.”

(a) Reaction without palladium catalyst

o o (S)-TM-HCI 20 (20 mol%)
i-ProNEt (2.4 e
PNPO + \NJ\/\/OP(O)(OEt)z 2NEL sl no product
*HCI | MeCN, rt, 16 h
159 /N\ O\ 184

(b) Reaction without isothiourea catalyst |
Pd,(dba)z*CHCI3 (2.5 mol%) O~ _N.

0 0 P(2-furyl)s (10 mol%) 0 o~
i-ProNEt (2.2 eq) =
PNPO - . \NJ\/\/OP(O)(OEt)Z 2 PNPO
159 N o_ 184 MeCN, it, 16 h _N__ 185, 59%
_________________________________________________________________________________________________ 5941 dr
(c) Epimerization studies | |
Os N OxNo
o o~ 0 X 0~
185, Conditions PNPO — PNPO)W Conditions 185,
>99:1 dr >99:1 dr
185, N~ 185, ~N<
>99:1 dr >99:1 dr

Conditions: Pdy(dba)3*CHCI3 (2.5 mol%), P(2-furyl)z (10 mol%), (S)-TM+HCI 20 (20 mol%), i-ProNEt (1.4 eq), MeCN (0.06 M), rt, 16 h.

Scheme 53 Mechanistic control experiments.
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The mechanism for this relay palladium and isothiourea N-allylation/[2,3]-rearrangement
catalysis is proposed in analogy to related, previous work (Scheme 54).65% The catalytic
cycle starts with the generation of the active palladium catalyst [Pd] from the catalyst
precursor Pd:(dba)s:CHCls and the P(2-furyl)s ligand. Oxidative addition of allylic
phosphate 203 gives Pd-m-allyl species 226, which undergoes reversible nucleophilic
substitution with free-based glycine ester 156. This generates ammonium salt 244 as the
key intermediate. Upon acylation of the free-based isothiourea catalyst TM and
deprotonation, ammonium ylid 246 is generated. Subsequent [2,3]-rearrangement
followed by aryloxide facilitated catalyst turnover yields product 248. The stereochemical
outcome of the reaction can be rationalised by considering the following key interactions
in the transition state of the stereodetermining [2,3]-rearrangement:

A stabilising 1,5-S::*O interaction between the carbonyl oxygen and the
isothiourea sulfur atom (no to o*cs) locks the ylid in its position, restricting its
conformational freedom. With the stereodirecting Ph group of the catalyst adopting a
pseudoaxial position to minimise 1,2-strain, the allylic fragment is forced onto the
opposite face, resulting in excellent stereocontrol over the C(2) centre in the subsequent
[2,3]-rearrangement. The configuration of the C(3) centre is then determined by the
preferential rearrangement through endo transition state 249, leading to the major syn-
diastereoisomer. This is thought to be the result of a favourable electrostatic C=0O---cation
interaction between the amide carbonyl and the positively charged catalyst. Similar
interactions have been proposed for isothiourea catalysed kinetic resolutions.’-1% The
observed diastereoselectivities in this work are lower compared to the ones obtained for
aryl substituted allylic fragments displaying a stabilising 7t***cation interaction, indicating
that the preferential rearrangement through either endo or exo transition state is very

susceptible to steric and electronic changes within the allylic fragment.
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Scheme 54 Proposed relay catalytic cycle and rearrangement transition states.
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2.5 Conclusion

The current work demonstrates the potential for expanding the functional group
tolerance beyond aryl substituents in the dual palladium and isothiourea catalysed N-
allylation/[2,3]-rearrangement protocol previously established. Successful incorporation
of electron-withdrawing ester and amide functionalities as well as a silyl protected
homoallylic alcohol and C(2)-branched substituent was demonstrated. However, product
instability during isolation and derivatisation limited further investigations to amide
containing allylic phosphates. Thus, highly functionalised a-amino acid derivatives
bearing an amide substituent were pursued and could be isolated in good yield and
stereoselectivity following a relay allylation/[2,3]rearrangement and subsequent

derivatisation protocol (Scheme 55).

o]
Pdydbag:CHCl3 25 mol%) | @ |
PNPoJ\ . 20bas 3 . .
4 CHCL - P@-furyl)s (10 mol%) 0 I ; o I
(1 89 ) ® ®  (S)TM-HCI 20 (20 mol%) | 0 o 0 ®
.Oeq . , |
. i-Pr,NEt (2.4 eq) | PNPO # | NaOBn(15eq) o o =
o MeCN, rt, 16 h ! N i THF rt,2h N
. o o : o o
.\NJ\/\/OP(O)(OEt)Z : : 251
. Intermediate 1 8 examol
& 203 |____notisolated ! 16-58% yiold
(1.25 eq) up to 64:36 dr

up to 87:13 er

Scheme 55 Relay palladium and isothiourea catalysis using amide containing allylic phosphates.

Mechanistic experiments revealed a Brensted base catalysed background reaction to be
operative in the absence of isothiourea catalyst, potentially resulting in the lower
enantioselectivities observed compared to previous work. In addition, the low
diastereoselectivities obtained in the current work highlight the need for further
investigations to gain a deeper understanding of the factors influencing the transition

state in the [2,3]-rearrangement step.
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3.1 Project Overview

This chapter describes the development of a cooperative catalysis process employing
palladium m-allyl chemistry and o,3-unsaturated acyl ammonium catalysis.
Simultaneous activation of vinylcyclopropanes 252 and «,(-unsaturated p-nitrophenyl
esters 253 in the presence of Pd(PPhs):s and the enantiopure isothiourea (R)-BTM 21
promotes an intermolecular formal (3+2) cycloaddition to generate highly functionalised
cyclopentane products 254 with up to 4 contiguous stereogenic centres. The products
were obtained in generally high yields and excellent diastereo- and enantioselectivity.
Notably, this is the first report of a dual catalytic process involving a,3-unsaturated acyl
ammonium intermediates, providing a versatile methodology for the synthesis of densely

substituted vinylcyclopentanes.

O
Pd
N N
~ _b‘ * /\)J\OPNP ph....(;l\ ;:/\
252 253 @ g NT ™S
(1.0 eq) (1.0 eq) (R)-BTM 21
PNP = 4-NO,CoHs formal (3+2) cycloaddition 254
14 examples
19-75% yield
up to >99:1 dr
up to 97:3 er

Scheme 56 Cooperative palladium and isothiourea catalysis.
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3.2 Introduction

The cyclopentane core is an important structural motif as it is found in many natural
products'™ and pharmaceuticals.’® Compared to six-membered carbocycles, which can
be easily accessed via Diels-Alder cyclisation or Robinson annulation, five-membered
carbocycles are more difficult to synthesise. Potential strategies via cycloaddition or
annulation processes are often less generally applicable and control over relative and
absolute stereochemistry is usually more challenging. Therefore, approaches that
generate highly functionalised cyclopentane scaffolds from simple starting materials with
excellent stereocontrol are highly desirable. Important strategies for the construction of
substituted cyclopentanes include the Pauson-Khand reaction'® or (3+2) dipolar
cycloadditions. The latter has proven particularly versatile in recent years, with the
development of numerous all-carbon 1,3-dipoles allowing access to a variety of
cyclopentane structures. Among the potential dipole precursors, vinylcyclopropanes
have been extensively used as three carbon synthons and will be explored in more detail

in the following section.

3.2.1 Formal (3+2) cycloadditions using vinylcyclopropane substrates

Cyclopropanes have become attractive precursors for the stereoselective preparation of
functionalised building blocks by ring-opening reactions.'”” Although the cyclopropane
ring is highly strained, the C-C bonds are kinetically stable and typically rather sluggish
to react unless “activated”. Ring activation can be achieved by placing electron-donating
groups (donor, D) and electron-withdrawing groups (acceptor, A) on vicinal ring carbons,
giving so-called donor-acceptor (D-A) cyclopropanes (Scheme 57a). Common donor
substituents include electron rich heteroatoms, as well as aryl and alkenyl groups,
whereas electron-withdrawing functionalities, such as carbonyl, sulfonyl or nitro
substituents are commonly found as acceptors. These units create a so-called 'push-pull’
effect, which renders the C-C bond between the donor and acceptor group highly
polarised and susceptible to bond cleavage. The main methods for initiating heterolytic
ring opening include thermal activation, Lewis acid (LA) coordination to the acceptor
groups or low valent metal (M) coordination to the donor groups. In each case, a

zwitterion intermediate in the form of a 1,3-dipole is generated, which can engage in
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reactions with electrophiles, nucleophiles and dipolarophiles. This versatility renders
D-A cyclopropanes powerful building blocks in organic synthesis.!®®'® In particular
vinylcyclopropanes (VCPs), a sub-class of D-A cyclopropanes bearing a vinyl donor
group (Scheme 57b), have become privileged reaction partners as they can be engaged in
a multitude of transformations.!’® VCPs can be readily ring-opened in the presence of
transition metals, forming zwitterionic 7t-allyl intermediates. These intermediates can
engage in allylic substitution type processes, giving the corresponding alicyclic products.
Particularly attractive, however, is the application of these zwitterions as all-carbon
dipoles in formal dipolar cycloaddition reactions. Traditionally, they have been used as a
three-carbon synthon for the synthesis of functionalised cyclopentanes.!! Although less
exploited, they can also be engaged as a five-carbon synthon in (5+x) cycloadditions,

enabling the formation of seven-, eight-, or nine-membered rings.?

®
a) donor-acceptor cyclopropanes
) ptor cycloprop thermal D _~_A E D \/\/ A
® 0O ® E
‘push-pull’ effect
heterolytic LA o
P /\\ cleavage LA D~ A Nu D A
Nu
D = X, aryl, alkenyl M 'YI 5 &
A = COR, SO,R, NO, L ™M , DL~_A X=Y D\m/A
® © X-Y
b) vinylcyclopropanes allylic Nu A A
substitution \/K)\ /\/\)\
—
® X A O Nu = A
heterolytic M] A
A =
\VCP zwitterionic » = A
r-allyl intermediate  cycloaddition x s or :
Y X-Y
-C synthon -C synthon

Scheme 57 General reactivity profile for a) donor-acceptor cyclopropanes; b) vinylcyclopropanes.

3.2.1.1 Palladium catalysed VCP opening in formal (3+2) cycloadditions

The opening of VCPs can be accomplished by a number of transition metals, with
palladium being one of the most explored. In 1985, Tsuji and co-workers first
demonstrated the potential of catalytically generated palladium m-allyl zwitterions to
engage in formal (3+2) cycloadditions with a,3-unsaturated ketones or esters to generate
vinyl-substituted cyclopentane products (Scheme 58, top)."'* Using diester substituted
VCP 255 and Michael acceptors 256 in the presence of Pd2dbas*CHCls and either dppe or
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PBus as ligand furnished the corresponding cyclopentane products 257 in good yields and
short reaction times. The authors proposed a stepwise mechanism, starting with the
generation of a palladium m-allyl zwitterion 258 followed by Michael addition to give
intermediate 259. Subsequent attack of the formed enolate onto the m-allyl moiety
liberates the product and regenerates the catalyst. The same group also demonstrated the
expansion of this methodology to aryl isocyanates 260 as dipolarophiles, furnishing vinyl

substituted butyrolactams 261 in good yield (Scheme 58, bottom).!!

Tsuji, 1985 N

Pd,dbag*CHCl5 (2.5 mol%)

\/AVCOZMG dppe or PBus (10 mol%)

. SNUEwe —EWG
COMe DMSO, 30-80 °C, 3 h MeO,C
255 256 ’ ' MeO,C
(1.0 eq) (2.0 eq) EWG = CO,Me, C(O)R 257, 66-89%
[Pd] Pal
- ®
i —I[Pd]
@ 1
[Pdl  CO,Me )
e o \/EWG MeO,C T EWG
N3 COzMe MeO,C
258 Z7 259
m-allyl Pd zwitterion
Tsuji, 1987 N\
o Pd,dbas*CHCl; (2.5 mol%)
\ACOZMe N Ar\N//C// PBug (15 mol%) N—Ar
CO;Me HMPA, 25 °C, 1.5 h MeO,C 7
255 260 MeOC n 261
(1.0 eq) (2.0 eq) 69-87%

Scheme 58 Seminal work by Tsuji on Pd catalysed (3+2) cycloadditions using VCPs.

Although this methodology offered great potential for the synthesis of functionalised
cyclopentanes, it remained largely unexplored for more than 20 years. In 2011, Stoltz and
co-workers reported the first application of a similar (3+2) cycloaddition strategy for the
construction of the highly substituted cyclopentane core in the Melodinus alkaloid family
(Scheme 59)."> Employing VCP 255 and commercially available nitroolefin 262 in the
presence of Pdxdbas (5 mol%) and dppe ligand (12.5 mol%) furnished the desired
cyclopentane 263 as an inseparable mixture of two diastereoisomers in 60% yield.
Importantly, single crystal X-ray diffraction analysis at a later stage revealed that i) the
cycloaddition proceeds stereospecifically with regard to the alkene geometry, retaining

the trans-relationship in the product; ii) the products are epimeric only at C(4).
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NO, Pd,dbag (5 mol%) &
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Scheme 59 Application of Pd catalysed (3+2) cycloaddition in the synthesis of Melodinus alkaloids.

In the same year, Trost and Morris reported the first enantioselective formal (3+2)
cycloaddition exploiting palladium catalysed VCP opening (Scheme 60, top).!® Using
VCP 264 and azlactone Michael acceptor 265 in the presence of Pd2dbas-CHCls (6 mol%)
and chiral Trost ligand 267 gave the desired cyclopentane products in high yields and
with excellent stereocontrol (up to 19:1 dr, up to 99:1 er). Notably, only two of four
possible diastereoisomers were observed, with the major diastereoisomer displaying a
syn-anti relationship between the three contiguous stereogenic centres. Interestingly,
employing a VCP with methyl ester groups (255) instead of trifluoroethanol ester groups
resulted in dramatically reduced reactivity (16% yield). This was attributed to the methyl
ester derived intermediate 258 being less stable, resulting in a shorter lifetime compared
to the trifluoroethanol ester intermediate 268. Subsequently, Trost and co-workers
expanded this enantioselective methodology to incorporate Meldrum’s acid derived VCP

269 and Michael acceptors 270 (Scheme 60, bottom).!"”
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0 266 ) 5
JZQNL/* 63-98% 1 [Pd] CO,Me 5
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Scheme 60 First examples of enantioselective palladium catalysed formal (3+2) cycloadditions.
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Following on from these pioneering works, numerous examples have been reported
showcasing the diastereo- and enantioselective formation of highly functionalised
cyclopentane structures through a palladium catalysed formal (3+2) cycloaddition
approach. Based on these examples, the following general observations can be made:

e The reaction tolerates a range of temperatures and a variety of solvents, with
toluene and ethereal solvents being most prominent.

e DPalladium-dba complexes are commonly used as catalyst precursors in
combination with phosphine ligands (usually bidentate).

e Induction of enantioselectivity is controlled by the palladium catalyst by
employing chiral, bidentate ligands.

e VC(CPsbased on diester or dinitrile acceptor groups are most commonly used, with
more elaborate examples such as 1,3-indanedione or N-protected oxindole
acceptors also reported.

e A variety of Michael acceptors has been successfully applied in this formal (3+2)
cycloaddition methodology, including nitroolefins, a,B-unsaturated keto esters
and imines, activated indoles and benzofurans, and unsubstituted acrylic esters
(Figure 11). Importantly, substitution in the -position is usually limited to aryl-,
heteroaryl or (less commonly) alkyl substituents. In addition, potent activating
groups, such as a nitro or imine functionality are required for good reactivity, with
simple a,3-unsaturated esters traditionally proving unreactive.

— nitro activating group —

activating group ester activating group —

o) o
x_NO,
Ar/\/ A (o]
Ar/\/\cogR /=§: >< — i
(ONJe) AF o Af N=

o) 0 (o] © E 0o \:
AN — N ! |

@Eg Ar — Ar OR ! Ar/\)J\OR 5

N i unreactive !

PG t-Bu NR; !

Figure 11 Michael acceptors explored in palladium catalysed formal (3+2) cycloadditions.

The developed methodologies are usually specific to certain combinations of VCP and
Michael acceptor, with variation of either often leading to poor reactivity or selectivity.
This highlights that the palladium catalysed formal (3+2) cycloaddition has a narrow
reactivity window. To further broaden the scope of this process, alternative catalytic

strategies to activate the substrates and induce stereoselectivity need to be explored. One
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possibility is a combined palladium and organocatalysed approach, which will be

discussed in more detail in the following section.

3.2.1.2 Cooperative palladium and 2" amine catalysis

In 2016, the groups of Vitale,"® Jorgensen,'® Wang'? and Rios'?"'?? independently
reported a cooperative palladium and secondary amine catalysis to facilitate VCP ring
opening and formal (3+2) cycloaddition with o,fB-unsaturated aldehydes. This
methodology requires the simultaneous activation of both substrates by the respective
catalysts and relies solely on the chiral organocatalyst for enantioinduction. Generally,
these protocols use 10 — 30 mol% of chiral secondary amine 275 and up to 10 mol%
palladium catalyst, generated from either Pd(dba): or Pd:dbas (Scheme 61, top).
Interestingly, the transformation proceeds with or without phosphine ligands or Brensted
acid additive (depending on the exact conditions) and in a variety of solvents. Control
experiments also showed that in the absence of either catalyst, no product is formed. In
general, the developed processes gave the products in high yields, with high
diastereocontrol (up to three diastereoisomers, generally >85:10:5 dr) and with excellent
enantiocontrol (>90:10 er). Different aryl substituents on the a,p-unsaturated aldehyde
(273) were well tolerated, with alkyl substituents also giving good yields in some cases.
A variety of electron-withdrawing groups on the VCP could be applied in this process,
including dinitrile (276), mixed nitrile and ester (277) and indanedione (278). In 2019,
Vesely and co-workers also demonstrated the compatibility of azlactone derived VCP 279
with this transformation, yielding the corresponding spirocyclic product.'? It should be
noted, however that the VCP scope within any process was rather limited, as a change in
electron-withdrawing groups often led to diminished reactivity and selectivity. This was
particularly noticeable when moving to diester substituted VCPs 255. With the exception
of Wang’s work, diester substituents generally led to poor reactivity or no conversion at
all. These results highlight the sensitivity of the optimised process to steric and electronic
changes within the substrates. The proposed mechanism for this cooperative palladium
and secondary amine catalysis is depicted in Scheme 61 (bottom). Palladium catalysed
oxidative addition of VCP 252 yields zwitterionic m-allyl intermediate 281. At the same
time, o, B-unsaturated aldehyde 273 reacts with the chiral secondary amine catalyst 275,

forming iminium ion 282. Subsequent Michael addition between the stabilised carbanion
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and the a,-unsaturated iminium ion yields enamine intermediate 283. Intramolecular
ring closure, dissociation of the palladium catalyst, and subsequent hydrolysis of the
iminium ion liberates the final cyclopentane product 274. Importantly, Michael addition

is presumed to be reversible, with facial selectivity being controlled by the chiral

organocatalyst.
(S)-275 (10 - 30 mol%) \ Ph
0 [Pd] (3 - 10 mol%) : 0 Ph
N /AvEWG N NJ\ ligand, additive /}/ "4 N
EWG H solvent, rt Evé(vva ( H OTMS
252 273 (S)-275
@ = aryl, heteroaryl, alkyl 274
f 0 0 poor or no reactivity :
E \ACN \ACOZME NN \/MO \ACOZME E
1 CN CN N= CO,Me .
E 276 277 278 o 279 255 .
Jorgensen Rios Rios Vesely Ph Rios, Vitale, Jergensen
1 Vitale Jorgensen Vitale (exception: Wang) |
\AEWG
EWG [Pd] / \
252 o N
H (S)-275
/_—N@
[Rd] ﬁ@ 0
A /ATEWG 284 [Pd] NJ\H
EWG 273
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EWG NG
oxidativ\ /\/— ."- H,O
addition 2

/ \ A
[Pd]® EWG FWE 283 [Pd] \‘:F
\l//\)\@ Michael addition 282

EWG
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Scheme 61 Cooperative palladium and secondary amine catalysis using VCPs.

This cooperative catalysis strategy was later expanded to heterocyclic precursors instead
of VCPs to generate a zwitterionic m-allyl intermediate for the synthesis of spirocyclic
cyclopentane products. In 2018, the groups of Vesely and Rios reported the use of bicyclic
pyrazolone derivatives 285 in combination with unsaturated aldehydes 273 for the
synthesis of spirocyclic products 286 (Scheme 62, top).’?* The simultaneous activation of
the substrates by the secondary amine organocatalyst 275 (20 mol%) and Pd=dbas (5 mol%)
allowed the formation of cyclopentane products in generally high yields with good

diastereoselectivity and with excellent enantioselectivity (>96:4 er). Recently, Vesely and
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co-workers applied this concept to the synthesis of spirothiazolones (Scheme 62,
bottom).!?> Using bicyclic thiazole derivative 288 and a,3-unsaturated aldehydes 273 in
the presence of organocatalyst 275 (20 mol%) and Pdzdbas (5 mol%) furnished the desired
spirocycles in high yields with high diastereo- and excellent enantiocontrol. Although
these protocols don’t use VCPs, the zwitterionic m-allyl intermediates 287 and 290
generated from the bicyclic precursors are identical to the ones obtained by using VCPs.
In the case of bicyclic thiazole derivatives, the corresponding VCP was obtained as by-
product during the starting material synthesis. Hence, these precursors represent an
expansion of the electron-withdrawing groups tolerated in this formal (3+2) cycloaddition

methodology, allowing the construction of highly substituted spirocyclic compounds.

Vesely and Rios, 2018 \\
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/s .\ NJ\ Pd,dbas (2 mol%)

.,,/(O
_ H
N/k. MeCN, rt H
288 273

® @ = aryl, heteroaryl, alkyl 289, 41-98%
up to 12:1 dr, up to 99:1 er

Z,

Scheme 62 Dual palladium and 2° amine catalysis using heterocyclic 1,3-dipole precursors.

3.2.2 «,B-Unsaturated acyl ammonium intermediates in cycloaddition and
annulation processes

a,B-Unsaturated carboxylic acid derivatives are versatile reaction partners in a variety of
transformations and are often commercially available. Their potential to engage in
cycloaddition reactions or Michael addition cascade processes to generate highly
substituted cyclic products is particularly attractive. Chiral tertiary amine Lewis base
catalysts are commonly employed to activate these substrates and control the
stereoselectivity of these cyclisation processes. In 2012, Lupton and co-workers reported
the first Lewis base catalysed 1,3-dipolar cycloaddition of unstabilised azomethine ylids
to generate substituted pyrrolidines (Scheme 63, top).”?* Using a,-unsaturated acyl
fluorides 292 and ylid precursor 291 in the presence of DMAP 19 as catalyst furnished the

corresponding pyrrolidine products 293 in high yields and as single diastereoisomers.
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Unfortunately, use of chiral Lewis base catalysts resulted in only low levels of
enantioselectivity, with only isothiourea catalyst HyperBTM 30 providing any (but still
modest) enantioenrichment at catalytic loadings (10 mol%, 57:43 er). This was attributed
to the 1,3-dipole preferentially reacting with the acyl fluoride, and the catalyst only
becoming involved in post-cycloaddition esterification. The first successful application of
a,p-unsaturated acyl ammonium intermediates in enantioselective cycloadditions was
reported by Romo and co-workers in 2014 (Scheme 63, bottom).3? Using o, 3-unsaturated
acid chlorides 295 and dienes 294 in the presence of (S)-BTM 21 and auxiliary base, Diels-
Alder cycloaddition furnished bicyclic lactones 296 in good yields and high
enantioselectivities (up to 99:1 er). Importantly, an alcohol-tether on the diene was

required to facilitate catalyst turnover post-cycloaddition via intramolecular lactonization.

Lupton, 2012

OR o) Bn '

w—_ O | !
o ). g A, DMAP19(imom VL e
N F . ! ® .
THF, 0°C-rt,1h OR . ol :

y J 201 292 (+)-293 | :
57 (11eq) (1.0 eq) 62-81% ! 1,3-dipole !

= aryl, heteroaryl, alkenyl

Romo, 2014 (S)-BTM 21 (20 mol%

TIPSO o 2,6-lutidine (20 mol%) PS5O | L
KsPO, (3.0 eq) N
s ey SN0 PR ]

CH,Cly, rt, 18 h H N S
294 oH 295 296 0 (S)-BTM 21
(1.0 eq) (1.3-1.5 eq) =H, Me, CO,Et 46-92%
>19:1 endo:exo
>95:5 er

Scheme 63 a,f-Unsaturated acyl ammonium intermediates in cycloaddition reactions.

a,B-Unsaturated acyl ammonium intermediates have also been shown to be viable
reaction partners in stepwise cycloadditions, proceeding via a Michael addition —
annulation cascade. A range of cyclic motifs are accessible through this strategy, with
examples showcasing the formation of cyclopentanes detailed below. In 2013, Romo and
co-workers reported the synthesis of highly substituted cyclopentanes employing
unsaturated acid chlorides and keto malonates in a one-pot, multistep procedure (Scheme
64, top).'?” Lithium enolate formation from keto malonate 297 followed by the addition of
Lewis base catalyst (S)-HBTM 26 and acid chloride 295 furnished the desired
cyclopentane products 299 in good yields and excellent diastereo- and enantioselectivity
(>19:1dr, >95:5 er). This process is proposed to proceed via Michael addition of the lithium
enolate onto a,B-unsaturated acyl ammonium followed by intramolecular ring closure

and lactonization to facilitate catalyst turnover. In 2016, Smith and co-workers employed
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malonate tethered enones in a related Michael addition annulation process to generate
cyclopentane annulated d-lactones (Scheme 64, bottom).'? In situ formation of enolate 301
enables Michael addition onto acid chloride 302 in the presence of isothiourea catalyst
(25,3R)-HyperBTM 30. Subsequent intramolecular Michael addition onto the tethered
enone followed by lactonization generates the corresponding cyclopentane product 303

with high enantioselectivity.

Romo, 2013 - 0
0 EWG o EWG ii) (S)-HBTM 26 (20 mol%) 2 o
i) LIHMDS (1.0 eq) o i-Pr,NEt (1.0 eq) /t
/u\)\EWG THE. -78 -0 °C /U\)\EWG 0 EWG—7~
297 18- 298 ii) 295 EWG ¢
(1.0 eq) 10 min ./\)J\ (1.3 eq)
Oeq Crtloeq 299, 54-95%
CH,Cl,, 0 °C-rt, 6-24 h >19:1 dr
@ = H, Me, CO,E, aryl, alkenyl up to 99:1 er
Smith, 2016
" o » P i) (25,3R)-30 (20 mol%)
A<=\_<COZR i) LIHMDS (1.1 eq) A<=\_<COZR i-Pr,NEt (1.4 eq) o _’H
THF,0 °C, 10 mi 0 7 P
300 co,R min 301 % 0.R ii) /\)J\ 302 RO,C %,
(1.0 eq) Ar Cl (1.4 eq) 303, 20-64%
CH,Cl,, 0 °C-rt, 18 h >81:19 dr
up to 95:5 er

Scheme 64 Michael addition - annulation cascades using o, f-unsaturated acyl ammonium intermediates.

3.2.2.1 Implications of a,p-unsaturated acyl ammonium formation on reactivity

The effect of acyl ammonium formation on the reactivity of the Michael acceptor can be
viewed from two aspects. On the one hand, isothiourea-based ammonium salts are
assumed to exhibit an increased steric hindrance at the carbonyl carbon, disfavouring 1,2-
addition, making 1,4-addition the preferred pathway.?* On the other hand, the positively
charged nitrogen can inductively withdraw electron density from the Michael acceptor,
which would lead to an increase in electrophilicity at the B-carbon, as well as the carbonyl
carbon. However, *C NMR studies have shown that this effect is relatively small (Figure
12).130 Comparing the *C shifts of the formed acyl ammonium to the parent acyl chloride
or aryl ester reveals only a minimal deshielding of the -carbon. In contrast to acyl
ammonium formation, iminium ion formation exhibits a significant activation of the 3-
carbon through resonance effects. Hence, the influence of acyl ammonium formation on
subsequent reactivity is dominated by steric hindrance at the carbonyl centre, with only

minimal activation of the 3-carbon for nucleophilic attack.
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Figure 12 3C NMR shifts of B-carbons of p-phenyl substituted Michael
acceptors; OAr = 4-NO:CsHa.

3.3 Concept and Aims

At the onset of this work, the compatibility of isothiourea and transition metal catalysis
had been demonstrated in numerous reactions employing ammonium enolate or acyl
ammonium intermediates. However, no dual catalytic examples using a,3-unsaturated
acyl ammonium species had been reported. Drawing from the reactivity these
intermediates have demonstrated in isothiourea-catalysed cycloaddition and Michael
addition-annulation processes, expanding the scope of reaction partners to access
versatile product scaffolds is of great interest. Particularly attractive would be a strategy
where the reactive nucleophile is catalytically generated in situ from readily available
starting materials. Inspired by the work on dual palladium and secondary amine catalysis
for the synthesis of highly substituted cyclopentanes, a related dual catalytic process
employing a,3-unsaturated acyl ammonium intermediates and Pd m-allyl zwitterions
was envisaged (Scheme 65). In this scenario, the palladium catalyst activates
vinylcyclopropane 252 for ring-opening to form zwitterionic Pd m-allyl intermediate 281.
At the same time, the isothiourea catalyst engages o, 3-unsaturated aryl ester 304, forming
a,B-unsaturated acyl ammonium 305. Intermolecular reaction between these
intermediates delivers the desired cyclopentane product with up to four contiguous

stereogenic centres.
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Scheme 65 Proposed dual palladium and isothiourea catalysis.

For this cooperative catalysis strategy to be successful, some major challenges have to be
overcome. The palladium and isothiourea catalysts and respective intermediates need to
be compatible to avoid catalyst poisoning. Moreover, activation of the substrates must
occur simultaneously to allow the intermediates to react with each other. Importantly, the
pathway leading to the product must be more favourable than backwards reaction to the
starting materials or the formation of side products. Especially for VCPs, self-
polymerisation in the absence of a suitable reaction partner is a recognised
phenomenon.’®132 Finally, to achieve high levels of stereocontrol, the isothiourea
catalysed reaction pathway has to be more facile than any uncatalysed racemic

background reaction.
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3.4 Results and Discussion

3.4.1 Initial Assessment

To assess the feasibility of the proposed cooperative palladium and isothiourea catalysis,
dinitrile substituted vinylcyclopropane 276 and (3-CFs substituted Michael acceptor 307
were treated with (25,3R)-HyperBTM 30 and commercially available Pd(PPhs)s in CH2Cl2
at room temperature (Scheme 66). Pleasingly, full conversion of starting materials was
observed after 24 hours, giving the desired cyclopentane product 308 in 59% isolated yield
as an inseparable mixture of two diasterecisomers (67:33 dr), but with low
enantioselectivity (58:42 ermaj, 54:46 ermin). The relative and absolute configuration of the
major diastereoisomer were assigned based on crystallographic data (see 3.4.7.2, Figure
15) and considering the catalyst enantiomer used. Interestingly, of the four potential
diastereoisomers, only two were formed in the reaction. Importantly, degassing the
solvent with argon before the reaction and conducting the transformation under an inert
atmosphere were crucial for reactivity.

0 Pd(PPhg{: (5 mol%) ) o i-Prs, N/@
SO e SR e

276 307 NC % 30

(1.0 eq) (1.0 eq) PNP = 4-NO,CqHs 5o 3607833 o (2S,3R)-HyperBTM
o, :

58:42 erpqj, 54:46 erpin

Scheme 66 Initial assessment of cooperative palladium and isothiourea catalysis.

3.4.2 Optimisation of reaction conditions

Based on this initial result, the conditions of the cooperative catalysis were modified to
improve the yield and stereoselectivity of this transformation. The influence of the solvent,
the isothiourea catalyst, the palladium source and ligand, the aryloxide leaving group as

well as other parameters were investigated.

3.4.2.1 Solvent screen

First, a range of aprotic solvents with different polarities was trialled in this dual catalytic
process. Interestingly, the reaction proceeded in all assessed solvents, albeit with varying
'H NMR yield and stereoselectivity (Table 6). Performing the reaction in highly polar
solvents MeCN and DMF gave the highest NMR yields (83% and 87%, respectively)
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(entries 2,3). While MeCN gave the product in similar diastereo- and enantioselectivity to
CH:Cl, the use of DMF resulted in an increased stereoselectivity (81:19 dr, 78:22 ermaj). A
selection of ethereal solvents generally furnished the product in moderate NMR yields
and with low enantioselectivity (entries 4-7). The only exception in this series was THF
(entry 4), which gave the product in 55% NMR yield, but with promising diastereo- and
enantiocontrol (83:17 dr, 78:22 ermsj). A selection of preferable, greener solvents was also
investigated. Acetone gave the product in good 72% NMR yield with promising
diastereo- and enantioselectivity (81:19 dr, 75:25 ermaj) (entry 8). Performing the reaction
in isopropyl acetate (i-PrOAc) resulted in 56% NMR yield with low enantioselectivity
(59:41 ermaj) (entry 9). The use of 2-MeTHF furnished the product in diminished 35% NMR
yield, albeit with promising diastereo- and enantioselectivity (77:23 dr, 71:29 ermaj)
(entry 10). With DMF, THF and acetone showing similar reactivity and selectivity,
acetone was chosen as the optimal solvent based on its classification as a preferred solvent

in the solvent selection guide published by Pfizer scientists.!*

Table 6 Evaluation of reaction solvents in the cooperative Pd and ITU catalysis.

i 253730 (20 ol 1
\/ivcﬁN ¥ F3C/jjj\OPNP = )(-O.Z(M), :,02:)h NC-7 - OPNP
(1.0 eq) (1.0 eq) 308
entry? solvent ;ilill:l[\‘/;ﬁb dre €I'maj¢ €I'mind
1 CH:CL (59)¢ 67:33 58:42 54:46
2 MeCN 83 70:30 59:41 64:36
3 DMF 87 81:19 78:22 91:9
4 THF 55 83:17 78:22 76:24
5 1,4-dioxane 49 82:18 62:38 69:31
6 Et:0 62 67:33 52:48 53:47
7 TBME 63 70:30 51:49 55:45
8 acetone 72 81:19 75:25 76:24
9 i-PrOAc 56 72:28 59:41 61:39
10 2-MeTHF 35 77:23 71:29 69:31

@ Reactions performed on a 0.1 mmol scale. * Combined NMR vyield of diastereoisomers determined by
H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. < Determined by F{'H} NMR
analysis of the crude material. ¢ Determined by chiral stationary phase HPLC analysis. ¢ Combined isolated
yield of diastereoisomer.
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3.4.2.2 Lewis base catalyst screen

The effect of varying the Lewis base catalyst was next investigated (Table 7). Performing
the reaction with (R)-BTM 21 as the Lewis base catalyst did not lead to an improvement
in 'H NMR yield or stereoselectivity compared to HyperBTM (entry 2). Use of the
isothiourea catalyst (S)-TM-HCI 20 resulted in a dramatic increase in diastereoselectivity
(95:5 dr) and improved enantioselectivity (15:85 erms) (entry 3). As the minor
diastereoisomer was only present in small amounts, its enantiomeric ratio could not be
determined with confidence. Notably, as Tetramisole is commercially available as the HCI

salt, addition of i-Pr-NEt (20 mol%) to the reaction was necessary to generate the free base

in situ.
Table 7 Evaluation of tertiary amine Lewis base catalysts.
N
o Pd(PPhs), (5 mol%) o
An ACN (20 mol%)
CN * Fsc/\)J\OPNP
acetone (0.2 M), rt, 24 h NC / OPNP
276 NC 7
(1.0 eq)
pr—( > N
J\S Phln-(;\
*HCI N= S
(S)-TMHCI 20 (R)-BTM 21

I-Pr/,,.(\)’\l\/@
- —
PR ONT S

Quinine 309 Cinchonidine 310 Dihydroquinidine 311
(28,3R)-HyperBTM 30

entry? LB catalyst ;ilill:ln[\‘/;ﬁb dre €Imajd €I'mind
1 (25,3R)-HyperBTM 30 93 77:23 72:28 69:31
2 (R)-BTM 21 83 65:35 73:27 92:8
3 (5)-TM-HCl 20¢ 81 95:5 15:85 -
4 Quinine 309 82 57:43 50:50 48:52
5 Cinchonidine 310 91 55:45 51:49 50:50
6 Dihydroquinidine 311 54 60:40 51:49 50:50
7 (S)-TM-HCI 20 (10 mol%)¢ 88 93:7 18:82 9:91
8 (S)-TM-HCI 20 (5 mol%)¢ 91 83:17 29:71 41:59

@« Reactions performed on a 0.1 mmol scale. * Combined NMR yield of diastereoisomers determined by
H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. < Determined by F{'H} NMR
analysis of the crude material. ¢ Determined by chiral stationary phase HPLC analysis. ¢ Equimolar amount
i-PraNEt to TM -HCl added to reaction mixture.
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Alternative tertiary amine Lewis base catalysts from the cinchona alkaloid family were
also investigated. Although the product was obtained in comparable NMR yields to
isothiourea catalysts, only low diastereocontrol and no enantiocontrol was observed in
these cases (entries 4-6). With isothiourea catalyst TM-HCI 20 providing the best results,
the potential for lowering the Lewis base catalyst loading was also investigated.
Performing the reaction with 10 mol% TM-HCI furnished the product in similar NMR
yield and stereoselectivity (entry 7). However, a drop in diastereo- and enantioselectivity
was observed when only 5 mol% isothiourea catalyst was used (entry 8). These results
suggest that the isothiourea catalyst loading can be reduced, but for consistency it was

kept at 20 mol% during the optimisation process.

3.4.2.3 Palladium source and ligand screen

As the nature of the palladium source and ligands employed in palladium catalysed
processes are known to exert a significant influence on reactivity and selectivity, a
selection of palladium precursors and ligands was evaluated (Table 8). Compared to the
use of the preformed Pd(0)-complex Pd(PPhs)s (entry 1), employing alternative Pd(0)
precursors (Pd(dba): and Pdz>dbas*CHCls) in the absence of phosphine ligands did not
result in any product formation with only starting materials returned (entries 2,3). To
evaluate ligands other than PPhs, Pd>dbas'CHCls was used as a palladium source in
combination with various ligands. Use of bidentate ligand dppe 312 also gave no
conversion of starting materials to product (entry 4). Performing the reaction in the
presence of Xantphos 313 furnished the product in similar 'H NMR yield and
enantioselectivity to the preformed complex Pd(PPhs)s, albeit in lower diastereoselectivity
(entry 5). Use of electron-poor phosphine ligand P(2-furyl)s (314) resulted in a diminished
NMR yield, presumably due to an increase in the polymerisation rate of VCP 276, as only
unreacted ester 307 remained. Phosphoramidite ligand 315 showed diminished reactivity,
giving only 49% product as determined by 'H NMR analysis after 24 hours with unreacted
starting materials remaining. With Pd(PPhs)s still providing the best result, a reduction in
catalyst loading was next investigated. Unfortunately, performing the reaction with only
2.5 mol% Pd(PPhs)s resulted in a reduced reaction rate, giving only 46% NMR yield after
24 hours with unreacted starting materials still remaining (entry 8). Hence, 5 mol% of

Pd(PPhs)s were kept as optimal.
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Table 8 Evaluation of palladium precursors and ligands.

(5 mol%) AN
(S)-TM+HCI 20 (20 mol%) s

(o] s
. 0
/\ -Pr,NEt (20 mol%)
\ CN ! 2 By /
+ Fgc/\)LOPNP NCQ 3
N

acetone (0.2 M), rt, 24 h OPNP
276 307 -
(1.0 eq) (1.0 eq) 3 308
oo ¢
g, CLID A oy )
2 o) O/P_N
dppe 312 PPh,  PPh, éo P(2-furyl)s ‘ )_
xantphos 313 = 314 315
H NMR
entry? Pd source ligand® yield [%]¢ drd €Tmaj €Imin®
1 Pd(PPhs)s - 81 95:5 15:85 -
2 Pd(dba): - 0 - - -
3 Pd2dbas-CHCls - 0 - - -
4 Pd:dbas-CHCls dppe 312 0 - - -
5 Pd:dbas*CHCIs  Xantphos 313 81 76:24 14:86 8:92
6 Pd>dbas'CHCIs  P(2-furyl)s 314 50 >95:5 17:83 -
7 PddbasCHCIs L315 49 87:13 29:71 16:84
8 Pd(PPhs)sf - 46 95:5 17:83 -

@ Reactions performed on a 0.1 mmol scale. * 20 mol% of monodentate ligands (314, 315) or 10 mol% of
bidentate ligands (312, 313) used. < Combined NMR yield of diastereoisomers determined by 'H NMR
analysis using 1,3,5-trimethoxybenzene as internal standard. ¢ Determined by F{1H} NMR analysis of the
crude material. « Determined by chiral stationary phase HPLC analysis. / 2.5 mol% Pd(PPhs)s used.

3.4.2.4 Screening of aryloxide leaving groups

The aryloxide plays an important role in the dual catalytic process. It must be an effective
leaving group to facilitate N-acylation of the isothiourea catalyst and also be nucleophilic
enough to promote catalyst turnover at the end of the catalytic cycle. Hence, the effect on
these properties by varying the steric and electronic nature of the aryloxide was examined
(Table 9). In each case, the NMR yield and diastereomeric ratio were determined by
'HNMR analysis after 24 hours of the crude reaction mixture, with product
enantioselectivity determined from the corresponding benzyl ester product after
derivatisation of the crude material with BnOH (5.0 eq). Unfortunately, none of the
trialled aryloxides showed an improvement in enantioselectivity. 2,4,6-Trichlorophenyl
(TCP) ester 316 gave the product with decreased dr (76:24) and in essentially racemic form

(entry 2), consistent with N-acylation of the isothiourea catalyst being slower than a

80 |



3.4 | Results and Discussion

competitive, racemic background reaction (see 3.4.3). In addition, derivatisation with
BnOH failed to reach completion even after 72 hours, further indication that the steric
demand of the ortho-chloro substituents limits the reactivity of the carbonyl group. A
similar observation was made when using pentafluorophenyl (PFP) ester 318. Although
the reaction proceeded with high stereocontrol, the product was obtained in a drastically
reduced NMR vyield (45%, entry 4) and derivatisation to the benzyl ester required a
prolonged reaction time of 48 hours. These results indicate that aryloxides bearing ortho-
substituents seem to be less reactive in subsequent derivatisation reactions, limiting their
applicability in this cooperative catalysis process. In comparison, 3,5-bis(trifluoromethyl)
(bis-CFs) ester 317 furnished the product in similar diastereo- and enantioselectivity to
para-nitropheny]l ester 307 (entry 3 and 1, respectively), with full conversion to the benzyl
ester after 24 hours. However, as the NMR yield was slightly lower, PNP ester 307 was

kept as the most productive substrate.

Table 9 Evaluation of aryl oxide leaving groups.

Pd(PPh3), (5 mol%) AN AN
(S)-TM+HCI 20 (20 mol%) B BnOH (5.0 eq)

o) B
) o] o 0
CN i-Pr,NEt (20 mol%) o DMAP (20 mol%) ol
\A + F3C/\)J\ |< - |<
CN OBn
c c

acetone (0.2 M), rt, 24 h NC CH.Cly, rt, 24 h  NC

276 307, 316-318 N N
(e (10e@) s ssstes T oz
% % % %
PNP TCP bis-CF3 PFP
(307, 308) (316, 319) (317, 320) (318, 321)
H NMR
entry? Ar yield [%]° dre €Imajd €Imind
1 PNP 81 95:5 15:85 -
2 TCPe 84 76:24 44:56 45:55
3 bis-CFs 72 94:6 13:87 -
4 PFP! 45 94:6 16:84 -

@ Reactions performed on a 0.1 mmol scale. * Combined NMR yield of diastereoisomers determined by
H NMR analysis of the crude material using 1,3,5-trimethoxybenzene as internal standard. < Determined
by PF{1H} NMR analysis of the crude material. * Determined from the benzyl ester product by chiral
stationary phase HPLC analysis. ¢ 72 h reaction time with BnOH. f 48 h reaction time with BnOH.
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3.4.2.5 Variation of reaction temperature and time

The influence of the reaction temperature and time on the 'H NMR yield and
stereoselectivity was also investigated (Table 10). Unfortunately, lowering the
temperature did not lead to an improvement in enantioselectivity. Instead, a drastic
decrease in reactivity was observed, resulting in a diminished NMR yield after 24 hours
at 0 °C (entry 2) or requiring four days to reach full conversion of starting materials (22 °C,
entry 3). Performing the reaction at room temperature, the potential for decreasing the
reaction time was investigated. Reducing the time to 16 hours still resulted in full
conversion of starting materials, giving the product with similar NMR yield and
stereoselectivity (entry 4). It is worth noting, however, that slight variations in conversion
were observed depending on the current ambient conditions, with temperature in the

laboratory varying up to + 5 °C. Hence, for consistency the reaction time was kept at 24

hours.
Table 10 Influence of reaction temperature and time on the cooperative catalysis.
Pd(PPhs), (5 mol%) N\
o (S)-TM+HCI 20 (20 mol%) S
AN /\)J\ i-Pr,NEt (20 mol%) ol
CN TR OPNP acetone (0.2 M), T, NC <OPNP
276 307 NC %
(1.0 eq) (1.0 eq) 3 308
. 'H NMR

entry? T [°C] time [h] yield [%]° dre eTmajd
1 25 24 81 95:5 15:85
2 0 24 42 >95:5 16:84
3 22 96 86 >95:5 18:82
4 25 16 78 >95:5 16:84

@ Reactions performed on a 0.1 mmol scale. * Combined NMR vyield of diastereoisomers determined
by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. < Determined by
BF{IH} NMR analysis of the crude material. * Determined by chiral stationary phase HPLC
analysis.

3.4.2.1 Variation of substrate stoichiometry and concentration

Finally, the influence of the substrate stoichiometry and concentration was also
investigated (Table 11). Performing the reaction with an excess of either VCP 276 or PNP
ester 307 did not lead to an improvement in 'H NMR yield or stereoselectivity (entries
2,3). Variation of the reaction concentration had also no influence on the diastereo- and

enantioselectivity, giving the product with consistent dr (~95:5) and er (~83:17) (entries 4-
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6). Deviation from a concentration of 0.2 M, however, led to a decrease in NMR yield.
Hence, the previous conditions employing equimolar amounts of both substrates at 0.2 M
concentration were kept as optimal (entry 1).

Table 11 Influence of reactant stoichiometry and concentration.

Pd(PPhs), (5 mol%) A\
(S)-TM+HCI 20 (20 mol%) :

O \
)
CN -Pr,NEt (20 mol%) il
\A + Fsc/\)J\opr I<

CN acetone (x M), rt,24h  NC OPNP
276 307 NC Yp
(x eq) (x eq) ° 308
H NMR
try? VCP : PNP .M dre ‘majd
entry C conc. [M] yield [%]* I €r'maj

1 1.0:1.0 0.2 81 95:5 15:85
2 1.5:1.0 0.2 88 >95:5 17:83
3 1.0:15 0.2 74 94:6 19:81
4 1.0:1.0 0.1 68 >95:5 16:84
5 1.0:1.0 0.4 70 >95:5 18:82
6 1.0:1.0 0.8 63 94:6 19:81

@ Reactions performed on a 0.1 mmol scale. * Combined NMR vyield of diastereoisomers determined by 'H
NMR analysis of the crude material using 1,3,5-trimethoxybenzene as internal standard. < Determined
by WF{1H} NMR analysis of the crude material. ¢ Determined by chiral stationary phase HPLC analysis.

3.4.3 Mechanistic control experiments

Although the attempts to optimise the cooperative catalysis process resulted in conditions
that gave the product in high NMR yield (81%) and with excellent 95:5 dr, the
enantioselectivity could not be improved beyond 15:85 er. To gain further mechanistic
insight and rule out epimerisation under reaction conditions, a series of control
experiments was undertaken. In the absence of palladium catalyst, no reaction occurred
with only starting materials returned (Table 12, entry 1). In contrast, in the absence of the
isothiourea catalyst the reaction still proceeded but gave the product as a 1:1 mixture of
diastereoisomers in racemic form (entry 2). This competitive, racemic background
reaction might account for the difficulty in improving the enantioselectivity of the process.
Further control experiments were aimed at investigating the effect of the salt i-Pr.NEt-HCl,
formed in situ upon deprotonation of the isothiourea catalyst TM-HCI 20 with tertiary
amine base i-Pr2NEt. Conducting the reaction with the free base TM in the absence of any

salt led to a drastic decrease in diastereo- and enantioselectivity (entry 3). Similar
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observations were made when the HCl salt of (25,3R)-HyperBTM 30 was used compared
to the free base (entries 4, 5), suggesting that the salt additive plays a significant role in
this dual catalytic process. A more detailed investigation on the effect of different salts

will be discussed in the next section (0).

Table 12 Control experiments.

optimised conditions Pd(PPhs), (5 mol%) \\
(S)-TM+HCI 20 (20 mol%) S

O N
' o}
o i-PryNEt (20 mol%) ol
\/Av +  E c/\)J\OPNP NC <
NC

CN 3 acetone (0.2 M), rt, 24 h OPNP

276 307 L 308
(1.0 eq) (1.0 eq) 3 81% NMR yield
95:5 dr, 15:85 erp,;
entry? variation ‘H NMR dre €TI'majd €I'mind
y yield [%]° " m
1 no [Pd] 0 - - -
2 no ITU, no i-Pr2NEt 95 50:50 50:50 50:50
S)-TM (free base),
3 (5)-TM (tree base) 99 67:33 32:68 19:81
no i-Pr2NEt
4 30-HCl 78 >95:5 79:21 64:36
5 30, no base 93 77:23 72:28 61:39

@ Reactions performed on a 0.1 mmol scale. * Combined NMR vyield of diastereoisomers determined by 'H

NMR analysis of the crude material using 1,3,5-trimethoxybenzene as internal standard. < Determined

by WF{1H} NMR analysis of the crude material. ¢ Determined by chiral stationary phase HPLC analysis.
Next, the PNP ester product 308 was isolated with 93:7 dr and 81:19 ermsj and subjected to
various conditions with the change in diastereo- and enantioselectivity measured
(Scheme 67a). Treating the product with 5 mol% Pd(PPhs)s, no change in dr or er was
observed. The presence of base (i-Pr2NEt, 1.0 eq) resulted in additional signals detected
by F NMR analysis, giving an overall ratio of 84:9:6:1 compared to 93:0:7:0 dr. When the
product PNP ester was subjected to catalyst (S)-TM-HCl 20 (20 mol%) and i-Pr.NEt
(20 mol%), again no change in dr or er was observed. These results indicate that although
epimerisation in the presence of an equimolar amount of base can occur, this seems
unlikely under reaction conditions. Additionally, the product was synthesised and
isolated with a lower diastereoselectivity (65:35 dr) and re-subjected to the standard
catalysis conditions (Scheme 67b). No change in the diastereomeric ratio was observed in

this case, suggesting that the dr is kinetically controlled and does not change over time.
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a) Pd(PPh3), (5 mol%) no b)
acetone (0.2 M), rt, 16 h  change
\\: ( ) \\ Pd(PPhs), (5 mol%)
N N\ P (S)-TM-HCI 20 (20 mol%)
il iPro,NEt (1.0 eq) il iProNEt (20 mol%) o
NC OPNP 84:9:6:1dr| NC OPNP
NC &f acetone (0.2 M), rt, 16 h NC Y. acetone (0.2 M), rt, 24 h Cchange
3 3
308 (S)-TM<HCI 20 (20 mol%) 308
93:7 dr, 19:81 ey i-ProNEt (20 mol%) no 65:35 dr,
acetone (0.2 M), rt, 16 h  change 67:33 erp,j, 22:78 erpyin

Scheme 67 Mechanistic control experiments.

To confirm these findings, the reaction progress was monitored by in situ 'H and F{'H}
NMR analysis. Using slightly modified reaction conditions with 10 mol% TM-HC],
additional 20 mol% LiCl (see section 0) and 1,4-dinitrobenzene as internal standard, the
consumption of starting materials and formation of product over time were analysed and
are depicted in Figure 13. Notably, the product is formed with consistently high

diastereoselectivity (>95:5 dr), with no erosion observed over the course of the reaction.
Pd(PPh3)4 (5 mol%)

(£)-TM=HCI 20 (10 mal%) AN N
-ProNEt (10 mol%) B o o
NGFAN NG LiCI (20 mol%) i . Wi
CN s PNP acetone-dg, 1t NC OPNP NC OPNP
278 307 1,4-dinitrobenzene NC  ¢r, NC  GF,
(0.2 M) (0.2 M) (25 mol%) 308, 308,
A [ ] *
100
]‘A
01 4 eee? ¢
Pe A X2 S0
30 1@ P 2
¢ A . *®
70 4 ® A‘ * .’
= *
= ® A
= 60 1 ® A .0 AVCP
2 ® ‘ A
£ 50 - :0 R ® PNP ester
S & e ® Aa A + major
2 40 - - ° Ay
S L A Aa minor
* A
30 ®e A,
* ° Aj,
LY ° A“A
204 ¢ oq AA R
®
10 4, ®eo, R
T el P
0+ T T T T T =
0 200 400 600 200 1000 1200
time [min]

Figure 13 Reaction progress monitored by 'H and F{1H} NMR analysis.
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3.4.4 Investigation of salt effect

To further investigate the effect of salt additives on the stereoselectivity of the reaction,
different anion — cation combinations were evaluated. For these experiments, (R)-BTM 21
was chosen as the isothiourea catalyst to avoid mixtures of different ions, which would
have been present when using TM-HCI 20. Initially, a selection of salts containing various
organic and inorganic ions was tested in the cooperative catalysis process. As can be seen
from Table 13, the presence of halide ions seemed to be crucial for obtaining high
diastereoselectivity, irrespective of the nature of the cation (entries 2-4). Notably, a slight
increase in enantioselectivity was also observed in these cases. In contrast, in the absence
of a halide ion, the stereoselectivity was comparable to the results obtained without any
salt additive (entries 5 and 1). Interestingly, performing the reaction without the
isothiourea catalyst but in the presence of 20 mol% i-Pr2NEt-HCI furnished the product
with an improved 75:25 dr (entry 6) compared to no additive (50:50 dr, Table 12, entry 2),

with both diastereoisomers obtained as racemic mixtures.

Table 13 Evaluation of different salt additives in the cooperative catalysis.

Pd(PPh3)4 (5 mol%) \
0 (R)-BTM 21 (20 mol%) o
S L N\_CN . S (20 mol%)
CN Fﬁc/\)J\OPNP acetone (0.2 M), 1, 24h  NC7~ OpNP
276 307 NC %p
(1.0 eq) (1.0 eq) 3 308
TH NMR

entry? additive yield [%]" dre €r'majd €Imind

1 - 83 65:35 73:27 92:8

2 i-Pr-NEt-HCl 90 >95:5 83:17 -

3 BusNBr 85 >95:5 80:20 -

4 LiCl 92 >95:5 86:14 -

5 NaOAc 82 66:34 69:31 57:43

6 i-Pr-NEt-HCI (no ITU) 99 75:25 - -

@ Reactions performed on a 0.1 mmol scale. * Combined NMR vyield of diastereoisomers determined by
H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. < Determined by F{'H} NMR
analysis of the crude material. ¢ Determined by chiral stationary phase HPLC analysis.

Next, the influence of different halide ions was further probed by using the corresponding

LiX salts (Table 14). Notably, no difference in diastereo- or enantioselectivity was
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observed for this series. However, a significant decrease in product 'H NMR yield was

found in the order Cl > Br >>I. Hence, LiCl was selected as the optimal additive.

Table 14 Evaluation of LiX salts in the cooperative catalysis.

Pd(PPhs), (5 mol%) N\
(R)-BTM 21 (20 mol%)

o)
o)
/\ (20 mol%)
X N C/VJ\OPNP

CN 3 acetone (0.2 M), rt,24h  NC OPNP

276 307 NC %
(1.0 eq) (1.0 eq) CFs 308
‘e H NMR
entry? additive yield [%]° dre €Imajd
1 LiCl 92 >95:5 86:14
2 LiBr 87 >95:5 84:16
3 Lil 44 >95:5 -

@ Reactions performed on a 0.1 mmol scale. * Combined NMR yield of diastereoisomers determined

by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. © Determined by “F{1H}

NMR analysis of the crude material.  Determined by chiral stationary phase HPLC analysis.
These beneficial effects of halide counterions have been previously observed in similar
transformations. Hyland and co-workers reported a marked improvement in the
diastereoselectivity of the formal (3+2) cycloaddition of VCP 264 to 3-nitroindole 323 in
the presence of halide additives (Scheme 68).%* In this case, 0.5 equivalents of BusNI gave

the best result, providing the product with an improved 81:19 dr compared to 63:37 dr in

the absence of any additives.

Hyland, 2017 // S
NO, O,N, / !
Pd,dbag*CHCl3 (5 mol%) Y
\ACO CH,CF N BPhen (10 mol%) cgoczﬁHél?Fs
« LCH,CF, + N H ALy Al X
CO,CH,CF, N THF (0.1 M), 1t Ts I
264 323 Ts (+)-324 Zph
. ; itive: 95%, 63:37 d
( " without additive: 95%, r __BPhen 325

with BugNI (0.5 eq): 80%, 81:19 dr

Scheme 68: Importance of halide ions demonstrated by Hyland and co-workers.

In general, the effect of halide ions in transition metal catalysis is well documented,'® and
several experimental'®'¥ and computational'®'® studies have been undertaken to
investigate the implications on Pd m-allyl chemistry in more detail. It was observed that
the addition of CI- ions generally increases the rate of 7-o-m isomerisation, attributed to
enhanced stability caused by Cl- coordination to the intermediate, tetracoordinate 7'-
complex. This can be rationalised by considering the structural changes in the Pd-allyl

complex during the isomerisation process (Figure 14, top). Transitioning from the
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ni-complex to the n'-complex generates a vacant coordination site (yellow box), which can
be occupied by access ligand or a solvent molecule to provide additional stabilisation for
the n'-intermediate. In comparison to the 7°-complex, the n'-complex is higher in energy
(Figure 14, bottom). Therefore, the n’-n'-n° isomerisation process is associated with a
certain energy barrier. Increased stabilisation of the n'-intermediate lowers its energy,
which reduces the energy barrier to its formation, leading to an increase in rate for n’-n'-
n® isomerisation. As CI-ions seem to provide particularly efficient stabilisation compared
to excess ligand (e.g. PPhs) or coordinating solvents (e.g. Et:0O), this simplified

consideration can provide a rationale for the observed “halide effect”.

Fpat St N rot pat o pd
n-n ~ ~ n-n
\-\!/ & V L \1/
n*-complex n'-complex n'-complex m-complex

= vacant coordination site occupied by access ligand or solvent for stabilisation

E L. L
Pd
/.'_/

Ll L

Pd
L\Pd/L n'-complex L\Pd,L
::-:[7_ ;_::l/
m-complex n*-complex

reaction coordinate

Figure 14 m-o-7t Isomerisation: top) general mechanism; bottom) relative energies of associated
intermediates.
The implications of this effect for the current cooperative catalysis process are outlined
below. Based on earlier mechanistic control experiments, it has been established that the
dr does not change over time once the product had been formed, i.e., the ring-closing step
is assumed to be irreversible (see section 3.4.3). For Cl ions to influence the
diastereoselectivity of the reaction, any m-o-m isomerisation process must occur faster
than ring closure via enolate attack onto the m-allyl fragment. This would allow the
formation of the more stable diastereoisomer through continued isomerisation of the
different Pd m-allyl intermediates. The postulated intermediates leading to the major and
minor diastereoisomers are depicted in Scheme 69a (A and B). Considering the relative
position of the highlighted hydrogen atoms (H), intermediate A leads to the minor
diastereoisomer, displaying an anti-relationship between the C(5)-vinyl substituent and

the C(1)-ester substituent. Intermediate B, on the other hand, exhibits a syn-relationship
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between the highlighted hydrogen atoms, forming the major diastereoisomer. As no
stereocontrol is exerted over the initial t-allyl formation, both intermediates are equally
likely to be formed. In the absence of Cl-ions, the isomerisation process is not fast enough
to allow full equilibration to the more favourable syn-intermediate B, resulting in a lower
dr for the product. The addition of Cl-ions increases the isomerisation rate sufficiently to
allow the selective formation of the major diastereoisomer. A more detailed mechanism
for this m-o-7t isomerisation process is proposed in Scheme 69b. Notably, this scenario
leads to an enantiomerization at the internal allylic carbon, giving rise to the

diastereomeric Pd m-allyl intermediates A and B.

[Pd]
AN CN

0
wH S
m @* AREAATSD o & A/(L -
OPNP 3 N CF3\  NC OPNP

a) [Pd]
) _{'f oN

CF, NC  &f,
minor A B major
diastereoisomer diastereoisomer
(1R,2S,5R) (1R,2S8,59)

b)
[P | 3.1 [Pd] [Pd] 1.3 [Pd] 180° [Pd] [Pd]
R/\V R H < H == ¥~ — \—/\R R/\~_—/
C H ent-C (o3

R

Scheme 69 Effect of t-o-1t isomerisation on cooperative catalysis: a) formation of diastereoisomers. b) allyl
isomerisation mechanism.

3.45 Re-optimisation of reaction parameters

Having established the beneficial effects of Cl- ions on the stereoselectivity of the

cooperative catalysis process, selected reaction parameters were re-evaluated.

3.4.5.1 Re-evaluation of isothiourea catalysts

At first, various isothiourea catalysts were re-investigated in the presence of 30 mol% LiCl
as additive. As the earlier Lewis base catalyst screen showed that the catalyst loading
could be reduced to 10 mol% without a decrease in stereoselectivity, this amount was
chosen for the current evaluation. Gratifyingly, performing the reaction with 5 mol%
Pd(PPhs)4, 10 mol% isothiourea catalyst and 30 mol% LiCl in acetone at room temperature
furnished the desired product in high NMR yield and excellent diastereoselectivity

(>95:5dr) (Table 15), irrespective of the isothiourea used. Interestingly, product
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enantioselectivity did not vary significantly between the different catalysts, with BTM
derivatives generally performing better (entries 3,7,8). As no clear trend was deducible in
the isothiourea evaluation and considering the commercial availability of TM-HCl, it was

chosen as the catalyst for further evaluations.

Table 15 Evaluation of isothiourea catalysts in the presence of LiCl.

Pd] (5 mol%) N\
0 U/(10 mol%) g
\/AY:EN toF C/\)J\OPNP acet:rI:I(((::(; E?I:)m h Ne ””/<opr
276 (1 0 eq) 307 (1.0 eq) CF, 308
5 T 0y *@ be: *@ CVQQ
:CIPh. (5)-20 R = H: (R)-21 (28 3R)- (2R,35)-328 )-329
R=iPr (S)-326  R=OMe: (R)-327
entry? ITU ;Ell(\in[\‘/;ﬁb dre €Imajd

1 - 97 88:12 49:51

2 (S)TM-HCI 20¢ 80 >95:5 18:82

3 (R)-BTM 21 71 >95:5 84:16

4 (25,3R)HyperBTM 30 80 95:5 75:25

5 (2R,3S)HyperSe 328 84 >95:5 17:83

6 (5)-i-PrBTM-HCl 326¢ 89 >95:5 25:75

7 (+)-fused BTM 329 90 >95:5 84:16

8 (R)-OMeBTM 327 83 >95:5 85:15

@ Reactions performed on a 0.1 mmol scale. * Combined NMR yield of diastereoisomers determined by
H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. < Determined by “F{TH} NMR
analysis of the crude material. * Determined by chiral stationary phase HPLC analysis. ¢ 10 mol%
i-Pr2NEt and 20 mol% LiCl used.

3.4.5.2 Evaluation of chiral palladium — isothiourea catalyst combinations

With enantioselectivities for this dual catalytic process still not exceeding 85:15 ermaj, the
potential for improvement by combining a chiral palladium catalyst with a chiral
isothiourea was considered (Table 16). Initially, the reproducibility of the reaction
conditions was evaluated by performing the reaction with Pd:dbas*CHCIs and PPhs as
ligand instead of the preformed Pd(PPhs)s complex in the presence of 10 mol% TM-HCl
in acetone, but without additional LiCl (entry 1). However, no conversion of starting

materials was observed under these conditions. This raised the question whether the
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presence of salts in the reaction mixture could inhibit the formation or reactivity of the
active Pd catalyst species. Therefore, the addition of LiCl was suspended for the ligand
evaluation and (R)-BTM 21 was chosen as isothiourea catalyst. When the initial reaction
was repeated using (R)-BTM instead of (S)-TM-HCI, the product was formed in
comparable 'H NMR yield and stereoselectivity to using preformed Pd(PPhs)s (both in the
absence of LiCl additive), but required a prolonged reaction time of 48 h (entry 2).
Subsequently, chiral ligand 267 was trialled, as the Trost ligand family has been used on
numerous occasions for related, enantioselective formal (3+2) cycloadditions. However,
no conversion of starting materials was observed (entry 3). When the solvent was changed
to the more commonly used toluene, still no formation of product occurred (entry 4). As
a control, the reaction was performed in the absence of isothiourea catalyst, furnishing
the product in moderate 'H NMR yield and stereoselectivity (55%, 62:38 dr, 34:66 ermaj,
entry 5). This result had two important implications: First, it indicated an incompatibility
between the Trost ligands and isothioureas. Secondly, it highlights the importance of the
isothiourea catalyst for this cooperative catalysis, as the use of a chiral palladium catalyst
resulted in inferior stereoinduction. To verify this observation, the reaction was also
performed in THF, again in the absence of isothiourea catalyst (entry 6). Although the
NMR yield and diastereoselectivity were improved in this case (99%, 79:21 dr), the
product was obtained in essentially racemic form. Alternative chiral ligand (S)-BINAP
330 was also evaluated in the presence or absence of (R)-BTM (entries 7,8). Interestingly,
the product was formed with similar levels of enantiocontrol, giving the same major
enantiomer in both cases. However, the obtained NMR yield and diastereoselectivity was
low (<29%, ~55:45 dr). Finally using (S)-BINAP, the reaction was also performed in the
presence of 30 mol% LiCl (entry 9). Although a marked improvement in
diastereoselectivity was observed, the NMR yield and enantioselectivity remained low.
These results indicate that the stereoselectivity of this dual catalytic process is
predominantly controlled by the isothiourea catalyst, with the correct choice of palladium
— ligand combination being vital for good reactivity. As the trialled ligands performed

worse than the preformed Pd(PPhs)s catalyst, the latter was kept as the optimal choice.
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Table 16 Evaluation of chiral ligands in the cooperative catalysis.

Pd,dbag*CHCl3 (2.5 mol%) N\
(0] (10 or 15 mol%) o
soAen . (R)-BTM 21 (10 mol%)
CN F3C/\)J\OPNP solvent (0.2 M), rt, 24 h NC / OPNP
276 (1.0 eq) 307 (1.0 eq) NC CF; 308
O, e
PPh,
Crmmrly )
(R,R)-DACH-Ph 267 (S)-BINAP 330
H NMR
entry? ligand (mol%) solvent yield [%]* dre Fmajd
1e PPhs (15) acetone 0 - -
2f PPhs (15) acetone 77 75:25 70:30
3 (R,R)-DACH-Ph (10) acetone 0 - -
4 (R,R)-DACH-Ph (10) toluene 0 - -
58 (R,R)-DACH-Ph (10) toluene 55 62:38 34:66
68 (R,R)-DACH-Ph (10) THF 99 79:21 46:54
7 (S)-BINAP (10) THF 15 56:44 83:17
88 (S)-BINAP (10) THF 28 53:47 87:13
oh (S)-BINAP (10) THF 17 89:11 65:35

@ Reactions performed on a 0.15 mmol scale. * Combined NMR vyield of diastereoisomers determined by
H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. ¢ Determined by F{'H} NMR
analysis of the crude material. ¢ Determined by chiral stationary phase HPLC analysis. ¢ 10 mol% (S)-
TM-HCl and 10 mol% i-Pr2NEt used. f 48 h. s Reaction performed without (R)-BTM. " 30 mol% LiCl used.

3.4.5.3 Re-evaluation of reaction solvents

At this point, the issues encountered when using TM-HCl 20 in the evaluation of chiral
ligands prompted a change to (R)-BTM 21 as the preferred isothiourea catalyst in
combination with preformed Pd(PPhs)s. Based on literature reports for related
transformations, toluene, THF and EtOAc were selected for an extended solvent screen.
Performing the reaction in the presence of 30 mol% LiCl furnished the desired product in
high 'H NMR yields with excellent diastereoselectivity, except for toluene (entry 2).
Importantly, THF and EtOAc gave the product with improved enantioselectivity
compared to acetone (>90:10 ermaj vs. 87:13 ermqj, entries 3,4 vs. 1). Attempts to lower the
isothiourea catalyst loading to 10 mol% using EtOAc as the solvent resulted in a slight

decrease in product dr and er (entry 5). Finally, a combination of EtOAc and THF in a 3:2
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ratio proved optimal, furnishing the product in excellent 92% NMR yield, 95:5 dr and

94:6 €T'maj.
Table 17 Evaluation of solvents in the presence of LiCl.
Pd(PPhs), (5 mol%) N
o (R)-BTM 21 (20 mol%) o
S /N\_cN . /\)J\ LiCl (30 mol%)
CN FsC OPNP ©2M)rt,24h N~ ‘opNP
276 307 C %r
(1.0 eq) (1.0 eq) 3 308
entry? solvent ‘H NMR dre €T'majd
y yield [%]° maj
1 acetone 86 >95:5 87:13
2 toluene 77 72:27 69:31
3 THF 63 95:5 92:8
4 EtOACc 88 91:9 91:9
Be EtOACc 91 88:12 87:13
6 EtOAc:THF 3:2 92 95:5 94:6

@ Reactions performed on a 0.1 mmol scale. * Combined NMR vyield of diastereoisomers determined
by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. < Determined by
F{1H} NMR analysis of the crude material. ¢ Determined by chiral stationary phase HPLC
analysis. ¢ 10 mol% (R)-BTM used.

3.4.6 Key insights from optimisation studies

After performing an extensive evaluation of various reaction parameters, the optimal
conditions for this cooperative palladium and isothiourea catalysis process have been
established using 5 mol% Pd(PPhs)s, 20 mol% (R)-BTM 21 and 30 mol% LiCl in a mixed

solvent system (EtOAc:THF 3:2) at room temperature for 24 hours (Scheme 70).

Pd(PPhs), (5 mol%) AN
o (R)-BTM 21 (20 mol%) o
/\ LiCl (30 mol%) 92% NMR yield
h czN ¥ FsC/VJ\OPNP . 95:5 dr
EtOAC:THF 3:2 (0.2M)  NC / OPNP
276 307 i, 24 h NC %f 94:6 erp,;
(1.0 eq) (1.0 eq) 3 308

Scheme 70 Optimised reaction conditions for the cooperative palladium and isothiourea catalysis.

The following key points should be highlighted from the optimisation results:
e asuitable palladium catalyst was required for reactivity.
e a racemic background reaction occurred in the absence of isothiourea catalyst,

resulting in a 1:1 mixture of diastereoisomers.
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e theisothiourea catalyst was essential for obtaining high levels of stereocontrol, as
inferior results were obtained when a chiral palladium catalyst was used instead.

e the addition of a sub-stoichiometric amount of CI- ions in the form of LiCl was
crucial for excellent diastereocontrol (>95:5 dr) and resulted in improved levels of
enantiocontrol.

e awide range of reaction conditions allowed the formation of product in good yield.
However, to achieve high levels of stereocontrol, a careful choice of the

appropriate combination of catalysts, additives and solvent was pivotal.

3.4.7 Scope and Limitations

Having established the optimal conditions for the synthesis of highly functionalised
cyclopentane products via dual palladium and isothiourea catalysis, the scope and
limitations of this process were next evaluated. Initially, different nucleophiles were
trialled for post-catalysis transformations to ensure the reproducibility of the isolated
product yields. Next, the nature of (3-substituents tolerated within the Michael acceptor
was investigated. Finally, the influence of various electron-withdrawing groups within

the VCP was studied.

3.4.7.1 Evaluation of nucleophile addition post-catalysis

Note: The following investigations were performed prior to the final optimisation of the catalysis
reaction conditions. At this point, isothiourea catalyst TM -HCI 20 in combination with i-Pr:NEt
in acetone were used to generate the desired cyclopentane product. However, as the influence of the
catalysis conditions on the subsequent nucleophilic derivatisation should be negligible, the results
obtained from this study were considered as generally applicable.

First, direct isolation of the product as the PNP ester was evaluated (Scheme 71).
Purification of the crude reaction mixture via silica column chromatography allowed the
isolation of the PNP ester product 308 in 73% yield as an inseparable mixture of

diastereoisomers with high 93:7 dr.

Pd(PPh3), (5 mol%) A
(£)-TM=HCI 20 (10 mol%) 3

O 5
.
i-PrNEt (10 mol%) il
\/AV N . /\)J\OPNP <
C NC

CN acetone (0.2 M), rt, 24 h OPNP
276 307 308

1.0 1.0
( ea) ( ea) 73%, 93:7 dr

Scheme 71 Direct isolation of cyclopentane PNP ester.
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Although isolation of the PNP ester proved feasible, the yield seemed highly dependent
on the speed with which the column chromatographic purification was performed.
Prolonged time on the column led to reduced isolated yields, presumably due to
hydrolysis of the PNP ester under these conditions. To simplify the isolation and
purification procedure and to improve the reproducibility, independent of the
practitioner, alternative nucleophilic derivatisations post-catalysis were investigated
(Table 18). For this purpose, the respective nucleophiles were directly added to the
catalysis reaction mixture after 24 hours. First, commonly used benzylamine (BnNH2) and
benzyl alcohol (BnOH) were selected. The addition of 5.0 eq BnNH: furnished the
corresponding amide product 331 after 4 hours in 49% isolated yield (entry 1). In addition,
bicyclic product 332 was also isolated from the reaction as an inseparable mixture of
diastereoisomers (92:8 dr) in 24% yield (Scheme 72). Although this represents an
interesting opportunity for further product derivatisation, specifically the
desymmetrization of the C(3) nitrile groups, the existence of multiple product isomers
was undesirable for a generally applicable, simple derivatisation protocol. In addition,
close monitoring of the reaction progress was critical, as a prolonged reaction time led to
a drastic decrease in yield and the formation of numerous side-products.

Table 18 Evaluation of nucleophiles for in situ post-catalysis derivatisation.

i) Pd(PPhg), (5 mol%)
(£)-TM<HCI 20 (10 mol%) N\
i-PryNEt (10 mol%) ]

(0] N
/\ 0]
e CN acetone (0.2 M), rt, 24 h )
* Fgc/\)J\OPNP <

CN ii) ,rt, 24 h NC
276 (1.0 eq) 307 (1.0 eq) NC CF; 322, 331-333
entry? NuH (eq) product yield [%]° dre
331 49 >99:1
14 BnNH: (5.0)
332 24 92:8
2 BnOH: (5.0) 322 56 5955
3 MeOH: (25.0) 333 72 5955

@ Reactions performed on a 0.25 mmol scale. * Combined isolated yield of diastereoisomers.
¢ Determined by F{TH} NMR analysis of the crude material. ¢ Reaction stopped after 4 h of
BnNH: addition. ¢ 20 mol% DMAP added.

Use of BnOH gave benzyl ester 322 in 56% isolated yield and in excellent >95:5 dr (entry 2),
without the formation of side-products or decomposition. Alternatively, MeOH provided

the corresponding methyl ester 333 in improved 72% isolated yield and similar
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diastereoselectivity (>95:5 dr, entry 3), proving optimal for the intended in situ
derivatisation. Notably, the addition of DMAP as catalyst in combination with simple
alcohol nucleophiles BnOH and MeOH was necessary, as almost no conversion of the

PNP ester was observed in its absence.

AN
276 3 o \\ H /O
Pd /< (5.0 eq) /<O i C’ .,<
+ L —_— (XN +
( li& NC OPNP t, 4 h NC ’ £
NC NC A
307 CF3 CF4 N NH
L 308 i 331, 49% 332, 24%
not isolated >99:1 dr 92:8 dr

Scheme 72 Products isolated from derivatisation with BnNH>.

3.4.7.2 Variation of Michael acceptor

3.4.7.2.i. Synthesis of B-substituted Michael acceptors

To assess the generality of the cooperative catalysis, a range of differently substituted
Michael acceptors was prepared. Considering that a common limitation in o,3-
unsaturated acyl ammonium catalysis is the requirement for Michael acceptors bearing
electron-withdrawing [(-substituents, substrates containing ester, amide and
polyfluorinated groups were targeted. In addition, Michael acceptors containing aryl and
heteroatom substituents were also prepared. The synthesis of the target compounds
followed the general route outlined below (Scheme 73). Starting from the corresponding
ethyl (334) or t-butyl ester (335), which were either commercially available or prepared
following literature procedures, hydrolysis under basic or acidic conditions furnished the
desired carboxylic acid 336. Conversion of the acid to the acid chloride using oxalyl
chloride followed by esterification with p-nitrophenol (PNPOH) in a one-pot two-step

procedure gave the corresponding PNP esters 253 in generally high yields (29-90%).

0
“ LiOH+H,0
OEt i) (COCl), (1.05 eq)

334 THF : H,O 1:1, rt o DMF (cat) o NO,
L > N}\ CH,Cl, (0.33 M), rt, 1h ./\)J\
o — OH o)

i) PNPOH (1.0 eq)

i TFA 336 i-Pr,NEt (2.0 eq) 253
O/\)\ CH,Cl, (0.33 M), rt, 16 h 29-90%
Ot-Bu
335 CHzclz, rt

@ = CO,R, CONRy, CF5.,R,, NR,, OR, Ar

Scheme 73 General synthetic route towards p-substituted PNP esters.
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3.4.7.2.ii. p-Substituted Michael acceptors in the cooperative catalysis

With a range of (3-substituted Michael acceptors in hand, their applicability in this
cooperative catalysis was investigated. Using the optimised conditions of 20 mol%
(R)-BTM 21, 5 mol% Pd(PPhs)s and 30 mol% LiCl in EtOAc/THF furnished the CFs
containing cyclopentane product 333 in 75% yield with 95:5 dr and high enantioselectivity
(93:7 ermaj, >99:1 ermin). Moving to a CF2H substituent gave the product 346 in similar yield
and dr, but with slightly reduced enantioselectivity (90:10ermaj, 88:12 ermin). Notably, the
presence of the medicinally relevant difluorophosphonate group CF2P(O)(OEt)2'* was
also well tolerated in the catalysis, furnishing the PNP ester product within 24 hours in
high dr, but slightly reduced 81:19 erms. However, in situ derivatisation with MeOH
proved troublesome, as the reaction stopped at around 50% conversion, ultimately
requiring 1.0 eq of DMAP and a prolonged reaction time of 4 days to reach full conversion
to the methyl ester product 347. The observed difficulties are a likely explanation for the
low isolated yield in this case (19%). Alternatively, direct isolation of the corresponding
PNP ester proved equally fruitless, resulting in an even lower isolated yield, likely due to
product decomposition during column chromatography. Other non-fluorinated electron-
withdrawing B-substituents also led to product formation. Use of different ester groups
as B-substituent gave the corresponding products 348 and 349 in slightly reduced yield,
but with excellent diastereo- and enantioselectivity (291:9 dr, up to 95:5 erma). Notably,
t-butyl ester containing product 349 could be isolated as a single diastereoisomer in 56%
yield after purification by column chromatography. Different amide substituents also
provided good reactivity, giving the products 350-352 in high yields (64-75%) and with
excellent dr and er (>95:5 dr, 291:9 ermaj). Notably, incorporation of an allyl unit within the
amide substituent did not lead to any side reactions, with cyclopentane 352 isolated as a
rotameric mixture (5:4) in 75% yield. Incorporation of N-succinimide as a heteroatom
substituent gave the cyclopentane product 353 in a diminished 20% isolated yield, but
with excellent stereoselectivity (>95:5 dr, 96:4 ermaj). In this case, the corresponding
Michael acceptor (344) showed significantly reduced reactivity, requiring 72 hours for the
cooperative catalysis to reach full conversion. Additionally, an excess of VCP was
necessary as VCP polymerisation occurred as a competing reaction pathway. The reduced
reactivity observed might in part be due to the heterogeneity of the reaction mixture, as

the incorporation of the succinimide substituent drastically decreased solubility. This was
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also observed for the final methyl ester product 353, complicating purification and
contributing to the low isolated yield. Finally, acrylic acid derived Michael acceptor 345
was also probed, giving the cyclopentane product 354 in only 25% isolated yield after a
prolonged reaction time (48 h) with drastically reduced diastereo- and enantioselectivity
(79:21 dr, 67:33 er). Although no formation of side-products or decomposition of starting
materials was observed, potential polymerisation of both starting materials as a rationale
for the low product yield cannot be ruled out.

Table 19 Scope of Michael acceptors in the cooperative catalysis. @

i) (R)-BTM 21 (20 mol%)
Pd(PPh3), (5 mol%) N
LiCI (30 mol%)

0
\ACN NJ\ EtOAC:THF 3:2, rt, 24-72 h o
CN * OPNP

ii) MeOH (25.0 eq) NC / OMe
276 307, 337-345 DMAP (20 mol%) NC @
(1.0 eq) (1.0 eq) rt, 24 h 333, 346-354
A\ A\ N A\ N
o) o) 0 o) 0
NC7/~ oOMe NC7/—~ OMe NC77/~ OMe NC/™ OMe NC77™  OMe
NC  %f, NC  Zr,H NC . _—PO)OEY), NC CTo,Et NC  Zo,Bu
F
333, 75% 346, 74% 3479, 19% 348, 63% 349, 56%
95:5 dr 95:5 dr >95:5dr 91:9dr >95:5 dr
93:7 elpygj, >99:1 erpiy 90:10 erpyj, 88:12 ery, 81:19 efpq® 95:5 erpngj, 75:25 efmin® 92:8 erp,®
A\ N A\ A\ A\
o) 0 o) o) o)
NCNC 7 OMe NCNC £ OMe N?\IC ’  OMe NCNC . OMe NCNC /  OMe
N;QO o- /~0 /~0 N H
Cl N ="\ ?
350, 64% 351, 73% 352, 75% 353, 20% 354, 25%
>95:5 dr >95:5 dr >95:5 dr >95:5dr 79:21 dr
91:9 erp,; 92:8 erpgj 93:7 erpmgj 96:4 ermajf 67:33 ermaj, 67:33 ermin

unsuccessful substrates

0 0 0 0 0

BnO Ph N

" NOPNP NOPNP Bno/\)J\OPNP N opNp S " opNp
O 355 O 356 357 358 ) 359

@ Reactions performed on a 1.0 mmol scale. * Combined isolated yield of diastereoisomers. < dr of isolated
product after purification by silica column chromatography determined by F{'H} or 'H NMR analysis. ¢ er
determined by chiral stationary phase GC or HPLC analysis. ¢ er determined by chiral stationary phase
HPLC analysis from the intermediate PNP ester product. f er determined by F{IH} NMR analysis after
derivatisation with (S)-1-(4'-Fluorophenyl)ethanol. ¢ Derivatisation run with 1.0 eq DMAP for 96 h.

The use of benzyl ester containing Michael acceptor 355 resulted in partial conversion of
starting materials, with slow decomposition of product observed, indicative of an
incompatibility of the benzyl ester functionality with the current dual catalytic process.

Incorporation of a -ketone substituent (356) led to rapid conversion of starting materials,
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but resulted in a messy reaction mixture with no product signals detectable. Benzyl ether
and 2-pyridine containing Michael acceptors 357 and 359 proved insoluble under reaction
conditions, with no product formation detected. Phenyl containing substrate 358 also
showed no reactivity under the catalysis conditions. Notably, full consumption of VCP
was observed in these three cases, indicating that VCP polymerisation will occur in the
absence of a suitable reaction partner. These examples further highlight the importance
of a sufficiently electron-withdrawing substituent in the B-position, with aryl substrates
proving traditionally challenging in o,B-unsaturated acyl ammonium catalysis. The
relative and absolute configuration of the major (1R,2S,5S)-diasterecisomer 349maj was
determined by single crystal X-ray diffraction analysis with all other products assigned
by analogy.

single crystal
X-ray diffraction analysis

(1R,25,55)-349m;

Figure 15 Crystal structure for major diastereoisomer 349maj.

The limitations of the cooperative catalysis process were further probed by employing 3-
disubstituted Michael acceptor 360 to furnish the corresponding cyclopentane product
containing an all-carbon quaternary centre (Figure 16). Performing the reaction under
standard conditions resulted in partial conversion of PNP ester 360 and full consumption
of VCP 276 after 24 hours as determined by "H NMR monitoring of the reaction progress.
Unfortunately, the addition of another equivalent VCP 276 to the reaction mixture did not
lead to any further conversion of Michael acceptor, but again resulted in full consumption
of VCP after another 24 hours. This indicates inhibition of the catalysis process after a
certain amount of product had been formed. Interestingly, a change in product dr was

detected between 24 and 48 hours, which has not been observed previously.
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(£)-BTM (20 mol%)

0 Pd(PPha), (5 mol%)
\ACN . S LiC! (30 mol%)
CN EtOAC:THF 3:2, rt
276 360

(1.0 eq) (1.0 eq)

24 h

[ ]
48 h
T T T T T T T T T
6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 £

f1 (ppm)

Figure 16 'TH NMR monitoring of reaction progress using Michael acceptor 360.

Purification of the crude reaction mixture at this point resulted in the isolation of three
diastereoisomers (Scheme 74). Based on the mechanistic understanding of the cooperative
catalysis process, the initially formed major diasterecisomer 361maj was assigned in
analogy to the other cyclopentane products. In addition, minor diastereoisomer 361min
was also formed in the process, being epimeric at C(5). As 'H NMR analysis showed,
diastereoisomer 361msj decreases over time, with a new, previously unobserved
diastereoisomer 362 increasing at the same rate. This third diastereoisomer is proposed to
arise from epimerisation at C(1) and was fully separable by column chromatography from
361maj and 361min, which were isolated as an inseparable mixture with 84:16 dr. Subsequent
derivatisation of the isolated PNP esters with MeOH (25.0 eq) and DMAP (20 mol%)
resulted in further interconversion of diastereoisomers. Unfortunately, the methyl ester
derivatives were no longer separable by column chromatography. These observations
suggest that an increase in steric congestion at the C(2) centre leads to an increased acidity
of the C(1) hydrogen atom, facilitating epimerisation under the catalysis and

derivatisation conditions. Moreover, with the methyl and CFs substituent being
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comparable in size, there seems to be no preference for the relative orientation of the ester

substituent, leading to a thermodynamic equilibrium.

N
L O
purification of crude —— + ..../<
reaction mixture NC < OPNP
NC : Me
GF; 362
34%
>99:1 dr
MeOH (25.0 eq) MeOH (25.0 eq)
DMAP (20 mol%) DMAP (20 mol%)
N\ N\ N\
N O O O
//Q—« ||||/
NC X OMe NC X OMe NC . OMe
NC (::FMe NC :- Me NC (::FMe
epimerisation during 3 363min N 3 363my; AN ? 364
MeOH derivatisation
O O
28:46:26 dr /< 55:45 dr
NC < OMe NC X OMe
NC : Me NC : Me
CFs 364 CFs 363,

Scheme 74 Observed epimerisation upon introduction of quaternary centre.

In light of these observations, the cyclopentane product was isolated as the PNP ester after

24 hours reaction time, giving the product in a total 28% yield as three diastereoisomers,

all with high 94:6 er.
(R)-BTM 21 (20 mol%) N\ A
Me O Pd(PPhs), (5 mol%) o o
H 0,
\/ATCN . c)\/u\opNP LICI (30 mol%) . Wi
CN 3 EtOAc:THF 3:2,r1t,24h NC . OPNP NC 4 OPNP
276 360 NC : Me NC :'Me
(1.0 eq) (1.0 eq) CF; CF;
361, 24% 362, 4%
93:7 dr 90:10 dr (362 : 361,
94:6 erpgj, 94:6 erpin 94:6 er

Scheme 75 Isolated cyclopentane products bearing an all-carbon quaternary centre.

3.4.7.3 Variation of vinylcyclopropane

3.4.7.3.i. Synthesis of vinylcyclopropanes

To probe the scope and limitations of the vinylcyclopropane starting material, the nature
of the acceptor groups was varied. Based on literature examples of related processes,
VCPs bearing nitrile, ester and sulfone groups as well as heterocyclic acceptor groups
were targeted. The desired vinylcyclopropanes were synthesised in one step from
(typically) commercially available starting materials following a literature procedure'

with slight modifications (Scheme 76). Reacting equimolar amounts of the corresponding
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C-H acidic compound 365 bearing the desired electron-withdrawing groups and
1,4-dibromobutene 366 in the presence of base furnished the corresponding VCPs in

generally high yields (24-80%).

P B K,CO3 or Cs,CO3 (2.5 eq)
[ N r
t BT Y \/A;‘

365 366 THF (0.2 M), 60 °C 252
24-80%
® = CN, C(O)R, CO4R, SO,Ph, Ar, NR,

Scheme 76 General synthesis strategy towards vinylcyclopropanes.

3.4.7.3.1i. Scope of vinylcyclopropanes in the cooperative catalysis

Next, variation of the electron-withdrawing groups within the VCP starting material was
investigated. Use of 1,3-indanedione substituted VCP 278 gave the spirocyclic product
367 in 40% isolated yield with drastically reduced diastereoselectivity (68:32 dr), but good
enantioselectivity (89:11 ermsj). Employing unsymmetrically substituted VCP 277 bearing
a nitrile and an ester group furnished cyclopentane product 368 bearing four contiguous
stereogenic centres in 44% yield and with excellent enantioselectivity (97:3 er).
Unfortunately, Michael addition of the intermediate zwitterion was not selective,
resulting in a 1:1 mixture of partially separable diastereoisomers epimeric at the
quaternary carbon centre. Notably, the catalysis employing unsymmetrical VCP 277 or
indanedione substituted VCP 278 required a prolonged 48 hours to reach full conversion.
The decrease in reactivity was even more pronounced when moving to diester substituted
VCPs. Use of di(trifluoroethyl) ester activated VCP 264 necessitated a reaction time of four
days to reach full conversion, furnishing cyclopentane 369 in 51% isolated yield with
moderate 80:15:5 dr, but excellent enantioselectivity (97:3 erms). When simple methyl ester
substituted VCP 255 was used, no reactivity was observed at all. Employing disulfone
containing VCP 370 was equally unsuccessful with only starting materials returned. In
the case of oxindole substituted VCP 371, which was employed as a single
diastereoisomer, no reaction with Michael acceptor 307 was observed. Instead,
epimerisation of the VCP in the presence of Pd(PPhs)s occurred, resulting in a 60:40
diastereomeric mixture after 24 hours. Similar observations have been reported by Yang
and co-workers.? Finally, azlactone derived VCP 279 was trialled in the cooperative
catalysis. Although good reactivity was observed, resulting in full consumption of

starting materials within 24 hours, a complex mixture of products was obtained.

102 |



3.4 | Results and Discussion

Table 20 Scope of vinylcyclopropanes in the cooperative catalysis.

i) (R)-BTM 21 (20 mol%)
Pd(PPhs), (5 mol%)

o) LiCl (30 mol%)
N A;. EtOAC:THF 3:2, rt, 48-96 h
+ Fsc/\)J\OPNP

i) MeOH (25.0 eq) / OMe
264, 277, 278 307 DMAP (20 mol%) EF
(1.0 eq) (1.0 eq) rt, 24-48 h 3 367-369
N N
(0] (0] (0]
OMe MeO,C / OMe CF;H,CO,C / OMe
o CF, NC CF, CF;H,CO,C CF,
367, 40% 368, 44% 369, 51%
68:32 dr 1:1dr 80:15:5dr
89:11 erygj, 98:2 ermy 97:3 er® 97:3 ermgj, 98:2 erpin
unsuccessful substrates )
\Acoznne \ASOZPh 2 \/MO
255 COMe 370 SO2Ph 371 N 279 N<(
(o] \
Bn Ph

@ Reactions performed on a 1.0 mmol scale. * Combined isolated yield of diastereoisomers.

< dr of isolated product after purification by silica column chromatography determined by

WF{1H} NMR analysis. ¢ er determined by chiral stationary phase GC or HPLC analysis. ¢

er determined by chiral stationary phase HPLC analysis from the intermediate PNP ester.

The er for the other diastereoisomer could not be determined.
These results highlight the requirement for sufficiently electron-withdrawing groups
within the VCP substrate to facilitate reaction with the a,3-unsaturated acyl ammonium
intermediate generated in the cooperative catalysis. Moreover, the reaction outcome with
regards to product yield and dr seems very sensitive to the nature of the VCP partner.
The decrease in reactivity upon variation of the VCP has been observed in related
literature examples, and is one of the limitations of these processes, often requiring
additional optimisation for each VCP substrate. However, enantioselectivities remain

high throughout the scope of VCPs in this cooperative catalysis, indicative of the excellent

stereocontrol exhibited by the isothiourea catalyst.

3.4.8 Scalability and product derivatisations

To demonstrate the practicality of the developed cooperative catalysis process, the
reaction was performed at gram scale. Employing dinitrile substituted VCP 276 (0.59 g,
5.0 mmol) and Michael acceptor 307 (1.30 g, 5.0 mmol) under standard catalysis
conditions furnished the desired cyclopentane product 308 after 24 hours in high 78%
isolated yield (1.49 g) with excellent diastereo- and enantioselectivity (95:5 dr, 93:7 ermaj)

identical to the small-scale reaction.
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(R)-BTM 21 (20 mol%) N\
Pd(PPhs), (5 mol%)

o
. o
/\ LiCI (30 mol%)
X CN- s /\)J\OPNP 308, 78% (1.49 g)

CN EtOAC:THF 3:2,1t, 24 h  NC /
276 307 NGz OFNP 95:5 dr

(0.59g,1.0eq) (1.30 g, 1.0 eq) 93:7 ermaj, 95:5 erpin

Scheme 77 Gram scale experiment.

To further showcase the synthetic utility of the cyclopentane products, PNP ester 308 was
subjected to a range of derivatisation conditions, followed by additional transformations
aimed at increasing molecular complexity. Treating the isolated PNP ester product 308
with MeOH and DMAP gave the corresponding methyl ester 333 in excellent 95% isolated
yield and unchanged dr and er. Notably, the yield obtained for the stepwise isolation —
esterification procedure is similar to the yield obtained following in situ MeOH
derivatisation (74% vs 75%, respectively). A subsequent Heck coupling reaction on
methyl ester 333 gave the desired (E)-alkene 372 in modest 46% yield without erosion of
enantiopurity. Derivatisation of PNP ester 308 with allyl amine was also well tolerated,
furnishing allyl amide 373 in 78% isolated yield as a single diastereoisomer after
purification by column chromatography. Subsequent ring-closing metathesis employing
Hoveyda-Grubbs second generation ruthenium catalyst (HG II) furnished bicyclic lactam
374, albeit in only 20% yield. The structure and relative configuration of lactam 374 was
further confirmed by single crystal X-ray diffraction analysis (Figure 17, left). Finally,
reduction of the PNP ester was also attempted using NaBH4 as the reducing agent.
However, this reaction generally resulted in low yields and the formation of numerous
side-products. Performing the reaction in a mixture of MeOH and DME proved optimal
as side-product formation could be minimised. Nonetheless, alcohol 375 could only be
isolated in 36% yield, but as a single diastereoisomer with excellent enantioselectivity
(93:7 er). Treatment of the cyclopentane alcohol 375 with I in the presence of base
facilitated intramolecular iodocyclisation to yield bicyclic ether 376 in 78%. Notably, this
transformation was not selective with regards to the newly formed stereogenic centre,
yielding a separable mixture of diastereoisomers (72:28 dr). The relative and absolute
configuration of the major diastereoisomer 376maj were also confirmed by single crystal X-

ray diffraction analysis (Figure 17, right).

104 |



3.4 | Results and Discussion

N N N
DMAP (0.2 eq)
MeOH (25.0eq) OPNP | NaBH, (2.0 eq) I, (3.0 eq)
NC / e} EtOAc, rt, 24 h |NC / o) MeOH/DME ~ NC / THF/NaHCO; (aq.)

NC  Zr, NC  %Zr, rt, 90 min NC 2, 5°C,20h

333, 90% 308 375, 36%

95:5 dr 95:5 dr >99:1 dr
93:7 erpy; 93:7 ermy; 93:7 er;
Phl (1.5 eq), K,CO3 (1.5 & .
(Pd(ngz:)z %5 m3<)l(%) a) allyl amine (2.0 eq)
Acetone, 100 °C, 24 h rt,4h
Ph
N N = 376, 79%
OMe PTSOH+H,0 (1.5 eq) NH 72128;”
HG 1l (5 mol%) ern.d.
NCT7~ o NCJTL O toluene,goCoa8h NT 7T O

NC &R, CF, CF,

372, 46% 373, 78% 374, 20%

>99:1 dr >99:1 dr >99:1 dr

93:7 er 92:8 er 94:6 er

Scheme 78 Derivatisation of cooperative catalysis products.

single crystal
X-ray diffraction analysis

w4

(5aS,8S,8aR)-374 (1R,3aR,45,6aR)-376 5

Figure 17 Crystal structures of lactam 374 (left) and ether 376maj (right).

3.4.9 Proposed mechanism and stereochemical rationale

Considering the mechanistic information gained in earlier experiments and the general
understanding of palladium mt-allyl and o, -unsaturated acyl ammonium catalysis, the
following mechanism for the developed cooperative catalysis is proposed (Scheme 79).
Starting from commercially available Pd(PPhs)s, ligand dissociation enables reversible
coordination to VCP 276. Subsequent oxidative addition generates zwitterionic Pd m-allyl
intermediate 378. At the same time, isothiourea catalyst (R)-BTM 21 undergoes reversible
N-acylation with PNP ester 307, generating a,3-unsaturated acyl ammonium 379. The
reactive intermediates 378 and 379 are set up to undergo reversible Michael addition,
followed by intramolecular ring closure to generate cyclopentane 381. Decomplexation of
the palladium catalyst and irreversible turnover of the isothiourea catalyst by p-nitro

phenoxide (PNPO) furnishes the final product 308.
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: N ;
Pd(PPh3),s ; P E (\N/Q
H ! Phi
u -PPhg | N%C OPNP ! N/J\S
N Lo CFs 308 (R-BTM 21
276 CN [Pd] Il
" \ NR, R,
coordination turnover
[Rd] (0]
X CN o F3C/\)J\OPNP
377 ©N . PNPO 307
Palladium 381 Isothiourea
catalysis T catalysis N-acylation
oxidative
addition [Pd] \//
1
1
[Pld] CN H 00 o
L =~ <@
~ O°CcN / N?\‘z _:/\ER X‘ F3C/\)J\NR3
378 380CF3 3 379
zwitterionic -allyl Pd . » a,B-unsaturated
intermediate Michael addition acyl ammonium

Scheme 79 Proposed mechanism for cooperative palladium and isothiourea catalysis.

With the isothiourea catalyst being the stereocontrolling element in the catalytic process,
the stereochemical outcome can be rationalised by considering the following interactions
(Scheme 80). A stabilising 1,5-S:-*O interaction between the carbonyl oxygen and the
isothiourea sulfur atom (no to o%cs) restricts the conformational freedom of the o,p-
unsaturated acyl ammonium. With the stereodirecting phenyl group of the catalyst
adopting a pseudoaxial position to minimise 1,2-strain, initial Michael addition is forced
to proceed on the opposite face, resulting in excellent stereocontrol over the C(2) centre.
The formed enolate intermediate 380 then undergoes intramolecular ring closure, which
is assumed to be irreversible and sets the configuration at C(1) and C(5). The
stereochemistry at C(1) is still controlled by the isothiourea catalyst, as the enolate
intermediate exhibits the same conformational restrictions, which forces attack onto the
rt-allyl fragment to occur from the same face as initial Michael addition. Notably, the
stereochemical information from the (E)-alkene is retained in the product, resulting in an
anti-orientation of the C(1) and C(2) substituents. Lastly, the configuration of the m-allyl
fragment determines the stereochemistry at C(5). Two orientations need to be considered
for the mt-allyl moiety (380maj and 380min), giving rise to two diastereoisomers which are
epimeric at C(5). The major diastereoisomer is obtained from a syn-orientation of the
rt-allyl and the ammonium enolate (380maj), which seems to be more favourable than the

corresponding anti-orientation (380min). As an achiral palladium catalyst is used, no facial
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selectivity is observed for initial oxidative addition, which, in the absence of isothiourea
catalyst gives rise to a 1:1 mixture of diastereoisomers (Table 12, entry 2). In the presence
of isothiourea catalyst, the formation of syn-isomer 381m,j is favoured, but as the rate of
T-0-T isomerisation is slow compared to nucleophilic attack onto the m-allyl, only low
levels of diastereoselectivity are observed (65:35 dr, Table 7, entry 2). However, the rate
of isomerisation can be sufficiently increased through the addition of CI-ions, leading to

excellent diastereoselectivity in favour of the (1R,2S,55)-isomer (95:5 dr).

[Pd]

‘_( NC7™  OPNP
g 380 381 NG cr
=\\‘_\@/CN mal maj major
diastereoisomer
/CN (1R,25,55)
@—S 0 \ H l TT-O-Tr-isomerisation
N-SNS—="CF, increased rate in

presence of CI ions

— H — H NC ! OPNP
NC  &r
3
© 380min @ 381min minor
diastereoisomer
(1R,2S,5R)

Scheme 80 Stereochemical rationale for cooperative palladium and isothiourea catalysis.
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3.5 Conclusion

The current work describes the first application of a,-unsaturated acyl ammonium
intermediates in a dual catalytic process. Combination of palladium mt-allyl chemistry
with isothiourea Lewis base organocatalysis enabled the stereoselective synthesis of
highly functionalised cyclopentane products with up to four contiguous stereogenic
centres. The simultaneous activation of vinylcyclopropane 252 and o,-unsaturated
p-nitrophenyl ester 253 in the presence of catalytic amounts of Pd(PPhs)s (5 mol%) and
(R)-BTM 21 (20 mol%) facilitates intermolecular, formal (3+2) cycloaddition. Performing
the reaction with sub-stoichiometric amounts of LiCl (30 mol%) was crucial for obtaining
high levels of diastereo- and enantioselectivity. While a range of electron-withdrawing
substituents within the a,B-unsaturated ester was tolerated, aryl substituents proved
unreactive. This result makes the current methodology complementary to existing
processes for the generation of functionalised cyclopentane products. In addition,
different acceptor groups on the VCP could be incorporated, albeit with a decrease in
yield and diastereoselectivity. The synthetic utility of the cyclopentane products was
showcased through various derivatisation reactions to generate functionalised molecules

with increased molecular complexity and without erosion of enantiopurity.

(s
Ph (N\/J\S

i) Pd(PPhs), (5 mol%)
(R)-BTM 21 (20 mol%)

0 LiCl (30 mol%)
\/A;. . /\)J\OPNP EtOAC:THF 3:2, 1t, 24 h

ii) MeOH (25.0 eq)

OMe
(12052 ) (12052 ) DMAP (20 mol%) 2 (R)-BTM 21
veq e i, 24 h 254
PNP = 4-NO,CgH, 14 examples
19-75% yield
up to >95:5 dr
up to 97:3 er

Scheme 81 Cooperative palladium and isothiourea catalysis for the stereoselective synthesis of
cyclopentanes.
Mechanistic experiments highlighted the importance of both catalysts for the cooperative
catalysis process. A racemic background reaction occurred in the absence of isothiourea
catalyst, whereas in the absence of palladium catalyst, no reaction was observed. Further
experiments revealed the necessity of a halide additive for a highly diastereoselective

process by promoting m-0-mt isomerisation processes.
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This thesis aimed to broaden the compatibility of isothiourea catalysed transformations
in dual catalytic processes, expanding the pool of potential reaction partners and products
obtainable. Focusing on intermediates accessible through palladium catalysis, the
successful application of dual catalytic palladium and isothiourea methodologies in the

synthesis of highly functionalised product scaffolds was demonstrated.

The first example investigated the potential to expand the substrate scope of the relay
catalytic allylic amination/[2,3]-rearrangement process previously developed in our
group (Chapter II). Employing glycine ester derivatives 69 and functionalised allylic
phosphates 87 in the presence of catalytic amounts of palladium and isothiourea allowed
the formation of enantioenriched syn-a-amino acid derivatives 85 (Scheme 82a). Although
electron-withdrawing groups were successfully incorporated, this protocol resulted in
decreased diastereo- and enantioselectivities compared to the previous work. These
results highlight the sensitivity of this process to steric and electronic changes within the
allylic substituent. To increase the applicability and predictability of enantioselective
[2,3]-sigmatropic rearrangements of allylic ammonium ylids, further studies to gain a
deeper mechanistic understanding are necessary (Scheme 82b). In particular, a systematic
investigation on the influence of the allylic substituents (R) on the stereochemical outcome

of the rearrangement would immensely aid future developments.

a) this work : b) proposed future investigations
o) . — _
: Ph
PNPO” Y ! N>
HCI . aoN S,,O
69 0 FG ! H_ ,
(1.0 eq) Pd @ . P L ONTR
+ RO * H i R1
allylation/ N ' R i
FG__~_ OP(O)(OEt), [2,3]-rearrangement | H)—_
85 '
87 8 examples E L [2,3]-TS _
(1.25 eq) 16-58% yield
up to 64:36 dr . systematic study on influence
up to 87:13 er ' of R on stereoselectivity

Scheme 82 Summary of relay catalytic process and proposed future investigations.
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The compatibility of palladium and isothiourea catalysis was further demonstrated in the
stereoselective synthesis of highly substituted cyclopentanes (Chapter III) (Scheme 83a).
Notably, this is the first example of a dual catalytic process involving isothiourea bound
a,B-unsaturated acyl ammonium intermediates. Control experiments revealed the
importance of halide additives and the appropriate choice of isothiourea catalyst and
reaction solvent for obtaining high levels of diastereo- and enantioselectivity. The
synthetic utility of the developed methodology was further demonstrated by various
post-catalysis transformations, increasing molecular complexity whilst maintaining
stereointegrity. While currently limited to the synthesis of carbocycles, the exploitation of
alternative dipoles, generated through palladium catalysis, would enable the formation
of a diverse range of cyclic structures. The use of heteroatom containing allylic partners
like vinyl epoxides 383 or vinyl aziridines 385, for example would allow the formation of
enantioenriched tetrahydrofurans 384 or pyrrolidines 386 in a related dual palladium and

isothiourea catalysed formal (3+2) cycloaddition (Scheme 83b).!4?

a) this work Pd
A i ()
X + /\)J\OPNP
formal .
252 253 (3+2) cycloaddition D g6
(1.0 eq) (1.0 eq) 14 examples
o o » 19-75% yield
¢ CI" ions important for high diastereoselectivity up to >95:5 dr
up to 97:3 er

N
\/L\O 0 \/A PG

0] 0]
383 385
o /\)J\OPNP N
7 OR formal 253 formal pg U OR
384 (3+2) cycloaddition (3+2) cycloaddition D 386

Scheme 83 Summary of cooperative palladium and isothiourea catalysis and proposed future work.

The scope of Michael acceptors in the developed process was limited to substrates bearing
electron-withdrawing groups in the -position, with simple aryl substituents proving
unreactive. This is a limitation commonly found in «,f-unsaturated acyl ammonium
catalysis. To address this shortcoming, further catalyst development could improve the
widespread applicability of isothiourea catalysts. Introducing appropriate substituents
within the catalyst backbone could alter the nucleophilicity of the catalyst and the
strength of the 1,5-O-+-S interaction found in the isothiourea bound intermediate (Scheme

84). As demonstrated by Birman and co-workers,'* introduction of electron-donating
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groups greatly improved the catalytic activity compared to the standard catalysts, which
allowed the activation of substrates that proved extremely sluggish or entirely unreactive.
Based on these findings, introducing electron-donating substituents para (or potentially
ortho) to the nitrogen could enable the use of otherwise unreactive substrates.
Alternatively, placing electron-withdrawing substituents para to sulfur could increase the
strength of the 1,5-O-*S interaction which would lead to an increased stabilisation of the
reactive intermediate, which in turn should lead to an increased catalytic activity. This
effect was demonstrated in 2020 by our group, showcasing the increased activity of
HyperSe 328 (the selenium analogue of HyperBTM 30), rationalised by the increased

strength of the 1,5-O-+*Se interaction.®

J

EDG
@S'"""“O
A
=
potential N\:JNé\/\Ph increased nucleophilicity
S 1 /
@ PN modifications “Ph
N" N  —
-
othi Ph
isothiourea /@S IO
kNJ\%Ph increased strength of
N @ 1,5-O¢++S interaction

Ph

Scheme 84 Proposed catalyst modifications.

Finally, the application of isothiourea catalysis in dual catalytic processes more broadly
is still in its infancy and will probably be an active area of research for many years to come.
There is still huge potential for this to be exploited in combination with various transition
metal catalysed transformations. In addition, combinations with catalysts operating by a
different mode of activation would open new avenues for stereoselective transformations.
Combinations of isothiourea catalysis with photocatalysis or Lewis/Brensted acid

catalysis are just a few examples of potential pairings that could be explored.
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5.1 General Information

All reagents and solvents were obtained from commercial suppliers and were used
without further purification unless otherwise stated. Purification was carried out
according to standard laboratory methods. Tetramisole:HCl was obtained from Sigma-
Aldrich. Pd2dbas*CHCIs was purchased from Strem Chemicals Inc. and recrystallized

from CHCls/acetone following the procedure reported by Ananikov and co-workers.'#

Reactions involving moisture sensitive reagents were carried out in flame-dried
glassware under an inert atmosphere (N2 or Ar) using standard vacuum line techniques.
Anhydrous solvents (Et2O, CH2Clz, THF and toluene) were obtained after passing through

an alumina column (Mbraun SPS-800). Petrol is defined as petroleum ether 40-60 °C.

Room temperature (rt) refers to 20-25 °C. Temperatures of 0 °C and -78 °C were obtained
using ice/water and COx(s)/acetone baths, respectively. Temperatures of 0 °C to —78 °C for
overnight reactions were obtained using an immersion cooler (HAAKE EK 90) with EtOH
or acetone as bath medium. Reactions involving heating were performed using DrySyn

blocks and a contact thermocouple.

Under reduced pressure refers to the use of either a Biichi Rotavapor R-200 with a Biichi
V-491 heating bath and Biichi V-800 vacuum controller, a Biichi Rotavapor R-210 with a
Biichi V-491 heating bath and Biichi V-850 vacuum controller, a Heidolph Laborota 4001
with vacuum controller, an IKA RV10 rotary evaporator with a IKA HB10 heating bath
and ILMVAC vacuum controller, or an IKA RV10 rotary evaporator with a IKA HB10
heating bath and Vacuubrand CVC3000 vacuum controller. Rotary evaporator
condensers are fitted to Julabo FL601 Recirculating Coolers filled with ethylene glycol and

set to -5 °C.

Analytical thin layer chromatography (TLC) was performed on pre-coated aluminium
plates (Kieselgel 60 F254 silica) and visualisation was achieved using ultraviolet light
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(254nm) and/or staining with either aqueous KMnOs solution, ethanolic
phosphomolybdic acid, or ethanolic Vanillin solution followed by heating. Manual
column chromatography was performed in glass columns fitted with porosity 3 sintered
discs over Kieselgel 60 silica or Millipore® Silica Gel 60 (for aryl ester compounds) using
the solvent system stated. Automated chromatography was performed on a Biotage
Isolera Four running Biotage OS578 with a UV/Vis detector using the method stated and
cartridges filled with Kieselgel 60 silica or a Biotage Selekt running SELEKT 1.4.2-13403

with a UV/Vis detector using the method stated and Biotage Sfar Silica D 60 pm cartridges.

Melting points were recorded on an Electrothermal 9100 melting point apparatus, (dec)

refers to decomposition.

Optical rotations were measured on a Perkin Elmer Precisely/Model-341 polarimeter
operating at the sodium D line with a 100 mm path cell at 20 °C. Concentrations (c) are

stated in g/100 mL.

HPLC analyses were obtained on either a Shimadzu HPLC consisting of a DGU-20A5
degassing unit, LC-20AT liquid chromatography pump, SIL-20AHT autosampler, CMB-
20A communications bus module, SPD-M20A diode array detector and a CTO-20A
column oven or a Shimadzu HPLC consisting of a DGU-20A5R degassing unit, LC-20AD
liquid chromatography pump, SIL-20AHT autosampler, SPD-20A UV/Vis detector and a
CTO-20A column oven. Separation was achieved using either a DAICEL CHIRALCEL
OD-H column or DAICEL CHIRALPAK AD-H, AS-H, IA and IC columns using the
method stated. HPLC traces of enantiomerically enriched compounds were compared

with authentic racemic spectra.

GC analyses were obtained on a Shimadzu GC consisting of a Shimadzu AOC-20i auto
injector and a Shimadzu GC-2025 gas chromatograph. Analysis was performed using
Shimadzu GCsolution v2.41 software and separation was achieved using a Restek

Rt-BDEXcst column (length: 30 m, thickness: 0.25 mm, film thickness: 0.25 um).

Infrared spectra were recorded on a Shimadzu IRAffinity-1 Fourier transform IR
spectrophotometer fitted with a Specac Quest ATR accessory (diamond puck). Spectra
were recorded of either thin films or solids, with characteristic absorption wavenumbers

(vmax) reported in cm.
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H, BC{'H}, “F{'H} and 3'P{'H} NMR spectra were acquired on either a Bruker AV400 with
a BBFO probe (*H 400 MHz; “F{'H} 377 MHz, *P{'H} 162 MHz), a Bruker AVII 400 with
a BBFO probe ('H 400 MHz; “F{'H} 376 MHz, 3'P{'H} 162 MHz), a Bruker AVIII-HD 500
with a SmartProbe BBFO+ probe ("H 500 MHz, *C{'H} 126 MHz, 3'P{'"H} 202 MHz) or a
Bruker AVIII 500 with a CryoProbe Prodigy BBO probe ("H 500 MHz, *C{'H} 126 MHz,
S1P{'H} 202 MHz) in the deuterated solvent stated. All chemical shifts are quoted in parts
per million (ppm) relative to the residual solvent peak. All coupling constants, ], are
quoted in Hz. Multiplicities are indicated as s (singlet), d (doublet), t (triplet), q (quartet),
p (pentet), m (multiplet), and multiples thereof. The abbreviation Ar denotes aromatic,
app denotes apparent and br denotes broad. NMR peak assignments were confirmed
using 2D 'H correlated spectroscopy (COSY), 2D 'H nuclear Overhauser effect
spectroscopy (NOESY), 2D 'H-3C heteronuclear multiple-bond correlation spectroscopy
(HMBC), and 2D 'H-C heteronuclear single quantum coherence (HSQC) where

necessary.

Mass spectrometry (m/z) data were acquired by either electrospray ionisation (ESI),
electron impact (EI), or nanospray ionisation (NSI) at either the University of St Andrews
Mass Spectrometry Facility, the EPSRC UK National Mass Spectrometry Facility at
Swansea University or SIRCAMS at University of Edinburgh.
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5.2 General Procedures

5.2.1 General Procedure A: Synthesis of allylic phosphates

(EtO),(O)PCI (1.5 eq)
, DMAP (0.25 eq) ,
R Et;N (1.5 eq) R

rR_A__oH R._J_OP(0)(OEY),

CH,Cly, 0 °C to rt
Following the procedure reported by Smith and co-workers®, allylic alcohol (1.0 eq) was
added to a flame dried round bottom flask and dissolved in anhydrous CH:Cl: (0.1 M)
under inert atmosphere. EtsN (1.5 eq) and DMAP (0.25 eq) were added. The mixture was
cooled to 0 °C and diethyl chlorophosphate (1.5 eq) was added dropwise. Stirring was
continued at room temperature until TLC analysis indicated complete conversion. The
reaction mixture was quenched with sat. aq. NaHCO:s (equal volume), the phases were
separated, and the aqueous phase was extracted with CH2Clz2 (3 x equal volume). The
combined organic phases were dried over MgSOj, filtered and the solvent was removed
under reduced pressure. The crude residue was purified by silica column

chromatography as specified.

5.2.2 General Procedure B: Amide coupling

amine (1.1 eq)
o EDCI-HCI (1.1 eq) R2 (0}

DMAP (0.1 eq) !
HO .
Noa R NSNS0
CH,Cly, rt

(o)

Adapting a procedure reported by Snaddon and co-workers,®* monoethyl fumarate
(1.0 eq) and amine (1.1 eq) were dissolved in CH2Cl2 (0.4 M), followed by the addition of
EDCI'-HCI (1.1 eq) and DMAP (0.1 eq) at 0 °C. The reaction mixture was allowed to warm
to room temperature overnight and subsequently washed with 1 M HCl (2 x equal
volume) and brine (2 x equal volume). The organic phase was dried over MgSOs, filtered
and the solvent was removed under reduced pressure to yield the corresponding amide

ester, which was used without further purification.
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5.2.3 General Procedure C: Basic ester hydrolysis with LIOH

0 LiOH*H,0 (1.1 eq) (0]
R/\)J\oa H,O:THF 1:1 (1M) R/\)J\OH
rt,5h

Adopting the procedure reported by Smith and co-workers'#, the corresponding ethyl
ester (1.0 eq) was dissolved in a 1:1 mixture of H20 : THF (1 M), followed by the addition
of LIOH-H:0 (1.1 eq). The reaction mixture was stirred at room temperature for the time
stated and subsequently adjusted to pH 2 with 2 M HCI. The aqueous phase was extracted
with CH2Clz (3 x equal volume), the combined organic phases were dried over MgSOs,
filtered and the solvent removed under reduced pressure to afford the corresponding

carboxylic acid, which was used without further purification.

5.2.4 General Procedure D: Reduction of unsaturated acids

i) (OEt)(O)CCI (1.1 eq)
1) Et3N (1.1 eq) le)

] ii) NaBH, (2.5 eq) ]
R\NJ\/\H/OH R\NJ\/\/OH

,'Qz o THF/H,0, 0 °Ctort |'q2

Adapting the procedure reported by Jacobi and co-workers,'¥” to a stirred solution of
unsaturated acid (1.0 eq) and EtsN (1.1 eq) in anhydrous THF (0.4 M) under inert
atmosphere at 0 °C was added dropwise ethyl chloroformate (1.1 eq). The resulting
suspension was stirred at 0 °C for 1 h, filtered and the solid was washed twice with
anhydrous THF. The combined filtrates were added dropwise to a vigorously stirred
solution of NaBHs (2.5 eq) in H20 (0.7 M) at 0 °C. The reaction mixture was allowed to
warm to room temperature and stirred until TLC indicated complete conversion. The
mixture was adjusted to pH 5 with 1 M HCl and extracted with EtOAc (4 x equal volumes).
The combined organic phases were dried over MgSO;, filtered and the solvent was
removed under reduced pressure. The crude product was purified by silica column

chromatography as specified.
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5.2.5 General Procedure E: Relay Pd/ITU catalysis

[Pd] (5 mol%)
(S)-TM-HCI (20 mol%) OzN o R
)]\ OX i-ProNEt (2.4 eq)
.HC, R' MeCN, rt, 16 h o
_N._,R'
(1.0 eq) RN (1.0 - 2.0 eq) R R?

A Schlenk tube was charged with PdFurCat (5 mol%), or Pd2(dba)s*CHCIs (2.5 mol%) and
P(2-furyl)s (10 mol%), (S)-TM-HCI (10 mol%) and PNP ester (1.0 eq). The tube was
evacuated and flushed with argon three times. Degassed MeCN (0.06 M) was added and
the mixture stirred for 10 min at room temperature. Subsequently, phosphate or mesylate
(1.0 — 2.0 eq) and i-Pr2NEt (2.4 eq) were added in this order and the reaction mixture
stirred at room temperature for 16 h. An aliquot was taken and concentrated to dryness
under reduced pressure. 'H NMR spectroscopic analysis of the crude mixture was used
to determine the dr. The reaction mixture was then filtered over a short plug of silica with
MeCN and the filtrate concentrated under reduced pressure. The residue was purified by

silica column chromatography as specified or directly derivatised with NaOBn.

Derivatisation with NaOBn:

The crude reaction mixture was dissolved in anhydrous THF (6.0 mL). Freshly prepared
NaOBn (1 M in anhydrous THF, 0.45 mL, 0.45 mmol, 1.5 eq) was added dropwise at room
temperature and the reaction monitored by TLC. After complete conversion (ca. 3h) the
reaction was quenched with sat. aq. NaHCO:s solution (equal volume) and diluted with
EtOAc. The phases were separated and the aqueous phase was extracted with EtOAc (3 x
equal volume). The combined organic phases were washed with sat. aq. NaHCOs (2 x
equal volume) and brine (equal volume). The organic phase was dried over MgSQOs,
filtered and the solvent was removed under reduced pressure to afford the crude product,
which was purified by silica column chromatography as specified.

NaOBn (1 M in THF) was prepared by treating BnOH with NaH in anhydrous THF.

5.2.6 General Procedure F: Preparation of vinyl cyclopropanes

Cs,CO3; or K,CO3 (2.5 eq)
Br/\/\/ Br + R_R s /ATR
THF (0.2 M), 60 °C R'

Adapting the procedure reported by Plietker and co-workers'#!, malonate derivative

(1.0eq) and 1,4-dibromobut-2-ene (1.0 eq) were dissolved in THF (0.2 M) under N:
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atmosphere, followed by the addition of Cs:2COs or Ko2COs (2.5 eq). The mixture was
heated at reflux until TLC indicated full conversion of starting materials, subsequently
allowed to cool to room temperature and filtered over Celite with Et2O (equal volume).
The combined organic phases were washed with sat. aq. NaHCO:s (equal volume), H20
and brine, dried over MgSOy, filtered and the solvent removed under reduced pressure.

The crude product was purified by silica column chromatography as specified.

5.2.7 General Procedure G: Preparation of a,-unsaturated aryl oxide esters
i) (COCI),, DMF (cat)
o) CH,Cl, (0.33 M), 1h, rt 0 @R'
R/\)J\OH ii) Phenol, ProNEt R/\)J\o N

CH,Cl, (0.33 M), rt, 16 h

Following the procedure reported by Smith and co-workers'#, oxalyl chloride (1.05 eq)
and DMF (cat.) were added to a stirred solution of «,f-unsaturated acid (1.0 eq) in
anhydrous CH:Cl2 (0.33 M) at room temperature under N2 atmosphere. The mixture was
allowed to stir for 1 h, after which a solution of the corresponding phenol (1.0 eq) and i-
Pr.NEt (2.0 eq) in anhydrous CH2Cl> (0.33 M) was added dropwise and the mixture
allowed to stir overnight. The solvent was removed under reduced pressure and the

crude product purified as specified.

5.2.8 General Procedure H: Acidic ester hydrolysis

o TFA : CH,Cl, 1:2 (0.75 M) o

R/\)J\or-su rt R/\)J\OH

Adopting the procedure reported by Smith and co-workers,'* the corresponding t-butyl

ester (1.0 eq) was dissolved in TFA : CH2Cl2 1:2 (0.75 M). The reaction mixture was stirred
at room temperature overnight and the solvent was removed under reduced pressure to

afford the corresponding carboxylic acid, which was used without further purification.

5.2.9 General Procedure I: Optimisation of cooperative catalysis conditions

Pd(PPhs), (5 mol%) \\

Lewis base (20 mol%) R O
]
x AVCN + Fsc/\)J\OPNP Q {

acetone (0.2 M NC OPNP
276 307 rt, 2‘5 h )

CFs 308
An oven-dried 4 mL vial containing a magnetic stir bar and equipped with a Teflon

septum insert screw cap was charged with Pd(PPhs)s (5 mol%), isothiourea catalyst
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(20 mol%) and (E)-4,4,4-trifluorobut-2-enoic acid, 4-nitrophenyl ester 307 (1.0 eq). The vial
was evacuated and flushed with N2 three times. Acetone (0.2 M), purged prior with Ar for
30 minutes, was added followed by the addition of 2-vinylcyclopropane-1,1-
dicarbonitrile 276 (1.0 eq). The reaction vial was sealed and allowed to stir at room
temperature for 24 h. 1,3,5-Trimethoxybenzene (0.33 eq, 0.33 M solution in acetone) was
added at the end of the reaction and the reaction mixture filtered over a short plug of
silica with EtOAc. The solvent was removed under reduced pressure and the crude
mixture was analysed by '"H and YF-NMR and chiral stationary phase HPLC. An example
for how the NMR yield and the dr based on 'H and “F NMR analysis were derived is

demonstrated in Appendix I.

5.2.10 General Procedure J: Cooperative Pd/ITU formal (3+2) cycloaddition

i) Pd(PPhs), (5 mol%)

(R)-BTM (20 mol%) N\
o LiCl (30 mol%) S
EtOAC:THF 3:2 (0.2 M), rt /
xn /AvEWG + R/\)J\OPNP - {
EWG ii) MeOH (25.0 eq) EWG OMe
DMAP (20 mol%), rt EWG

Prior to the reaction, EtOAc and anhydrous THF were purged with Ar for 30 min. An
oven-dried Schlenk tube containing a magnetic stir bar was charged with Pd(PPhs)s
(5 mol%), (R)-BTM (20 mol%) and PNP ester (1.0 eq) and evacuated and flushed with N2
three times. LiCl in THF (30 mol%, 0.5 M) was added followed by the remaining amount
of THEF. Vinylcyclopropane (1.0 eq) was added as a stock solution in EtOAc (118 mg/mL)
followed by the addition of remaining EtOAc. The reaction was stirred at room
temperature (25 °C) and the reaction progress monitored by 'H NMR analysis. Once the
starting materials had been consumed, anhydrous MeOH (25.0 eq) and DMAP (20 mol%)
were added. No further precautions to exclude air or moisture were necessary at this
point. The reaction mixture was stirred at room temperature until complete by 'H NMR
analysis (usually 24 h) and filtered over a short plug of silica with EtOAc. The EtOAc
filtrate was washed with 1 M NaOH (2 x equal volume) and brine (1 x equal volume),
dried over MgSQO,, filtered and the solvent removed under reduced pressure. The crude

product was purified by silica column chromatography as specified.

Racemic samples were prepared using (+)-TM-HCI (10 mol%), i-Pr2NEt (10 mol%) and
LiCl (20 mol%) in acetone (0.2 M).
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5.3 Synthesis of Catalysts

Isothiourea catalysts (R)-BTM'¥ 21, (25,3R)-HyperBTM? 30, (2R,35)-HyperSe* 328 and
(R)-OMe-BTM!'* 327 were available in the laboratory and were synthesised according to

published procedures.

cis-Bromobis(tri(2-furyl)phosphine)(N-succinimide)palladium(II) (PdFurCat 154)

0
154
N/, wP(@Funs C12H10BrNO,P,Pd
O B P(2-Fur) 748.76

Following the procedure reported by Smith and co-workers,® a Schlenk flask was charged
with Pdadbas-CHCls (172 mg, 0.17 mmol, 0.5 eq) and P(2-furyl)s (158 mg, 0.68 mmol,
2.0 eq) and evacuated and flushed with argon three times. Anhydrous CH2Clz (12 mL,
freshly purged with argon) was added and the mixture stirred for 10 min at room
temperature. Subsequently, NBS (61.0 mg, 0.34 mmol, 1.0 eq) was dissolved in 4.0 mL
anhydrous CH2Clz, added to the reaction mixture and stirred for 10 min. The mixture was
diluted with n-hexane (20 mL) and poured onto additional n-hexane (150 mL). The
resulting precipitate was washed with n-hexane (4 x 100 mL) and dried under reduced
pressure to yield the title complex as a brown solid (249 mg, 97%) as a mixture of
geometrical isomers (cis : trans ca. 9:1).

'H NMR (400 MHz, CD2Cl2) d11: 1.96 (4H, s, (CH2C(O))2, trans), 2.12-2.21 (2H, m, CH2C(O),
cis), 2.37 = 2.46 (2H, m, CHC(O), cis), 6.46 (3H, dt, ] 3.4, 1.6, 3 x ArH, cis), 6.51 (3H, dt, ] 3.3,
1.6, 3 x ArH, cis), 6.59 — 6.63 (6H, m, 6 x ArH, trans), 7.02 — 7.08 (3H, m, 3 x ArH, cis), 7.14
-7.17 (3H, m, 3 x ArH, cis), 7.32 - 7.36 (6H, m, 6 x ArH, trans), 7.52 -7.57 (3H, m, 3 x ArH,
cis), 7.69 (3H, td, ] 1.9, 0.7, 3 x ArH, cis), 7.78 — 7.80 (6H, m, 6 x ArH, trans).

SP{'H} NMR (162 MHz, CD:Clz) de: —26.3 (d, Jre 13.5, P(2-Fur)s, cis), —27.1 (d, /e 13.0,
P(2-Fur)s, cis), =32.5 (s, P(2-Fur)s, trans).

Data in accordance with literature.'! (LB ref: JB-001)
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(S)-2-Isopropyl-2,3-dihydrobenzol[dlimidazo[2,1-b]thiazole ((S)-i-Pr-BTM) (387)

387
,'_pr>(\N C12H14NoS
N/J\S 218.32

Adapting the procedure from Shiina and co-workers,?* a 50 mL pressure tube was charged
with 2-chlorobenzothiazole (3.77 mL, 29.0 mmol, 1.0 eq), (S)-valinol (3.0 g, 29.0 mmol,
1.0 eq) and i-Pr2NEt (7.4 mL, 43.5 mmol, 1.5 eq), sealed and the mixture stirred at 130 °C
for 45 h. The reaction mixture was allowed to cool to room temperature, dissolved in
10 mL CH2Cl> (gentle heating advantageous) and purified directly by silica column
chromatography (2% i-PrOH to 6% i-PrOH in CH2Clz, R¢ 0.23 in 4% i-PrOH in CH:Cl2) to
afford the intermediate (S)-2-(benzo[d]thiazol-2-ylamino)-3-methylbutan-1-ol as white
solid (5.1 g, 74%).
'H NMR (500 MHz, CDCls) du: 0.92 (3H, d, J 6.8, C(3)H(CHs)), 0.99 (3H, d, ] 6.8,
C(3)H(CHs3)), 1.88 — 1.99 (1H, m, C(3)H), 3.43 (1H, br s, C(2)H), 3.77 (1H, dd, ] 11.7, 6.1,
C(1)HAHP®), 3.87 (1H, dd, ] 11.7, 3.1, C(1)H~H?), 4.60 (1H, brs, NH), 6.59 (1H, brs, OH), 7.06
—-7.10 (1H, m, Ar(5)H or Ar(6)H), 7.26 — 7.31 (1H, m, Ar(5)H or Ar(6)H), 7.53 - 7.55 (1H, m,
Ar(4)H or Ar(7)H), 7.55 -7.57 (1H, m, Ar(4)H or Ar(7)H).
The intermediate alcohol (2.36 g, 10.0 mmol, 1.0 eq) was dissolved in anhydrous CH:Cl.
(100 mL). EtsN (5.5 mL, 40.0 mmol, 4.0 eq) was added and the mixture cooled in an ice
bath for 10 min. MsCl (1.0 mL, 13.0 mmol, 1.3 eq) was added dropwise, the reaction
mixture warmed to room temperature and stirred until TLC (4% i-PrOH in CH2Cl2)
indicated complete conversion (ca. 2 h). MeOH (0.6 mL) was added and the reaction
mixture heated at reflux overnight. After cooling to room temperature, the mixture was
washed with H:0, dried over MgSQO,, filtered and the solvent removed under reduced
pressure. The crude product was purified by silica column chromatography (hexane :
i-PrOH : EtsN 95:4:1, Rt 0.19) to afford (S)-i-Pr-BTM as pale yellow oil (2.1 g, 95%), which
solidifies upon cooling.
[a]2® -130.1 (c 1.05 in CHCls) {Lit.2 [@]3® -141.6 (c 0.35 in benzene)}.
chiral HPLC analysis Chiralcel AD-H (95:5 hexane : i-PrOH, flow rate 1.5 mlmin’, 211
nm, 40 °C) tr (2R): 6.5 min, tr (25): 10.3 min, 0.1 : 99.9 er.
H NMR (500 MHz, CDCls) ou: 0.97 (3H, d, ] 6.7, CH(CHs3)), 1.05 (3H, d, ] 6.7, CH(CHs3)),
1.90 (1H, oct, | 6.7, CH(CHa)2), 3.49 (1H, app. t, ] 8.7, C(3)H~H?P), 3.87 (1H, dd, ] 9.8, 8.9,
C(3)H~H®), 4.38 (1H, ddd, ] 9.8, 8.5, 6.5, C(2)H), 6.65 (1H, dd, ] 7.7, 0.7, Ar(5)H or Ar(8)H),
| 121



Chapter 5: Experimental Details |

6.93 (1H, td, ] 7.7, 1.2, Ar(6)H or Ar(7)H), 7.17 (1H, td, ] 7.7, 1.2, Ar(6)H or Ar(7)H), 7.24 —
7.27 (1H, m, Ar(5)H or Ar(8)H).
A racemic sample was prepared using (£)-valinol following the same procedure.

Spectroscopic data in accordance with literature.2* (LB ref: JB-554, JB-561 (%))

(5)-2-Isopropyl-2,3-dihydrobenzo[dlimidazo[2,1-b]thiazole hydrochloride
((S)-i-Pr-BTM-HC) (326)

(S e
-HCI

To a solution of (S)-i-Pr-BTM 387 (1.16 g, 5.3 mmol, 1.0 eq) in Et2O (21 mL) was added HCl
(2M in EtO, 10.6 mmol, 2.0 eq) and the reaction mixture stirred for 5 min at room
temperature. The solvent was removed under reduced pressure to yield the title
compound as a white solid (1.34 g, 99%). m.p. (Et20)229 — 230 °C.

[a]%? -85.5 (c 1.08 in MeCN).

H NMR (500 MHz, DMSO-ds) o1: 0.95 (3H, d, ] 6.7, CH(CHs)), 0.99 (3H, d, ] 6.7, CH(CHs)),
2.01 (1H, oct, ] 6.7, CH(CHa)2), 4.28 —4.34 (1H, m, C(3)H~H?), 4.55 — 4.66 (2H, m, C(2)H and
C(3)H~HP®), 7.37 (1H, ddd, ] 8.4,7.3,1.3, Ar(7)H), 7.50 (1H, dd, ] 8.1, 1.2, Ar(5)H), 7.53 — 7.58
(1H, m, Ar(6)H), 7.99 - 8.05 (1H, m, Ar(8)H), 11.68 (1H, s, NH).

BC{'H} NMR (126 MHz, DMSO-ds) dc: 18.0 (CH(CHs)), 18.1 (CH(CHs)), 32.4 (CH(CHs)2),
48.8 (C(3)Hz), 70.3 (C(2)H), 113.0 (ArC(5)H), 124.9 (ArC(7)H), 125.3 (ArC(8)H), 127.6
(ArC(8a)), 128.4 (ArC(6)H), 135.1 (ArC(4a)), 169.8 (C=N).

HRMS (ESI*) C2H1sN2S [M]* found 219.0948, requires 219.0950 (0.9 ppm).

vmax (film, cm™) 3003, 2960 (C-H), 2870, 2605 (N-H), 1600, 1589, 1577, 1504 (C=C), 1465,
1446, 1373, 1284, 1257, 756.

(LB ref: JB-570)
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(4bR,11a5)-4b,11a-Dihydro-12H-benzo[dlindeno[1',2":4,5]imidazo[2,1-b]thiazole
(#H)-(R,S)-fused-BTM) (329)

329
(\/Il\l\ C16H12NLS
N=~s 264.35

Adapting the procedure reported by Shiina and co-workers,?* a 25 mL pressure tube was
charged with 2-chlorobenzothiazole (0.65 mL, 5.0 mmol, 1.0 eq), (1R,2R)-trans-1-amino-2-
indanol (746 mg, 5.0 mmol, 1.0 eq) and i-Pr.NEt (1.3 mL, 7.5 mmol, 1.5 eq), sealed and the
mixture stirred at 130 °C for 69 h. The reaction mixture was allowed to cool to room
temperature, dissolved in 2.5 mL MeOH and purified directly by silica column
chromatography (2% to 4% i-PrOH in CH2Cl:, R¢ 0.25 in 2% i-PrOH in CH2Cl) to afford
the intermediate 1-(benzo[d]thiazol-2-ylamino)-2,3-dihydro-1H-inden-2-ol as a beige
solid (871 mg, 62%).

H NMR (500 MHz, CDsOD) ox: 2.89 (1H, dd, | 15.7, 6.6, C(3)H~H?), 3.27 — 3.34 (1H, m,
C(3)H~HP®), 445 (1H, td, ] 6.8, 5.6, C(2)H), 5.22 (1H, d, ] 5.6, C(1)H), 7.06 — 7.12 (1H, m,
ArCH), 7.19-7.31 (4H, m, 4 x ArCH), 7.32 - 7.35 (1H, m, ArCH), 7.46 (1H, ddd, | 8.1, 1.2,
0.6, ArCH), 7.61 (1H, ddd, ] 7.9, 1.2, 0.6, ArCH).

The intermediate alcohol (824 mg, 3.12 mmol, 1.0 eq) was suspended in anhydrous CH:Cl»
(32 mL). EtsN (1.7 mL, 12.5 mmol, 4.0 eq) was added and the mixture cooled in an ice bath
for 10 min. MsCl (0.31 mL, 4.05 mmol, 1.3 eq) was added dropwise, the reaction mixture
warmed to room temperature and stirred until TLC (4% i-PrOH in CH:Clz) indicated
complete conversion (ca. 3 h; additional 0.1 mL MsCl added to reach full consumption of
alcohol). MeOH (0.2 mL) was added and the reaction mixture heated at reflux overnight.
After cooling to room temperature, the mixture was washed with H20, dried over MgSOs,
filtered and the solvent removed under reduced pressure. The crude product was purified
by silica column chromatography (2% MeOH in CH:Cl,, R¢ 0.24), followed by
recrystallisation from CH:Cl:/hexane to afford (+)-(R,S)-fused-BTM as light brown
needles (479 mg, 58%).

m.p. (CH2Clz/hexane) 162 — 165 °C {Lit.>* 161 — 163 °C (CH2Cl2/hexane)}.

[a]%? +908 (c 1.0 in MeOH) {Lit.?* [a]33 +881.8 (c 1.0 in MeOH)}.

H NMR (500 MHz, CDCls) ou: 3.41 (1H, dd, ] 17.0, 1.9, C(12)H~HB), 3.53 (1H, dd, ] 17.0,
7.0, C(12)H~H®), 4.97 (1H, ddd, ] 8.5, 7.0, 1.9, C(11a)H), 6.10 (1H, d, ] 8.5, C(4b)H), 6.82 (1H,
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dd, ] 7.9, 1.6, ArC(10)H), 6.96 (1H, td, ] 7.7, 1.1, Ar(8)H), 7.21 (1H, td, ] 7.7, 1.2, Ax(9)H),
7.24 - 7.28 (3H, m, 3 x ArH), 7.28 - 7.33 (1H, m, ArH), 7.54 - 7.57 (1H, m, ArC(7)H).

Spectroscopic data in accordance with literature.? (LB ref: JB-566)

5.4 Experimental details for Chapter 2

5.4.1 Preparation of p-nitrophenyl amino esters

p-Nitrophenyl amino esters 221 and 222 were prepared by Thomas H. West according to

literature procedure.®!

N,N-Dimethylglycine, p-nitrophenyl ester, hydrochloride (159)

O,N
2 \©\ o 159
O)K/N\ C1oH13N50,Cl

260.68
*HCI

Following the procedure reported by Smith and co-workers,®® N,N-dimethylglycine
(3.00 g, 28.8 mmol, 2.0 eq), p-nitrophenol (2.00 g, 14.4 mmol, 1.0 eq) and EDCI-HC1 (4.10 g,
21.4 mmol, 1.5 eq) in CH2Cl2 (45 mL) were stirred at room temperature overnight. The
reaction was quenched by the addition of sat. aq. NaHCOs solution (50 mL) and the
phases were separated. The aqueous phase was extracted with CH2Clz (3 x 40 mL). The
combined organic phases were washed with brine (2 x 40 mL), dried over MgSQOs, and
filtered. The solvent was removed under reduced pressure. The crude product was
filtered over a short plug of silica with EtOAc until the filtrate was colourless and the
solvent was removed under reduced pressure. The residue was dissolved in CH2Clz
(15mL) and HCl (2 M in anhydrous Et:0, 14.4 mL, 28.8 mmol, 2.0 eq) was added to
precipitate the product as its hydrochloric salt. The precipitate was filtered, washed with
CH:Clz and dried to yield compound 159 as an off-white solid (2.52 g, 64%).

H NMR (400 MHz, DMSO-de) d1: 2.93 (6H, s, N(CHs)2), 4.54 (2H, s, CH>-N), 7.54 — 7.62
(2H, m, Ar(2,6)H), 8.35 - 8.43 (2H, m, Ar(3,5)H).

Data in accordance with literature.® (LB ref: JB-035, JB-159)
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5.4.2 Preparation of allylic phosphate starting materials

(E)-4-Hydroxy-2-butenoic acid, ethyl ester (388)

o) 388
o R

Following the procedure reported by Smith and co-workers,!> borane (1.0 M in THF,
14 mL, 14 mmol, 1.0 eq) was added dropwise to a stirred solution of monoethyl fumarate
(2.02 g, 14 mmol, 1.0 eq) in anhydrous THF (10 mL) at 0 °C. After complete addition, the
reaction mixture was allowed to warm to room temperature and stir for 12 h. The reaction
was quenched with 50% aq. AcOH (10 mL) and then THF was removed under reduced
pressure. The remaining solution was neutralized with sat. aq. NaHCOs solution and
extracted with EtOAc (4 x 30 mL). The combined organic phases were dried over MgSQOs,
filtered and the solvent removed under reduced pressure. Purification by silica column
chromatography (petrol : EtOAc 4:1 to 1:1, Rr0.47 in petrol : EtOAc 1:1) gave the title
compound as a pale yellow liquid (905 mg, 49%).

H NMR (400 MHz, CDCls) ou: 1.28 (3H, t, ] 7.1, OCH=CHs), 4.19 (2H, q, ] 7.1, OCH2CHs),
434 (2H, dd, ] 4.0, 2.1, C(4)H>), 6.09 (1H, dt, ] 15.7, 2.1, C(2)H), 7.02 (1H, dt, ] 15.7, 4.0,
C(3)H).

Data in accordance with literature.'>® (LB ref: JB-007, JB-008, JB-028)

(E)-4-[(Diethoxyphosphinyl)oxyl-2-butenoic acid, ethyl ester (160)

0 160
M _oP(0)©EY), C1oH1606P
EtO 266.23

Following General Procedure A using allylic alcohol 388 (195 mg, 1.5 mmol, 1.0 eq),
diethyl chlorophosphate (325 puL, 2.25 mmol, 1.5 eq), EtsN (314 pL, 2.25 mmol, 1.5 eq) and
DMAP (46.0 mg, 0.38 mmol, 0.25 eq) in anhydrous CH:Cl: (10 mL) gave the title
compound following purification by silica column chromatography (n-hexane : EtOAc 1:1
to 1:2, R¢ 0.19 in n-hexane : EtOAc 1:1 ) as a pale yellow oil (283 mg, 71%).

'H NMR (400 MHz, CDCls) on: 1.28 (3H, t, ] 7.1, CH-CH3), 1.34 (6H, td, | 7.0, 1.0,
P(OCH2CHs)2), 4.13 (4H, dq, ] 8.1, 7.1, P(OCH>CH3)2), 4.20 (2H, q, ] 7.2, CH2CH3), 4.69 (2H,
ddd, 7.3, 4.2, 2.1, C(4)Hz), 6.11 (1H, dt, | 15.6, 2.0, C(2)H), 6.92 (1H, dtd, ] 15.7, 4.3, 1.8,
C(3)H).
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3C {tH} NMR (126 MHz, CDCls) dc: 14.2 (CH2CHs), 16.1 (d, ¥Jcr 6.7, P(OCH2CH3)2), 60.6
(CH2CHz), 64.1 (d, 2Jcr 5.9, P(OCH2CH3)2), 65.3 (d, Ycr 4.9, C(4)Hz), 122.0 (C(2)H), 141.2 (d,
3Jcr 7.7, C(3)H), 165.8 (C=0).

3P {{H} NMR (162 MHz, CDCls) dr: —1.09 (P(O)(OEt)2).

HRMS (NSI") CioH2006P [M+H]* found 267.0992, requires 267.0992 (+ 0.0 ppm).

vmax (film, cm™) 2983 (C-H), 2935, 2910, 1718 (C=0), 1666 (C=C), 1446, 1392, 1367, 1303,
1263 (P=0), 1178, 1095, 1018 (P-OEt), 962.

(LB ref: JB-011, JB-015, JB-032)

3-(Trimethylsilyl)prop-2-yn-1-ol (389)

P OH 389
/\ C6H1208i

128.25

Me3Si

Adapting a procedure reported by Hoveyda and co-workers', in a flame dried two-
necked flask under inert atmosphere, propargylic alcohol (0.26 mL, 4.46 mmol, 1.0 eq)
was dissolved in anhydrous THF (30 mL). The solution was cooled to -78 °C before
n-BuLi (2.5 M in n-hexane, 3.8 mL, 9.37 mmol, 2.1 eq) was added slowly. After stirring the
mixture for 45 min at -78 °C, TMSCI (1.24 mL, 9.81 mmol, 2.2 eq) was added dropwise.
The reaction mixture was allowed to warm to room temperature over 3 h. The reaction
was quenched by the addition of H2O (5 mL) and 1 M HCI (15 mL) and stirred at room
temperature until TLC (n-hexane : EtOAc 9:1) indicated complete conversion of the
intermediate TMS protected alcohol. The phases were separated, and the aqueous phase
extracted with Et2O (3 x 15 mL). The combined organic phases were washed with brine
(40 mL), dried over MgSO, filtered and the solvent was removed under reduced pressure
to afford the title compound as a yellow oil (529 mg, 92%).

'H NMR (400 MHz, CDCls) ou: 0.19 (9H, s, Si(CHs)s), 1.98 (1H, br s, CH-OH), 4.28 (2H, s,
CH>0OH).

Data in accordance with literature.'s (LB ref: JB-004, JB-005)
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(E)-3-(Trimethylsilyl) prop-2-en-1-ol (390)
390

Me,Si OH
BN CH140Si
130.26

Following the procedure reported by Hoveyda and co-workers', in a flame dried flask,
alcohol 389 (250 mg, 1.95 mmol, 1.0 eq) was dissolved in anhydrous Et2O (5 mL) under an
inert atmosphere and cooled to 0 °C. Red-Al® (65 wt% in toluene, 1.22 mL, 3.9 mmol,
2.0eq) was diluted with anhydrous Et2O (equal volume) and added slowly. After
complete addition, the reaction mixture was allowed to warm to room temperature and
stir until TLC (petrol : EtOAc 6:1) indicated complete conversion. The reaction mixture
was quenched with H20 (1 mL) and H250s (3.6 M, 2 mL) and diluted by the addition of
H:O (10 mL) and Et2O (10 mL). The phases were separated and the aqueous phase was
extracted with Et2O (3 x 10 mL). The combined organic phases were washed with brine
(15mL), dried over MgSO, filtered and the solvent was removed under reduced pressure
to afford the title compound as a colourless oil (253 mg, 99%).

H NMR (400 MHz, CDCls) dn: 0.08 (9H, s, Si-(CHs)s), 4.18 (2H, dd, ] 4.4, 1.8, C(1)H2), 5.92
(1H, dt, ] 18.8, 1.7, C(3)H), 6.19 (1H, dt, ] 18.8, 4.4, C(2)H).

Data in accordance with literature.'* (LB ref: JB-006, JB-009)

(E)-3-(Trimethylsilyl) prop-2-en-1-yl-phosphoric acid, diethyl ester (161)

161
C1oHp30,4PSi
266.35

Me;Si~_~_ OP(O)(OE),

The title compound was prepared following General Procedure A using allylic alcohol
390 (195 mg, 1.5 mmol, 1.0 eq), diethyl chlorophosphate (0.32 mL, 2.25 mmo], 1.5 eq), EtsN
(0.31mL, 2.25 mmol, 1.5 eq) and DMAP (46.0 mg, 0.38 mmol, 0.25 eq) in anhydrous CH2Cl-
(15 mL). The crude mixture was purified by silica column chromatography
(n-hexane/EtOAc 1:1) to yield 161 as a colourless oil (366 mg, 91%).

"H NMR (400 MHz, CDCls) du: 0.10 (9H, s, Si-(CHs)s), 1.36 (6H, td, ] 7.0, 1.0, P(OCH:2CHz)2),
4.14 (4H, dq, ] 7.9, 7.1, P(OCH2CHs)2), 4.56 (2H, ddd, ] 7.9, 4.4, 1.1, C(1)H2), 6.02 (1H, dt, |
18.7, 1.1, C(3)H), 6.10 (1H, dtd, ] 18.6, 4.4, 0.7, C(2)H).

3P {{H} NMR (162 MHz, CDCls) dr: —0.80 (P(O)(OEt)2).

Data in accordance with literature.'” (LB ref: JB-010)
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(Z)-4-[[t-Butyldiphenylsilyl]oxy]-2-buten-1-ol (391)
391

thtBuSiO—\Z/—OH CaoH2605Si

326.51

Following the procedure reported by Takahata and co-workers,'*® a flame dried round
bottom flask was charged with NaH (60 wt% suspension in oil, 240 mg, 6.0 mmol, 1.2 eq)
under an inert atmosphere. The solid was washed twice with n-hexane, dried under
reduced pressure and subsequently suspended in anhydrous THF (10 mL). cis-Butene-
1,4-diol (0.41 mL, 5.0 mmol, 1.0 eq) was added slowly and the mixture was stirred for 1 h.
t-Butyldiphenylsilylchloride (1.43 mL, 5.5 mmol, 1.1 eq) was added at 0 °C and the
reaction was allowed to stir at room temperature until TLC (EtOAc) indicated complete
conversion. The mixture was quenched with sat. aq. K2CO:s solution (10 mL), diluted with
Et20 (5 mL) and the phases were separated. The aqueous phase was extracted with Et2O
(8 x 10 mL), the combined organic phases were washed with brine, dried over MgSOs,
filtered and the solvent was removed under reduced pressure. The crude product was
purified by silica column chromatography (petrol : EtOAc 5:1 to 2:1, Rr 0.26 in petrol :
EtOAc 4:1) to yield the title compound as a colourless liquid (1.53 g, 94%).

'H NMR (400 MHz, CDCls) on: 1.11 (9H, s, C(CHs)s), 1.86 (1H, br s, OH), 4.02 — 4.09 (2H,
m, CH2-OSi), 4.29 — 4.34 (2H, m, CH»-OH), 5.63 - 5.80 (2H, m, CH=CH), 7.41 - 7.49 (6H, m,
2 x Ar(2,4,6)H), 7.71 - 7.78 (4H, m, 2 x Ar(3,5)H).

Data in accordance with literature.’>® (LB ref: JB-061)

(Z2)-4-[[(1,1-Dimethylethyl)diphenylsilylloxyl-2-buten-1-yl-phosphoric acid, diethyl
ester (162)

162
PthBUSiO_\_/_OP(O)(OEt)Z Co4H3505PSi
462.60

Following General Procedure A, allylic alcohol 391 (1.00 g, 3.06 mmol, 1.0 eq), diethyl
chlorophosphate (0.66 mL, 4.6 mmol, 1.5 eq), EtsN (0.64 mL, 4.6 mmol, 1.5 eq) and DMAP
(93 mg, 0.7 mmol, 0.25 eq) in anhydrous CH:Cl: (30 mL) gave the title compound after
purification by silica column chromatography (n-hexane : EtOAc 3:1 to 1:1, Rr 0.33 in
n-hexane : EtOAc 1:1) as a colourless liquid (1.01 g, 73%).
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H NMR (500 MHz, CDCls) du: 1.07 (9H, s, C(CHs)s), 1.31 (6H, td, ] 7.1, 1.0, P(OCH2CHjs)2),
4.08 (4H, dqd, ] 8.5, 7.1, 1.5, P(OCH2CHs)2), 4.30 (2H, ddt, ] 5.9, 1.8, 0.9, C(4)H>), 4.52 (2H,
ddt, ] 8.9, 6.4, 1.2, C(1)H2), 5.64 (1H, dtt, ] 11.2, 6.5, 1.7, C(2)H), 5.81 (1H, dtt, ] 11.5,5.8, 1.5,
C(3)H), 7.39 - 7.46 (6H, m, 2 x Ar(2,4,6)H), 7.67 — 7.72 (4H, m, 2 x Ar(3,5)H).

BC{H} NMR (126 MHz, CDCls) dc: 16.1 (d, 3]Jcr 6.7, P(OCH2CHs)2), 19.1 (C(CHas)s), 26.7
(C(CHs)s), 60.3 (C(4)H>), 63.2 (d, ?Jcr 5.5, C(1)H>), 63.7 (d, ¥cr 5.8, P(OCH2CHa)2), 125.1 (d,
3cr 7.2, C(2)H), 127.7 (2 x ArC(2,6)H), 129.8 (2 x ArC(4)H), 133.1 (C(3)H), 133.3 (2 x ArC(1)),
135.5 (2 x ArC(3,5)H).

31P {TH} NMR (162 MHz, CDCls) dr: —0.84 (P(O)(OEt)2).

HRMS (NSI') C2sH3605PSi [M+H]* found 463.2057, requires 463.2064 (1.5 ppm).

vmax (film, cm™) 3070, 2980, 2931 (C-H), 2856 (C-H), 1737, 1473, 1427 (Si-Ph), 1390, 1369,
1263 (P=0), 1165, 1107 (Si-Ph), 1018 (P-OEt), 975.

(LB ref: JB-063)

2-Phenylprop-2-en-1-ol (392)

OH 392
CgH 100
134.18

Following the procedure reported by Snaddon and co-workers,® in a flame dried three
necked flask Mg turnings (1.46 g, 60.0 mmol, 3.0 eq) were covered with anhydrous Et-O
under an inert atmosphere. A small amount of iodine was added, followed by the
dropwise addition of a solution of bromobenzene (5.32 mL, 50.0 mmol, 2.5 eq) in
anhydrous Et20 (40 mL). The rate of addition was adjusted to keep a constant reflux. After
complete addition the reaction mixture was heated at reflux for 1 h and subsequently
allowed to cool to room temperature. Cul (571 mg, 3.0 mmol, 0.15 eq) was added, the
mixture stirred for 30 min, then propargylic alcohol (1.16 mL, 20.0 mmol, 1.0 eq) in
anhydrous Et2O (10 mL) was added slowly, and after complete addition the reaction
mixture heated at reflux for 24 h. The reaction was quenched with sat. aq. NH4Cl solution
(25 mL) at 0 °C, allowed to warm to room temperature and stirred until all solids had
dissolved (usually overnight). The phases were separated and the aqueous phase was
extracted with Et2O (3 x 30 mL). The combined organic phases were washed with brine,

dried over MgSO;, filtered and the solvent was removed under reduced pressure. The
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crude product was purified by silica column chromatography (petrol : EtOAc 6:1 to 4:1,
R¢0.26 in petrol : EtOAc 4:1) to yield the title compound as a yellow liquid (1.81 g, 68%).
'H NMR (400 MHz, CDCls) on: 1.74 (1H, br s, OH), 4.57 (2H, s, CH2OH), 5.37 — 5.40 (1H,
m, C=CH>), 5.49 - 5.52 (1H, m, C=CH.), 7.30 — 7.43 (3H, m, Ar(2,4,6)H), 7.45—-7.51 (2H, m,
Ar(3,5)H).

Data in accordance with literature.® (LB ref: JB-060, JB-071)

2-Phenyl-2-propen-1-yl-phosphoric acid, diethyl ester (393)

OP(O)(OEt), 393
C13H1904P
270.26

Following General Procedure A, allylic alcohol 393 (1.00 g, 7.45 mmol, 1.0 eq), diethyl
chlorophosphate (1.61 mL, 11.2 mmol, 1.5 eq), EtsN (1.56 mL, 11.2 mmol, 1.5 eq) and
DMAP (228 mg, 1.86 mmol, 0.25 eq) in anhydrous CH2Cl2 (50 mL) gave the title compound
after purification by silica column chromatography (n-hexane : EtOAc 1:1 to 1:3, R¢ 0.24 in
n-hexane : EtOAc 1:1) as a pale yellow liquid (1.75 g, 84%).

'H NMR (400 MHz, CDCls) ou: 1.24 — 1.32 (6H, m, P(OCH2CHs)2), 4.00 — 4.10 (4H, m,
P(OCH:CHa)2), 4.89 — 494 (2H, m, C(1)H2), 542 (1H, br s, C(3)H~HB), 5.55 (1H, br s,
C(3)H~H?®), 7.25 -7.37 (3H, m, Ar(2,4,6)H), 7.40 — 7.47 (2H, m, Ar(3,5)H).

3P {TH} NMR (162 MHz, CDCls) de: =1.09 (P(O)(OEt)2).

Data in accordance with literature.'® (LB ref: JB-062)

2-Phenylallyl methanesulfonate (163)

3 OMs 163
C1oH12038
212.26

Following the procedure reported by Snaddon and co-workers, in a flame dried round
bottom flask, methanesulfonic anhydride (2.05 g, 11.8 mmol, 2.0 eq) was added to a stirred
solution of alcohol 392 (5.88 mmol, 790 mg, 1.0 eq) in anhydrous CH2Clz (15 mL). The
mixture was cooled to 0 °C and i-Pr2NEt (2.05 mL, 11.8 mmol, 2.0 eq) was added dropwise.
The reaction mixture was allowed to warm to room temperature and stir until TLC

(petrol : EtOAc 4:1) indicated complete conversion. The solvent was removed under
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reduced pressure and the crude product was purified by silica column chromatography
(petrol : Et20 5:1 to 2:1) to yield the title compound as a yellow liquid (748 mg, 60%).

H NMR (400 MHz, CDCls) d1: 2.97 (3H, s, CHs), 5.16 (2H, d, ] 1.1, C(1)Hz), 5.52 - 5.55 (1H,
m, C(3)H*H?), 5.72 (1H, s, C(3)HAH?), 7.34 - 7.44 (3H, m, Ar(2,4,6)H), 7.46 — 7.52 (2H, m,
Ar(3,5)H).

Data in accordance with literature.® (LB ref: JB-077, JB-095)

2-(Diethoxyphosphinyl)acetic acid (190)

190

0 o
II_OEt
J\/P: CeH1305P
HO OEt 196.14

Following the procedure reported by Campagne and co-workers,* a solution of triethyl
phosphonoacetate (5.0 g, 22.3 mmol, 1.0 eq) in 1 M NaOH (22.3 mL, 22.3 mmo], 1.0 eq) was
heated to 80 °C for 5 h. After cooling to room temperature, the reaction mixture was
acidified with conc. HCI (1.5 mL) and extracted with EtOAc (5 x 20 mL). The solvent was
removed under reduced pressure to afford the title compound as a colourless oil (4.1 g,
93%).

H NMR (400 MHz, CDCls) on: 1.35 (6H, t, ] 7.1, P(OCH2CHs)2), 2.98 (2H, d, ] 21.5 Hz, CH>),
4.15 - 4.25 (4H, m, P(OCH2CHz)y).

31P{H} NMR (162 MHz, CDCls) dr: 21.4 (P(O)(OEt)z2).

Data in accordance with literature.'® (LB ref: JB-113)

P-[2-(Methoxymethylamino)-2-oxoethyl]-phosphonic acid, diethyl ester (191)

o o
_OEt 191
\N)K/P\OEt CgH1gNO5P
4 239.21
~

Following the procedure reported by Campagne and co-workers,* CDI (1.09 g, 6.7 mmol,
1.1 eq) was added in portions to a stirred solution of 190 (1.2 g, 6.1 mmol, 1.0 eq) in CH2Cl2
(17 mL). After gas evolution had ceased, (N,0)-dimethylhydroxylamine hydrochloride
(657 mg, 6.7 mmol, 1.1 eq) was added and the reaction was stirred at room temperature
overnight. The reaction was quenched by the addition of H2O (17 mL), the phases were

separated, and the aqueous phase was extracted with CH2Cl2 (3 x 10 mL). The combined
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organic phases were washed with H2O (2 x 15 mL) and the solvent was removed under
reduced pressure to yield the title compound as a colourless 0il (0.96 g, 79%).

'H NMR (400 MHz, CDCls) 0n: 1.34 (6H, t, ] 7.1, P(OCH2CHs3)2), 3.16 (2H, d, 2Jur 22.0, CH>),
3.21 (3H, s, NCHs), 3.77 (3H, s, OCHs), 4.13 — 4.23 (4H, m, P(OCH2CHs)2).

3IP{H} NMR (162 MHz, CDCls) de: 21.1 (P(O)(OEt)z2).

Data in accordance with literature.* (LB ref: JB-115, JB-121)

(2-(Diethylamino)-2-oxoethyl)phosphonic acid, diethyl ester (192)

i g
Following the procedure reported by Campagne and co-workers,”* CDI (926 mg, 5.7 mmol,
1.1 eq) was added in portions to a stirred solution of 190 (1.0 g, 5.2 mmo], 1.0 eq) in CH2Cl2
(15 mL). After gas evolution had ceased, diethyl amine hydrochloride (625 mg, 5.7 mmol,
1.1 eq) was added and the reaction was stirred at room temperature overnight. The
reaction was quenched by the addition of H20 (15 mL), the phases were separated and
the aqueous phase was extracted with CH2Clz (3 x 10 mL). The combined organic phases
were washed with H20 (2 x 15 mL) and the solvent was removed under reduced pressure
to yield the title compound as a colourless oil (1.17 g, 91%) as a rotameric mixture (1:1).
'H NMR (400 MHz, CDCls) on: 1.12 (3H, t, | 7.1, N(CH2CH3)%), 1.19 (3H, t, | 7.1,
N(CH:CH?3)B), 1.32 (6H, t, ] 7.1, P(OCH2CHs)2), 3.01 (2H, d, ?Jur 22.1, CH2), 3.38 (2H, q, ] 7.1,
N(CH:CH3)%), 3.42 (2H, ] 7.1, N(CH2CH3)P), 4.12 — 4.23 (4H, m, P(OCH>CH3)z).
31P{H} NMR (162 MHz, CDCls) de: 21.5 (P(O)(OEt)z2).

Data in accordance with literature.** (LB ref: JB-116)

(2)-1,4-Bis(t-butyldimethylsilyloxy)-2-butene (194)

Bu-S1 s 194
u—ol [l =1V] .
o o C16H3602Siz
N~/ 316.63

Following the procedure reported by Charette and co-workers,” in a flame dried round
bottom flask under an inert atmosphere, a solution of cis-butene-1,4-diol (2.0 g, 22.7 mmol,
1.0 eq) and imidazole (6.18 g, 90.8 mmol, 4.0 eq) in anhydrous CH2Cl2 (100 mL) was cooled
to 0 °C. A solution of TBSCI (8.2 g, 54.4 mmol, 2.4 eq) and DMAP (1.1 g, 9.0 mmol, 0.4 eq)
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in anhydrous CH:Clz (30 mL) was added slowly and the reaction mixture was allowed to
warm to room temperature over 16 h. The reaction was quenched by the addition of H.0
(100 mL), the phases were separated, and the aqueous phase was extracted with CH:Clz
(3 x 30 mL). The combined organic phases were dried over MgSOy, filtered and the solvent
was removed under reduced pressure. The crude residue was purified by Biotage®
Isolera™ 4 [SNAP Ultra 50 g, 75 mL min", petrol : EtzO (100:0 2CV, 100:0 to 93:7 10 CV,
93:7 4 CV)] to yield the title compound as a colourless oil (6.99 g, 97%).

H NMR (400 MHz, CDCls) on: 0.07 (12H, s, 2 x Si(CHs)2), 0.90 (18H, s, 2 x Si-C(CHs)s3), 4.19
-4.27 (4H, m, C(1,4)H>), 5.50 - 5.60 (2H, m, C(2,3)H).

Data in accordance with literature.?> (LB ref: JB-120)

2-[(t-Butyl)dimethylsiloxy]acetaldehyde (195)

| g 195
~....bu
o S CgH1g0,Si

HJ\/O 174.32

A solution of compound 194 (2.5 g, 7.9 mmol, 1.0 eq) in anhydrous CH:Clz (45 mL) was
cooled to =78 °C. Oz was bubbled through the solution until a colour change to pale blue
was observed (ca. 15 min). Subsequently, the solution was purged with air until it was
again colourless. PPhs (2.48 g, 9.4 mmol, 1.2 eq) was added in one portion at -78 °C and
the reaction mixture was allowed to warm to room temperature and stir until TLC
indicated complete conversion. The solvent was removed under reduced pressure and
the crude product was purified by Biotage® Isolera™ 4 [SNAP Ultra 50 g, 75 mL min",
petrol : Et2O (100:0 4 CV, 100:0 to 90:10 15 CV, 90:10 5 CV)] to yield the title compound as
a colourless liquid (2.14 g, 78%).

H NMR (400 MHz, CDCls) d1: 0.13 (6H, s, Si(CHs)2), 0.95 (9H, s, C(CHs)s), 4.24 (2H, d, |
0.8, CHO-CH>), 9.73 (1H, t, ] 0.8, CHO).

Data in accordance with literature.'®! (LB ref: JB-111, JB-131)

| 133



Chapter 5: Experimental Details |

(E)-4-[[(1,1-Dimethylethyl) dimethylsilylJoxy]-N-methoxy-N-methyl-2-butenamide
(196)

\N)K/\/O‘S}i/ C12H12:§O3Si

'‘Bu 259.42

Following the procedure reported by Smith and co-workers,'®? to a stirred solution of
aldehyde 195 (250 mg, 1.43 mmol, 1.0 eq) in MeCN (5 mL) were added phosphonate 191
(412 mg, 1.72 mmol, 1.2 eq), LiCl (407 mg, 9.6 mmol, 6.7 eq) and i-Pr2NEt (0.27 mL,
1.57 mmol, 1.1 eq) and the reaction mixture was stirred for 48 h at room temperature. The
resulting white suspension was diluted with H2O (5 mL), the phases were separated and
the aqueous phase was extracted with EtOAc (3 x 5 mL). The combined organic phases
were dried over MgSQO, filtered and the solvent was removed under reduced pressure.
The crude product was purified by silica column chromatography (petrol : EtOAc 2:1, R¢
0.32) to yield the title compound as a colourless oil (198 mg, 53%).

H NMR (500 MHz, CDCls) on: 0.07 (6H, s, Si(CHs)2), 0.91 (9H, s, C(CH3)3), 3.23 (3H, s, N-
CHs), 3.68 (3H, s, O-CHs), 4.36 (2H, dd, | 3.2, 2.3, C(4)Hz), 6.68 (1H, d, ] 15.3, C(2)H), 6.99
(1H, dt, ] 15.3, 3.3, C(3)H).

BC{'H} NMR (126 MHz, CDCls) dc: -5.4 (Si(CHs)2), 18.3 (C(CHs)s), 25.7 (C(CHs)s), 32.3
(N-CHs), 61.6 (O-CHs), 62.5 (C(4)Hz), 117.0 (C(2)H), 145.9 (C(3)H), 166.8 (C=0).

HRMS (NSI'): Ci2H26NOsSi [M+H]* found 260.1678, requires 260.1676 (+0.6 ppm).

vmax (CHCls, cm?): 2956 (C-H), 2931, 2858, 1664 (C=0), 1627 (C=C), 1471, 1444, 1417, 1386,
1373, 1253 (Si-C), 1134 (Si-O), 1010, 906.

(LB ref: JB-135, JB-136)

(Z)-But-2-ene-1,4-diyl tetraethyl bis(phosphate) (198)

198
(EtO)z(O)PO—\:/—OP(O)(OEt)z C12Hp608P>
360.28

Following General Procedure A, cis-butene-1,4-diol (2.0 g, 22.7 mmol, 1.0 eq), diethyl
chlorophosphate (8.2 mL, 56.7 mmol, 2.5 eq), EtsN (7.9 mL, 56.7 mmol, 2.5 eq) and DMAP
(693 mg, 5.6 mmol, 0.25 eq) in anhydrous CH:Cl2 (200 mL) gave the title compound after
purification by silica column chromatography (0 to 20% acetone in EtOAc, Rf 0.32 in
EtOAc : acetone 4:1) as colourless oil (7.0 g, 86%).
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1H NMR (400 MHz, CDCLs) &:x: 1.29 — 1.36 (12H, m, 4 x OCH2CHs), 4.05 — 4.16 (8H, m, 4 x
OCH:CHj), 4.58 — 4.65 (4H, m, C(1)Hz, C(4)H>), 5.75 - 5.85 (2H, m, C(2)H, C(3)H).
%P{tH} NMR (162 MHz, CDCL) &r: -0.8 (OP(O)(OEt)2).

Data in accordance with literature.!¢® (LB ref: JB-114)

(2-Oxoethyl)phosphoric acid, diethyl ester (199)

199

0
HJ\/OP(O)(OEt)Z CeH1305P
196.14

A solution of compound 198 (2.0 g, 5.5 mmol, 1.0 eq) in anhydrous CH2Cl> (30 mL) was
cooled to =78 °C. Os was bubbled through the solution until a colour change to pale
blue/grey was observed (ca. 15 min). Subsequently, the solution was purged with air until
it was again colourless. PPhs (1.75 g, 6.6 mmol, 1.2 eq) was added in one portion at 78 °C
and the reaction mixture allowed to warm to room temperature overnight. The solvent
was removed under reduced pressure. The resulting white solid was washed with cold
Et20 (20 mL) and filtered. The filtrate was concentrated under reduced pressure and
purified by silica column chromatography (EtOAc : petrol 5:1 to EtOAc : Acetone 9:1, R¢
0.17 in EtOAc, Vanillin stain) to yield the title compound as a pale yellow oil (1.0 g, 46%).
'H NMR (500 MHz, CDCls) d1: 1.34 — 1.38 (6H, m, 2 x OCH2CHs), 4.15 — 4.22 (4H, m, 2 x
OCH:CHs), 4.58 (2H, d, 3ur 9.9, CH2), 9.69 (1H, s, CHO).

BC{tH} NMR (126 MHz, CDCls) dc: 16.24 (d, 3Jce 6.7, 2 x OCH2CH3), 64.6 (d, 2Jce 5.5, 2 x
OCH:CH3s), 70.9 (d, ?Jcr 5.7, CH2), 196.71 (d, 3]cp 6.6, C=0).

31P{H} NMR (162 MHz, CDCls) dr: 0.9 (OP(O)(OEt)2).

HRMS (NSI'): CsHuOsP [M+H]* found 197.0573, requires 197.0573 (+0 ppm).

vmax (CHCls, cm™): 3338, 2958 (C-H), 2933, 2912, 1739 (C=0), 1479, 1444, 1394, 1369, 1257
(P=0), 1165, 1014, 966.

(LB ref: JB-117, JB-126)
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(E)-4-(Methoxymethylamino)-4-oxo-2-butenoic acid (207)

T 207
= OH
\N )‘W CGHQNO4
[ N§ o 159.14

Following the procedure reported by Jacobi and co-workers,* a stirred solution of maleic
anhydride (5.07 g, 51.7 mmol, 1.0 eq) and (N,O)-dimethylhydroxylamine hydrochloride
(56.55 g, 56.8 mmol, 1.1 eq) in CHCIs (60 mL) was cooled to 0 °C. Pyridine (9.2 mL,
113 mmol, 2.2 eq) was added slowly and the reaction was allowed to warm to room
temperature and stir for 24 h. The solvent was removed under reduced pressure, the
residue was diluted with H20 (20 mL) and brine (20 mL) and extracted with CH2Cl: (4 x
30 mL). The combined extracts were washed with 1 M HCI (40 mL) and brine (40 mL),
dried over MgSOs, filtered and the solvent was removed under reduced pressure. The
crude product was recrystallised from CH:Cl: to afford the title compound as a yellow
solid (2.74 g, 33%). m.p. (CH2Cl2) 129 - 131 °C.

H NMR (500 MHz, CDCls) d1: 3.31 (3H, s, NCHs), 3.76 (3H, s, OCHs), 6.91 (1H, d, ] 15.6,
C(2)H), 7.54 (1H, d, ] 15.6, C(3)H).

BC{'H} NMR (126 MHz, CDCls) dc: 32.5 (NCH3), 62.4 (OCHs), 131.7 (C(2)H), 133.6 (C(3)H),
164.5 (C(4)=0), 170.0 (C(1)=0).

HRMS (NSI): CeHsNOs [M-H]- found 158.0461, requires 158.0459 (+1.4 ppm).

vmax (film, cm): 2943 (O-H), 2763, 2630, 2551, 1720 (C=Oxcia), 1660 (C=Oamide), 1602 (C=C),
1481, 1392, 1286, 1247, 1201, 1166, 1114, 995.

(LB ref: JB-142, ]B-148, ]B-174, ]B-226, ]B-495, |B-536, ]B-544)

(E)-4-Hydroxy-N-methoxy-N-methyl-2-butenamide (197)

\N)K/\/OH CgJiLOs

145.16

Following General Procedure D, acid 207 (3.0 g, 18.8 mmol, 1.0 eq), EtsN (2.89 mL,
20.7 mmol, 1.1 eq) and ethyl chloroformate (1.98 mL, 20.7 mmol, 1.1 eq) in anhydrous THF
(50 mL) followed by NaBHs (1.78 g, 47.1 mmol, 2.5 eq) in H20 (30 mL) gave the title
compound after purification by silica column chromatography (EtOAc : Acetone 6:1, Rs

0.31) as pale yellow oil (1.22 g, 45%). (LB ref: JB-145, ]B-153, JB-184, JB-244, ]B-500)

The title compound was also synthesised starting from silyl protected allylic alcohol 196:
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Following the procedure reported by Houk and co-workers,'¢* TBAF (1 M in THF, 6.0 mL,
6.0 mmol, 3.0 eq) was added to a stirred solution of 196 (520 mg, 2.0 mmol, 1.0 eq) in THF
(80 mL) at 0 °C. The reaction was allowed to warm to room temperature and stir overnight.
To the reaction mixture were added H-O (20 mL) and Et:O (50 mL), the phases were
separated and the aqueous phase was extracted with Et2O (2 x 50 mL). The combined
organic phases were washed with brine (2 x 50 mL), dried over MgSOs, filtered and the
solvent was removed under reduced pressure. The crude product was purified by silica
column chromatography (CH2Clz : 4% MeOH, R¢ 0.46 in CH2Cl> : MeOH 9:1) to yield the
title compound as a brown oil (100 mg, 34%). (LB ref: ]B-143)

'H NMR (400 MHz, CDCls) on: 3.24 (3H, s, NCH3), 3.70 (3H, s, OCHs), 4.36 (2H, dd, ] 4.0,
2.1, C(4)H2), 6.67 (1H, br dt, ] 15.5, C(2)H), 7.03 (1H, dt, ] 15.5, 4.0, C(3)H).

BC{"H} NMR (126 MHz, CDCls) dc: 32.3 (NCH3), 61.8 (OCHs), 62.2 (C(4)H-), 117.4 (C(2)H),
145.7 (C(3)H), 166.6 (C=0).

HRMS (NSI'): CsH12NOs [M+H]* found 146.0809, requires 146.0812 (-1.8 ppm).

vmax (film, cm™): 3390 (O-H), 2970, 2937 (C-H), 1774, 1660 (C=0), 1612 (C=C), 1421, 1384,
1178, 1111, 1085, 1002, 958.

(E)-(4-(Methoxy(methyl)amino)-4-oxobut-2-en-1-yl) phosphoric acid, diethyl ester

(184)
o 184
= OP(O)(OEt
\’.“J\/\/ OXOE), . o
O 281.24

Following General Procedure A, allylic alcohol 197 (516 mg, 3.55 mmol, 1.0 eq), diethyl
chlorophosphate (0.77 mL, 5.33 mmol, 1.5 eq), EtsN (0.74 mL, 5.33 mmol, 1.5 eq) and
DMAP (108 mg, 0.88 mmol, 0.25 eq) in anhydrous CH2Cl2 (35 mL) gave the title compound
after purification by silica column chromatography (EtOAc : Acetone 4:1, Rr 0.33 in
EtOAc : Acetone 2:1) as a pale yellow oil (819 mg, 82 %).

(LB ref: JB-118, ]B-144, ]B-149, JB-156, ]B-192, ]B-489, ]B-501)

The title compound was also synthesised via Horner-Wadsworth-Emmons reaction:
In a flame dried and argon flushed Schlenk tube, NaH (60 wt% suspension in oil, 133 mg,
3.3 mmol, 1.3 eq) was washed twice with n-hexane, dried under reduced pressure and

subsequently suspended in anhydrous THF (3 mL). Phosphonate 191 (642 mg, 2.6 mmol
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1.05 eq) was added dropwise at 0 °C and stirred at this temperature for 45 min. A solution
of aldehyde 199 (500 mg, 2.5 mmol, 1.0 eq) in anhydrous THF (1 mL) was added dropwise
and the reaction was allowed to warm to room temperature overnight. The reaction was
quenched with sat. aq. NHsCl solution (5 mL), the phases were separated, and the
aqueous phase was extracted with Et2O (3 x 5 mL). The combined organic phases were
dried over MgSQO, filtered and the solvent was removed under reduced pressure. The
crude product was purified by silica column chromatography (0 to 25% acetone in EtOAc)
to give the title compound as a pale yellow oil (100 mg, 15%). (LB ref: JB-129)

H NMR (500 MHz, CDCls) on: 1.36 (6H, td, ] 7.1, 0.9, P(OCH2CHs)2), 3.27 (3H, s, NCHs),
3.72 (3H, s, OCHs), 4.12 - 4.19 (4H, m, P(OCH2CH3)2), 4.74 (2H, ddd, ] 7.4, 4.3, 2.0, C(1)H>),
6.68 —6.76 (1H, m, C(3)H), 6.96 (1H, dtd, ] 15.4, 4.3, 1.7, C(2)H).

BC{'"H} NMR (126 MHz, CDCls) dc: 16.1 (d, 3Jce 6.6, P(OCH2CH3)2), 32.3 (NCH3), 61.8
(OCHs), 64.0 (d, ?Jce 5.9, P(OCH2CH3)2), 66.0 (d, ?Jcp 5.2, C(1)Hz2), 119.5 (C(3)H), 139.8 (d, 3Jcp
7.4, C(2H), 165.7 (C=0).

31P{*H} NMR (162 MHz, CDCls) dr: -1.07 (OP(O)(OEt)z).

HRMS (NSI'): C1oH21NOsP [M+H]* found 282.1102, requires 282.1101 (+0.4 ppm).

vmax (CHCls, cm): 2981 (C-H), 2937, 2910, 1670 (C=0), 1635 (C=C), 1444, 1417, 1386, 1261
(P=0), 1166, 1105, 1018 (P-O), 960.

(E)-4-[Methyl(phenylmethyl)amino]-4-oxo-2-butenoic acid, ethyl ester (394)
394

Following General Procedure B, monoethyl fumarate (7.5 g, 52.0 mmol, 1.0 eq),
N-benzylmethylamine (7.4 mL, 57.2 mmol, 1.1 eq), EDCI-HCI (10.9 g, 57.2 mmol, 1.1 eq)
and DMAP (636 mg, 5.2 mmol, 0.1 eq) in CH2Cl2 (130 mL) gave a rotameric mixture (55:45)
of the title compound as yellow oil, (12.7 g, 98%), which was used without further
purification.

'H NMR (400 MHz, CDCls) major rotamer du: 1.31 (3H, t, ] 7.1, OCH2CHs), 3.02 (3H, s,
NCHs), 4.24 (2H, app. dq, ] 14.2, 7.1, OCH2CH3), 4.66 (2H, s, NCH>), 6.85 (1H, d, | 15.3,
C(2)H or C(3)H), 7.14-7.19 (1H, m, ArC(4)H), 7.23 -7.39 (4H, m, ArC(2,3,5,6)H), 7.43 (1H,
d, ] 15.3, C(2)H or C(3)H); minor rotamer (selected) dn: 1.28 (3H, t, | 7.1, OCH2CHs), 3.00 (3H,
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s, NCHs), 4.61 (2H, s, NCH>), 6.85 (1H, d, ] 15.3, C(2)H or C(3)H), 7.41 (1H, d, ] 15.3, C(2)H
or C(3)H).
(LB ref: JB-180)

(E)-4-[Methyl(phenylmethyl)amino]-4-oxo-2-butenoic acid (395)

395
Bn. = OH
TJ\/\H/ C12H13NO;3

o} 219.24

Following General Procedure C, ester 394 (12.1 g, 48.9 mmol, 1.0 eq) and LiOH-H20 (2.3 g,
53.8 mmol, 1.1 eq) in H2O : THF 1:1 (50 mL) after 16 h gave a rotameric mixture (55:45) of
the title compound after extraction with CH:Clz as a yellow oil (9.9 g, 93%), which was
used without further purification.

'H NMR (400 MHz, MeOH-d+) major rotamer du: 3.08 (3H, s, NCHs), 4.67 (2H, s, NCH>),
6.71 (1H, d, ] 15.3, C(2)H or C(3)H), 7.19 - 7.42 (5H, m, 5 x ArH), 7.49 (1H, dd, ] 15.4, 13.8
Hz, 1H), 7.51 (1H, d, ] 15.3, C(2)H or C(3)H); minor rotamer (selected) du: 3.01 (3H, s, NCHs),
4.72 (2H, s, NCH2), 6.70 (1H, d, ] 15.3, C(2)H or C(3)H), 7.47 (1H, d, ] 15.3, C(2)H or C(3)H).
(LB ref: JB-185)

(E)-4-Hydroxy-N-methyl-N-(phenylmethyl)-2-butenamide (396)

396
Bn. OH
n NJ\/\/ C12H15NO;

I 205.26

Following General Procedure D, acid 395 (9.8 g, 44.8 mmol, 1.0 eq), EtsN (6.8 mL,
49.2 mmol, 1.1 eq) and ethyl chloroformate (4.7 mL, 49.2 mmol, 1.1 eq) in anhydrous THF
(110 mL) followed by NaBHs (4.2 g, 112 mmol, 2.5 eq) in H2O (70 mL) gave the title
compound as a rotameric mixture (55:45) after purification by silica column
chromatography (petrol : EtOAc 1:1 to EtOAc, Rt 0.20 in EtOAc) as a yellow oil (6.2 g,
67%). Attempts to remove remaining impurities were unsuccessful, so alcohol 396 was
used as obtained after silica column chromatography.

"H NMR (500 MHz, CDCls) major rotamer du: 2.97 (3H, s, NCHs), 4.31 —4.36 (2H, m, C(4)H2),
4.62 (2H, s, NCH?2), 6.52 - 6.63 (1H, m, C(2)H or C(3)H), 6.96 —7.04 (1H, m, C(2)H or C(3)H),
7.12 - 7.18 (1H, m, Ar(4)H), 7.19 — 7.39 (4H, m, Ar(2,3,5,6)H); minor rotamer (selected) on:
2.96 (3H, s, NCH:), 4.26 — 4.31 (2H, m, C(4)H>), 4.58 (2H, s, NCH>).
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BC{H} NMR (126 MHz, CDCls) major rotamer dc: 35.0 (NCHs), 51.1 (NCH2), 62.0 (C(4)H>),
118.8 (C(2)H or C(3)H), 126.5 (ArC(4)H), 128.0 (ArC(2,6)H or ArC(3,5)H), 128.6 (ArC(2,6)H
or ArC(3,5)H), 137.1 (ArC(1)), 145.3 (C(2)H or C(3)H), 166.8 (C=O); minor rotamer (selected)
Oc: 34.0 (NCHs), 53.4 (NCHy), 62.0 (C(4)H2), 136.5 (ArC(1)), 145.2 (C(2)H or C(3)H), 167.3
(C=0).

(LB ref: JB-189)

(E)-(4-(Benzyl(methyl)amino)-4-oxobut-2-en-1-yl) phosphoric acid, diethyl ester (209)

(0]
209
Bn\NJ\/\/OF’(O)(OEO2 C16H24NOsP
| 341.34

Following General Procedure A, allylic alcohol 396 (560 mg, 2.7 mmol, 1.0 eq), diethyl
chlorophosphate (0.59 mL, 4.1 mmol, 1.5 eq), EtsN (0.57 mL, 4.1 mmol, 1.5 eq) and DMAP
(83 mg, 0.7 mmol, 0.25 eq) in anhydrous CH2Clz (30 mL) gave the title compound as a
rotameric mixture (55:45) after purification by silica column chromatography (5 to 10%
i-PrOH in EtOAc) as colourless oil (730 mg, 78%). Attempts to remove remaining
impurities were unsuccessful, so phosphate 209 was used as obtained after silica column
chromatography (ca. 25% impurities).

H NMR (500 MHz, CDCls) major rotamer du: 1.28 —1.33 (6H, m, P(OCH2CHz)2), 2.96 (3H,
s, NCHs), 4.06 — 4.15 (4H, m, P(OCH:CHa)2), 4.61 (2H, s, NCH>), 4.69 (2H, ddd, ] 7.5, 4.3,
2.0, C(1)H2), 6.59 (1H, dt, ] 15.0, 2.0, C(3)H), 6.84 — 6.94 (1H, m, C(2)H), 7.11 - 7.16 (1H, m,
Ar(4)H), 7.17 - 7.35 (4H, m, Ar(2,3,5,6)H); minor rotamer (selected) du: 1.20 — 1.25 (6H, m,
P(OCH:CHs)2), 2.96 (3H, s, NCHs), 3.97 — 4.03 (4H, m, P(OCH:CHzs)2), 4.56 (2H, s, NCH?>),
4.63 (2H, ddd, ] 7.6, 4.3, 2.0, C(1)H>), 6.53 (1H, dt, ] 15.0, 2.0, C(3)H).

BC{tH} NMR (126 MHz, CDCls) major rotamer dc: 16.0 (d, 3Jce 6.8, P(OCH2CHs)2), 34.9
(NCHs), 51.1 (NCH-), 63.9 - 64.0 (m, P(OCH2CHs)2), 66.0 (d, ?Jcr 5.2, C(1)Hz), 121.1 (C(3)H),
126.5 (ArC(4)H), 128.0 (ArC(2,6)H or ArC(3,5)H), 128.9 (ArC(2,6)H or ArC(3,5)H), 137.0
(ArC(1)), 139.0 (C(2)H), 165.7 (C=0O); minor rotamer (selected) dc: 16.1 (d, 3Jcr 6.8,
P(OCH2CHa)2), 34.1 (NCHs), 53.3 (NCH2), 65.9 (d, ?Jce 5.1, C(1)Hz2), 121.0 (C(3)H), 136.4
(ArC(1)), 139.0 (C(2)H), 166.2 (C=0).

3P{'H} NMR (162 MHz, CDCls) major rotamer dv: -1.09 (OP(O)(OEt)2); minor rotamer ov: -
1.15 (OP(O)(OEt)2).

(LB ref: 202)
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(E)-4-Oxo0-4-(phenylamino)-2-butenoic acid, ethyl ester (397)

Ph OE 397
\N)j\/\ﬂ/ t C1oH13NO3

o 219.24
Following General Procedure B with modifications, monoethyl fumarate (6.0 g,
41.6 mmol, 1.0 eq), aniline (5.3 mL, 58.2 mmol, 1.4 eq), EDCI-HCI (10.3 g, 54.1 mmol,
1.3 eq) and DMAP (508 mg, 4.2 mmol, 0.1 eq) in CH2Cl2 (100 mL) gave the title compound
after recrystallisation from Et-0O as an off-white solid (7.4 g, 81 %). m.p. (Et20) 113 - 116 °C.
H NMR (500 MHz, CDCls) du: 1.33 (3H, t, ] 7.1, OCH2CHs), 4.27 (2H, q, ] 7.1, OCH2CH3s),
6.96 (1H, d, ] 15.3, C(2)H), 7.12-7.20 (2H, m, C(3)H, ArC(4)H), 7.34 (2H, t, ] 7.9, ArC(3,5)H),
7.62 (2H, d, ] 7.7, ArC(2,6)H), 8.15 (1H, br s, NH).
BC{'H} NMR (126 MHz, CDCls) dc: 14.1 (OCH2CHs), 61.5 (OCH2CHs), 120.1 (ArC(2,6)H),
125.0 (ArC(4)H), 129.1 (ArC(3,5)H), 131.2 (C(2)H), 137.0 (C(3)H), 137.4 (ArC(1)), 161.6
(C(4)=0), 165.8 (C(1)=0).
HRMS (NSI'): C2HuuNOs [M+H]* found 220.0964, requires 220.0968 (-1.9 ppm).
vmax (CHCls, em™): 3350 (N-H), 2978 (C-H), 1705 (C=Oester), 1678 (C=Oamide), 1649 (C=C),
1602, 1544, 1500 (C=Car), 1489, 1444, 1371, 1338, 1294, 1201, 1153, 1020, 960.
(LB ref: JB-154, JB-169)

(E)-4-(Methylphenylamino)-4-oxo-2-butenoic acid, ethyl ester (398)

Ph OE 398
\,\ll)j\/\ﬂ/ t C13H15NO;3

o 233.27
Adapting the procedure reported by Snaddon and co-workers,® in a flame dried flask
under argon atmosphere, NaH (602 mg, 15.0 mmol, 1.1 eq) was washed twice with
n-hexane, dried under reduced pressure and subsequently suspended in anhydrous THF
(35 mL). Ester 397 (3.0 g, 13.6 mmol, 1.0 eq), dissolved in anhydrous THF (35 mL), was
slowly added to the NaH suspension at 0 °C. After gas evolution had ceased, the reaction
mixture was allowed to warm to room temperature. Mel (0.93 mL, 15.0 mmol, 1.1 eq) was
added, the flask was sealed and heated to 80 °C for 16 h. After cooling to room
temperature, the reaction was quenched with sat. aq. NH4Cl solution (40 mL), the phases
were separated and the aqueous phase was extracted with Et2O (3 x 60 mL). The combined

organic phases were dried over MgSQO;, filtered and the solvent was removed under
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reduced pressure to afford the crude product as a black oil. Purification by Biotage®
Isolera™ 4 [SNAP Ultra 50 g, 100 mL min", petrol : EtOAc 4:1 (15 CV), R¢ 0.16] afforded
the title compound as an off-white solid (1.73 g, 55 %). m.p. (petrol) 74 — 77 °C.

H NMR (500 MHz, CDCls) ou: 1.24 (3H, t, ] 7.1, OCH2CHs), 3.38 (3H, s, NCHs), 4.16 (2H,
q, ] 7.1, OCH2CH3), 6.85 (2H, s, C(2)H, C(3)H), 7.14 — 7.19 (2H, m, ArC(2,6)H), 7.34 — 7.38
(1H, m, ArC(4)H), 7.40 — 7.46 (2H, m, ArC(3,5)H).

BC{'TH} NMR (126 MHz, CDCls) dc: 14.2 (OCH2CHs), 37.8 (NCHs), 61.1 (OCH2CHs), 127.1
(ArC(2,6)H), 128.2 (ArC(4)H), 130.0 (ArC(3,5)H), 131.1 (=CH), 134.3 (=CH), 142.7 (ArC(1)),
164.1 (C(4)=0), 165.8 (C(1)=0).

HRMS (NSI'): CisH1sNOs [M+H]* found 234.1127, requires 234.1125 (+1.0 ppm).

vmax (film, cm™): 3352, 3049 (=C-H), 2991 (C-H), 2939, 1716 (C=Oester), 1660 (C=Oamide), 1631
(C=C), 1593 (C=Car), 1546, 1492 (C=Car), 1419, 1379, 1294, 1280, 1249, 1155, 1020, 966.

(LB ref: JB-164, JB-173)

(E)-4-(Methylphenylamino)-4-oxo-2-butenoic acid (399)

Ph OH 399
\NM( Cy1H14NO3

) 205.21
Following General Procedure C, ester 398 (1.5 g, 6.4 mmol, 1.0 eq) and LiOH-H20 (297 mg,
7.0 mmol, 1.1 eq) in H20 : THF 1:1 (7 mL) after 16 h gave the title compound after
extraction with CH2Cl: as an off-white solid (1.28 g, 97%), which was used without further
purification.

TH NMR (500 MHz, DMSO) du: 3.28 (3H, s, NCHs), 6.55 (1H, d, ] 15.3, C(2)H), 6.64 (1H, d,
J15.3, C(3)H), 7.31-7.36 (2H, m, ArC(2,6)H), 7.38 — 7.44 (1H, m, ArC(4)H), 7.46 — 7.52 (2H,
m, ArC(3,5)H).

(LB ref: JB-166, JB-175)

(E)-4-Hydroxy-N-methyl-N-phenyl-2-butenamide (400)

400
Ph\NJJ\/\/OH C11H13N02

| 191.23

Following General Procedure D, acid 399 (2.6 g, 13.0 mmol, 1.0 eq), EtsN (2.0 mL,

14.3 mmol, 1.1 eq) and ethyl chloroformate (1.4 mL, 14.3 mmol, 1.1 eq) in anhydrous THF
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(45 mL) followed by NaBHs4 (1.2 g, 32.7 mmol, 2.5 eq) in H20 (25 mL) gave the title
compound after purification by silica column chromatography (CH2Cl: : acetone 7:3, R¢
0.48 in CH2Cl2 : acetone 1:1) as a colourless oil (1.7 g, 70%), which solidified slowly.

m.p. (EtOAc) 70 - 73 °C.

H NMR (500 MHz, CDCls) du: 1.84 (1H, br s, OH), 3.34 (3H, s, NCHs), 4.19 — 4.24 (2H, m,
C(4)H), 6.00 (1H, d, J 15.1, C(2)H), 6.98 (1H, dt, ] 15.2, 4.2, C(3)H), 7.15 - 7.19 (2H, m,
ArC(2,6)H), 7.30 — 7.35 (1H, m, ArC(4)H), 7.38 — 7.43 (2H, m, ArC(3,5)H).

BC{TH} NMR (126 MHz, CDCls) dc: 37.5 (NCHs), 62.1 (C(4)Hz), 120.1 (C(2)H), 127.2
(ArC(2,6)H), 127.6 (ArC(4)H), 129.6 (ArC(3,5)H), 143.4 (ArC(1)), 143.9 (C(3)H), 165.8 (C=0O).
HRMS (NSI): CiH12NO:z [M-H]- found 190.0877, requires 190.0874 (+1.8 ppm).

vmax (film, cm?): 3385 (O-H), 3053 (Ar-H), 2864 (C-H), 2808, 1654 (C=0), 1600 (C=C), 1589,
1492 (C=Car), 1419, 1373, 1274, 1099, 1022, 958.

(LB ref: JB-183)

(E)-(4-(Methyl(phenyl)amino)-4-oxobut-2-en-1-yl) phosphoric acid, diethyl ester (210)

(0]
210
Ph\NJJ\/\/OP(O)(OEt)z C15H22NO5P
I 327.32

Following General Procedure A, allylic alcohol 400 (516 mg, 2.7 mmol, 1.0 eq), diethyl
chlorophosphate (0.58 mL, 4.0 mmol, 1.5 eq), EtsN (0.56 mL, 4.0 mmol, 1.5 eq) and DMAP
(82 mg, 0.7 mmol, 0.25 eq) in anhydrous CH:Cl2 (30 mL) gave the title compound after
purification by silica column chromatography (EtOAc : 1% i-PrOH to 5% i-PrOH, R¢ 0.41
in EtOAc : 10% i-PrOH) as a pale yellow oil (670 mg, 76%).

H NMR (500 MHz, CDCls) on: 1.23 (6H, t, ] 7.1, P(OCH2CHs)2)), 3.34 (3H, s, NCH3), 3.92 -
4.01 (4H, m, P(OCH2CH3)2)), 4.53 — 4.62 (2H, m, C(1)H2), 6.01 (1H, d, ] 15.1, C(3)H), 6.88
(1H, dtd, ] 15.1, 44, 1.4, C(2)H), 7.14 - 7.19 (2H, m, ArC(2,6)H), 7.30 - 7.35 (1H, ArC(4)H),
7.37 - 7.43 (2H, ArC(3,5)H).

BC{'TH} NMR (126 MHz, CDCls) dc: 16.2 (d, 3Jce 6.6, P(OCH2CHs)2), 37.6 (NCHs), 64.0 (d,
?Jer 5.9, P(OCH2CH3)2), 65.8 (d, ?Jce 5.0, C(1)H2), 122.1 (C(3)H), 127.4 (ArC(2,6)H), 127.8
(ArC(4)H), 129.7 (ArC(3,5)H), 138.3 (d, *Jcr 7.5, C(2)H), 143.4 (ArC(1)), 165.1 (C=0).
3P{'H} NMR (202 MHz, CDCls) dr: -1.26 (OP(O)(OEt)2).

HRMS (NSI'): C1sHsNOsP [M+H]* found 328.1310, requires 328.1308 (+0.5 ppm).
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Vinax (film, cm1): 2983 (C-H), 2933, 2910, 1670 (C=0), 1631 (C=C), 1595 (C=Car), 1496 (C=Ca:),
1367, 1263 (P=0), 1018, 960.
(LB ref: JB-193)

(E)-4-0x0-4-(phenylamino)-2-butenoic acid (401)
401

e S
Following General Procedure C, ester 397 (2.7 g, 12.3 mmol, 1.0 eq) and LiOH-HO
(568 mg, 13.5 mmol, 1.1 eq) in H20 : THF 1:1 (13 mL) for 16 h gave the title compound
after extraction with EtOAc as an off-white solid (2.97 g, 99%), which was used without
further purification.
"H NMR (400 MHz, DMSO-ds) ou: 6.66 (1H, d, ] 15.4, CH), 7.07 — 7.12 (1H, m, ArC(4)H),
7.15 (1H, d, ] 15.4, CH), 7.31 - 7.37 (2H, m, ArC(2,6)H), 7.65 — 7.70 (2H, m, ArC(3,5)H),
10.52 (1H, s, C(O)OH).
(LB ref: JB-160)

(E)-4-hydroxy-N-phenyl-2-butenamide (402)

(0] 402
Ph. J\/\/OH C1oH11NO
N 177.20

Following General Procedure D, acid 401 (2.5 g, 13.0 mmol, 1.0 eq), EtsN (2.0 mL,
14.3 mmol, 1.1 eq) and ethyl chloroformate (1.4 mL, 14.3 mmol, 1.1 eq) in anhydrous THF
(45 mL) followed by NaBH: (1.2 g, 32.7 mmol, 2.5 eq) in H2O (25 mL) gave the title
compound after recrystallisation from EtOAc as a colourless solid (636 mg, 28%).

m.p. (EtOAc) 160 - 163 °C.

'H NMR (500 MHz, MeOH-ds) ou: 4.29 (2H, dd, ] 3.9, 2.1, C(4)H2), 6.37 (1H, dt, ] 15.3, 2.1,
C(2)H), 6.99 (1H, dt, ] 15.3, 3.9, C(3)H), 7.09 (1H, t, ] 7.4, ArC(4)H), 7.28 — 7.34 (2H, m,
ArC(2,6)H), 7.61 (d, ] 7.7, ArC(3,5)H).

Data in accordance with literature.'®> (LB ref: JB-161)
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(E)-(4-0x0-4-(phenylamino)but-2-en-1-yl) phosphoric acid, diethyl ester (211)

(0] 211
Ph. OP(O)(OEt C14Ho0NO5P
”J\/\/ (O)(OEY), O

Following General Procedure A, allylic alcohol 402 (550 mg, 3.1 mmol, 1.0 eq), diethyl
chlorophosphate (0.67 mL, 4.6 mmol, 1.5 eq), EtsN (0.65 mL, 4.6 mmol, 1.5 eq) and DMAP
(95 mg, 0.8 mmol, 0.25 eq) in anhydrous CH2Clz (30 mL) gave the title compound after
purification by Biotage® Isolera™ 4 [SNAP Ultra 25 g, 75 mL min™, petrol : EtOAc (50:50
5 CV, 50:50 to 0:100 14 CV, 0:100 6 CV), Rt 0.28 in EtOA] as a pale yellow oil, which
solidified upon freezing. Recrystallisation from toluene afforded the title compound as a
colourless crystalline solid (864 mg, 89%). m.p. (EtOAc) 76 — 79 °C.

H NMR (500 MHz, CDCls) on: 1.33 (6H, t, ] 7.1, P(OCH2CHs)2), 4.13 (4H, app. p, ] 7.3,
P(OCH2CHzs)2), 4.70 (2H, ddd, ] 7.0, 4.2, 1.9, C(1)H>), 6.38 (1H, dt, ] 15.1, 1.8, C(3)H), 6.95
(1H, dtd, ] 15.2, 4.2, 1.8, C(2)H), 7.09 (1H, t, ] 7.4, ArC(4)H), 7.30 (2H, t, ] 7.9, ArC(3,5)H),
7.65(2H, d, ] 7.9, ArC(2,6)H), 8.63 (1H, s, NH).

BC{tH} NMR (126 MHz, CDCls) oc: 16.1 (d, 3cr 6.6, P(OCH2CH3)2), 64.2 (d, ?Jcr 5.9,
P(OCH2CHz)2), 65.9 (d, }Jcr 5.4, C(1)Hz), 119.9 (ArC(2,6)H), 124.2 (ArC(4)H), 125.2 (C(3)H),
128.9 (ArC(3,5)H), 137.7 (d, 3Jcr 7.5, C(2)H), 138.3 (ArC(1)), 163.2 (C=0).

SIP{'H} NMR (121 MHz, CDCls) or: -1.74 (OP(O)(OEt)2).

HRMS (ESI*): C1aH20NOsPNa [M+Na]* found 336.0963, requires 336.0971 (-2.4 ppm).

vmax (film, cm™): 3269 (N-H), 3130 (=C-H), 2991 (C-H), 2904, 1687 (C=0), 1651 (C=C), 1600
(C=Car), 1544, 1492 (C=Car), 1440, 1392, 1328, 1240 (P=0), 1172, 1018 (P-O), 941.

(LB ref: JB-168)

(E)-4-(4-Morpholinyl)-4-oxo-2-butenoic acid, ethyl ester (403)

J\/\H/OEt 403
C1oH15NO4

N
0\) o 213.23

Following General Procedure B, monoethyl fumarate (7.5 g, 52.0 mmol, 1.0 eq),
morpholine (5.0 mL, 57.2 mmol, 1.1 eq), EDCI-HCI (10.9 g, 57.2 mmol, 1.1 eq) and DMAP
(636 mg, 5.2 mmol, 0.1 eq) in CH2Cl> (130 mL) gave the title compound as an off-white

solid (10.6 g, 95 %), which was used without further purification.
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1H NMR (400 MHz, CDCl3) d1: 1.31 (3H, t, ] 7.1, OCH2CHs), 3.56 — 3.60 (2H, m, CHzmorph),
3.67 —3.73 (6H, m, 3 x CHamorph), 4.25 (2H, q, ] 7.1, OCHCHs), 6.78 (1H, d, ] 15.3, CH), 7.35
(1H, d, ] 15.3, CH).

(LB ref: JB-181)

(E)-4-(4-Morpholinyl)-4-oxo-2-butenoic acid (404)
o

J\/\H/OH 404
(\N CgH11NO4

o 0 185.18
Following General Procedure C, ester 403 (9.8 g, 46.3 mmol, 1.0 eq) and LiOH-H0 (2.1 g,
50.9 mmol, 1.1 eq) in H20 : THF 1:1 (50 mL) after 16 h gave the title compound as an off-
white solid (5.75 g, 67%), which was used without further purification.
H NMR (400 MHz, MeOH-d4) dn: 3.62 — 3.72 (8H, m, 4 x CHzmorphy), 6.65 (1H, d, | 15.4,
CH), 7.45 (1H, d, ] 15.4, CH).
(LB ref: JB-186)

(E)-4-Hydroxy-N-morpholinyl-2-butenamide (405)

0
_~_OH 405
(\NJ’]\/\/ CSH13NO3
o 171.20

Following General Procedure D, acid 404 (5.4 g, 29.5 mmol, 1.0 eq), EtsN (4.5 mL,
32.4 mmol, 1.1 eq) and ethyl chloroformate (3.1 mL, 32.4 mmol, 1.1 eq) in anhydrous THF
(74 mL) followed by NaBH: (2.8 g, 73.7 mmol, 2.5 eq) in H2O (46 mL) gave the title
compound after purification by silica column chromatography (5 to 15% i-PrOH in EtOAc,
R¢0.26 in 15% i-PrOH in EtOAc) followed by recrystallisation from toluene as a colourless
solid (808 mg, 16%). m.p. (toluene) 100 — 102 °C.

TH NMR (500 MHz, CDCls) dn: 3.55 — 3.60 (2H, m, NCHz@morph), 3.64 — 3.71 (6H, m, 2 x
OCHz(morph), NCH2morphy), 4.34 (2H, dd, | 3.7, 2.2, C(4)H>), 6.52 (1H, dt, ] 15.1, 2.1, C(2)H),
6.94 (1H, dt, ] 15.2, 3.8, C(3)H).

BC{'H} NMR (126 MHz, CDCls) dc: 42.3 (NCHz2morphy), 46.2 (NCHz@morphy), 62.0 (C(4)Hz), 66.7
(OCHz(morphy), 66.8 (OCH2@morphy), 118.1 (C(2)H), 145.0 (C(3)H), 165.6 (C=0).

HRMS (NSI"): CsH12NOs [M-H]- found 170.0827, requires 170.0823 (+2.5 ppm).
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vimax (film, em1): 3412 (O-H), 2980, 2931, 2872 (C-H), 2810, 1666 (C=0), 1643, 1604 (C=C),
1438, 1296, 1267, 1190, 1097, 1043, 952.
(LB ref: JB-190)

(E)-(4-Morpholino-4-oxobut-2-en-1-yl) phosphoric acid, diethyl ester (212)

(0]

212
_~__OP(O)(OEt),
(\NJ\/\/ C1oHaNOGP
) 307.28

Following General Procedure A, allylic alcohol 405 (417 mg, 2.43 mmol, 1.0 eq), diethyl
chlorophosphate (0.53 mL, 3.64 mmol, 1.5 eq), EtsN (0.51 mL, 3.64 mmol, 1.5 eq) and
DMAP (74 mg, 0.6 mmol, 0.25 eq) in anhydrous CH2Cl2 (25 mL) gave the title compound
after purification by silica column chromatography (2.5% MeOH in CH:Clz, R 0.55 in
CH2Cl2 : MeOH 9:1) as a pale yellow oil (673 mg, 94 %).

"H NMR (500 MHz, CDCls) d1: 1.30 (6H, td, ] 7.1, 0.9, P(OCH2CHs)2), 3.49 — 3.55 (2H, m,
NCHoz(morph), 3.60 —3.68 (6H, m, NCHamorph), 2 x OCHz(morphy), 4.10 (4H, app. p, P(OCH2CHb)2),
4.66 (2H, ddd, ] 7.5, 4.2, 2.0, C(1)H2), 6.51 (1H, dt, ] 15.1, 2.0, C(3)H), 6.82 (1H, dtd, ] 15.1,
4.2,1.8, C(2)H).

BC{'H} NMR (126 MHz, CDCls) dc: 16.1 (d, 3Jcr 6.6, P(OCH2CHs)2), 42.3 (NCHz(morph)), 46.2
(NCHoamorphy), 64.0 (d, 2Jcp 5.8, P(OCH2CH3)2), 66.0 (d, ?Jcr 5.2, C(1)Hz), 66.8 (2 x OCHa(morph)),
120.4 (C(3)H), 139.1 (d, 3]cr 7.3, C(2)H), 164.6 (C=0).

31P{TH} NMR (202 MHz, CDCls) de: -1.11 (OP(O)(OEt)z).

HRMS (ESI¥): C2H22NOsPNa [M+Na]* found 330.1068, requires 330.1077 (-2.7 ppm).
vmax (film, cm™): 2983 (C-H), 2908, 2858, 1668 (C=0), 1620 (C=C), 1433, 1265 (P=0), 1114,
1018 (P-O), 970.

(LB ref: JB-197, JB-201)

(E)- 4-Oxo0-4-(pyrrolidine-1-yl)-2-butenoic acid, ethyl ester (204)

o 204
= NO c o)
A AU
Following General Procedure B, monoethyl fumarate (7.5 g, 52.0 mmol, 1.0 eq),

pyrrolidine (4.7 mL, 57.2 mmol, 1.1 eq), EDCI-HCI (10.9 g, 57.2 mmol, 1.1 eq) and DMAP
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(636 mg, 5.2 mmol, 0.1 eq) in CH2Cl2 (130 mL) gave the title compound as a yellow oil
(10.2 g, 99%), which was used without further purification.

'H NMR (400 MHz, CDCls) 01: 1.29 (3H, t, ] 7.1, OCH2CHs), 1.84 —2.02 (4H, m, 2 x CHa(pym),
3.53 (2H, t, ] 6.8, NCHz@ym), 3.57 (2H, t, ] 6.8, NCHzpym), 4.23 (2H, q, ] 7.1, OCH2CHs), 6.82
(1H, d, ] 15.3, C(2)H), 7.22 (1H, d, ] 15.3, C(3)H).

(LB ref: JB-176)

(E)-4-Oxo0-4-(1-pyrrolidinyl)-2-butenoic acid (406)

9 oH 406
(o]

169.18
Following General Procedure C, ester 204 (1.0 g, 5.0 mmol, 1.0 eq) and LiOH-H-O (234 mg,
5.5 mmol, 1.1 eq) in H20 : THF 1:1 (6.0 mL) after 16 h gave the title compound as a yellow
solid (848 mg, 98%). m.p. 156 — 158 (dec).

TH NMR (400 MHz, DMSO-ds) d1: 1.75-1.84 (2H, m, CH2pym), 1.85 — 1.94 (2H, m, CHz(pym)),
3.36 (2H, t, ] 6.8, NCHzpym), 3.57 (2H, t, ] 6.8, NCH2pym), 6.52 (1H, d, ] 15.3, C(2)H or C(3)H),
7.16 (1H, d, ] 15.3, C(2)H or C(3)H).

Data in accordance with literature.#¢ (LB ref: JB-150, JB-162, JB-179)

(E)-4-hydroxy-1-(pyrrolidin-1-yl)but-2-en-1-one (205)
o

205
C/NJ\/\/OH CgH13NO,

155.20
Following General Procedure D, acid 406 (6.8 g, 40.2 mmol, 1.0 eq), EtsN (6.1 mL,
44.2 mmol, 1.1 eq) and ethyl chloroformate (4.2 mL, 44.2 mmol, 1.1 eq) in anhydrous THF
(100 mL) followed by NaBH4 (3.8 g, 100.4 mmol, 2.5 eq) in H2O (60 mL) gave the title
compound after purification by silica column chromatography (CH2Clz : acetone 1:1 to 3:7,
Rt 0.22 in CH2Clz : acetone 3:7) followed by recrystallisation from toluene as colourless
solid (908 mg, 15%). m.p. (toluene) 86 — 88 °C.

H NMR (500 MHz, CDCls) d1: 1.86 (2H, p, ] 6.8, CHapym), 1.95 (2H, p, ] 6.8, CHzpym), 2.93
(1H, br s, OH), 3.48 — 3.55 (4H, m, 2 x NCHapym), 4.29 — 4.36 (2H, m, C(4)H2), 6.39 (1H, dt,
J15.2,2.0, C(2)H), 6.96 (1H, dt, ] 15.2, 3.9, C(3)H).
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BC{H} NMR (126 MHz, CDCls) dc: 24.4 (CHzpym), 26.1 (CHapym), 46.0 (NCHz(pym), 46.7
(NCHapym), 62.1 (C(4)H2), 120.2 (C(2)H), 144.1 (C(3)H), 164.8 (C=0).

HRMS (NSI"): CsHuuNO: [M+H]* found 156.1016, requires 156.1019 (-2.0 ppm).

vmax (film, cm™): 3305 (O-H), 2976, 2951, 2872 (C-H), 1662 (C=0), 1639, 1593 (C=C), 1448,
1363, 1192, 1099, 1041, 952.

(LB ref: JB-151, JB-165, JB-182)

(E)-(4-Oxo0-4-(pyrrolidin-1-yl)but-2-en-1-yl) phosphoric acid, diethyl ester (213)

o)
213
C/NJ\/\/OP(O)(OEt)z C1HpoNOsP

291.28
Following General Procedure A, allylic alcohol 205 (770 mg, 4.96 mmol, 1.0 eq), diethyl
chlorophosphate (1.0 mL, 7.44 mmol, 1.5 eq), EtsN (1.0 mL, 7.44 mmol, 1.5 eq) and DMAP
(151 mg, 1.24 mmol, 0.25 eq) in anhydrous CH:Cl (50 mL) gave the title compound after
purification by silica column chromatography (2.5% MeOH in CH2Cl2, R¢0.43 in CH2Cl: :
MeOH 9:1) as pale pink oil (1.3 g, 91 %).

H NMR (500 MHz, CDCls) d1: 1.30 (6H, t, ] 7.1, P(OCH2CHs)2), 1.84 (2H, p, ] 6.7, CHz(pyr),
1.93 2H, p, ] 6.7, CHzpym), 3.49 (4H, td, | 6.8, 3.8, NCHzpym), 4.09 (4H, app. p, ] 7.2,
P(OCH:CHa)2), 4.66 (2H, ddd, ] 7.0, 4.3, 1.9, C(1)H2), 6.39 (1H, dt, ] 15.1, 1.9, C(3)H), 6.84
(1H, dtd, J 15.1, 4.3, 1.7, C(2)H).

BC{'H} NMR (126 MHz, CDCls) dc: 16.1 (d, 3Jcr 6.7, P(OCH2CH3)2), 24.3 (CHzpym), 26.1
(CHzpym), 45.9 (NCHz(pym)), 46.6 (NCH2(pym), 64.0 (d, ?Jcr 5.8, P(OCH2CHa)z2), 66.0 (d, ?Jcr 5.1,
C(1)H2), 122.4 (C(3)H), 137.8 (d, ?Jcr 7.5, C(2)H), 163.7 (C(4)=0).

3IP{"H} NMR (202 MHz, CDCls) dr: -1.12 (OP(O)(OEt)2).

HRMS (ESI*): C12H2NOsPNa [M+Na]* found 314.1120 , requires 314.1128 (2.5 ppm).
vmax (film, cm™): 2978 (C-H), 2873, 1670 (C=0), 1616 (C=C), 1427, 1265 (P=0), 1020 (P-O),
956.

(LB ref: JB-167, JB-196)
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5.4.3 Relay Pd and ITU catalysis products

(2R,35)-2-(Dimethylamino)-3-vinylbutanedioic acid, 4-ethyl 1-(4-nitrophenyl) ester
(164maj) and (2R,3R)-2-(Dimethylamino)-3-vinylbutanedioic acid, 4-ethyl 1-(4-

nitrophenyl) ester (164min)

OZN\©\ o Oy, O~ OZN\©\ o OYO\/
: C16H20N206
0”1 Z s o)W 5 336.34
& &
164

maij 164 5in
Following General Procedure E, PNP ester 159 (65.0 mg, 0.25 mmol, 1.0 eq), PdFurCat
154 (9.3 mg, 12.5 umol, 5 mol%), (S)-TM-HCI (12.0 mg, 0.05 mmol, 10 mol%), phosphate
160 (83.0 mg, 0.31 mmol, 1.25 eq) and i-Pr2NEt (0.1 mL, 0.6 mmol, 2.4 eq) in MeCN (4.4 mL)
gave the title compound after purification by silica column chromatography (petrol :
EtOAc 6:1 to 4:1, Rr 0.23 in petrol : EtOAc 6:1) as a yellow oil (60.0 mg, 71%) as an
inseparable mixture of diastereomers (60:40 dr). [e]5 =0.5 (c 0.45 in CHCls).
HRMS (NSI"): C16H21N206 [M+H]* found 337.1386, requires 337.1394 (2.4 ppm).
vmax (film, cm™): 3084 (C-H), 2981 (C-H), 2939, 2358, 1732 (C=0), 1716 (C=0), 1616, 1591
(C=Car), 1523 (N=0), 1489 (C=Car), 1446, 1344 (N=0), 1305, 1257, 1203, 1157, 1109, 1026,
929.
Data for major diastereoisomer 164maj
Chiral HPLC analysis, Chiralcel OD-H, (n-hexane : i-PrOH 99:1, flow rate 0.5 mLmin,
254 nm, 30 °C) tr (25,3R): 26.7 min, tr (2R,3S): 29.5 min, 10:90 er.
TH NMR (300 MHz, CDCls) du: 1.28 (3H, t, ] 7.1, OCH2CHs), 2.47 (6H, s, N(CHs)2), 3.64 —
3.70 (1H, m, C(3)H), 3.85 (1H, d, ] 11.4, C(2)H), 4.12 - 4.20 (2H, m, OCH>CHp3), 5.28 — 5.40
(2H, m, C(5")H2), 5.89 (1H, ddd, J 17.1, 10.1, 8.9, C(4')H), 7.21 - 7.26 (2H, m, Ar(2,6)H), 8.23
-8.30 (2H, m, Ar(3,5)H).
BC{TH} NMR (126 MHz, CDCls) dc: 14.1 (OCH:2CHs), 41.8 (N(CHs)2), 51.3 (C(3)H), 61.0
(OCH2CH3), 69.2 (C(2)H), 120.9 (C(5")Hz), 122.6 (ArC(2,6)H), 125.3 (ArC(3,5)H), 131.8
(C(4)H), 145.5 (ArC(1)), 154.9 (ArC(4)), 166.7 (C(1)=0), 171.0 (C(4)=0).

Data for minor diastereoisomer 164min
Chiral HPLC analysis, Chiralcel OD-H, (n-hexane : i-PrOH 99:1, flow rate 0.5 mLmin,
254 nm, 30 °C) tr (2R,3R): 25.0 min, tr (25,35): 41.7 min, 70:30 er.
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1H NMR (300 MHz, CDCls) d1: 1.23 (3H, t, ] 7.1, OCH2CH), 2.46 (6H, s, N(CHs)2), 3.60 —
3.68 (1H, m, C(3)H), 3.88 (1H, d, ] 11.4, C(2)H), 4.16 - 4.26 (2H, m, OCH:CH), 5.25 — 5.34
(2H, m, C(5')Hz), 5.84 (1H, ddd, ] 17.3, 10.0, 8.3, C(4')H), 7.27 - 7.32 (2H, m, Ar(2,6)H), 8.23
~8.30 (2H, m, Ar(3,5)H).

1BC{1H} NMR (126 MHz, CDCL3) dc: 14.1 (OCH:CH3), 41.7 (N(CHs)2), 49.6 (C(3)H), 61.3
(OCH:CHs), 67.8 (C(2)H), 119.4 (C(5')Hz), 122.6 (ArC(2,6)H), 1253 (ArC(3,5)H), 132.5
(C(4)H), 145.5 (ArC(1)), 155.1 (ArC(4)), 168.0 (C(1)=0), 172.0 (C(4)=0).

(LB ref: JB-073 (+), JB-076, JB-080)

(2R,35)-3-(((t-Butyldiphenylsilyl)oxy)methyl)-2-(dimethylamino) pent-4-enoic acid, 4-
nitrophenyl ester (166maj) and (2R,3R)-3-(((¢-butyldiphenylsilyl)oxy) methyl)-2-

(dimethylamino)pent-4-enoic acid, 4-nitrophenyl ester (166min)

0Si'BuPh, OSl BuPh,

C30H36N205Si
)J\l/\/ 532.71

166ma1 166m|n

Following General Procedure E, PNP ester 159 (65.0 mg, 0.25 mmol, 1.0 eq), PdFurCat
154 (9.3 mg, 12.5 pmol, 5 mol%), (+)-TM-HCI (12.0 mg, 0.05 mmol, 20 mol%), phosphate
162 (143 mg, 0.31 mmol, 1.25 eq) and i-Pr-NEt (0.1 mL, 0.6 mmol, 2.4 eq) in MeCN (4.4 mL)
gave crude product 166 (55:45 dr), which was purified by silica column chromatography
(petrol : EtOAc 6:1 to 4:1) to give:

Major diastereoisomer 166maj (Rt 0.42 in petrol : EtOAc 4:1, 24 mg, 18%) as a colourless solid.
'H NMR (500 MHz, CDCls) du: 1.05 (9H, s, C(CHs3)3), 2.45 (6H, s, N(CHs)2), 2.81 - 2.88 (1H,
m, C(3)H), 3.69 — 3.81 (2H, m, CH»-OSi), 3.82 (1H, d, ] 10.9, C(2)H), 5.16 — 5.28 (2H, m,
C(5)H2), 5.99 (1H, dt, ] 17.2, 9.8, C(4)H), 6.99 - 7.05 (2H, m, Ar(2,6)H), 7.30 — 7.46 (6H, m, 2
x Ph(2,4,6)H), 7.59 — 7.66 (4H, m, 2 x Ph(3,5)H), 8.15 - 8.21 (2H, m, Ar(3,5)H).

BC{'"H} NMR (126 MHz, CDCls) dc: 19.3 (C(CHs)s), 26.8 (C(CHs)s), 41.5 (N(CHs)2), 46.3
(C(38)H), 65.6 (CH2-OSi), 67.5 (C(2)H), 117.2 (C(5)H2), 122.6 (ArC(2,6)H), 125.1 (ArC(3,5)H),
127.7 (2 x PhC(2,6)H), 129.8 (2 x PhC(4)H), 133.2 (PhC(1)), 135.6 (2 x PhC(3,5)H), 136.9
(C(4)H), 145.2 (ArC(1)), 155.0 (ArC(4)), 168.1 (C=0).
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Minor diastereoisomer 166min (Rt 0.59 in petrol : EtOAc 4:1, 23 mg, 17%) as an off-white solid.
TH NMR (400 MHz, CDCls) du: 1.09 (9H, s, C(CHs)s), 2.43 (6H, s, N(CHs)2), 2.72 - 2.80 (1H,
m, C(3)H), 3.72-3.79 (2H, m, C(2)H, CH*H?-0OSi), 4.00 (1H, dd, ] 9.7, 4.6, CHAHB-OSi), 5.24
-5.32 (2H, m, C(5)H>), 6.09 (1H, ddd, ] 16.7, 10.8, 9.0, C(4)H), 7.23 - 7.27 (2H, m, Ar(2,6)H),
7.38 - 7.47 (6H, m, 2 x Ph(2,4,6)H), 7.70 — 7.79 (3H, m, 2 x Ph(3,5)H), 8.26 — 8.31 (2H, m,
Ar(3,5)H).

BC{TH} NMR (126 MHz, CDCls) dc: 19.3 (C(CHas)s), 26.8 (C(CHs)3), 41.4 (N(CHs)2), 45.4
(C(3)H), 63.2 (CH2-OSi), 67.0 (C(2)H), 118.7 (C(5)H2), 122.7 (ArC(2,6)H), 125.2 (ArC(3,5)H),
127.6 (2 x PhC(2,6)H), 129.6 (2 x PhC(4)H), 133.0 (PhC(1)), 135.6 (2 x PhC(3,5)H), 136.4
(C(4)H), 145.3 (ArC(1)), 155.2 (ArC(4)), 168.5 (C=0).

(LB ref: JB-066)

(2R,3S5)-2-(Dimethylamino)-3-(methoxy(methyl)carbamoyl)pent-4-enoic acid,
4-nitrophenyl ester (185ms) and (2R,3R)-2-(Dimethylamino)-3-(methoxy(methyl)

carbamoyl)pent-4-enoic acid, 4-nitrophenyl ester (185min)

[ |
OoN O N. .~ ON OxN< .~
\©\ (0] » O \©\ 0 \:1 ) C16H21N306
0 = OW 351.36
N N

185, 185min

Following General Procedure E, PNP ester 159 (65.0 mg, 0.25 mmol, 1.0 eq),
Pd:dbas-CHCls (6.5 mg, 6.25 umol, 2.5 mol%), P(2-furyl)s (5.8 mg, 25 umol, 10 mol%),
(S)-TM-HC1 (12.0 mg, 0.05 mmol, 20 mol%), phosphate 184 (77.4 mg, 0.27 mmol, 1.1 eq)
and i-Pr.NEt (0.1 mL, 0.6 mmol, 2.4 eq) in MeCN (4.4 mL) gave the crude product
(60:40 dr), which was purified by silica column chromatography (CH2Clz: Et2O 15:1 to 4:1)
to give:

Major diastereoisomer 185maj (Rr0.37 in CH2Cl2: Et20 4:1) as a pale yellow glass (30 mg, 34%).
[a]3 + 0.2 (c 0.5 in CHCls); Chiral HPLC analysis, Chiralcel OD-H, (n-hexane : i-PrOH
95:5, flow rate 1.0 mLmin, 211 nm, 40 °C) tr (2R,3S) 19.5 min, tr (25,3R) 14.7 min, 919 er.
TH NMR (500 MHz, CDCls) dn: 2.47 (6H, s, N(CHs)2), 3.25 (3H, s, C(O)NCH?s), 3.75 (3H, s,
OCHs), 4.01 -4.07 (m, 1H, C(2)H), 4.17 -4.30 (1H, m, C(3)H), 5.30 (1H, d, ] 10.2, C(5)H~H?),
5.36 (1H, d, ] 17.2, C(5)HAH?), 5.87 - 5.96 (1H, m, C(4)H), 7.23 -7.26 (2H, m, Ar(2,6)H), 8.24
-8.29 (2H, m, Ar(3,5)H).
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BC{H} NMR (126 MHz, CDCls) dc: 32.4 (C(O)NCHs), 42.2 (N(CHs)2), 46.1 (C(3)H), 61.9
(OCHBa), 69.0 (C(2)H), 120.7 (C(5)H>), 122.8 (ArC(2,6)H), 125.3 (ArC(3,5)H), 133.3 (C(4)H),
145.5 (ArC(1)), 155.1 (ArC(4)), 167.5 (C(1)=0), 171.6 (C(1")=0).

HRMS (NSI"): C16H2N306 [M+H]* found 352.1506, requires 352.1503 (+0.8 ppm).

vmax (CDCls, cm™): 2941 (C-H), 2837, 2791, 1755 (C=0), 1654 (C=0), 1635, 1616, 1593 (C=Ca:),
1525 (N=0), 1489 (C=Car), 1346 (N=0), 1205, 1161, 1111, 908.

Minor diastereoisomer 185min (Rf 0.61 in CH2Clz : Et2O 4:1) as a pale yellow glass (20 mg,
23%). [a]3® +15.8 (c 0.25 in CHCls); Chiral HPLC analysis, Chiralcel OD-H, (n-hexane :
i-PrOH 95:5, flow rate 1.0 mLmin, 211 nm, 40 °C) tr (2R,3R): 10.1 min, tr (25,3S): 13.3 min,
83:17 er.

H NMR (500 MHz, CDCls) du: 2.50 (6H, s, N(CHs)2), 3.18 (3H, s, C(O)NCHs), 3.75 (3H, s,
OCHs), 3.99 —4.04 (1H, m, C(2)H ), 4.04 —4.12 (1H, m, C(3)H ), 5.24 - 5.34 (2H, m, C(5)H>),
5.83 -5.93 (1H, m, C(4)H), 7.26 — 7.31 (2H, m, Ar(2,6)H), 8.23 — 8.28 (2H, m, Ar(3,5)H).
BC{'H} NMR (126 MHz, CDCls) dc: 32.3 (C(O)NCHs), 42.1 (N(CHs)2), 45.8 (C(3)H), 61.3
(OCHa), 68.3 (C(2)H), 118.9 (C(5)H>), 122.8 (ArC(2,6)H), 125.3 (ArC(3,5)H), 133.5 (C(4)H),
145.5 (ArC(1)), 155.3 (ArC(4)), 168.8 (C(1)=0), 172.3 (C(1)=0).

HRMS (NSI'): C16H22N306 [M+H]* found 352.1505, requires 352.1503 (+0.5 ppm).

vmax (CHCls, cm™): 2978, 2941 (C-H), 2837, 2791, 1749 (C=0), 1651 (C=0), 1633, 1616, 1593
(C=Car), 1525 (N=0), 1489 (C=Car), 1346 (N=0), 1205, 1141, 1112, 908.

(LB ref: JB-140 (+), ]B-146, JB-507)

(5)-2-((R)-1-(dimethylamino)-2-oxo-2-(pyrrolidin-1-yl)ethyl)-N-methoxy-N-methylbut-

3-enamide (186maj)

A solution of PNP ester 185msj (57.0 mg, 0.17 mmol, 1.0 eq) and pyrrolidine (43 uL,
0.51 mmol, 3.0 eq) in CH2Clz (3.5 mL) was stirred at room temperature overnight. The
reaction was quenched by the addition of 1 M NaOH (3 mL), the phases were separated

and the aqueous phase was extracted with CH2Clz (3 x 3 mL). The combined organic
phases were washed with 1 M NaOH (2 x 5 mL), H20O (5 mL) and brine (5 mL), dried over

| 153



Chapter 5: Experimental Details |

MgSOs, filtered and the solvent was removed under reduced pressure. The crude product
was purified by silica column chromatography (2 to 4% MeOH in CH:Cl;, R¢ 0.47 in
CH:Clz2 : MeOH 9:1) to yield the title compound 186m.j as a white solid (13 mg, 27%).
m.p. (CH2CL) 115 -118 °C.

[a]3? 7.0 (c 0.3 in CHCls); Chiral HPLC analysis, Chiralpak ID, (n-hexane : i-PrOH 88:12,
flow rate 1.5 mLmin, 211 nm, 40 °C) tr (25,1'R): 20.0 min, tr (2R,1’S) 13.9 min, 90:10 er.
H NMR (500 MHz, CDCls) d1: 1.76 — 1.86 (2H, m, CHzpym), 1.86 — 1.97 (2H, m, CHz(pym),
2.37 (6H, s, N(CHs)2), 3.22 (3H, s, C(O)NCHs), 3.45 (2H, td, ] 7.0, 2.7, NCHz(pym), 3.52 (2H,
td, ] 6.8, 1.8, NCHapym), 3.71 (3H, s, OCHs), 3.96 (1H, d, ] 10.9, C(1")H), 4.18 — 4.32 (1H, m,
C(2)H), 5.12 (1H, dd, ] 10.3, 1.1, C(4)H~H?), 5.22 - 5.29 (1H, m, C(4)H*HP), 5.70 - 5.80 (1H,
m, C(3)H).

BC{'TH} NMR (126 MHz, CDCls) dc: 24.4 (CHz(pym), 26.3 (CHz(pym), 32.4 (C(O)NCHs), 42.2
(N(CHzs)2), 45.2 (NCHz(pym), 45.6 (C(2)H), 47.1 (NCHz(pym), 61.9 (OCH3), 66.1 (C(17)H), 119.5
(C(4)H2), 133.7 (C(3)H), 168.1 (C(2)=0), 173.0 (C(1)=0).

HRMS (NSI'): C1sH26N30s [M+H]* found 284.1971, requires 284.1969 (+0.8 ppm).

vmax (CHCls, cm™): 2972 (C-H), 2875 (C-H), 2831, 1625 (C=0), 1429, 1384, 1340, 1174, 997.
(LB ref: JB-140 (+), JB-146, ]B-157)

(R)-2-((R)-1-(Dimethylamino)-2-oxo-2-(pyrrolidin-1-yl)ethyl)-N-methoxy-N-
methylbut-3-enamide (186min)

N 1 = 186.1in
2
C] N C14H25N305

NS 283.37

A solution of PNP ester 186min (57.0 mg, 0.17 mmol, 1.0 eq) and pyrrolidine (43 uL,
0.51 mmol, 3.0 eq) in CH2Clz (3.5 mL) was stirred at room temperature overnight. The
reaction was quenched by the addition of 1 M NaOH (3 mL), the phases were separated
and the aqueous phase was extracted with CH2Clz (3 x 3 mL). The combined organic
phases were washed with 1 M NaOH (2 x 5 mL), H2O (5 mL) and brine (5 mL), dried over
MgSOs, filtered and the solvent was removed under reduced pressure. The crude product
was purified by silica column chromatography (2 to 4% MeOH in CH:Cl;, R¢ 0.55 in
CH2Cl2 : MeOH 9:1) to yield the title compound 186min as a colourless glass (13 mg, 27%).
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[a]%? +9.8 (c 0.2 in CHCls); Chiral HPLC analysis, Chiralpak ID, (n-hexane : i-PrOH 88:12,
flow rate 1.5 mLmin, 211 nm, 40 °C) tr (major) 12.5 min, tr (minor) 6.2 min, 84:16 er.

TH NMR (400 MHz, CDCls) dn: 1.75 — 1.88 (2H, m, CHzpym), 1.88 — 1.96 (2H, m, CHz(pym),
2.42 (6H, s, N(CHs)2), 3.15 (3H, s, C(O)NCHps), 3.36 — 3.48 (2H, m, NCH2pym), 3.55 (1H, dt,
] 10.0, 7.0, N(CHAHB)pym), 3.74 (1H, dt, ] 10.0, 6.6, N(CHAHPB)ym), 3.81 (3H, s, OCHs), 3.94
(1H, d,] 10.8, C(1")H), 4.21 - 4.35 (1H, m, C(2)H), 5.23 (1H, dd, ] 10.2, 1.2, C(4)H~H?), 5.29
(1H, d, ] 17.3, C(4)HAH?®), 5.89 (1H, ddd, ] 17.2, 10.2, 8.8, C(3)H).

BC{TH} NMR (126 MHz, CDCls) dc: 24.4 (CHz(pym), 26.2 (CH2(pym), 32.2 (C(O)NCHs), 41.9
(N(CHs)2), 45.5 (NCHa2(pym), 45.9 (C(2)H), 46.8 (NCH2ppym), 61.5 (OCH3), 65.6 (C(1")H), 118.6
(C(4)H2), 135.1 (C(3)H), 168.7 (C(2")=0), 172.6 (C(1)=0).

HRMS (NSI'): C1sH26N30s [M+H]* found 284.1972, requires 284.1969 (+1.2 ppm).

vmax (film, cm™): 2976 (C-H), 2877, 2791, 1647 (C=0), 1629 (C=0), 1440, 1386, 1338, 1170,
906.

(LB ref: JB-140 (z), JB-146, JB-157)

(2R,3S5)-2-(Dimethylamino)-3-(methoxy(methyl)carbamoyl) pent-4-enoic acid, benzyl
ester (188mqj) and (2R,3R)-2-(Dimethylamino)-3-(methoxy(methyl) carbamoyl)pent-4-

enoic acid, benzyl ester (188min)

? ?
o Oy N o O N
= )W C17H24N204
BnO BnO 320.39
188,y 188,,;,

Following General Procedure E, PNP ester 159 (78.2 mg, 0.30 mmol, 1.0 eq),
Pd>dbas-CHCls (7.7 mg, 7.5 umol, 2.5 mol%), P(2-furyl)s (6.9 mg, 0.03 mmol, 10 mol%),
(S)-TM-HCI (14.4 mg, 0.06 mmol, 20 mol%), phosphate 184 (105 mg, 0.37 mmol, 1.25 eq)
and i-Pr-NEt (125 pL, 0.7 mmol, 2.4 eq) in MeCN (5.0 mL) gave the crude product
(63:37 dr), which was used directly for derivatisation with NaOBn (0.45 mL, 0.45 mmol,
1.5 eq) in THF (6.0 mL). Subsequent purification of the crude derivatised product via silica
column chromatography (petrol : EtOAc 4:1 to EtOAc) gave:

Major diastereoisomer 188maj (R¢ 0.12 in petrol : EtOAc 1:1) as a yellow oil (33 mg, 34%).
[a]3? -1.6 (c 0.9 in CHCls); chiral HPLC analysis, Chiralcel OD-H (95:5 hexane : i-PrOH,
flow rate 1 mlmin~, 211 nm, 40 °C) tr (2R,3S): 8.3 min, tr (25,3R): 9.8 min, 87:13 er.
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1H NMR (500 MHz, CDCLs) d1: 2.31 (6H, s, N(CHs)2), 3.20 (3H, s, C(O)NCHs), 3.70 (3H, s,
OCHs), 3.80 (1H, d, ] 11.4, C(2)H), 4.10 - 4.19 (1H, m, C(3)H), 5.10 (1H, dd, J 10.1, 1.3,
C(5)HAHP), 5.10 (1H, d, ] 12.2, OCHAH®), 5.14 (1H, d, ] 12.2, OCHAH?), 5.21 (1H, dt, ] 17.2,
0.8, C(5)HAHP), 5.76 (1H, ddd, ] 17.2, 10.2, 8.8, C(4)H), 7.29 — 7.37 (5H, m, 5 x ArH).
1C{1H} NMR (126 MHz, CDCl3) dc: 32.2 (C(O)NCH), 42.0 (N(CHa)2), 45.9 (C(3)H), 61.7
(OCHs), 65.8 (OCHz), 68.9 (C(2)H), 119.9 (C(5)Hz), 128.2 (ArCH), 128.5 (ArCH), 128.5
(ArCH), 133.3 (C(4)H), 135.8 (ArC), 169.4 (C(1)=0O), 172.1 (C(3)=O).

HRMS (ESI¥): C17H2sN:204 [M+H]+ found 321.1805 requires 321.1809 (-1.2 ppm).

vmax (CHCL3;, em): 3008 (=CH), 2943 (C-H), 2835, 2792 (N(C-H)), 1724 (C=Oester), 1654
(C=Oanmide), 1635 (C=C), 1454, 1384, 1257, 1215, 1149, 995.

Minor diastereoisomer 188min (Rt 0.33 in petrol : EtOAc 1:1) as a colourless glass (21 mg, 22%).
[a]3? +8.5 (c 1.4 in CHCLs); chiral HPLC analysis, Chiralcel OD-H (99:1 hexane : i-PrOH,
flow rate 1 mlmin~, 211 nm, 40 °C) tr (2R,3R): 16.3 min, tr (25,3S): 19.0 min, 77:23 er.

H NMR (500 MHz, CDCls) &1: 2.33 (6H, s, N(CHs)2), 3.12 (3H, s, C(O)NCH?3), 3.69 (3H, s,
OCHs), 3.83 (1H, d, ] 11.3, C(2)H), 3.98 — 4.07 (1H, m, C(3)H), 5.05 (1H, d, ] 12.3, OCH“H}),
5.20-5.26 (3H, m, OCH~H?, C(5)H>), 5.82 (1H, ddd, ] 17.0, 10.5, 8.4, C(4)H), 7.28 - 7.38 (5H,
m, 5 x ArH).

BC{TH} NMR (126 MHz, CDCls) dc: 32.1 (C(O)NCHs), 41.9 (N(CHs)2), 45.6 (C(3)H), 61.0
(OCHs), 66.1 (OCH), 68.0 (C(2)H), 118.2 (C(5)H2), 128.2 (ArCH), 128.4 (ArCH), 128.5
(ArCH), 134.1 (C(4)H), 135.9 (ArC), 170.5 (C=Oester), 172.4 (C=Oamide).

HRMS (ESI*): Ci7H24N20sNa [M+Na]* found 343.1616, requires 343.1628 (-3.6 ppm).

vmax (CHCls, cm™): 3016 (C=CH), 2943 (C-H), 2835, 2789 (N(C-H)), 1720 (C=Qester), 1651
(C=Oamide), 1631 (C=C), 1454, 1384, 1338, 1215, 1165, 995.

(LB ref: JB-195 (%), JB-212)
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(2R,35)-3-(Benzyl(methyl)carbamoyl)-2-(dimethylamino)pent-4-enoic acid, benzyl
ester (216mqj) and (2R,3R)-3-(Benzyl(methyl)carbamoyl)-2-(dimethylamino)pent-4-

enoic acid, benzyl ester (216min)

El’m I?n
0 O M~ 0 oM~
= N Ca3H2gN203
BnO B”OJ\/\/ 380.49
216maj 216,

Following General Procedure E, PNP ester 159 (78.2 mg, 0.30 mmol, 1.0 eq),
Pd:dbas-CHCls (7.7 mg, 7.5 pmol, 2.5 mol%), P(2-furyl)s (6.9 mg, 0.03 mmol, 10 mol%),
(S)-TM-HC1 (14.4 mg, 0.06 mmol, 20 mol%), phosphate 209 (205 mg, 0.6 mmol, 2.0 eq) and
i-Pr2NEt (125 uL, 0.7 mmol, 2.4 eq) in MeCN (5.0 mL) gave the crude product (54:46 dr),
which was used directly for derivatisation with NaOBn (0.45 mL, 0.45 mmol, 1.5 eq) in
THEF (6.0 mL). Subsequent purification of the crude derivatised product via silica column
chromatography (petrol : EtOAc 3:1 to 1:1) gave:

Major diastereoisomer 216maj (Rr 0.18 in petrol : EtOAc 1:1) as a yellow oil (36 mg, 32%) as a
rotameric mixture (3:2).

[a]3? -0.8 (c 0.5 in CHCls); chiral HPLC analysis, Chiralcel OD-H (98:2 hexane : i-PrOH,
flow rate 1 mlmin’, 211 nm, 40 °C) tr(2R,3S): 22.4 min, tr (25,3R): 29.9 min, 71:29 er.

H NMR (500 MHz, CDCls) major rotamer dn: 2.35 (6H, s, N(CHzs)2), 2.97 (3H, s, C(O)NCHs),
3.89 (1H, dd, J 10.9, 8.5, C(3)H), 3.95 (1H, d, ] 11.0, C(2)H), 4.54 (1H, d, ] 14.9, NCH“HB),
4.75 (d, ] 14.9, NCH”H?), 5.09 — 5.15 (2H, m, OCH“H?®, C(5)H*H?), 5.17 (1H, d, ] 12.3,
OCHAH?), 5.22 (1H, d, ] 17.2, C(5)HAH?), 5.78 (1H, ddd, ] 17.3, 10.2, 8.5, C(4)H), 7.18 - 7.26
(3H, m, 3 x NCH2ArH), 7.27 - 7.39 (7H, m, 2 x NCH:2ArH, 5 x OCH2ArH); minor rotamer
(selected) du: 2.23 (6H, s, N(CHs)2), 3.75 (1H, dd, ] 10.8, 8.6, C(3)H), 3.96 (1H, d, ] 10.9, C(2)H),
4.49 (1H, d, ] 16.8, NCHHP), 4.68 (1H, d, | 16.8, NCHAH?), 5.07 (1H, d, | 12.3, OCH“HB),
5.76 (1H, ddd, ] 17.3, 10.3, 8.6, C(4)H).

BC{H} NMR (126 MHz, CDCls) major rotamer dc: 34.8 (C(O)NCHs), 42.2 (N(CHs)2), 46.9
(C(3)H), 51.1 (NCHz), 65.9 (OCH>), 69.2 (C(2)H), 119.9 (C(5)H2), 127.2 (NCH:2ArCH), 127.7
(NCH:2ArCH), 128.2 (OCH:ArCH), 128.2 (OCH:ArCH), 128.5 (OCH:ArCH), 128.8
(OCH:ArCH), 133.0 (C(4)H), 135.8 (OCH:ArC(1)), 137.2 (NCH:2ArC(1)), 169.7 (C(1)=0),
171.6 (C(3")=0); minor rotamer (selected) dc: 34.5 (C(O)NCHs), 42.4 (N(CHs)2), 46.7 (C(3)H),
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53.0 (NCH2), 65.8 (OCH), 119.9 (C(5)H2), 126.5 (NCH:2ArCH), 127.6 (NCH:2ArCH), 133.3
(C(4)H), 136.6 (NCH2ArC(1)), 169.4 (C(1)=0), 171.4 (C(3")=0O).

HRMS (ESI¥): C2sH2oN20s [M+H]* found 381.2165, requires 381.2173 (2.0 ppm).

vmax (CHCIs, cm™): 3012 (=CH), 2943 (C-H), 2835, 2789 (N(C-H)), 1724 (C=Oester), 1643
(C=0anmide), 1631 (C=C), 1454, 1404, 1261, 1215, 1153, 1118, 991.

Minor diastereoisomer 216min (Rt 0.32 in petrol : EtOAc 1:1) as a yellow oil (30 mg, 26%) as a
rotameric mixture (2:1).

[a]3? +0.7 (c 0.8 in CHCls); chiral HPLC analysis, Chiralcel OD-H (98:2 hexane : i-PrOH,
flow rate 1 mlmin~, 211 nm, 40 °C) tr (2R,3R): 13.4 min, tr (25,3S): 20.8 min, 53:47 er.

H NMR (500 MHz, CDCls) major rotamer dn: 2.36 (6H, s, N(CHzs)2), 2.99 (3H, s, C(O)NCHs),
3.81 -3.88 (1H, m, C(3)H), 3.95 (1H, d, ] 10.8, C(2)H), 4.57 (2H, s, NCH>), 5.15 (1H, app. t,
J12.3, OCH“H?), 5.18 - 5.31 (3H, m, OCH~H?, C(5)Hz), 5.87 -5.97 (1H, m, C(4)H), 7.20 (1H,
d, ] 7.5, ArCH), 7.24 - 7.29 (1H, m, ArCH), 7.29 — 7.44 (8H, m, ArCH). minor rotamer
(selected) dn: 2.32 (6H, s, N(CHs)2), 2.82 (3H, s, C(O)NCH?s), 3.92 (1H, d, ] 10.8, C(2)H), 4.48
(1H, d, ] 16.4, NCH“H?B), 4.65 (1H, d, ] 16.4, NCHAH?), 5.07 (1H, d, ] 17.4, C(5)HAHE), 5.15
(1H, app. t, ] 12.3, OCH“HE).

BC{tH} NMR (126 MHz, CDCls) major rotamer dc: 34.7 (C(O)NCHs), 42.0 (N(CHs)2), 46.6
(C(3)H), 50.9 (NCH), 66.1 (OCH:), 68.8 (C(2)H), 118.1 (C(5)Hz), 127.1 (ArCH), 127.2
(ArCH), 127.5 (ArCH), 127.8 (ArCH), 128.1 (ArCH), 128.4 (ArCH), 128.4 (ArCH), 128.5
(ArCH), 128.5 (ArCH), 128.7 (ArCH), 134.1 (C(4)H), 136.0 (OCH:ArC(1)), 137.2
(NCH:2Ar(C(1)), 170.6 (C(1)=0), 171.6 (C(3")=0); minor rotamer (selected) dc: 33.5 (C(O)NCHs),
42.0 (N(CHas)2), 46.5 (C(3)H), 53.2 (NCHz2), 66.0 (OCH2), 69.0 (C(2)H), 118.1 (C(5)H2), 134.6
(C(4)H), 136.1 (OCH:2Ar(C(1)), 136.5 (NCH:2Ar(C(1)), 170.3 (C(1)=0), 171.7 (C(3")=0).
HRMS (ESI¥): C23H20N20s [M+H]* found 381.2160, requires 381.2173 (-3.3 ppm).

vmax (CHCls, cm™): 3016 (=CH), 2943 (C-H), 2870, 2792 (N(C-H)), 1720 (C=Oester), 1627 (C=C),
1593 (C=Car), 1496, 1454, 1338, 1215, 1165, 1029.

(LB ref: JB-207 (+), JB-214)
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(2R,35)-2-(Dimethylamino)-3-(methyl(phenyl)carbamoyl)pent-4-enoic acid, benzyl
ester (217mqj) and (2R,3R)-2-(Dimethylamino)-3-(methyl(phenyl) carbamoyl)pent-4-

enoic acid, benzyl ester (217min)

Fh Fh
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Following General Procedure E, PNP ester 159 (78.2 mg, 0.30 mmol, 1.0 eq),
Pd2dbas-CHCls (7.7 mg, 7.5 umol, 2.5 mol%), P(2-furyl)s (6.9 mg, 0.03 mmol, 10 mol%),
(5)-TM-HCI (14.4 mg, 0.06 mmol, 20 mol%), phosphate 210 (122 mg, 0.37 mmol, 1.25 eq)
and i-ProNEt (125 pL, 0.7 mmol, 2.4 eq) in MeCN (5.0 mL) gave the crude product
(57:43 dr), which was used directly for derivatisation with NaOBn (0.45 mL, 0.45 mmol,
1.5 eq) in THF (6.0 mL). Subsequent purification of the crude derivatised product via silica
column chromatography (CH2Cl: : Et20 9:1 to 4:1) gave:

Major diastereoisomer 217maj (R 0.28 in CH2Cl2 : Et20 4:1) as a yellow glass (19 mg, 17%).
[a]3? +1.8 (c 0.85 in CHCls); chiral HPLC analysis, Chiralpak AD-H (98.2:1.8 hexane :
i-PrOH, flow rate 1 mImin-, 211 nm, 30 °C) tr(2R,3S): 26.8 min, tr (25,3R): 31.4 min, 66:34 er.
TH NMR (500 MHz, CDCls) d1: 2.19 (6H, s, N(CHs)2), 3.27 (3H, s, C(O)NCH?s), 3.40 (1H, dd,
J11.1, 8.8, C(3)H), 3.86 (1H, d, ] 11.2, C(2)H), 4.94 (1H, d, ] 17.2, C(5)H4H?P), 5.00 (1H, d, ]
12.4, OCH~H?), 5.03 - 5.08 (2H, m, OCH~H?, C(5)H~H?), 5.69 (1H, ddd, ] 17.3, 10.2, 8.9,
C(4)H), 716 - 7.21 (2H, m, 2 x NArH), 7.26 — 7.38 (6H, m, NArH, 5 x OCH:ArH), 7.38 —
7.43 (2H, m, 2 x NArH).

BC{'H} NMR (126 MHz, CDCls) dc: 37.7 (C(O)NCHs), 42.3 (N(CHs)2), 47.8 (C(3)H), 65.6
(OCHy>), 69.4 (C(2)H), 119.8 (C(5)H2), 127.7 (NArCH), 128.0 (ArCH), 128.1 (ArCH), 128.3
(ArCH), 128.4 (ArCH), 129.5 (NArCH), 133.5 (C(4)H), 135.9 (OAr(C(1)), 143.4 (NArC(1)),
169.2 (C(1)=0), 170.8 (C(3")=0).

HRMS (ESI*): C2H26N20sNa [M+Na]* found 389.1825, requires 389.1836 (2.7 ppm).

vmax (CHCls, cm™): 3012 (=CH), 2943 (C-H), 2835, 2789 (N(C-H)), 1728 (C=Oester), 1651
(C=Oamide), 1635 (C=C), 1597 (C=Car), 1496 (C=Car), 1454, 1384, 1215, 1149, 1118.

Minor diastereoisomer 217min (R 0.42 in CH2Cl2 : Et20 4:1) as a yellow glass (18 mg, 17%).
[a]3? +6.9 (c 0.6 in CHCls); chiral HPLC analysis, Chiralcel OD-H (99.5:0.5 hexane : i-PrOH,
flow rate 1 mlmin~, 211 nm, 30 °C) tr (2R,3R): 33.1 min, tr (25,3S): 38.4 min, 67:33 er.
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H NMR (500 MHz, CDCls) du: 2.18 (6H, s, N(CHs)2), 3.18 (3H, s, C(O)NCHs), 3.51 (1H, dd,
J 109, 8.7, C(3)H), 3.85 (1H, d, ] 10.9, C(2)H), 4.64 (1H, dt, ] 17.2, 0.9, C(5)H*H}), 5.06 (1H,
dd, ] 10.2, 1.1, C(5)HAH?), 5.13 (1H, d, ] 12.3, OCH“HB), 5.25 (1H, d, ] 12.3, OCHAH?), 5.66
(1H, ddd, ] 17.3, 10.1, 8.8), 7.18 = 7.23 (2H, m, 2 x NArH), 7.30 - 7.43 (8H, m, 3 x NArH, 5 x
OCH:2ATH ).

BC{TH} NMR (126 MHz, CDCls) dc: 37.5 (C(O)NCHs), 41.9 (N(CHs)2), 47.2 (C(3)H), 66.1
(OCH), 68.8 (C(2)H), 118.2 (C(5)H2), 127.8 (ArCH), 128.1 (ArCH), 128.2 (ArCH), 128.5
(ArCH), 128.5 (ArCH), 129.3 (ArCH), 134.3 (C(4)H), 136.0 (OArC(1)), 143.4 (NArC(1)),
170.4 (C(1)=0), 171.1 (C(3")=0).

HRMS (ESI¥): C2H26N20sNa [M+Na]* found 389.1822, requires 389.1836 (-3.5 ppm).

vmax (CHCIs, cm?): 3012 (=CH), 2943 (C-H), 2835, 2789 (N(C-H)), 1724 (C=Oester), 1647
(C=Oamide), 1631 (C=C), 1593 (C=Car), 1496 (C=Car), 1454, 1388, 1215, 1165, 1122, 1029.

(LB ref: JB-198 (+), JB-213)

(E)-3-(Dimethylamino)-4-ethylidene-1-phenylpyrrolidine-2,5-dione ((E)-218) and (Z)-

3-(Dimethylamino)-4-ethylidene-1-phenylpyrrolidine-2,5-dione ((Z)-218)

| o] | 0
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Following General Procedure E, PNP ester 159 (78.2 mg, 0.30 mmol, 1.0 eq),
Pd>dbas-CHCIs (7.7 mg, 7.5 umol, 2.5 mol%), P(2-furyl)s (6.9 mg, 0.03 mmol, 10 mol%),
(S)-TM-HCI (14.4 mg, 0.06 mmol, 20 mol%), phosphate 211 (118 mg, 0.37 mmol, 1.25 eq)
and i-ProNEt (125 uL, 0.7 mmol, 2.4 eq) in MeCN (5.0 mL) gave the crude product (80:20
(E):(2)). Purification via silica column chromatography (pentane : EtOAc 4:1 to 1:1) gave:
(E)-218 (R¢ 0.36 in pentane : EtOAc 2:1) as a colourless solid (23 mg, 32%).

[a]3 +1.7 (c 1.15 in CHCLs); chiral HPLC analysis, Chiralcel OD-H (98:2 hexane : i-PrOH,
flow rate 1 mlmin", 254 nm, 30 °C) tr (minor): 18.0 min, tr (major): 21.0 min, 45:55 er.

TH NMR (500 MHz, CDCls) d1: 2.07 (3H, dd, ] 7.3, 1.4, C(4”)Hs), 2.52 (6H, s, N(CHs)2), 4.22
-4.26 (1H, m, C(3)H), 7.21 (1H, qd, ] 7.3, 2.2, C(4')H), 7.28 - 7.32 (2H, m, Ar(2,6)H), 7.36 —
7.40 (1H, m, Ar(4)H), 7.44 — 7.49 (2H, m, Ar(3,5)H).
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BC{TH} NMR (126 MHz, CDCls) dc: 14.9 (C(4"")Hs), 40.9 (N(CHs)2), 63.2 (C(3)H), 126.5
(ArC(2,6)H), 128.1 (C(4)), 128.5 (ArC(4)H), 129.0 (ArC(3,5)H), 131.6 (ArC(1)), 140.4 (C(4)H),
168.0 (C(5)=0), 174.1 (C(2)=0).

HRMS (ESI¥): CusH17N202 [M+H]* found 245.1276, requires 245.1284 (3.4 ppm).

vmax (CHCls, cm™): 3018, 2939 (C-H), 2878, 2779, 1770, 1707 (C=0), 1674, 1597 (C=Car), 1494
(C=Car), 1454, 1367, 1234, 1203, 1145, 1041, 947.

(7)-218 (R¢0.26 in pentane : EtOAc 1:1) as a colourless oil (3 mg, 4%).

[a]3? 0.6 (c 0.15 in CHCls); chiral HPLC analysis, Chiralcel OD-H (99:1 hexane : i-PrOH,
flow rate 1 mlmin~, 254 nm, 30 °C) tr1: 20.1 min, tr2: 23.5 min, 50:50 er.

TH NMR (500 MHz, CDCls) o1: 2.38 (3H, dd, ] 7.5, 1.9, C(4")Hs), 2.54 (6H, s, N(CHzs)2), 4.10
-4.13 (1H, m, C(3)H), 6.64 (1H, qd, ] 7.4, 1.9, C(4')H), 7.27 - 7.31 (2H, m, Ar(2,6)H), 7.36 —
741 (1H, m, Ar(4)H), 7.45-7.49 (2H, m, Ar(3,5)H).

BC{'H} NMR (126 MHz, CDCls) dc: 15.1 (C(4")Hs), 41.1 (N(CHs)2), 65.3 (C(3)H), 126.6
(C(4)), 126.6 (ArC(2,6)H), 128.5 (ArC(4)H), 129.0 (ArC(3,5)H), 131.5 (ArC(1)), 142.8 (C(4)H),
167.7 (C(5)=0), 173.8 (C(2)=0).

HRMS (ESI¥): C1sH17N202 [M+H]* found 245.1277, requires 245.1284 (-3.1 ppm).

vmax (CHCls, ecm): 2937 (C-H), 2870, 2781, 1766, 1705 (C=0), 1674, 1597 (C=Car), 1496
(C=Car), 1454, 1369, 1201, 1143, 1016.

(LB ref: JB-178 (), JB-512)

(2R,3S)-2-(Dimethylamino)-3-(morpholine-4-carbonyl) pent-4-enoic acid, benzyl ester

(219mqj) and (2R,3R)-2-(Dimethylamino)-3-(morpholine-4-carbonyl)pent-4-enoic acid,

benzyl ester (219min)
0 (\o
0© N\) 0 Ox N\)
: C19H26N204
BnO = BnO)W 346 43
219,,,; 219,

Following General Procedure E, PNP ester 159 (78.2 mg, 0.30 mmol, 1.0 eq),
Pd:dbas-CHCls (7.7 mg, 7.5 pmol, 2.5 mol%), P(2-furyl)s (6.9 mg, 0.03 mmol, 10 mol%),
(S)-TM-HCI (14.4 mg, 0.06 mmol, 20 mol%), phosphate 212 (115 mg, 0.37 mmol, 1.25 eq)
and i-PraNEt (125 uL, 0.7 mmol, 2.4 eq) in MeCN (5.0 mL) gave the crude product
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(64:36 dr), which was used directly for derivatisation with NaOBn (0.45 mL, 0.45 mmol,
1.5 eq) in THF (6.0 mL). Subsequent purification of the crude derivatised product via silica
column chromatography (petrol : EtOAc 1:2 to EtOAc : 15% i-PrOH) gave:

Major diastereoisomer 219maj (Rt 0.14 in EtOAc) as a yellow glass (22 mg, 21%).

[a]3? -0.5 (c 1.1 in CHCls). chiral HPLC analysis, Chiralcel OD-H (95:5 hexane : i-PrOH,
flow rate 1 mlmin’, 211 nm, 40 °C) tr (2R,3S): 15.4 min, tr (25,3R): 18.7 min, 75:25 er.

TH NMR (500 MHz, CDCls) dn: 2.30 (6H, s, N(CHs)2), 3.50 — 3.74 (8H, m, 4 x CHzmorph)), 3.77
(1H, dd, J 10.9, 8.6, C(3)H), 3.90 (1H, d, ] 10.9, C(2)H), 5.09 (1H, d, ] 12.3, OCHAH?), 5.11
(1H, dd, J 10.2, 0.8, C(5)HAH?®), 5.14 (1H, d, J 12.3, OCHAH?®), 5.15 (1H, br d, ] 17.2,
C(5)H~HP®), 5.72 (1H, ddd, ] 17.3, 10.2, 8.5, C(4)H), 7.29 — 7.37 (5H, m, 5 x ArH).

BC{'H} NMR (126 MHz, CDCls) dc: 42.1 (N(CHs)z2), 42.6 (NCHzmorphy), 46.1 (C(3)H), 46.2
(NCHagmorph)), 66.0 (OCH>), 66.7 (OCH2(morphy), 67.0 (OCH2amorph)), 69.0 (C(2)H), 120.0 (C(5)H2),
128.3 (ArCH), 128.6 (ArCH), 128.6 (ArCH), 133.1 (C(4)H), 135.8 (ArC), 169.5 (C(3")=0),
169.6 (C(1)=0).

HRMS (ESI¥): C1sHzN20s [M+H]* found 347.1959, requires 347.1966 (1.8 ppm).

vmax (CHCls, cm): 3012 (=CH), 2862 (C-H), 2789 (N(C-H)), 1724 (C=Oester), 1643 (C=Oamide),
1631 (C=C), 1435, 1284, 1261, 1215, 1149, 1114, 1029, 960.

Minor diastereoisomer 219min (R¢ 0.42 in EtOAc) as a yellow glass (12 mg, 11%).

[a]3? +1.6 (c 0.35 in CHCls). chiral HPLC analysis, Chiralcel OD-H (97:3 hexane : i-PrOH,
flow rate 1 mlmin’, 211 nm, 40 °C) tr(25,3S): 14.0 min, tr (2R,3R): 15.9 min, 44:56 er.

H NMR (500 MHz, CDCls) on: 2.31 (6H, s, N(CHs)2), 3.46 — 3.52 (3H, m, NCHz(morph),
NCH”HBmorphy), 3.55 — 3.66 (5H, m, 2 x OCH2(morph), NCHAHBmorphy), 3.74 (1H, dd, ] 10.8, 8.3,
C(3)H), 3.86 (1H, d, ] 10.8, C(2)H), 5.06 (1H, d, ] 12.3, OCHAH?), 5.14 (1H, dt, ] 17.3, 0.9,
C(5)H~H?P), 5.23 (1H, d, ] 12.3, OCHAH?), 5.24 (1H, d, ] 10.3, C(5)H~H?), 5.85 (1H, ddd, |
17.4,10.3, 8.3, C(4)H), 7.29 - 7.38 (5H, m, 5 x ArH).

BC{'H} NMR (126 MHz, CDCls) dc: 42.0 (N(CHs)2), 42.1 (NCHzmorphy), 45.8 (C(3)H), 46.0
(NCHzmorph), 66.1 (OCH>), 66.4 (OCHz(morphy), 66.8 (OCH2amorph)), 68.6 (C(2)H), 118.0 (C(5)H2),
128.2 (ArCH), 128.4 (ArCH), 128.5 (ArCH), 134.3 (C(4)H), 135.9 (ArC), 170.0 (C(3")=0),
170.3 (C(1)=0).

HRMS (ESI¥) C19sH2sN20sNa [M+Na]* found 369.1772, requires 369.1785 (3.4 ppm).

vmax (CHCls, cm) 3012 (=CH), 2974 (C-H), 2862, 2792 (N(C-H)), 1720 (C=Qester), 1627 (C=C),
1454, 1438, 1215, 1165, 1114, 1029. (LB ref: JB-200 (+), JB-211)
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(2R,3S)-2-(Dimethylamino)-3-(pyrrolidine-1-carbonyl)pent-4-enoic acid, benzyl ester
(220maj) and (25,35)-2-(Dimethylamino)-3-(pyrrolidine-1-carbonyl)pent-4-enoic acid,

benzyl ester (220min)

(@) I\D (@) NO
i )OJ\I/
= = C19H26N203
BnO BnO Y 330.43

220,,,; 220,
Following General Procedure E, PNP ester 159 (78.2 mg, 0.30 mmol, 1.0 eq),
Pd>dbas-CHCls (7.7 mg, 7.5 pmol, 2.5 mol%), P(2-furyl)s (6.9 mg, 0.03 mmol, 10 mol%),
(5)-TM-HCl (14.4 mg, 0.06 mmol, 20 mol%), phosphate 213 (109 mg, 0.37 mmol, 1.25 eq)
and i-ProNEt (125 pL, 0.7 mmol, 2.4 eq) in MeCN (5.0 mL) gave the crude product
(61:39 dr), which was used directly for derivatisation with NaOBn (0.45 mL, 0.45 mmol,
1.5 eq) in THF (6.0 mL). Subsequent purification of the crude derivatised product via silica
column chromatography (petrol : EtOAc 1:2 to EtOAc : 15% i-PrOH) gave:
Major diastereoisomer 220maj (Rt 0.09 in EtOAc) as a yellow solid (28 mg, 28%).
m.p. (EtOAc) 58 — 60 °C. [a]3° -0.9 (c 0.9 in CHCls).
chiral HPLC analysis, Chiralcel OD-H (95:5 hexane : i-PrOH, flow rate 1 mlmin, 211 nm,
40 °C) tr(2R,3S): 12.4 min, tr (25,3R): 19.0 min, 71:29 er.
TH NMR (500 MHz, CDCls) du: 1.78 — 2.01 (4H, m, 2 x CH2pym), 2.31 (6H, s, N(CHs)2), 3.40
—3.56 (4H, m, 2 x NCHzpym), 3.60 (1H, dd, ] 11.0, 8.8, C(3)H), 3.90 (1H, d, ] 11.0, C(2)H),
5.07 (1H, dd, J 10.1, 1.1, C(5)H4H®), 5.09 (1H, d, J 12.3, OCH#H?), 5.13 (1H, d, ] 12.3,
OCH*H?), 5.17 (1H, d, ] 17.2, C(5)H~H?), 5.71 (1H, ddd, ] 17.3, 10.1, 8.9 Hz, C(4)H), 7.29 -
7.37 (5H, m, 5 x ArH).
BC{'H} NMR (126 MHz, CDCls) dc: 24.3 (CHapym), 26.1 (CHzpym), 42.2 (N(CHs)2), 46.0
(NCHz(pym), 46.3 (NCHa2pym), 49.4 (C(3)H), 65.8 (OCH>), 68.9 (C(2)H), 119.6 (C(5)H2), 128.3
(ArC(4)H), 1285 (ArC(2,3,5,6)H), 133.2 (C(4)H), 1359 (ArC), 169.1 (C(3")=0), 169.8
(C(1)=0).
HRMS (ESI*): Ci19H26N20sNa [M+Na]* found 353.1826, requires 353.1836 (-2.7 ppm).
vmax (CHCls, cm™): 2981 (C-H), 2877, 2789 (N(C-H)), 1724 (C=Oester), 1627 (C=Oamidce), 1435,
1338, 1257, 1215, 1149, 1114, 1029, 995.
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Minor diastereoisomer 220min (R 0.37 in EtOAc) as a yellow solid (30 mg, 30%).

m.p. (EtOAc) 97 — 99 °C. [a]3? +4.8 (c 0.45 in CHCl:).

chiral HPLC analysis, Chiralcel OD-H (95:5 hexane : i-PrOH, flow rate 1 mlmin, 211 nm,
40 °C) tr(25,35): 7.9 min, tr (2R,3R): 8.8 min, 66:34 er.

TH NMR (500 MHz, CDCls) du: 1.71 = 1.92 (4H, m, 2 x CH2pym), 2.32 (6H, s, N(CHs)2), 3.33
— 3.43 (2H, m, NCHz(pym), 3.45 — 3.55 (2H, m, NCHzpym), 3.57 — 3.64 (1H, m, C(3)H), 3.89
(1H, d,]10.9, C(2)H), 5.04 (1H, d, ] 12.3, OCH“H?), 5.16 (1H, d, ] 17.3, C(5)H*H?), 5.21 (1H,
d, ] 10.1, C(5)HAH?®), 5.22 (1H, d, ] 12.3, OCHAH?), 5.82 (1H, dt, ] 17.3, 9.4, C(4)H), 7.28 -
7.38 (5H, m, 5 x ArH).

BC{'H} NMR (126 MHz, CDCls) dc: 24.2 (CHzpym), 25.9 (CHzpym), 41.9 (N(CHs)2), 45.8
(NCHz(pym), 46.1 (NCHzpym), 49.0 (C(3)H), 66.1 (OCHy>), 68.2 (C(2)H), 117.7 (C(5)Hz2), 128.1
(ArCH), 128.4 (ArCH), 128.4 (ArCH), 134.4 (C(4)H), 136.0 (ArC), 169.6 (C(3')=0O), 170.4
(C(1)=0).

HRMS (ESI¥): C1sH26N20sNa [M+Na]* found 353.1823, requires 353.1836 (-3.6 ppm).

vmax (CHCls, cm™): 3066, 2974 (C-H), 2873, 2789 (N(C-H)), 1720 (C=Oester), 1627 (C=Oamide),
1496 (C=Car), 1435, 1338, 1249, 1215, 1161, 1029, 987.

(LB ref: JB-199 (+), ]B-210)

(2R,35)-3-(Methoxy(methyl)carbamoyl)-2-(piperidin-1-yl)pent-4-enoic acid, benzyl
ester (223maj) and (2R,3R)-3-(methoxy(methyl)carbamoyl)-2-(piperidin-1-yl)pent-4-
enoic acid, benzyl ester (223min)

~

(]

o
|
= = C20H28N204
BnO BnO)H/\/ oo an
N N
223maj O 223min Q

Following General Procedure E, PNP ester 221 (90.2 mg, 0.30 mmol, 1.0 eq),
Pdxdbas-CHCls (7.7 mg, 7.5 umol, 2.5 mol%), P(2-furyl)s (6.9 mg, 0.03 mmol, 10 mol%),
(S)-TM-HCI (14.4 mg, 0.06 mmol, 20 mol%), phosphate 184 (105 mg, 0.37 mmol, 1.25 eq)
and i-PraNEt (125 puL, 0.7 mmol, 2.4 eq) in MeCN (5.0 mL) after 84 h gave the crude
product (61:39 dr), which was used directly for derivatisation with NaOBn (0.45 mL,
0.45 mmol, 1.5 eq) in THF (6.0 mL). Subsequent purification of the crude derivatised

product via silica column chromatography (CH:Cl: to CH:CL:Et:2O0 95:5, R¢ 0.32 in
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CH2Cl2:Et20 95:5) gave the title compound as an inseparable mixture of diastereoisomers
(61:39 dr) as a colourless glass (31 mg, 29%). The enantiomeric ratios for the major and
minor diastereoisomer could not be determined. [a]3° +2.1 (c 1.3 in CHCls).

HRMS (ESI*): C20H20N20s [M+H]* found 361.2109, requires 361.2122 (3.5 ppm).

vmax (CHCls, cm): 3032, 2933 (C-H), 2852, 2810, 1726 (C=Oester), 1658 (C=Oamiac), 1635 (C=C),
1498 (C=Car), 1454, 1382, 1336, 1251, 1213, 1165, 1130, 1103, 995.

Data for major diastereoisomer 223maj:

'H NMR (500 MHz, CDCls) 0n: 1.29 - 1.55 (6H, m, 3 x CH2pip)), 2.29 —2.39 (2H, m, NCH>),
2.66 -2.75 (2H, m, NCH?>), 3.20 (3H, s, NCH:), 3.68 (3H, s, OCHs), 3.71 (1H, d, ] 11.4, C(2)H),
4.14 - 4.26 (1H, m, C(3)H), 5.01 - 5.24 (4H, m, C(5)H2, OCH>), 5.79 (1H, ddd, ] 17.2, 10.2,
8.7, C(4)H), 7.28 = 7.39 (5H, m, 5 x ArH).

BC{'"H} NMR (126 MHz, CDCls) dc: 24.5 (C(4)Hzpip), 26.7 (C(3,5)Hzpip), 32.4 (NCHs), 45.7
(C(3)H), 51.2 (NCH2), 61.8 (OCHs), 65.8 (OCH2), 70.2 (C(2)H), 119.6 (C(5)H2), 128.2
(ArC(4)H), 128.4 (ArC(2,6)H and ArC(3,5)H), 133.5 (C(4)H), 135.9 (ArC(1)), 169.4 (C(1)=0),
173.0 (C(3")=0)*.

Data for minor diastereomer 223min:

H NMR (500 MHz, CDCls) (selected) du: 3.12 (3H, s, NCH3), 3.73 (1H, d, ] 11.2, C(2)H), 3.98
—4.08 (1H, C(3)H), 5.85 (1H, ddd, ] 17.3, 10.3, 7.7, C(4)H).

BC{tH} NMR (126 MHz, CDCls) (selected) dc: 24.5 (C(4)Hzpip), 26.5 (C(3,5)Hzpip), 32.0
(NCHs), 44.8 (C(3)H), 51.5 (NCH>), 61.1 (OCH3), 66.0 (OCHy), 68.8 (C(2)H), 117.3 (C(5)H>),
128.1 (ArC(4)H), 128.4 (ArC(2,3,5,6)H), 134.6 (C(4)H), 136.0 (ArC(1)), 170.9 (C(1)=0O), 172.7
(C(3)=0)".

* peak not visible in 1D *C NMR, but inferred from cross peaks in the HMBC spectrum.
(LB ref: JB-510)
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(2R,35)-2-(Allyl(methyl)amino)-3-(methoxy(methyl)carbamoyl)pent-4-enoic acid,
benzyl ester (224ms) and (2R,3R)-2-(allyl(methyl)amino)-3-(methoxy(methyl)

carbamoyl)pent-4-enoic acid, benzyl ester (224min)

|
0 O%/ N. ol
/
Ci19H26N204
346.43
16
7 7

224, \ 8 224 N

Following General Procedure E, PNP ester 222 (86.0 mg, 0.30 mmol, 1.0 eq),

8

Pd2dbas-CHCls (7.7 mg, 7.5 umol, 2.5 mol%), P(2-furyl)s (6.9 mg, 0.03 mmol, 10 mol%),
(S)-TM-HC1 (14.4 mg, 0.06 mmol, 20 mol%), phosphate 184 (105 mg, 0.37 mmol, 1.25 eq)
and i-ProNEt (125 pL, 0.7 mmol, 2.4 eq) in MeCN (5.0 mL) gave the crude product
(56:44 dr), which was used directly for derivatisation with NaOBn (0.45 mL, 0.45 mmol,
1.5 eq) in THF (6.0 mL). Subsequent purification of the crude derivatised product via silica
column chromatography (CH2Cl> to CH2Cl2:Et20 95:5) gave:

Major diastereoisomer 224maj (R¢ 0.22 in CH2Cl2 : Et20 95:5) as a colourless oil (11 mg, 11%).
[a]3? 0.4 (c 0.45 in CHCls). chiral HPLC analysis, Chiralcel OD-H (99:1 hexane : i-PrOH,
flow rate 1 mlmin’, 211 nm, 30 °C) tr(2R,3S): 17.1 min, tr (25,3R): 22.7 min, 85:15 er.

TH NMR (500 MHz, CDCls) du: 2.27 (3H, s, NCHs), 2.88 (1H, dd, ] 13.9, 7.2, C(6)HAHB), 3.19
(3H, s, CONCH?3), 3.31 (1H, dd, ] 14.0, 5.2, C(6)H~H?), 3.69 (3H, s, OCHs), 3.87 (1H, d, ] 11.5,
C(2)H), 4.13 - 4.23 (1H, m, C(3)H), 5.03 - 5.12 (4H, m, OCHAH?, C(5)H*H?, C(8)H>), 5.16
(1H, d, J 12.3, OCH~H®), 5.21 (1H, ddd, ] 17.1, 1.3, 0.7, C(5)H~H?), 5.69 (1H, dddd, | 17.3,
10.1,7.2,5.2, C(7)H), 5.78 (1H, ddd, ] 17.2, 10.2, 8.7, C(4)H), 7.30 — 7.38 (5H, m, 5 x ArH).
BC{'H} NMR (126 MHz, CDCls) dc: 32.2 (CONCHs), 38.8 (NCHs), 46.0 (C(3)H), 57.3
(C(6)H2), 61.8 (OCHs), 65.9 (OCH2), 67.7 (C(2)H), 116.8 (C(8)H2), 119.8 (C(5)Hz), 128.2
(ArC(4)H), 128.5 (ArC(2,6)H, ArC(3,5H), 133.4 (C(4)H), 135.8 (ArC(1)), 136.2 (C(7)H),
169.7 (C(1)=0), 172.3 (C(3")=0)*.

* peak not visible in 1D *C NMR, but inferred from cross peaks in the HMBC spectrum.
HRMS (ESI*): C1sHzzN20s [M+H]* found 347.1954, requires 347.1965 (3.3 ppm).

vmax (CHCls, cm™): 3080, 2939 (C-H), 2804, 1728 (C=Qester), 1660 (C=Oamidac), 1637 (C=C), 1519,
1496 (C=Car), 1454, 1417, 1382, 1255, 1149, 995.
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Minor diastereoisomer 224min (Rt 0.30 in CH2Cl2 : Et20 95:5) as a colourless oil (5 mg, 5%).
[a]4? +9.5 (c 0.2 in CHCls). (Enantiomeric ratio could not be determined.)

TH NMR (500 MHz, CDCls) dn: 2.24 (3H, s, NCHs), 3.05 - 3.11 (1H, m, C(6)H~HP), 3.13 (3H,
s, CONCHs), 3.22 (1H, ddt, ] 13.9, 5.6, 1.6, C(6)H~H®), 3.70 (3H, s, OCHs), 3.94 (1H, d, ] 11.2,
C(2)H), 3.99 - 4.09 (1H, m, C(3)H), 5.05 (1H, d, ] 12.3, OCH~H?), 5.07 — 5.10 (1H, m,
C(8)H”HP), 5.13 (1H, dq, ] 17.2, 1.7, C(8)HAH?), 5.16 — 5.21 (2H, m, C(5)H2), 5.24 (1H, d, |
12.3, OCHAH®), 5.72 (1H, dddd, ] 17.2, 10.1, 7.1, 5.6, C(7)H), 5.82 (1H, ddd, ] 17.1, 10.3, 8.1,
C(4)H), 7.29-7.39 (5H, m, 5 x ArH).

BC{'H} NMR (126 MHz, CDCls) dc: 32.1 (CONCHs), 38.1 (NCHs), 45.5 (C(3)H), 58.0
(C(6)H2), 61.0 (OCHs), 66.2 (OCH2), 66.3 (C(2)H), 117.4 (C(8)Hz2), 117.9 (C(5)H2), 128.2
(ArC(4)H), 128.4 (ArC(2,6 or 3,5)H), 128.5 (ArC(2,6 or 3,5)H), 134.4 (C(4)H), 135.9 (C(7)H),
135.9 (ArC(1)), 171.1 (C(1)=0). C(3")=Onot visible.

HRMS (ESI¥): Ci1oH2/N204 [M+H]* found 347.1956, requires 347.1965 (2.6 ppm).

vmax (CHCls, cm): 3080, 2978 (C-H), 2947, 2796, 1722 (C=Oester), 1654 (C=Oamidac), 1635 (C=C),
1519, 1498 (C=Car), 1450, 1384, 1342, 1246, 1176, 1157, 995.

(LB ref: JB-511)
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5.4.4 Identified side-products

(E)-4-(Diisopropylamino)but-2-enoic acid, ethyl ester (173)

173

1H NMR (400 MHz, CDCls) &m: 0.99 (12H, d, ] 6.6, 2 x CH(CHs)2), 1.28 (3H, t, ] 7.1,
OCH:CHs), 3.02 (2H, hept, ] 6.6, 2 x CH(CHs)z), 3.23 (2H, dd, ] 5.2, 1.9, C(4)Hz), 4.18 (2H, q,
] 7.1, OCH:CH), 6.04 (1H, dt, ] 15.5, 1.9, C(2)H), 6.98 (1H, dt, ] 15.5, 5.2, C(3)H).

(LB ref: JB-019)

(E)-2-(1,2-Bis(benzylamino)-2-oxoethyl)but-2-enoic acid, ethyl ester (175)

5 )2
H
HN 4
C22H26N203

5
I 366.46

PNP ester 164 (30.0 mg, 0.09 mmol, 1.0 eq) was dissolved in 2.0 mL CH2Clz, benzylamine
(48 uL, 0.45 mmol, 5.0 eq) added and the reaction mixture was stirred at room
temperature overnight. The reaction was quenched by the addition of 1 M NaOH, diluted
with CH2Clz and the phases separated. The aqueous phase was extracted with CH2Cl: (3
x 5 mL). The combined organic phases were washed with 1 M NaOH (2 x 5 mL), and brine
(5 mL), dried over MgSOs, filtered and the solvent was removed under reduced pressure.
The crude product was purified by silica column chromatography (CH2Cl : Et20 9:1 to
4:1) to give the title compound as a yellow glass (10 mg, 30%) as a rotameric mixture (6:1).
H NMR (500 MHz, CDCls) major rotamer du: 1.26 (3H, t, ] 7.1, OCH2CHs), 1.83 (3H, d,] 7.2,
C(4)Hs), 3.61 (1H, d, ] 13.2, C(5")H*H?P), 3.86 (1H, d, ] 13.2, C(5")HAH?), 4.11 (1H, s, C(5)H),
418 (2H, qd,J7.1,1.2, OCH2CHs), 4.49 (2H, d, ] 6.0, C(6)Hz2), 7.21-7.25 (1H, q,] 7.2, C(3)H),
7.26 —7.37 (10H, m, 10 x ArH), 7.96 (1H, t, ] 5.5, C(O)NH); minor rotamer (selected) du: 2.13
(BH, d,]7.2,C(4)Hs), 3.68 (1H, s, C(5)H), 4.47 (2H, d, ] 6.0, C(6)H>), 6.20 (1H, q, ] 7.2, C(3)H),
7.79 (1H, br s, C(O)NH).

BC{H} NMR (126 MHz, CDCls) major rotamer dc: 14.1 (OCH2CHs), 14.6 (C(4)Hs), 43.1
(C(6)H2), 51.3 (C(5")H2), 57.6 (C(5)H), 60.7 (OCH2CHs), 127.2 (Ar'C(4)H), 127.3 (Ar?C(4)H),
127.6 (Ar'C(2,6)H), 128.1 (Ar2C(2,6)H), 128.5 (Ar'C(3,5)H), 128.6 (Ar2C(3,5)H), 130.0 (C(2)),
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138.7 (Ar'C(1)), 139.2 (Ar2C(1)), 142.2 (C(3)H), 166.5 (C=Oamidae), 171.7 (C(1)=0); minor
rotamer (selected) dc: 16.0 (C(4)Hs), 66.2 (C(2)H), 143.0 (C(3)H).

HRMS (ESI¥): C22HN20s [M+H]* found 367.2007, requires 367.2016 (2.5 ppm).

vmax (CHCl3, cm™?): 3367 (N-H), 3028 (=C-H), 2980 (C-H), 2927, 2841, 2358, 1699 (C=Oester),
1674 (C=Oanmide), 1516, 1496 (C=Car), 1454, 1292, 1255, 1141, 1028.

(LB ref: JB-023)

2-(Allyl(methyl)amino)pent-4-enoic acid, benzyl ester (225)

0}

= 225
Bno)J\/\/
C16H21NO;

NS 259.35

L
Following General Procedure E, PNP ester 222 (86.0 mg, 0.30 mmol, 1.0 eq),
Pd>dbas-CHCls (7.7 mg, 7.5 umol, 2.5 mol%), P(2-furyl)s (6.9 mg, 0.03 mmol, 10 mol%),
(S)-TM-HC1 (14.4 mg, 0.06 mmol, 20 mol%), phosphate 184 (105 mg, 0.37 mmol, 1.25 eq)
and i-Pr2NEt (125 uL, 0.7 mmol, 2.4 eq) in MeCN (5.0 mL) gave the crude product, which
was used directly for derivatisation with NaOBn (0.45 mL, 0.45 mmol, 1.5 eq) in THF (6.0
mL). Subsequent purification of the crude derivatised product via silica column
chromatography (CH2CL: to CH2Cl2:Et20 95:5, R¢ 0.44 in CH2Cl2:Et0 95:5) afforded the
title compound as yellow glass (10 mg, 13%).
H NMR (500 MHz, CDCls) d1: 2.31 (3H, s, NCHs), 2.41 (1H, dtt, ] 14.1, 6.9, 1.4, C(3)HAH?),
2.53 (1H, dddt, J 14.2,8.3,7.1, 1.3, C(3)H”H®), 3.10 (1H, ddt, ] 13.8, 6.9, 1.2, C(3")H*H?), 3.22
(1H, ddt, ] 13.8, 5.9, 1.5, C(3")H~H?®), 3.43 (1H, dd, ] 8.1, 7.0, C(2)H), 5.00 — 5.18 (6H, m,
OCH2, C(5)Hz, C(5")H2), 5.72 - 5.84 (2H, m, C(4)H, C(4")H), 7.29 - 7.38 (5H, m, 5 x ArH).
BC{H} NMR (126 MHz, CDCls) dc: 34.1 (C(3)Hz), 37.8 (NCH3s), 57.5 (C(3")Hz), 65.4 (C(2)H),
65.9 (OCH), 117.1 (C(5)H2), 117.4 (C(5")Hz), 128.2 (ArC(4)H), 128.4 (ArC(2,6)H), 128.5
(ArC(3,5)H), 134.5 (C(4)H), 135.9 (C(4)H, ArC(1)), 171.8 (C=0).
(LB ref: JB-511)
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5.5 Experimental details for Chapter 3

5.5.1 Preparation of vinylcyclopropanes

2-Vinylcyclopropane-1,1-dicarboxylic acid, dimethyl ester (255)

255
2..\/AVC02M6 C9H1204

2 CO,Me 184.19

Following General Procedure F, dimethyl malonate (1.14 mL, 10.0 mmol, 1.0 eq), 1,4-
dibromobut-2-ene (2.14 g, 10.0 mmol, 1.0 eq) and Cs2COs (8.1 g, 25.0 mmol, 2.5 eq) in THF
(50 mL) at reflux for 16 h gave the title compound after purification by Biotage® Isolera™
4 [SNAP KP-Sil 50 g, 100 mL min-?, petrol : Et20 (90:10 15 CV), R¢ 0.16] as a colourless oil
(1.37 g, 74%).

H NMR (400 MHz, CDCls) du: 1.59 (1H, dd, ] 9.0, 5.0, C(3)HAH?), 1.72 (1H, dd, ] 7.6, 4.9,
C(3)HAH?), 2.58 (1H, app. q, ] 8.3, C(2)H), 3.74 (6H, s, 2 x OCHs), 5.14 (1H, ddd, ] 10.0, 1.6,
0.6, C(2”)H~H®), 5.29 (1H, ddd, ] 17.0, 1.7, 0.6, C(2"")H~H?), 5.43 (1H, ddd, ] 17.0, 10.1, 8.2,
C(2)H).

Spectroscopic data in accordance with literature.'*! (LB ref: JB-441)

Bis(2,2,2-trifluoroethyl) malonate (407)

0 0 407
C;HgFs04
CF3HZCOJ\/U\OCH20F3 268.11

Following the procedure reported by Waser and co-workers'®, conc. H2SOs (0.47 mL,
8.75 mmol, 0.25 eq) was added to a solution of malonic acid (3.64 g, 35.0 mmol, 1.0 eq) and
trifluoroethanol (10.2 mL, 140 mmol, 4.0 eq) in toluene (20 mL) and heated to reflux for
8 h. The reaction mixture was allowed to cool to room temperature and diluted with
CH2Cl2 (20 mL). The organic phase was washed with 1 M NaOH (1 x 40 mL), H20 (1 x
40 mL) and brine (1 x 40 mL), dried over MgSQO,, filtered and the solvent was removed
under reduced pressure to yield the title compound as a colourless oil (1.88 g, 20%), which
was used without further purification.

'H NMR (400 MHz, CDCls) d1: 3.61 (2H, s, CH>), 4.55 (4H, q, ] 8.2, 2 x OCH>).

YF{'H} NMR (376 MHz, CDCls) dr: -73.8 (6F, s, 2 x CF3).

Spectroscopic data in accordance with literature.'®” (LB ref: JB-686)
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2-Vinylcyclopropane-1,1-dicarboxylic acid, bis(2,2,2-trifluoroethyl) ester (264)

264
2" \/ATCO2CHZCF3 C11H10F604
> CO,CH,CFs 320.19

Following General Procedure F, bis(2,2,2-trifluoroethyl)malonate 407 (1.8 g, 6.7 mmol,
1.0 eq), 1,4-dibromobut-2-ene (1.44 g, 6.7 mmol, 1.0 eq) and K2COs (2.32 g, 16.7 mmol,
2.5eq) in THF (33 mL) at reflux for 24 h gave the title compound after purification by
Biotage® Select™ [Sfdr 50 g, 120 mL min, EtO in hexane (2% to 20%, 10 CV), R¢0.32 in
10% Et20 in hexane] as a colourless oil (1.71 g, 80%).

H NMR (400 MHz, CDCl) on: 1.72 (1H, dd, ] 9.1, 5.2, C(3)H~HP), 1.89 (1H, dd, ] 8.0, 5.2,
C(3)HAH?), 2.68 — 2.79 (1H, m, C(2)H), 4.41 — 4.65 (4H, m, 2 x CH>), 5.21 (1H, ddd, ] 10.0,
1.6, 0.7, C(2”")HAHP), 5.34 (1H, ddd, ] 17.0, 1.6, 0.7, C(2"")HAH®), 5.46 (1H, ddd, ] 17.0, 10.0,
7.8, C(2")H).

BF{TH} NMR (376 MHz, CDCls) dr: =74.0 (3F, m, CFs), -73.8 (3F, m, CFs).

Spectroscopic data in accordance with literature."” (LB ref: JB-689)

2-Vinylcyclopropane-1,1-dicarbonitrile (276)
276

\ACN C7H6N2

CN 118.14
Following General Procedure F, malononitrile (1.98 g, 30.0 mmol, 1.0 eq), 1,4-
dibromobut-2-ene (6.42 g, 30.0 mmol, 1.0 eq) and K2CO:s (10.4 g, 75.0 mmol, 2.5 eq) in THF
(150 mL) at reflux for 24 h gave the title compound after purification by silica column
chromatography (petrol : EtOAc 5:1, R¢ 0.19) as a colourless 0il (2.39 g, 67%).
'H NMR (400 MHz, CDCls) ou: 1.81 (1H, dd, | 8.3, 6.2, C(3)HAHE), 2.04 (1H, dd, ] 9.1, 6.2,
C(3)HAH®), 2.62 - 2.72 (1H, m, C(2)H), 5.45 - 5.65 (3H, m, CH=CH>).
Spectroscopic data in accordance with literature.'*!

(LB ref.: JB-409, JB433, JB-460, JB499, JB-579, JB-581, JB669, JB-756)
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1-Cyano-2-vinylcyclopropane-1-carboxylic acid, methyl ester (277)

277
> \ACN CgHoNO,
2' CO,Me 151.17

Following General Procedure F, methyl cyanoacetate (0.88 mL, 10.0 mmol, 1.0 eq), 1,4-
dibromobut-2-ene (2.14 g, 10.0 mmol, 1.0 eq) and K2CO:s (3.4 g, 25.0 mmol, 2.5 eq) in THF
(50 mL) at reflux for 24 h gave the title compound after purification by silica column
chromatography (petrol : EtOAc 9:1 to 6:1) as a colourless oil (1.18 g, 78%) as a partially
separable mixture of diastereoisomers (2:1 dr).

Data for major diastereoisomer (Re 0.38 in petrol : EtOAc 6:1)

"H NMR (400 MHz, CDCls) du: 1.63 (1H, dd, ] 7.9, 5.1, C(3)H~HP), 1.94 (1H, dd, ] 9.0, 5.1,
C(3)HAH®), 2.48 — 2.56 (1H, m, C(2)H), 3.78 (3H, s, OCHs), 5.33 (1H, ddd, ] 10.2, 1.2, 0.6,
C(2”)HAHB), 5.36 — 5.44 (1H, m, C(2”)HAH®), 5.53 — 5.68 (1H, m, C(2")H).

Data for minor diastereoisomer (R¢ 0.33 in petrol : EtOAc 6:1)
TH NMR (400 MHz, CDCls) (selected) dn: 1.85 — 1.92 (2H, m, C(3)H>), 2.54 — 2.63 (1H, m,
C(2)H), 3.76 (3H, s, OCHs), 5.23 (1H, ddd, ] 10.3, 1.4, 0.6, C(2”")HAH?).

Spectroscopic data in accordance with literature.'*! (LB ref: JB-467, ]B-763)

2-Vinylspiro[cyclopropane-1,2'-indene]-1',3'-dione (278)

s O
5 3 3
278
& N C13H1002
7N T2 19822

Following General Procedure F, 1,3-indanedione (731 mg, 5.0 mmol, 1.0 eq), 1,4-
dibromobut-2-ene (1.07 g, 5.0 mmol, 1.0 eq) and K2COs (1.73 g, 12.5 mmol, 2.5 eq) in THF
(25 mL) at reflux for 16 h gave the title compound after purification by silica column
chromatography (petrol : EtOAc 9:1 to 6:1, Rt 0.33 in petrol : EtOAc 6:1) as a yellow solid
(244 mg, 25%). m.p. (EtOAc) 126 — 128 °C {Lit.!*8 128 — 130 °C (EtOAc)}.

H NMR (300 MHz, CDCls) ds: 1.98 (1H, dd, ] 8.1, 4.0, C(3)H“H?), 2.13 (1H, dd, ] 8.7, 4.0,
C(3)HAH?), 2.81 (1H, app. q, ] 8.7, C(2)H), 5.14 (1H, dd, ] 10.3, 1.5, C(2”)H*H?), 5.28 (1H,
dd, J 17.1, 1.5, C(2”)H”H?), 6.02 (1H, app. dt, | 17.1, 9.9, C(2")H), 7.72 — 7.86 (2H, m,
ArC(5',6")H), 7.88 = 8.00 (2H, m, ArC(4’,7")H).

Spectroscopic data in accordance with literature.'® (LB ref: JB-682, JB-774)
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5-Phenyl-1-vinyl-6-oxa-4-azaspiro[2.4]hept-4-en-7-one (279)

o 2
o A\ 279
_ —  CyHyNO
5Y=N 13H11NO,
Ph)_ r 213.24

Following General Procedure F, 2-phenyloxazol-5(4H)-one (806 mg, 5.0 mmol, 1.0 eq),
1,4-dibromobut-2-ene (1.07 g, 5.0 mmol, 1.0 eq) and K>COs (1.73 g, 12.5 mmol, 2.5 eq) in
THF (25 mL) at reflux for 16 h gave the title compound after purification by Biotage®
Select™ [Sfar 25 g, 80 mL min-, Etz0 in petrol (0% to 20%, 20 CV), R¢0.23 in 10% Et20 in
petrol] as a white solid (251 mg, 24%) as an inseparable mixture of diastereoisomers
(3:2 dr). m.p. (EtOAc) 126 — 128 °C {Lit."** 128 — 130 °C (EtOAc)}

Data for major diastereoisomer

'H NMR (400 MHz, CDCls) d1: 1.98 (1H, dd, ] 8.1, 5.2, C(2)HAHE), 2.07 (1H, dd, ] 9.3, 5.2,
C(2)HAH®), 2.69 (1H, td, ] 9.3, 8.1, C(1)H), 5.21 (1H, dd, ] 10.4, 1.2, C(1”")H~H?), 5.33 (1H,
dd, ] 17.2, 1.2, C(1”)H~H®), 5.80 (1H, ddd, | 17.2, 10.4, 9.1, C(1")H), 7.41 — 7.48 (2H, m,
Ar(3,5)H), 7.48 - 7.56 (1H, m, Ar(4)H), 7.91 - 8.01 (2H, m, Ar(2,6)H).

Data for minor diastereoisomer

H NMR (400 MHz, CDCls) du: 1.91 (1H, dd, ] 8.5, 5.3, C(2)H~H?), 2.21 (1H, dd, ] 9.2, 5.3,
C(2)HAH?®), 2.86 (1H, td, ] 9.2, 8.5, C(1)H), 5.22 (1H, dd, ] 10.3, 1.3, C(1"")HAH?), 5.35 (1H,
dd, J 17.0, 1.3, C(1”)HAH®), 5.94 (1H, ddd, | 17.0, 10.3, 9.2, C(1")H), 7.41 — 7.48 (2H, m,
Ar(3,5)H), 7.48 - 7.56 (1H, m, Ar(4)H), 7.91 - 8.01 (2H, m, Ar(2,6)H).

Spectroscopic data in accordance with literature.'? (LB ref: JB-650, ]B-657, ]B-746)

1,1-Bis(phenylsulfonyl)-2-vinylcyclopropane (370)
A Csopn e,
2 SO,Ph 348.43

Following General Procedure F, bis(phenylsulfonyl)methane (500 mg, 1.69 mmol, 1.0 eq),
1,4-dibromobut-2-ene (361 mg, 1.69 mmol, 1.0 eq) and Cs2COs (1.38 g, 4.23 mmol, 2.5 eq)
in THF (10 mL) at reflux for 16 h gave the title compound after purification by Biotage®
Isolera™ 4 [SNAP KP-Sil 25 g, 100 mL min-!, petrol : EtOAc (80:20 15 CV), Rt 0.31] as an
off-white solid (403 mg, 68%). m.p. (EtOAc) 111 — 113 °C {Lit.'® 107.5 — 108 °C (EtOH)}.
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1H NMR (400 MHz, CDCls) dx: 1.59 (1H, dd, ] 9.0, 5.0, C(3)HAHE), 1.72 (1H, dd, ] 7.6, 4.9,
C(3)HAHP), 2.58 (1H, app. q, ] 8.3, C(2)H), 3.74 (6H, s, 2 x OCH3), 5.14 (1H, ddd, ] 10.0, 1.6,
0.6, C(2”")HAHP), 5.29 (1H, ddd, ] 17.0, 1.7, 0.6, C(2)HAH®), 5.43 (1H, ddd, ] 17.0, 10.1, 8.2,
C(2")H).

Spectroscopic data in accordance with literature.'*! (LB ref: JB-442)

1-Benzylindoline-2,3-dione (408)

(0]
3 408
0 C15H11NO;
7a N\L@ 237.26

Following the procedure reported by Bower and co-workers'”’, to a solution of isatin
(1.47 g,10.0 mmol, 1.0 eq) in MeCN (100 mL) were added K2CO:s (4.15 g, 30.0 mmol, 3.0 eq)
and benzyl bromide (1.78 mL, 15.0 mmol, 1.5 eq). The mixture was heated at reflux for
18 h, allowed to cool to room temperature and filtered over Celite with EtOAc. The
combined organic filtrates were concentrated under reduced pressure and the crude
product was recrystallised from toluene (20 mL) to afford the title compound as an orange,
crystalline solid (1.9 g, 80%). m.p. (toluene) 128 — 131 °C {Lit.’”° 129 — 131 °C (EtOH)}.

H NMR (500 MHz, CDCls) ou: 4.94 (2H, s, NCH>), 6.77 (1H, d, ] 7.9, ArC(7)H), 7.09 (1H,
td, ] 7.6, 0.8, ArC(5)H), 7.28 — 7.39 (5H, m, 5 x Ar?H), 7.48 (1H, td, ] 7.8, 1.4, ArC(6)H), 7.62
(1H, dd, ] 7.4, 1.3, ArC(4)H).

Spectroscopic data in accordance with literature.'” (LB ref: JB-694)

1-Benzylindolin-2-one (409)

3 409
@E\FO C15Hq3NO
7a N1 : 223.28
Adapting a procedure reported by Overman and co-workers'”,, a suspension of N-benzyl
isatin 408 (428 mg, 1.8 mmol, 1.0 eq) and hydrazine hydrate (65% solution, 5 mL) was
heated at reflux for 24 h. The reaction mixture was cooled to room temperature, diluted
with H20 (10 mL) and extracted with EtOAc (3 x 10 mL). The combined organic phases

were dried over MgSQO, filtered and the solvent was removed under reduced pressure.
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The crude product was purified by silica column chromatography (n-hexane : EtOAc 3:1,
R 0.20) to yield the title compound as a viscous, orange oil (372 mg, 92%).

H NMR (400 MHz, CDCls) d1: 3.65 (2H, s, C(3)Hz), 4.95 (2H, s, NCHz), 6.75 (1H, d, ] 7.8,
ArC(7)H), 7.03 (1H, td, ] 7.5, 1.0, ArC(5)H), 7.15 - 7.23 (1H, m, ArC(6)H), 7.24 — 7.38 (6H,
m, ArC(4)H, 5 x Ar’H).

Spectroscopic data in accordance with literature.!” (LB ref: JB-719, ]B-735)

1'-Benzyl-2-vinylspiro[cyclopropane-1,3'-indolin]-2'-one (371)

371
275.35

Following General Procedure F, 1-benzylindolin-2-one 409 (344 mg, 1.54 mmol, 1.0 eq),
1,4-dibromobut-2-ene (330 g, 1.54 mmol, 1.0 eq) and K2CO:s (532 g, 3.85 mmol, 2.5 eq) in
THF (8 mL) at reflux for 48 h gave the crude product (73:27 dr). Purification by silica
column chromatography (5 to 10% Et2O in n-hexane) allowed partial separation of the
diastereoisomers to give 371maj (Rf0.25) as a red solid (>99:1 dr, 103 mg, 24%).

m.p. (Etz0) 93 - 96 °C {Lit."? 97 — 99 °C (EtOAc)}.

H NMR (400 MHz, CDCls) du: 1.98 (1H, dd, ] 8.7, 4.7, C(3)H~H?), 2.05 (1H, dd, ] 7.8, 4.7,
C(3)H~H?®), 2.47 — 2.60 (1H, m, C(2)H), 4.95 (1H, d, | 15.7, NCHAHB), 5.00 (1H, d, | 15.7,
NCH“H®), 5.15 (1H, dd, ] 10.3, 1.7, C(2""")H~HP), 5.27 (1H, dd, ] 17.2, 1.7, C(2"")HAH?), 6.29
(1H, ddd, J 17.2, 10.3, 9.4, C(2")H), 6.77 (1H, d, ] 7.7, ArC(4 or 7)H), 6.85 (1H, ddd, ] 7.4,
1.3, 0.6, ArC(4 or 7)H), 7.00 (1H, td, ] 7.5, 1.0, ArC(5 or 6)H), 7.13 (1H, td, ] 7.7, 1.3, ArC(5
or 6)H), 7.22 - 7.37 (5H, m, 5 x Ar’H).

The minor diastereocisomer was not isolated. Spectroscopic data in accordance with

literature.*? (LB ref: JB-702, ]B-726, |B-742)
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5.5.2 Preparation of Michael acceptors

The following PNP ester starting materials were prepared by colleagues according to
literature procedures: 339, 341 and 356 were prepared by Anastassia Matviitsuk,'4 316

and 358 were prepared by Jiufeng Wu.17?

(E)-4,4,4-Trifluorobut-2-enoic acid (410)

N

FSC/\)J\OH 140.06
Following the procedure reported by Smith and co-workers'*, (E)-4,4,4-trifluorobut-2-
enoic acid, ethyl ester (8.9 mL, 59 mmol, 1.0 eq) was dissolved in THF (100 mL) and NaOH
(I M, 65 mL, 65 mmol, 1.1 eq) was added. The reaction mixture was stirred at room
temperature for 4 h and subsequently acidified with HCI (1 M) to pH 2. Excess THF was
removed under reduced pressure, the remaining aqueous phase diluted with brine and
extracted with Et2O (3 x 50 mL). The combined organic phases were dried over MgSQOs,
filtered and the solvent was removed under reduced pressure to yield the title compound
as a colourless solid (7.1 g, 86%), which was used without further purification. (Note:
product slowly sublimes if left for a prolonged time under reduced pressure)
m.p. (Et20) 52 - 55 °C {Lit.!”® 54-55 °C (pentane)}.
H NMR (400 MHz, CDCls) on: 6.52 (1H, dq, ] 15.8, 1.9, C(2)H), 6.90 (1H, dq, ] 15.8, 6.4,
C(3)H), 12.14 (1H, br s, OH).
YF{'H} NMR (376 MHz, CDCls) dr: —66.0 (3F, s, CF3)

Spectroscopic data in accordance with literature.'” (LB ref: JB-351, JB-485)

(E)-4,4,4-Trifluorobut-2-enoic acid, 4-nitrophenyl ester (307)

o /©/N02 307
C1oHgF3NO,4
F3C/VJ\O 261.16

Following General Procedure G, (E)-4,4,4-trifluorobut-2-enoic acid 410 (2.98 g, 21.3 mmol,
1.0 eq), oxalyl chloride (1.89 mL, 22.4 mmol, 1.05 eq) and DMF (3 drops) in anhydrous
CH2Cl2 (65 mL) followed by 4-nitrophenol (2.96 g, 21.3 mmol, 1.0 eq) and i-Pr.NEt (7.4 mL,
42.6 mmol, 2.0 eq) in anhydrous CH2Cl2 (65 mL) gave a brown solid, which was triturated
with Et20. The colourless solid (i-Pr.NEt-HCI) was filtered and washed with Et:O. The
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combined filtrates were concentrated to give a light brown solid, which was recrystallised
from hexane (80 mL). The hot solution was decanted from insoluble residues to yield the
title compound as an off-white crystalline solid (4.3 g, 77%).

m.p. (hexane) 100 — 103 °C {Lit."*¢ 93 — 95 °C (hexane)}.

H NMR (400 MHz, CDCls) d1: 6.72 (1H, dq, Jur 15.8, 1.9, C(2)H), 7.02 (1H, dq, Jur 15.8, 6.4,
C(3)H), 7.33 -7.41 2H, m, Ar(2,6)H), 8.26 — 8.35 (2H, m, Ar(3,5)H).

YF{TH} NMR (377 MHz, CDCls) dr: -65.7 (3F, s, CFs).

Spectroscopic data in accordance with literature.'* (LB ref: JB-352, JB-496, ]B-580, JB-772)

(E)-4,4,4-Trifluorobut-2-enoic acid, 3,5-bis(trifluoromethyl)phenyl ester (317)

CF3
o 317

Following General Procedure G, (E)-4,4,4-trifluorobut-2-enoic acid 410 (1.1 g, 8.0 mmol,
1.0 eq), oxalyl chloride (0.71 mL, 8.4 mmol, 1.05 eq) and DMF (2 drops) in anhydrous
CH2Cl2 (24 mL) followed by 3,5-bis(trifluoromethyl)phenol (1.21 mL, 8.0 mmol, 1.0 eq)
and i-PrNEt (2.7 mL, 16.0 mmol, 2.0 eq) in anhydrous CH2Cl2 (24 mL) gave a yellow solid,
which was triturated with Et20O. The colourless solid (i-Pr-NEt-HCl) was filtered, washed
with Et2O and the filtrate was concentrated under reduced pressure. The crude oil was
purified by Biotage® Isolera™ 4 [SNAP KP-5il 50 g, 100 mL min-!, petrol : Et2O (100:0 2
CV, 100:0 to 90:10 10 CV, 90:10 2 CV), Rt 0.17 in petrol] to afford the title compound as a
colourless, volatile oil (2.05 g, 73%).

"H NMR (400 MHz, CDCls) du: 6.73 (1H, dq, Jur 15.8, 1.9, C(2)H), 7.03 (1H, dq, Jur 15.8, 6.3,
C(3)H), 7.65-7.70 (2H, m, Ar(2,6)H), 7.80 — 7.85 (1H, m, Ar(4)H).

VF{TH} NMR (376 MHz, CDCls) dr: —66.0 (3F, s, C(4)Fs), —63.2 (6F, s, 2 x ArCFs).

Spectroscopic data in accordance with literature.'* (LB ref: JB-487)
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(E)-4,4,4-Trifluorobut-2-enoic acid, pentafluorophenyl ester (318)

oF F
318
F3C/\)J\O F C1oH2Fg0,
306.11

Following General Procedure G, (E)-4,4,4-trifluorobut-2-enoic acid 410 (1.1 g, 8.0 mmol,
1.0 eq), oxalyl chloride (0.71 mL, 8.4 mmol, 1.05 eq) and DMF (2 drops) in anhydrous
CH:Cl2 (24 mL) followed by pentafluorophenol (1.47 g, 8.0 mmol, 1.0 eq) and i-Pr2NEt
(2.7 mL, 16.0 mmol, 2.0 eq) in anhydrous CH2Cl2 (24 mL) gave a brown solid, which was
triturated with Et2O. The colourless solid (i-Pr-NEt-HCl) was filtered, washed with Et-O
and the combined filtrates were concentrated under reduced pressure. The crude oil was
purified by Biotage® Isolera™ 4 [SNAP KP-Sil 50 g, 100 mL min, petrol : Et2O (100:0 5
CV, 100:0 to 95:5 5 CV, 95:5 5 CV), R¢0.27 in petrol] to afford the title compound as a
colourless, volatile oil (1.56 g, 64%).

H NMR (500 MHz, CDCls) on: 6.76 (1H, dq, ] 15.8, 1.9, C(2)H), 7.06 (1H, dq, ] 15.9, 6.3,
C(3)H).

BC{H} NMR (126 MHz, CDCls) dc: 121.3 (q, 'Jcr 270, CFs), 125.5 (q, 3Jce 6.2, C(2)H), 124.3
(t, YJcr 14.4, ArC(1)), 135.3 (q, YJcr 36.3, C(3)H), 136.8 — 137.1 (m, ArC), 138.7 — 139.2 (m,
ArC),), 140.0 (dq, Jcr 12.2, 3.9, ArC), 140.9 (tt, Jcr 13.6, 3.8, ArC), 142.0 (dq, Jcr 12.2, 3.9, ArC),
159.7 (C=0).

VF{TH} NMR (376 MHz, CDCls) dr: -161.8 ——161.6 (m, ArC(4)F), -156.7 (t, 21.7, ArC(3,5)F),
-152.4 (d, 16.7, ArC(2,6)F), -66.1 (s, CFs).

HRMS (EI*) C1oH2FsO:2 [M]* found 305.9934, requires 305.9927 (+2.3 ppm).

vmax (film, cm™) 1778 (C=0), 1517, 1300, 1120, 995.

(LB ref: JB-488)

(E)-4,4-Difluorobut-2-enoic acid, 2-fluoro-4-nitrophenyl ester (337)

o NO, 337
/\)J\ Q/ C10H7F2NO4
HF,C” " Y0 243.17
Following General Procedure G, (E)-4,4-difluorobut-2-enoic acid (387 mg, 3.17 mmol,
1.0 eq), oxalyl chloride (0.29 mL, 3.33 mmol, 1.05 eq) and DMF (1 drops) in anhydrous

CH:Cl2 (10 mL) followed by 4-nitrophenol (441 mg, 3.17 mmol, 1.0 eq) and i-Pr.NEt

(1.1 mL, 6.3 mmol, 2.0 eq) in anhydrous CH:Cl2 (10 mL) gave an orange solid, which was
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triturated with Et2O. The colourless solid (i-Pr-NEt-HCl) was filtered, washed with Et=O
and the filtrate concentrated under reduced pressure. The crude solid was purified by
silica column chromatography (20% to 25% Et20 in hexane, Rr 0.29 in 25% Et20O in hexane)
to afford the title compound as a yellow solid (649 mg, 84%). m.p. (hexane) 68 — 70 °C.
H NMR (300 MHz, CDCls) dn: 6.33 (1H, tdd, | 54.5, 3.8, 0.8, C(4)H) 6.51 (1H, dtd, | 15.9,
2.8, 0.8, C(2)H), 7.05 (1H, dtd, ] 15.9, 10.3, 3.8, C(3)H), 7.29 — 7.42 (2H, m, Ar(2,6)H), 8.24 —
8.39 (2H, m, Ar(3,5)H).

YF{IH} NMR (282 MHz, CDCls) or: —=116.9 (s, C(4)F>).

HRMS (EI*) CioH7F2NOs4 [M]* found 243.0333, requires 243.0337 (-0.4 ppm).

vmax (film, cm™) 3118, 3082, 1735 (C=0), 1699, 1678, 1620, 1591, 1531 (NOy), 1487, 1390, 1344
(NO»), 1307, 1257, 1197, 1172, 1037, 1012, 979, 964, 952.

Spectroscopic data in accordance with literature.'”® (LB ref: JB-683)

Diethyl (1,1-difluoro-2-oxoethyl)phosphonate (411)

41

o o
(EtO)zP%H CgHq1F204P

FF 216.12

Note: strict exclusion of moisture must be assured. Once CeCls 7H:O has been dehydrated it must
not be exposed to air at any point.

Adapting the procedure from Pajkert and Roschenthaler,'7¢ CeCls-7H20 (2.93 g, 7.8 mmol,
1.05 eq) was placed into a flame-dried 2-necked round bottom flask, heated to 200 °C at
0.1 mbar over to 2 h and kept at this temperature for 18 h. After cooling to room
temperature, anhydrous THF (dried over CaHz, 0.33 M, 23 mL) was added under N2 to
the dried CeCls and the suspension cooled to 78 °C. LDA (1.4 M solution in THF, 5.65 mL,
8.25 mmol, 1.1 eq) was added dropwise and the suspension was stirred vigorously for
20 min, followed by the dropwise addition of diethyl (difluoromethyl)phosphonate
(1.18 mL, 7.5 mmol, 1.0 eq). After 1 h at =78 °C, anhydrous DMF (0.64 mL, 8.25 mmol,
1.1 eq) was added, the reaction warmed to room temperature and quenched by the
addition of 3 M HCl (15 mL). After the complete dissolution of all cerium salts (ca. 30 min),
the phases were separated and the aqueous phase was extracted with CH2Cl2 (3 x 20 mL).
The combined organic phases were washed with brine (1 x 30 mL), dried over MgSOs,

filtered and the solvent was removed under reduced pressure. The crude residue was
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purified by distillation over P20s to yield the title compound as a colourless oil (835 mg,
51%). b.p. 45— 47 °C (0.1 mbar) {Lit.'7¢ 74 — 77 °C (0.1 mmHg)}

'H NMR (400 MHz, CDCls) d1: 1.40 (6H, td, ] 7.1, 0.7, 2 x OCH2CHs), 4.33 (4H, dq, ] 8.2,
7.1,2 x OCH>CHs), 9.60 (1H, app. q, ] 3.4, CHO).

YEF{'H} NMR (377 MHz, CDCls) dr: —=123.5 (d, ?Jer 96.6, CF2).

SIP{'H} NMR (162 MHz, CDCls) dr: 2.5 (t, ?Jer 96.6, P(O)(OEt)2).

Spectroscopic data in accordance with literature.!”

(LB ref: JB-596, JB-608, |B-614, JB-617, ]B-627, JB-651, JB-655)

(E)-4-(Diethoxyphosphoryl)-4,4-difluorobut-2-enoic acid, t-butyl ester (412)

9 9 412

(Eto)QPNO'Bu C12H21F05P

FF 314.27
t-Butyl diethylphosphonoacetate (0.46 mL, 1.97 mmol, 1.1 eq), LiCl (84 mg, 1.97 mmol, 1.1
eq) and i-Pr2NEt (0.34 mL, 1.97 mmol, 1.1 eq) were stirred in anhydrous MeCN (6.5 mL)
for 30 min at room temperature. A solution of aldehyde 411* (386 mg, 1.79 mmol, 1.0 eq)
in anhydrous MeCN (6.5 mL) was added slowly and the reaction mixture allowed to stir
overnight. The resulting white suspension was diluted with H20 (10 mL) and extracted
with EtOAc (3 x 10 mL). The combined organic phases were washed with brine, dried
over MgSO;, filtered and concentrated under reduced pressure. The crude product was
purified by silica column chromatography (5% Et20 in CH2Clz, R¢ 0.45) to afford the title
compound as a colourless oil (484 mg, 86%).
H NMR (500 MHz, CDCls) ox: 1.37 (6H, td, ] 7.1, 0.7, 2 x OCH2CHs), 1.48 (9H, s, C(CHj3)s3),
4.23 -4.32 (4H, m, 2 x OCH2CHz), 6.32 (1H, app. dq, ] 15.8, 2.7, C(2)H), 6.77 (1H, dtd, ] 15.8,
12.8, 2.2, C(3)H).
B3C{"H} NMR (126 MHz, CDCls) dc: 16.3 (d, 3Jcr 5.4, 2 x OCH2CHs) 27.9 (C(CHs)s), 65.0 (d,
?Jer 6.6, 2 x OCH2CH3), 81.9 (C(CHs)s), 116.3 (td, Jcr 260, YJcr 217, C(4)), 129.8 (td, 3Jcr 9.4,
3Jcr 5.5, C(2)H), 134.1 (td, ?Jcr 21.9, 2Jcr 13.0, C(3)H), 163.5 (C=0).
VF{'H} NMR (376 MHz, CDCls) dr: -111.2 (d, e 108, C(4)F2).
31P{TH} NMR (162 MHz, CDCls) de: 5.1 (t, 2Jer 108, C(4)P(O)(OEt)2).
HRMS (ESI*) Ci2H21F20sPNa [M+Na]* found 337.0973, requires 337.0987 (—4.1 ppm).
vmax (film, cm™) 2981, 2935 (C-H), 2875, 1718 (C=0), 1664, 1654, 1479, 1394 (C(CHs)s3), 1369
(C(CHs)s), 1319, 1273 (P=0), 1153, 1101, 1012, 970.
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* Alternatively, the corresponding crude acetal prior to distillation over P2Os can also be used.

(LB ref: JB-658, JB-661, JB-672)

(E)-4-(Diethoxyphosphoryl)-4,4-difluorobut-2-enoic acid (413)

o o 413
(EtO)zPNOH CgH13F,05P
£ 258.16

Following General Procedure H, ester 412 (454 mg, 1.44 mmol, 1.0 eq) in TFA : CH2Cl> 1:2
(2.1 mL) after 16 h gave the title compound as an off-white solid (358 mg, 96%), which
was used without further purification. m.p. (MeOH) 65 — 68 °C.

TH NMR (500 MHz, CDCls) du: 1.39 (6H, t, ] 7.1, 2 x OCH2CHs), 4.23 — 4.38 (4H, m, 2 x
OCH:CH3s), 6.40 (1H, app. dq, ] 15.8, 2.6, C(2)H), 6.94 (1H, dtd, ] 15.8,12.6, 1.7, C(3)H), 9.63
(1H, s, OH).

BC{'H} NMR (126 MHz, CDCls) dc: 16.3 (d, 3Jce 5.4, 2 x OCH2CHs), 65.5 (d, ?Jcr 6.8, 2 x
OCH:CHs), 116.0 (td, Jcr 260, 'Jcr 217, C(4)), 127.7 (td, 3Jcr 9.4, 3]cr 5.6, C(2)H), 136.5 (td, ?/cr
21.9, Jcr 13.1, C(3)H), 167.7 (C=0).

VF{TH} NMR (376 MHz, CDCls) or: -112.2 (d, Jrr 108, C(4)F2).

3IP{"H} NMR (202 MHz, CDCls) dr: 4.9 (t, Jer 108, C(4)P(O)(OEt)2).

HRMS (ESI*) CsHisF20sPNa [M+Na]* found 281.0351, requires 281.0361 (3.5 ppm).

vmax (film, cm™) 2991 (O-H), 2659, 2559, 1720 (C=0), 1668, 1481, 1446, 1390, 1251 (P=0),
1174, 1056, 1022 (P-OEt), 989, 966.

(LB ref: JB-660, JB-665, ]B-675)

(E)-4-(Diethoxyphosphoryl)-4,4-difluorobut-2-enoic acid, 4-nitrophenol ester (338)

L ST
(EtO)zPNO C14H16F2NO,P

£ 379.25
Following General Procedure G, acid 413 (430 mg, 1.66 mmol, 1.0 eq), oxalyl chloride
(0.15 mL, 1.75 mmol, 1.05 eq) and DMF (1 drop) in anhydrous CH2Clz (5.0 mL) followed
by 4-nitrophenol (232 mg, 1.66 mmol, 1.0 eq) and i-Pro-NEt (0.57 mL, 3.33 mmol, 2.0 eq) in
anhydrous CH:Clz (5.0 mL) gave an orange solid, which was triturated with Et20O. The
colourless solid (i-Pr-NEt-HCl) was filtered, washed with Et2O and the filtrate was

concentrated under reduced pressure. The resulting crude oil was purified by silica
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column chromatography (5% Et20 in CH2Cl, R¢0.32) to afford the title compound as a
colourless oil (572 mg, 90%).

H NMR (500 MHz, CDCls) ou: 1.42 (6H, t, ] 7.1, 2 x OCH2CHs), 4.27 — 4.39 (4H, m, 2 x
OCH-:CHs), 6.63 (1H, app. dq, ] 15.9, 2.6, C(2)H), 7.13 (1H, dtd, ] 15.9, 12.4, 2.1, C(3)H), 7.32
-7.39 (2H, m, Ar(2,6)H), 8.27 — 8.34 (2H, m, Ar(3,5)H).

BC{H} NMR (126 MHz, CDCls) dc: 16.4 (d, 3Jce 5.3, 2 x OCH2CH3), 65.3 (d, ?Jcr 6.9, 2 x
OCH:CHs), 115.9 (td, YJcr 260, Jcr 217, C(4)), 122.3 (ArC(2,6)H), 125.3 (ArC(3,5)H), 126.4
(td, 3Jcr 9.6, 3Jce 5.4, C(2)H), 138.4 (td, ?Jcr 22.2, ?Jcr 13.1, C(3)H), 145.6 (ArC(4)), 154.8
(ArC(1)), 161.8 (C=0).

YF{'H} NMR (376 MHz, CDCls) or: =112.0 (d, 2Jee 106, C(4)F>).

31P{*H} NMR (202 MHz, CDCls) de: 4.5 (t, 2Jer 106, C(4)P(O)(OEt)2).

HRMS (ESI¥) C1aHisF2NO7PNa [M+Na]* found 402.0518, requires 402.0525 (-1.6 ppm).
vmax (film, cm™) 3116, 3084, 2987, 2870, 1749 (C=0), 1662, 1616 (C=C), 1593, 1523 (NO>),
1490 (C=Car), 1346 (NO»), 1271 (P=0), 1207, 1182, 1161, 1143, 1097, 1008, 968, 948.

(LB ref: JB-668, JB-680)

t-Butyl ethyl fumarate (414)

Q 414
SoyFon e

Adapting the procedure reported by Smith and co-workers'#, di-t-butyl dicarbonate (5.4
g, 25.0 mmol, 1.25 eq) and DMAP (489 mg, 4.0 mmol, 0.2 eq) were added to a stirred
solution of monoethyl fumarate (2.8 g, 20.0 mmol, 1.0 eq) in THF (30 mL) at 0 °C. The
reaction mixture was stirred at room temperature for 16 h, diluted with EtOAc (30 mL)
and washed sequentially with 10% sulfuric acid (50 mL), 1 M NaOH (50 mL) and brine
(50 mL). The organic phase was dried over MgSOs, filtered and the solvent was removed
under reduced pressure. The crude product was purified by silica column
chromatography (petrol : EtOAc 5:1, R¢ 0.61) to afford the title compound as a colourless
oil (1.9 g, 48%).

H NMR (400 MHz, CDCls) ox: 1.31 (3H, t, ] 7.1, OCH2CHs), 1.50 (9H, s, C(CHs)s), 4.24 (2H,
q,J 7.1, OCH2CH3), 6.73 (1H, d, ] 15.7, C(2)H or C(3)H), 6.77 (1H, d, ] 15.7, C(2)H or C(3)H).

Spectroscopic data in accordance with literature.'”” (LB ref: JB-513, JB-754)
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(E)-4-(t-Butoxy)-4-oxobut-2-enoic acid (415)

t‘BUOMOH CS::m

5 172.18

Following General Procedure C, t-butyl ethyl fumarate 414 (1.9 g, 9.5 mmol, 1.0 eq) and
LiOH-H:0 (438 mg, 10.4 mmol, 1.1 eq) in H20 : THF 1:1 (10 mL) after 6 h gave the title
compound as a white solid (1.49 g, 86%), which was used without further purification.
m.p. (CH2CL) 61 — 64 °C {Lit.'”® 65 — 68 °C(EtOAc)}.
H NMR (400 MHz, CDCls) d1: 1.51 (9H, s, C(CHzs)s), 6.74 (1H, d, ] 15.7, C(2)H or C(3)H),
6.86 (1H, d, ] 15.7, C(2)H or C(3)H).

Spectroscopic data in accordance with literature.'”® (LB ref: JB-515, JB-757)

t-Butyl (4-nitrophenyl) fumarate (340)

NO,
t UONO C414H15NOg

o 293.09

Following General Procedure G, acid 415 (1.2 g, 7.0 mmol, 1.0 eq), oxalyl chloride
(0.62 mL, 7.3 mmol, 1.05 eq) and DMF (1 drop) in anhydrous CH:Clz (21 mL) followed by
4-nitrophenol (974 mg, 7.0 mmol, 1.0 eq) and i-Pr2NEt (2.4 mL, 14.0 mmol, 2.0 eq) in
anhydrous CH2Clz2 (21 mL) gave a brown solid, which was triturated with Et20. The
colourless solid (iPr-NEt-HCl) was filtered, washed with Et:O and the filtrate was
concentrated under reduced pressure. The crude solid was recrystallised from hexane
(30 mL) and the hot solution decanted to separate from insoluble residue to afford the title
compound as an off-white, crystalline solid (1.56 g, 76%). m.p. (hexane) 72 — 74 °C.

TH NMR (400 MHz, CDCls) du: 1.54 (9H, s, C(CHs)3), 6.94 (1H, d, ] 15.8, C(2)H or C(3)H),
7.01 (1H, d, J 15.7, C(2)H or C(3)H), 7.31 — 7.38 (2H, m, Ar(2,6)H), 8.27 — 8.33 (2H, m,
Ar(3,5)H).

Spectroscopic data in accordance with literature.'” (LB ref: JB-523, JB-533, ]B-762)
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(E)-4-(Methoxy(methyl)amino)-4-oxobut-2-enoic acid, 4-nitrophenol ester (342)

NO,
AT
N0’ \H/\)J\O C12H12N206

) 280.07
Following General Procedure G, acid 207 (1.35 g, 8.4 mmol, 1.0 eq), oxalyl chloride
(0.75 mL, 8.9 mmol, 1.05 eq) and DMF (3 drops) in anhydrous CH2Cl2 (25 mL) followed
by 4-nitrophenol (1.17 g, 8.4 mmol, 1.0 eq) and i-Pr2NEt (2.9 mL, 16.8 mmol, 2.0 eq) in
anhydrous CH:Cl> (25 mL) gave a brown solid, which was triturated with Et20. The
colourless solid (i-Pr-NEt-HCI) was filtered, washed with Et2O and the filtrate was
concentrated under reduced pressure. The crude solid was purified by silica column
chromatography (petrol : EtOAc 1:1, R¢ 0.24) to afford the title compound as a white solid
(674 mg, 29%). m.p. (EtOAc) 93 - 95 °C.
H NMR (500 MHz, CDCls) ou: 3.33 (3H, s, NCH3), 3.78 (3H, s, OCH3), 7.09 (1H, d, ] 15.5,
C(2)H or C(3)H), 7.34 - 7.38 (2H, m, Ar(2,6)H), 7.67 (1H, d, ] 15.5, C(2)H or C(3)H), 8.28 —
8.32 (2H, m, Ar(3,5)H).
BC{'"H} NMR (126 MHz, CDCls) dc: 32.4 (NCH3), 62.4 (OCHs), 122.3 (ArC(2,6)H), 125.3
(ArC(3,5)H), 130.5 (C(2)H or C(3)H), 134.6 (C(2)H or C(3)H), 145.5 (ArC(4)), 155.0 (ArC(1)),
163.1 (C(1)=0), 163.9 (C(4)=0).
HRMS (ESI*) C2H1sN206 [M+H]* found 281.0764, requires 281.0768 (-1.4 ppm).
vmax (film, cm?) 3115, 2953 (C-H), 1741 (C=Oester), 1660 (C=Oamiac), 1635 (C=C), 1631, 1614,
1591 (C=Car), 1517 (NO2), 1469, 1390, 1346 (NOz), 1294, 1261, 1211, 1103.
(LB ref: JB-559)

(E)-4-(Allyl(methyl)amino)-4-oxobut-2-enoic acid, ethyl ester (416)
/\/N\H/\)J\oa 01(,|‘-‘|:56No3
o 197.23
Adapting the procedure reported by Snaddon and co-workers®, monoethyl fumarate
(1.0 g, 7.0 mmol, 1.0 eq) and methyl allyl amine (0.74 mL, 7.7 mmol, 1.1 eq) were dissolved
in CH2Cl2 (20 mL), followed by the addition of EDCI-HCI (1.48 g, 7.7 mmol, 1.1 eq) and
DMAP (85 g, 0.7 mmol, 0.1 eq) at 0 °C. The reaction mixture was allowed to warm to room
temperature overnight and subsequently washed with 1 M HCI (2 x 20 mL) and brine (2 x

20 mL). The organic phase was dried over MgSOs, filtered and the solvent was removed

184 |



5.5 | Experimental details for Chapter 3

under reduced pressure to afford the crude product as a dark red oil. Filtration over a
short plug of silica with petrol : EtOAc 3:1 afforded a rotameric mixture (4:3) of the title
compound as a pale yellow oil (1.1 g, 82%), which was used without further purification.
"H NMR (400 MHz, CDCls) major rotamer du: 1.27 — 1.34 (3H, m, OCH2CHs), 3.01 (3H, s,
NCHs), 4.00 (2H, dt, ] 4.9, 1.8, NCH2), 4.20 - 4.29 (2H, m, OCH2CH3), 5.14 — 5.28 (2H, m,
CH=CH?), 5.71 - 5.85 (1H, m, CH=CH2), 6.79 (1H, d, ] 15.3, C(2)H or C(3)H), 7.29 (1H, d,
] 15.3, C(2)H or C(3)H).

minor rotamer (selected) du: 3.06 (3H, s, NCHs), 4.07 (2H, dt, ] 6.0, 1.5, NCH>), 6.80 (1H, d, |
15.3, C(2)H or C(3)H), 7.40 (1H, d, ] 15.3, C(2)H or C(3)H).

BC{tH} NMR (126 MHz, CDCls) major rotamer dc: 14.1 (OCH2CHs), 34.0 (NCHs), 52.3
(NCH2), 61.1 (OCH2CH3), 117.3 (CH=CH>), 131.3 (C(2)H or C(3)H), 132.1 (CH=CH>), 133.7
(C(2)H or C(3)H), 165.1 (C(4)=0), 165.7 (C(1)=0O). minor rotamer (selected) dc: 34.9 (NCHs),
50.4 (NCH->), 117.9 (CH=CH>), 131.5 (C(2)H or C(3)H), 164.4 (C(4)=0).

HRMS (ESI*) C1o0H1sNOsNa [M+Na]* found 220.0941, requires 220.0944 (1.3 ppm).

vmax (film, cm) 3080 (=C-H), 2983 (C-H), 2877, 1720 (C=Oester), 1653 (C=Oamidac), 1625 (C=C),
1402, 1284, 1176, 1031, 974.

(LB ref: JB-514)

(E)-4-(Allyl(methyl)amino)-4-oxobut-2-enoic acid (417)

/\/NNOH 08:111-’1\103

o 169.18

Following General Procedure C, ethyl ester 416 (1.1 g, 5.7 mmol, 1.0 eq) and LiOH-H-0
(264 mg, 6.3 mmol, 1.1 eq) in H20 : THF 1:1 (6 mL) after 8 h gave a rotameric mixture (4:3)
of the title compound as an off-white solid (722 mg, 75%), which was used without further
purification.
H NMR (500 MHz, CDCls) major rotamer du: 3.04 (3H, s, NCHs), 3.98 —4.03 (2H, m, NCH>),
5.15 - 5.30 (2H, m, CH=CHz), 5.71 - 5.85 (1H, m, CH=CH>), 6.80 (1H, d, J 15.3, C(2)H or
C(3)H), 7.35 (1H, d, ] 15.3, C(2)H or C(3)H), 11.02 (1H, br s, OH). minor rotamer (selected)
ou: 3.07 (3H, s, NCHs), 4.08 (2H, d, ] 6.0, NCH>), 6.81 (1H, d, ] 15.3, C(2)H or C(3)H), 7.46
(1H, d, ] 15.3, C(2)H or C(3)H).
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BC{H} NMR (126 MHz, CDCls) major rotamer dc: 34.2 (NCHs), 52.5 (NCH:), 117.5
(CH=CH>), 130.7 (C(2)H or C(3)H), 131.9 (CH=CH), 135.3 (C(2)H or C(3)H)), 165.1
(C(4)=0), 169.6 (C(1)=0O).

minor rotamer (selected) dc: 35.0 (NCHs), 50.5 (NCH>), 118.25 (CH=CH), 130.9 (C(2)H or
C(3)H), 164.5 (C(4)=0), 169.6 (C(1)=0).

HRMS (ESI") CsH1o0NOs [M—-H]- found 168.0660, requires 168.0666 (-3.6 ppm).

vmax (film, cm™) 2933 (O-H), 2756 (NC-H), 1712 (C=Oester), 1658 (C=0Oamidc), 1600 (C=C), 1408,
1168.

(LB ref: JB-516)

(E)-4-(Allyl(methyl)amino)-4-oxobut-2-enoic acid, 4-nitrophenol ester (343)

NO,
AT
i NO C14H14N205
(0]

290.28

Adapting the procedure reported by Smith and co-workers'®, acid 417 (677 mg, 4.0 mmol,
1.0 eq) and EDCI-HCI (997 mg, 5.2 mmol, 1.3 eq) were dissolved in anhydrous CH2Clz
(7mL) and stirred for 10 min at room temperature. 4-Nitrophenol (835 mg, 6.0 mmol,
1.5 eq) was added, the reaction mixture stirred for 16 h and quenched by the addition of
H:O (7 mL). The phases were separated and the aqueous phase was extracted with CH2Cl2
(3 x10 mL). The combined organic phases were dried over MgSQOsy, filtered and the solvent
was removed under reduced pressure. The crude product was purified by silica column
chromatography (5 to 10% Et:O in CH2Clz, Rt 0.22 in 5% Et:O in CH:Cl2) to afford a
rotameric mixture (4:3) of the title compound as a colourless oil (583 mg, 50%).

H NMR (500 MHz, CDCls) major rotamer du: 3.04 (3H, s, NCHs), 4.03 (2H, dt, ] 4.8, 1.8,
NCH>), 5.15 - 5.30 (2H, m, CH=CH?2), 5.71 - 5.87 (1H, m, CH=CH>), 6.97 (1H, d, ] 15.3,
C(3)H), 7.29 - 7.36 (2H, m, Ar(2,6)H), 7.48 (1H, d, ] 15.3, C(2)H), 8.23 — 8.30 (2H, m,
Ar(3,5)H). minor rotamer (selected) dn: 3.09 (3H, s, NCHs), 4.09 (2H, dt, | 6.0, 1.5, NCH>), 6.98
(1H, d, ] 15.3, C(3)H), 7.61 (1H, d, ] 15.3, C(2)H).

BC{TH} NMR (126 MHz, CDCls) major rotamer dc: 34.2 (NCHs), 52.4 (NCH:), 117.4
(CH=CH>), 122.3 (ArC(2,6)H), 125.2 (ArC(3,5)H), 129.4 (C(3)H), 132.0 (CH=CH:), 136.8
(C(2)H), 145.5 (ArC(4)), 155 (ArC(1)), 163.2 (C(1)=0), 164.3 (C(4)=0). minor rotamer (selected)
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Oc: 35.0 (NCHs), 50.4 (NCH2), 118.2 (CH=CH), 125.3 (ArC(3,5)H), 129.5 (C(3)H), 131.8
(CH=CH>), 136.8 (C(2)H), 163.6 (C(4)=0).

HRMS (ESI¥) C1aH1sN20s [M+H]* found 291.0973, requires 291.0975 (-0.8 ppm).

vmax (film, cm™) 3082 (=CH:), 2931 (C-H), 1741 (C=Oester), 1654 (C=Oamice), 1616 (C=C),
1591(C=Car), 1519 (C-NO»), 1489 (C=Car), 1344 (C-NO), 1199, 1124.

(LB ref: JB-524)

(E)-3-(2,5-Dioxopyrrolidin-1-yl)prop-2-enoic acid, t-butyl ester (418)

(0]

0
418
A
&i/\/kotm Cy1H1sNO,

225.24
(0]

Adapting the procedure of Mola et. al'®!, succinimide (495 mg, 5.0 mmol, 1.0 eq) and
DABCO (112 mg, 1.0 mmol, 0.2 eq) were dissolved in MeCN (50 mL). t-Butyl propiolate
(0.82mL, 6.0 mmol, 1.2 eq) was added dropwise and the reaction mixture stirred at room
temperature until TLC (petrol : EtOAc 4:1) indicated full conversion (ca. 2 h). The solvent
was removed under reduced pressure and the crude product was purified by silica
column chromatography (2% Et20 in CH2Clz, R¢0.26) to afford the title compound as a
pale yellow solid (987 mg, 87%). m.p. (CH2Cl2) 99 — 102 °C.

H NMR (500 MHz, CDCls) du: 1.49 (9H, s, C(CHs)3), 2.81 (4H, s, 2 x CHz), 6.89 (1H, d, |
14.8, C(2)H), 7.64 (1H, d, ] 14.8, C(3)H).

BC{'H} NMR (126 MHz, CDCls) dc: 27.7 (2 x CHz), 28.1 (C(CHs)s), 81.0 (C(CHs)s), 112.8
(C(2)H), 130.0 (C(3)H), 165.9 (C(1)=0), 174.4 (2 x C=Opyx).

HRMS (ESI*) C:iH1sNOsNa [M+Na]* found 248.0888, requires 248.0893 (2.0 ppm).

vmax (film, cm™) 3107, 3076, 2980, 2933 (C-H), 1789 (C=Oimide), 1714 (C=Oester), 1693, 1639
(C=C), 1477, 1454, 1369, 1290, 1255, 1151, 1107, 987.

(LB ref: JB-594, ]B-704)
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(E)-3-(2,5-Dioxopyrrolidin-1-yl)prop-2-enoic acid (419)

(0]

o
419
&/\)J\OH C,H,NO,

169.14
(6]

Following General Procedure H, ester 418 (922 mg, 4.0 mmol, 1.0 eq) in TFA : CH2Cl2 1:2
(5 mL) after 4 h gave the title compound as a pale yellow solid (683 mg, 98%), which was
used without further purification. m.p. (CH2Cl2) 224 — 226 °C.

H NMR (500 MHz, DMSO-ds) du: 2.72 (4H, s, 2 x CH2), 6.71 (1H, d, ] 14.8, C(2)H), 7.50 (1H,
d, ] 14.8, C(3)H), 12.56 (1H, br s, OH).

BC{H} NMR (126 MHz, DMSO-ds) dc: 28.4 (2 x CH2), 109.3 (C(2)H), 131.6 (C(3)H), 168.1
(C(1)=0), 176.5 (2 x NC=0).

HRMS (ESI) C’HsNOs [M-H]- found 168.0296, requires 168.0302 (-3.9 ppm).

vmax (film, cm) 3111, 2954 (O-H), 2650, 2590, 2474, 1772 (C=Ohmide), 1732 (C=Oacia), 1678,
1597, 1429, 1365, 1234, 1161, 1111, 985 (=C-H), 898, 779.

(LB ref: JB-597, JB-709)

(E)-3-(2,5-Dioxopyrrolidin-1-yl)prop-2-enoic acid, 4-nitrophenol ester (344)

o o NO,
S AR
290.23

Following General Procedure G, acid 419 (665 mg, 3.9 mmol, 1.0 eq), oxalyl chloride
(0.35 mL, 4.1 mmol, 1.05 eq) and DMF (1 drop) in anhydrous CH:Cl2 (12 mL) followed by
4-nitrophenol (542 mg, 3.9 mmol, 1.0 eq) and i-Pr-NEt (1.3 mL, 7.8 mmol, 2.0 eq) in
anhydrous CH2Cl> (12 mL) gave a brown solid, which was purified by silica column
chromatography (5% Et20 in CH2Clz, Rt 0.43) to afford an off-white solid. Trituration with
Et20 removed remaining 4-nitrophenol impurities to afford the title compound as a white
crystallin solid (860 mg, 76%). m.p. (Et20) 184 — 187 °C.
H NMR (500 MHz, CDCls) d1: 2.89 (4H, s, 2 x CH2), 7.22 (1H, d, ] 14.8, C(2)H), 7.32 -7.39
(2H, m, Ar(2,6)H), 7.95 (1H, d, ] 14.8, C(3)H), 8.26 — 8.33 (2H, m, Ar(3,5)H).
BC{H} NMR (126 MHz, CDCls) dc: 27.8 (2 x CH2), 108.8 (C(2)H), 122.4 (ArC(2,6)H), 125.2
(ArC(3,5)H), 133.2 (C(3)H), 145.3 (ArC(4)), 155.3 (ArC(1)), 164.3 (C(1)=0), 174.1 (2 x
C=Oimide).

188 |



5.5 | Experimental details for Chapter 3

HRMS (ESIY) CuHuN207Na [M+MeOH+Na]* found 345.0690, requires 345.0693
(0.8 ppm).

vmax (film, cm™) 3134, 3109, 3008 (=C-H), 2947 (C-H), 2866 (C-H), 1784 (C=Oimide), 1739, 1726
(C=Oester), 1716, 1627, 1618, 1591, 1519 (NO), 1490, 1425, 1379, 1350, 1205, 1093, 850.

(LB ref: JB-600, ]B-714)

Propenoic acid, 4-nitrophenyl ester (345)

o NO, 345
LT o,
X0 193.16

Following General Procedure G, acrylic acid (0.69 mL, 10.0 mmol, 1.0 eq), oxalyl chloride
(0.89 mL, 10.5 mmol, 1.05 eq) and DMF (2 drops) in anhydrous CH2Clz (30 mL) followed
by 4-nitrophenol (1.39 g, 10.0 mmol, 1.0 eq) and i-Pr-NEt (3.5 mL, 20.0 mmol, 2.0 eq) in
anhydrous CH:Cl> (30 mL) gave a brown solid. Purification by silica column
chromatography (petrol : CH2Cl2 2:3, R 0.44) afforded the title compound as a white solid
(1.19 g, 62%). m.p. (hexane) 69 — 72 °C {Lit.'®2 63 — 65 °C (EtOAc)}.

H NMR (400 MHz, CDCls) ox: 6.11 (1H, dd, ] 10.5, 1.1, CHAHP), 6.34 (1H, dd, ] 17.3, 10.5,
C(2)H), 6.67 (1H, dd, ] 17.3, 1.1, CH”H?), 7.31 - 7.38 (2H, m, Ar(2,6)H), 8.27 — 8.33 (2H, m,
Ar(3,5)H).

vmax (film, cm?) 3116, 3089 (=CH>), 2848, 1741 (C=0), 1631, 1614, 1593 (C=C), 1514 (NO>),
1487, 1406, 1346 (NO2), 1290, 1209, 1155, 1105, 977.

Spectroscopic data in accordance with literature.'® The title compound was prepared by

Calum McLaughlin (LB ref: CM-858)

Benzyl t-butyl fumarate (420)

o}

420
oo o
Adapting the procedure reported by Smith and co-workers'#, acid 415 (700 mg, 4.0 mmol,
1.0 eq), DCC (923 mg, 44 mmol, 1.1 eq) and DMAP (99 mg, 0.8 mmol, 0.2 eq) were
dissolved in CH2Clz (4 mL) and cooled to 0 °C. BnOH (0.43 mL, 4.1 mmol, 1.02 eq) was
added dropwise and the reaction mixture allowed to warm to room temperature

overnight. The mixture was filtered to remove the by-product dicyclohexylurea, the solid

was washed with CH2Cl: and the combined filtrates concentrated. The crude product was
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purified by silica column chromatography (petrol : EtOAc 9:1, Rs 0.43) to afford the title
compound as an off-white solid (758 mg, 71%). m.p. (EtOAc) 85 - 88 °C.

TH NMR (400 MHz, CDCls) on: 1.49 (9H, s, C(CHs)3), 5.23 (2H, s, OCHz), 6.78 (1H, d, ] 15.8,
C(2)H or C(3)H), 6.82 (1H, d, ] 15.8, C(2)H or C(3)H), 7.33 - 7.40 (5H, m, 5 x ArH).

Spectroscopic data in accordance with literature.'* (LB ref: JB-519)

(E)-4-(Benzyloxy)-4-oxobut-2-enoic acid (421)
o

BnO 421
" \ﬂ/\)J\OH C41H1004

o 206.20
Following General Procedure H, benzyl t-butyl fumarate 420 (758 mg, 2.8 mmol, 1.0 eq)
in TFA : CH2Cl2 1:2 (4 mL) after 4 h gave the title compound as an off-white solid (600 mg,
>99%), which was used without further purification.

'H NMR (400 MHz, DMSO ds) 01: 5.23 (2H, s, OCH>), 6.74 (2H, s, CH=CH), 7.32 - 7.44 (5H,
m, 5 x ArH).

Spectroscopic data in accordance with literature.'® (LB ref: JB-522)

Benzyl (4-nitrophenyl) fumarate (355)

NO,
AT
" NO C47H13NOg

o 327.29
Adapting the procedure reported by Smith and co-workers'®, acid 421 (594 mg, 2.8 mmol,
1.0 eq) and EDCI-HCI (718 mg, 3.7 mmol, 1.3 eq) were dissolved in anhydrous CH2Cl2
(5mL) and stirred for 10 min at room temperature. 4-Nitrophenol (600 mg, 4.3 mmol,
1.5 eq) was added, the reaction mixture stirred for 16 h and quenched by the addition of
H:O (5 mL). The phases were separated, and the aqueous phase was extracted with
CH2Cl2 (3 x 5 mL). The combined organic phases were dried over MgSQO,, filtered and the
solvent was removed under reduced pressure. The crude product was purified by silica
column chromatography (petrol : EtOAc 6:1, R¢ 0.26) to afford the title compound as a
white solid (370 mg, 39%). m.p. (EtOAc) 75 — 78 °C {Lit.14¢ 74 - 76 °C (EtOAc)}.
H NMR (400 MHz, CDCls) d1: 5.29 (2H, s, OCH?2), 7.07 (1H, d, ] 15.8, C(2)H or C(3)H), 7.13
(1H, d, ] 15.8, C(2)H or C(3)H), 7.32 - 7.43 (7H, m, 5 x ArHsn, Ar(2,6)H), 8.27 —8.33 (2H, m,
Ar(3,5)H).
Spectroscopic data in accordance with literature.'* (LB ref: JB-526)
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(E)-3-(Phenylmethoxy)-2-propenoic acid, methyl ester (422)

o
©/\OMOMe cﬂ";-izzo3
192.21
Adopting the procedure reported by Garcia-Tellado and co-workers,®> to a stirred
solution of methyl propiolate (0.26 mL, 2.9 mmol, 1.0 eq) and BnOH (0.34 mL, 3.2 mmol,
1.1 eq) in anhydrous CH2Cl> (10 mL) was added DABCO (33.0 mg, 0.29 mmol, 0.1 eq) and
the reaction was stirred at room temperature until TLC (Petrol : EtOAc 4:1) indicated
complete conversion (ca. 2 h). The reaction mixture was concentrated under reduced
pressure and purified by silica column chromatography (Petrol : EtOAc 9:1 to 4:1, R¢ 0.49
in Petrol : EtOAc 4:1) to give the title compound as a colourless liquid (568 mg, 99%).
H NMR (400 MHz, CDClIs) ou: 3.73 (3H, s, CO2CHs), 4.93 (2H, s, CH2-O), 5.35 (1H, d, |
12.6, C(2)H), 7.34 — 7.45 (5H, m, Ar-Hs), 7.71 (1H, d, ] 12.6, C(3)H).
Spectroscopic data in accordance with literature.'® (LB ref: JB-012, JB-017, JB-585)

(E)-3-(Benzyloxy)prop-2-enoic acid (423)

o
©/\O/\)kOH 01::13;03
178.19
Methyl ester 422 (569 mg, 2.96 mmol, 1.0 eq) was stirred in a mixture of NaOH (1 M, 3.3 mL,
1.1 eq) and 1,4-dioxane (3.3 mL) at room temperature until TLC (petrol : EtOAc 4:1)
indicated complete conversion (ca. 48 h). The reaction mixture was acidified with 2 M HCl
to pH 1 and extracted with CH2Cl2 (3 x 10 mL). The combined organic extracts were dried
over MgSQO,, filtered and concentrated under reduced pressure to yield the title
compound as a white solid (500 mg, 94%), which was used without further purification.
H NMR (400 MHz, DMSO-ds) du: 4.99 (2H, s, OCH), 5.25 (1H, d, ] 12.4, C(2)H), 7.27 -
7.44 (5H, m, 5 x ArH), 7.61 (1H, d, ] 12.4, C(3)H).

Spectroscopic data in accordance with literature.'s” (LB ref: JB-626)
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(E)-3-(Benzyloxy)prop-2-enoic acid, 4-nitrophenol ester (357)

o NO,

@\OMOQ 0163?37N05

299.28

Following General Procedure G, acid 423 (500 mg, 2.8 mmol, 1.0 eq), oxalyl chloride
(0.25 mL, 2.9 mmol, 1.05 eq) and DMF (1 drop) in anhydrous CH:Cl: (8.5 mL) followed by
4-nitrophenol (390 mg, 2.8 mmol, 1.0 eq) and i-Pr.NEt (0.98 mL, 5.6 mmol, 2.0 eq) in
anhydrous CH2Cl2 (8.5 mL) gave a brown solid, which was triturated with Et:O. The
colourless solid (i-Pr-NEt-HCI) was filtered, washed with Et2O and the filtrate was
concentrated under reduced pressure. The crude solid was purified by Biotage® Isolera™
4 [SNAP KP-5il 50 g, 100 mL min-?, petrol : EtOAc 90:10 to 75:25 (10 CV), Rt 0.45 in petrol :
EtOAc 4:1] followed by recrystallisation from Et:O to afford the title compound as a white
crystalline solid (265 mg, 31%). m.p. (Et20) 106 — 109 °C.
H NMR (500 MHz, CDCls) du: 5.02 (2H, s, OCHz), 5.51 (1H, d, ] 12.5, C(2)H), 7.27 - 7.34
(2H, m, Ar'(2,6)H), 7.35-7.46 (5H, m, 5 x Ar2H), 7.88 (1H, d, ] 12.5, C(3)H), 8.23 - 8.31 (2H,
m, Ar'(3,5)H).
BC{'H} NMR (126 MHz, CDCls) dc: 73.6 (OCHz2), 96.0 (C(2)H), 122.5 (Ar'C(2,6)H), 125.1
(Ar'C(3,5)H), 127.8 (Ar*C(3,5)H), 128.9 (Ar’C(2,4,6)H), 134.6 (Ar>C(1)), 145.0 (Ar'C(4)),
155.6 (Ar'C(1)), 164.7 (C(3)H), 165.0 (C(1)=0O).
HRMS (ESI*) CiéH1sNOsNa [M+Na]* found 322.0683, requires 322.0685 (0.8 ppm).
vmax (film, cm) 3120, 3101, 3086, 2845 (C-H), 1718 (C=0), 1685, 1614, 1589 (C=Ca:), 1514
(NO2), 1489 (C=Car), 1334 (NO2), 1236, 1205, 1165, 1105, 985, 974.
(LB ref: JB-630)

(E)-3-(Pyridin-2-yl)-2-propenoic acid, ethyl ester (424)

Q 424
AN OEt C1oH11NO2

\ P 177.20

Triethylphosphonoacetate (2.2 mL, 11.0 mmol, 1.1 eq), LiCl (466 mg, 11.0 mmol, 1.1 eq)
and i-Pr2NEt (1.9 mL, 11.0 mmol, 1.1 eq) were stirred in anhydrous MeCN (33 mL) for
30 min at room temperature. A solution of 2-pyridinecarboxaldehyde (0.95 mL, 10.0 mmol,
1.0 eq) in anhydrous MeCN (33 mL) was added slowly and the reaction mixture allowed

to stir overnight. The resulting orange suspension was diluted with H.O (40 mL) and
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extracted with EtOAc (3 x 30 mL). The combined organic phases were washed with brine,
dried over MgSO;, filtered and concentrated under reduced pressure. The crude product
was purified by Biotage® Select™ [Sfdr 50 g, 120 mL min, EtOAc in petrol (12% to 100%,
20 CV), Rt 0.5 in petrol : EtOAc 1:1] to afford the title compound as a yellow oil (1.34 g,
75%).

H NMR (500 MHz, CDCls) ou: 1.33 (3H, t, ] 7.1, OCH2CHs), 4.27 (2H, q, ] 7.1, OCH2CHs),
6.92 (1H, d, ] 15.8, C(2)H), 7.26 — 7.30 (1H, m, Ar(5)H), 7.43 (1H, d, ] 7.7, Ar(3)H), 7.68 (1H,
d, ] 15.8, C(3)H), 7.70 - 7.75 (1H, m, Ar(4)H), 8.62 — 8.69 (1H, m, Ar(6)H).

Spectroscopic data in accordance with literature.'® (LB ref: JB-687, ]B-693)

(E)-3-(Pyridin-2-yl)-2-propenoic acid (425)

o 425
ANPFE OH CgH7NO;

\ P 149.15

Following General Procedure C, ethyl ester 424 (976 mg, 5.5 mmol, 1.0 eq) and LiOH-H-O
(254 mg, 6.1 mmol, 1.1 eq) in H20 : THF 1:1 (5 mL) were stirred for 2 h and the reaction
mixture acidified with 2 M HCI to pH 2. The formed precipitate was filtered, washed with
H20 and Et:0 and dried under reduced pressure to afford the title compound as a white
solid (585 mg, 71%). m.p. 160 °C (dec).

H NMR (500 MHz, DMSO ds) on: 6.82 (1H, d, ] 15.7, C(2)H), 7.39 (1H, ddd, ] 7.6, 4.8, 1.2,
Ar(5)H), 7.59 (1H, d, ] 15.7, C(3)H), 7.71 (1H, d, ] 7.8, Ar(3)H), 7.85 (1H, app. td, ] 7.7, 1.8,
Ar(4)H), 8.63 (1H, d, ] 4.8, Ar(6)H), 12.62 (1H, br s, OH).

Spectroscopic data in accordance with literature.'® (LB ref: JB-690, JB-697)

(E)-3-(Pyridin-2-yl)-2-propenoic acid, 4-nitrophenol ester (359)

NO
o /@/ 2 359
NooXx o C14H10N204

| 1 270.24
=

Following General Procedure G, acid 425 (559 g, 3.74 mmol, 1.0 eq), oxalyl chloride
(0.34 mL, 3.93 mmol, 1.05 eq) and DMF (1 drops) in anhydrous CH2Clz (12 mL) followed
by 4-nitrophenol (520 mg, 3.74 mmol, 1.0 eq) and i-Pro-NEt (1.29 mL, 7.48 mmol, 2.0 eq) in
anhydrous CH2Clz (12 mL) gave a black solid, which was purified by Biotage® Select™
[Sfar 50 g, 120 mL min, EtOAc in petrol (15% to 100%, 20 CV), R¢ 0.47 in petrol : EtOAc
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1:1] to give a pale yellow solid. Trituration with Et2O removed remaining p-nitrophenol
impurities to afford the title compound as a beige solid (326 mg, 32%).

m.p. (Et20) 190 - 192 °C.

H NMR (500 MHz, CDCls) ou: 7.18 (1H, d, ] 15.6, C(2)H), 7.33 — 7.43 (3H, m, Ar'(5)H,
Ar?(2,6)H), 7.50 (1H, d, ] 7.7, Ar'(3)H), 7.79 (1H, app. td, ] 7.7, 1.8, Ar'(4)H), 7.90 (1H, d, |
15.6, C(3)H), 8.28 — 8.35 (2H, m, Ar*(3,5)H), 8.71 (1H, d, ] 4.6, Ar(6)H).

BC{H} NMR (126 MHz, CDCls) dc:120.6 (C(2)H), 122.4 (Ar?C(2,6)H), 125.0 (Ar'C(3,5)H),
125.2 (Ar2C(3,5)H), 137.1 (Ar'C(4)H), 145.3 (Ar>C(4)), 146.1 (C(3)H), 150.2 (Ar'C(6)H), 152.0
(Ar'C(2)), 155.5 (Ar2C(1)), 164.1 (C=0).

HRMS (ESI*) C1aH11N204 [M+H]* found 271.0704, requires 271.0713 (-3.6 ppm).

vmax (film, cm™) 3113, 3066, 1764, 1728 (C=0), 1637, 1577 (C=Car), 1512 (NOy), 1433, 1344
(NO2), 1321, 1219, 1130, 985.

(LB ref: JB-698)

(E)-4,4,4-Trifluoro-3-methylbut-2-enoic acid, 4-nitrophenol ester (360)

Ve O /©/N02 360
F c)\/u\o 275.18

3
Following General Procedure G, (E)-4,4,4-trifluoro-3-methylbut-2-enoic acid* (1.37 g,
10.0 mmol, 1.0 eq), oxalyl chloride (0.92 mL, 10.5 mmol, 1.05 eq) and DMF (3 drops) in
anhydrous CH:Cl> (30 mL) followed by 4-nitrophenol (1.39 g, 10.0 mmol, 1.0 eq) and
i-Pr2NEt (3.5 mL, 20.0 mmol, 2.0 eq) in anhydrous CH2Clz (30 mL) gave a brown oil, which
was triturated with Et.O. The colourless solid (i-Pr-NEt-HCl) was filtered, washed with
Et20 and the filtrate was concentrated under reduced pressure. The resulting crude oil
was purified by silica column chromatography (8% EtO in n-hexane, Rr 0.34) to afford the
title compound as a pale yellow oil, which solidifies upon cooling (1.26 g, 46%).

m.p. (Et20) 32 - 34 °C.

H NMR (500 MHz, CDCls) d1: 2.34 (3H, d, | 1.6, CHs), 6.56 (1H, app. p, ] 1.4, C(2)H), 7.31
-7.38 (2H, m, Ar(2,6)H), 8.26 — 8.33 (2H, m, Ar(3,5)H).

B3C{"H} NMR (126 MHz, CDCls) dc: 12.8 (CHs), 119.8 (q, 3Jcr 5.8, C(2)H), 122.3 (ArC(2,6)H),
122.7 (q, Jcr 274, CFs), 125.3 (ArC(3,5)H), 145.6 (ArC(4)), 146.2 (q, ?Jcr 30.8, C(3)), 154.6
(ArC(1)), 162.1 (C=0).

YF{'H} NMR (376 MHz, CDCls) d¢: -71.4 (CFs).
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HRMS (EI*) CuHsFsNOs4 [M]* found 275.0406, requires 275.0399 (+0.6 ppm).

vmax (film, cm?) 3116, 3095, 2860 (C-H), 1755 (C=0), 1676, 1618 (C=C), 1591 (C=Car), 1521
(NO2), 1489, 1346 (NO2), 1294, 1176, 1136, 1095, 1004, 925, 891, 856.

(LB ref: JB-790)

*(E)-4,4,4-Trifluoro-3-methylbut-2-enoic acid was prepared by Claire M. Young according

to the published procedure.!”?

5.5.3 Cooperative Pd and ITU catalysis products

(1R,2S,55)-3,3-Dicyano-2-(trifluoromethyl)-5-vinylcyclopentane-1-carboxylic acid, 4-
nitrophenyl ester (308)

-
N 5
O 308

NG C17H12F3N304
wd 2. © NO, 379.30
CF3

Following General Procedure J, PNP ester 307 (261 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)s
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THE,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 24 h gave the crude product (95:5 dr). Purification by silica column
chromatography (n-hexane : EtOAc 4:1, Rr 0.23) gave a pale yellow oil, which was
triturated with Et:O to afford the title compound as an inseparable mixture of
diastereomers (95:5 dr) as an off-white solid (97 mg, 51%). m.p. (Et2O) 96 — 99 °C.

[a]2® +43.7 (c 1.1 in CHCL).

HRMS (ESI") CzHu1FsN3sOs [M-H]- found 378.0699, requires 378.0707 (2.1 ppm).

vmax (CHCls, cm™) 3086 (=C-H), 2951 (C-H), 2258 (C=N), 1762 (C=0), 1618, 1593 (C=Ca),
1525 (C-NO2), 1489 (C=Car), 1346 (C-NO2), 1271, 1201, 1128.

Data for major diastereoisomer 308maj

chiral HPLC analysis Chiralcel OD-H (hexane : i-PrOH 97:3, flow rate 1.0 mlmin", 254
nm, 40 °C) tr (15,2R,5R): 30.1 min, tr (1R,2S,55): 32.3 min, 7:93 er.

H NMR (500 MHz, CDCls) du: 2.58 (1H, dd, ] 13.2, 12.0, C(4)H~HB), 2.90 (1H, dd, ] 13.2,
6.0, C(4)H~H®), 3.61 - 3.70 (1H, m, C(5)H), 3.74 (1H, dd, ] 10.8, 8.4, C(1)H), 3.85-3.98 (1H,
m, C(2)H), 5.41 - 5.47 (2H, m, C(5"")H2), 5.82 (1H, ddd, ] 17.1, 10.2, 7.9, C(5")H), 7.25 - 7.31
(2H, m, Ar(2,6)H), 8.28 — 8.34 (2H, m, Ar(3,5)H).
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1BC{1H} NMR (126 MHz, CDCls) dc: 34.3 (C(3)), 43.5 (C(4)Hz), 44.1 (C(5)H), 45.7 (C(1)H),
55.0 (q, 2Jcr 29.8, C(2)H), 111.9 (CN)), 112.9 (CN), 121.4 (C(5”")Hz), 122.2 (ArC(2,6)H), 123.6
(q, Jer 280, CFs), 125.4 (ArC(3,5)H), 131.7 (C(5')H), 145.9 (ArC(4)), 154.3 (ArC(1)), 168.2
(C=0).

WF{tH} NMR (376 MHz, CDCl3) dr: -67.3 (s, CF3).

Data for minor diastereoisomer 308min

chiral HPLC analysis Chiralcel OD-H (hexane : i-PrOH 97:3, flow rate 1.0 mlmin™, 254
nm, 40 °C) tr (15,2R,5S): 40.4 min, tr (1R,25,5R): 45.2 min, <5:95 er.

H NMR (500 MHz, CDCls) (selected) du: 3.00 (1H, dd, ] 13.7, 6.8, C(4)H~HP), 3.30 — 3.38
(2H, m, C(1)H and C(5)H), 5.37 - 5.41 (2H, m, C(5”")H2), 5.92 (1H, ddd, ] 16.9, 10.2, 7.5,
C(5)H).

BC{'H} NMR (126 MHz, CDCls) (selected) dc: 44.6 (C(4)H2), 47.1 (C(5)H), 49.7 (C(1)H),
120.2 (C(5")H2), 134.0 (C(5")H), 167.9 (C=0).

BF{'H} NMR (376 MHz, CDCls) dr: —67.0 (s, CF3).

(LB ref: JB-417 (+), JB-421, JB-541, |B-752, ]B-793, JB-801, ]B-811)

(1R,2S,55)-3,3-Dicyano-2-(trifluoromethyl)-5-vinylcyclopentane-1-carboxylic acid,
methyl ester (333)

N 5

)
333

NC 2, oMe 0122171;;';202
Following General Procedure J, PNP ester 307 (261 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)4
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THEF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 24 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for
24 h gave the crude product (95:5 dr). Purification by silica column chromatography
(n-hexane : EtOAc 4:1 to 3:1, Re 0.42 in n-hexane : EtOAc 3:1) gave the title compound as
an inseparable mixture of diastereomers (95:5 dr) as a pale yellow oil (205 mg, 75%), which

slowly solidifies at ca. -18 °C.
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333 was also synthesised starting from isolated cyclopentane PNP ester 308:

To a solution of PNP ester 308 (379 mg, 1.0 mmol, 1.0 eq, 95:5 dr) in EtOAc (4.0 mL) were
added anhydrous MeOH (1.0 mL, 25.0 mmol, 25.0 eq) and DMAP (24 mg, 0.2 mmol,
0.2 eq) and the reaction mixture was stirred at room temperature for 24 h. The reaction
mixture was diluted with EtOAc (10 mL), washed with 1 M NaOH (2 x 10 mL) and brine
(10 mL), dried over MgSQO,, filtered and the solvent was removed under reduced pressure.
The crude product was purified by silica column chromatography (n-hexane : EtOAc 4:1,
Rt 0.35) to afford the title compound as an inseparable mixture of diastereoisomers
(95:5 dr) as a colourless oil (247 mg, 90%), which slowly solidifies at ca. -18 °C.

m.p. (EtOAc) 69 — 70 °C. [a]3° +30.6 (c 1.31 in CHCls).

HRMS (ESI") C2H10FsN202 [M-H]- found 271.0698, requires 271.0699 (0.6 ppm).

vmax (film, cm™) 3088 (C=CH>), 2956 (C-H), 1724 (C=0), 1643 (C=C), 1444, 1408, 1369, 1271,
1247, 1224, 1168, 1132, 935.

Data for major diastereoisomer 333maj

Chiral GC analysis, Restek Rt-BDEXcst (length: 30 m, thickness: 0.25 mm, film thickness:
0.25 um, carrier gas: He, linear velocity: 28 cmsec™, temperature: 120 °C (60 min), 120 to
140 °C (20 min)) tr (1R,2S,5S): 64.5 min, tr (15,2R,5R): 65.5 min, 93:7 er.

'H NMR (500 MHz, CDCls) du: 2.45 — 2.55 (1H, m, C(4)HAH?), 2.74 (1H, dd, ] 11.8, 4.3,
C(4)H~H?®), 3.36 —3.46 (2H, m, C(1)H, C(5)H), 3.74 (3H, s, OCH3), 3.87 (1H, p, ] 7.7, C(2)H),
5.21 -5.28 (2H, m, C(5”")Hz), 5.56 — 5.65 (1H, m, C(5")H).

BC{'H} NMR (126 MHz, CDCls) dc: 34.3 (C(3)), 43.4 (C(4)H-2), 44.2 (C(5)H), 45.9 (C(1)H),
52.9 (OCHs), 55.1 (q, ¥Jcr29.7, C(2)H), 112.2 (CN), 113.3 (CN), 120.2 (C(5”)H>), 123.8 (q, Jcr
279, CFs), 131.8 (C(5")H), 170 (C=0).

F{TH} NMR (377 MHz, CDCls) or: —67.5 (CF3).

Data for minor diastereoisomer 333min (selected)

chiral GC analysis, Restek Rt-BDEXcst (length: 30 m, thickness: 0.25 mm, film thickness:
0.25 um, carrier gas: He, linear velocity: 28 cmsec™, temperature: 120 °C (60 min), 120 to
140 °C (20 min)) tr (1R,25,5R): 69.8 min, tr (15,2R,5S): 72.7 min, >99:1 er.

H NMR (500 MHz, CDCls) d1: 2.86 (1 H, dd, ] 13.7, 7.6, C(4)H~H?), 3.02 (1H, t, ] 9.7, C(1)H),
3.78 (3H, s, OCHs), 5.79 (1H, ddd, ] 17.5, 10.1, 7.6, C(5")H).
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1BC{TH} NMR (126 MHz, CDCL) dc: 44.5 (C(4)Hz), 46.5 (C(5)H), 49.6 (C(1)H), 53.2 (OCH),
119.3 (C(5”)Hz), 134.4 (C(5)H).

WE(IH} NMR (377 MHz, CDCls) dr: —67.3 (CF5).

(LB ref: JB-476, JB-481A(+), ]B-528, JB-582, ]B-760, JB-786, JB-804)

(1R,25,55)-3,3-Dicyano-2-(difluoromethyl)-5-vinylcyclopentane-1-carboxylic acid,
methyl ester (346)

5
N\ 5

O
346

NC / OMe C12H12F2N20,
NC  &F,H 254.24

Following General Procedure J, PNP ester 337 (243 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)s
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 24 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for
24 h gave the crude product (95:5dr). Purification by silica column chromatography
(n-hexane : EtOAc 4:1, R¢ 0.26) gave the title compound as an inseparable mixture of
diastereomers (95:5 dr) as an off-white solid (187 mg, 74%). m.p. (EtOAc) 43 — 46 °C.
[a]3 +33.1 (c 1.19 in CHCLs).

HRMS (ESI): C.2HuF2N20O: [M-H]- found 253.0757, requires 253.0794 (-3.7 ppm).

vmax (film, cm™): 3088 (C-H), 2989, 2956 (C-H), 2256 (C=N), 1732 (C=0), 1643 (C=C), 1438,
1240, 1207, 1178, 1087, 1055, 929.

Data for major diastereoisomer 346maj

Chiral GC analysis Restek Rt-BDEXcst (length: 30 m, thickness: 0.25 mm, film thickness:
0.25 pm, carrier gas: He, linear velocity: 28 cmsec™, temperature: 90 to 135 °C (45 min),
135 °C (40 min), 135 to 170 °C (35 min)) tr (1R,25,55): 97.2 min, tr (15,2R,5K): 98.1 min,
90:10 er.

H NMR (500 MHz, CDCls) on: 2.48 (1H, dd, ] 13.1, 11.4, C(4)HAHP), 2.71 (1H, ddd, ] 13.1,
6.1, 1.8 Hz, C(4)HAH?), 3.26 (1H, dd, ] 10.4, 8.0, C(1)H), 3.29 - 3.39 (1H, m, C(5)H), 3.51 -
3.60 (1H, m, C(2)H), 3.71 (3H, s, OCHj3), 5.18 - 5.25 (2H, m, C(5”")H>), 5.61 (1H, ddd, ] 17.6,
10.1, 7.8, C(5")H), 6.06 (1H, td, ] 54.6, 5.6, CF2H).
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1BC{tH} NMR (126 MHz, CDCL) dc: 34.2 (dd, 3] 5.7, 1.5 C(3)), 43.0 (C(4)Hz), 44.0 (C(5)H),
46.1 (d, 3Jcr 4.2, C(1)H), 52.6 (OCHs), 54.4 (t, 2Jcr 22.7. C(2)H), 112.9 (CN), 113.8 (CN)), 114.4
(t, Jcr 244, CF2H), 119.8 (C(5”)Hz), 132.4 (C(5')H), 170.7 (C=O).

WE(IH} NMR (377 MHz, CDCL) dr: ~121.1 (1F, d, 2 297, CFAF®), ~117.8 (1F, d, 2 297,
CFAF®),

Data for minor diastereoisomer 346min (selected)

Chiral GC analysis Restek Rt-BDEXcst (length: 30 m, thickness: 0.25 mm, film thickness:
0.25 pm, carrier gas: He, linear velocity: 28 cmsec™, temperature: 90 to 135 °C (45 min),
135 °C (40 min), 135 to 170 °C (35 min)) tr (1R,25,5R): 100.1 min, tr (15,2R,5S): 102.9 min,
88:12 er.

H NMR (500 MHz, CDCls) on: 2.39 (1H, dd, ] 13.4, 10.1, C(4)HAHB), 3.76 (3H, s, OCH3),
5.78 (1H, ddd, ] 17.0, 10.2, 7.6, C(5")H).

BC{'"H} NMR (126 MHz, CDCls) dc: 43.9 (C(4)Hz), 52.9 (OCHs), 134.9 (C(5")H).

YF{'H} NMR (377 MHz, CDCls) or: -122.3 (1F, d, Jrr 296, CFAF®), -119.8 (1F, d, ?Jrr 296,
CFAF®).

(LB ref: JB-575(+), JB-700, JB-761)

(1R,2S,55)-3,3-Dicyano-2-((diethoxyphosphoryl)difluoromethyl)-5-vinylcyclopentane-
1-carboxylic acid, methyl ester (347)

5

\ 5
O
NCNC / OMe 347
= C16H21F2N205P
F-7—P(O)(OEt),
; 390.32

Following General Procedure J, PNP ester 338 (379 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)4
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THEF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 24 h followed by MeOH (1.0 mL) and DMAP (122 mg, 1.0 mmol, 1.0 eq) for
96 h gave the crude product (dr n.d.). Purification by silica column chromatography
(n-hexane : EtOAc 2:1 to 1:1, R¢ 0.23 in n-hexane : EtOAc 1:1) gave the title compound as a
single diastereoisomer (>95:5 dr) as a white solid (73 mg, 19%). m.p. (CHCls) 59 — 61 °C.
[a]2® +9.4 (c 1.06 in CH:CL).
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Chiral HPLC analysis, Chiralpak AD-H, (n-hexane : i-PrOH 96:4, flow rate 1.5 mLmin,
254 nm, 40 °C) tr (1R,25,55): 26.8 min, tr (15,2R,5R): 30.9 min, 81:19 er. (determined from
PNP ester from crude reaction mixture (0.2 mL aliquot, filtered over silica) before addition
of MeOH)

H NMR (500 MHz, CDCls) du: 1.38 (6H, t, ] 7.1, 2 x OCH2CHs), 2.44 (1H, app. t, ] 12.9,
C(4)H~H?®), 2.63 (1H, dd, ] 12.7, 5.3, C(4)H~H®), 3.29 — 3.39 (1H, m, C(5)H), 3.41 - 3.48 (1H,
m, C(1)H), 3.69 (3H, s, OCHs), 3.90 (1H, dddd, | 25.0, 6.9, 5.1, 3.2, C(2)H), 4.21 — 4.36 (4H,
m, 2 x OCH2CH3s), 5.14 - 5.24 (2H, m, C(5"")H>), 5.59 (1H, ddd, ] 16.8, 10.6, 7.4, C(5")H).
BC{'H} NMR (126 MHz, CDCls) dc: 16.3 (t, 3Jcr 4.6, 2 x OCH2CH3), 34.0 — 34.2 (m, C(3)),
429 (C(4)Hz), 45.0 (C(5)H), 46.3 — 46.5 (m, C(1)H), 52.5 (OCHs), 55.2 (dt, ?Jcr 21, ?Jcr 18,
C(2)H), 65.4 (d, ?Jcr 6.9, OCH2CH3), 65.7 (d, ?Jcr 6.9, OCH2CH3), 113.4 (CN), 114.4 (CN),
117.8 (td, Jcr 266, Jcr 215, CF2P), 119.3 (C(5"")H2), 132.2 (C(5")H), 171.7 (C=0).

F{TH} NMR (377 MHz, CDCls) dr: -118.2 (1F, dd, ?Jrr 307, ?Jrr 104, CFAF®), -111.5 (1F, dd,
2Jrr 307, ?Jrr 94, CFAFB).

SIP{TH} NMR (202 MHz, CDCls) dr: 3.36 (1P, dd, 2Jrr 104, 94).

HRMS (ESI¥): CisH21F2N20sPNa [M+Na]* found 413.1038, requires 413.1048 (-2.5 ppm).
vmax (film, em™): 2991 (C-H), 2958, 1728 (C=0), 1689, 1643 (C=C), 1438, 1371, 1280 (P=0),
1215 1178, 1051 (P-O), 1020, 966.

(LB ref: JB-674 (+), JB-768)

(1R,2S,55)-3,3-Dicyano-5-vinylcyclopentane-1,2-dicarboxylic acid, 2-ethyl 1-methyl
diester (348m3j) and (1R,2S,5R)-3,3-Dicyano-5-vinylcyclopentane-1,2-dicarboxylic acid,
2-ethyl 1-methyl diester (348min)

5" 5"
N 5 N\ 5
(0] N (0]
NCT~" ome N J: OMe
NC /~OEt NC Ot C14H1gN204
S S 276.29
348, 348.in

Following General Procedure J, PNP ester 339 (265 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)4
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THEF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 39 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for
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24 h gave the crude product (88:7:5 dr). Purification by silica column chromatography
(n-hexane : EtOAc 5:1 to 4:1, Rr 0.25 in n-hexane : EtOAc 4:1) gave the title compound as
an inseparable mixture of diastereomers (91:1 dr) as a colourless oil (173 mg, 63%).

[a]2® +30.8 (c 1.03 in CHCl).

HRMS (ESI¥): C1sH16N20OsNa [M+Na]* found 299.0991, requires 299.1002 (-3.8 ppm).

vmax (film, cm™): 3086 (C-H), 2985 (C-H), 2956, 2916, 2254 (C=N), 1732 (C=0), 1643 (C=C),
1438, 1232, 1193, 1176, 1014, 931.

Data for major diastereoisomer 348maj

Chiral HPLC analysis, Chiralpak AD-H, (n-hexane : i-PrOH 95:5, flow rate 1.0 mLmin,
254 nm, 40 °C) tr (15,2R,5R): 27.9 min, tr (1R,25,55): 36.8 min, 5:95 er. (determined from
PNP ester from crude reaction mixture (0.2 mL aliquot, filtered over silica) before addition
of MeOH)

H NMR (500 MHz, CDCls) du: 1.33 (3H, t, | 7.2, OCH2CHs), 2.41 (1H, dd, ] 13.3, 11.0,
C(4)H~H?P), 2.71 (1H, dd, ] 13.3, 6.5, C(4)HAH®), 3.28 — 3.38 (1H, m, C(5)H), 3.56 (1H, dd, |
10.6,9.1, C(1)H), 3.69 (3H, s, OCHs), 3.99 (1H, d, ] 9.1, C(2)H), 4.23 - 4.37 (2H, m, OCH2CH3s),
5.14 - 5.22 (2H, m, C(5”")H2), 5.60 (1H, ddd, ] 17.0, 10.2, 8.1, C(5")H).

BC{'H} NMR (126 MHz, CDCls) dc: 13.9 (OCH2CHs), 36.4 (C(3)), 43.0 (C(4)H>), 43.3 (C(5)H),
47.8 (C(1)H), 52.5 (OCHs), 55.7 (C(2)H), 62.9 (OCH2CH3), 113.9 (CN), 114.4 (CN), 119.3
(C(5")H2), 133.2 (C(5")H), 167.1 (C(2")=0), 171.2 (C(1")=0).

Data for minor diastereoisomer 348min (selected)

Chiral HPLC analysis, Chiralpak AD-H, (n-hexane : i-PrOH 95:5, flow rate 1.0 mLmin,
254 nm, 40 °C) tr (15,2R,5S): 27.9 min, tr (1R,25,5R): 36.8 min, 25:75 er. (determined from
PNP ester from crude reaction mixture (0.2 mL aliquot, filtered over silica) before addition
of MeOH)

TH NMR (500 MHz, CDCls) on: 2.50 (1H, dd, ] 14.0, 8.0, C(4)H~H?), 2.81 (1H, dd, ] 14.0, 9.0,
C(4)HAH?), 3.02 - 3.10 (1H, m, C(5)H), 3.17 (1H, app. t, ] 10.1, C(1)H), 3.74 (3H, s, OCH3),
3.83 (1H, d, ] 10.5, C(2)H), 5.81 (1H, ddd, ] 17.0, 10.3, 7.8, C(5")H).

BC{'H} NMR (126 MHz, CDCls) dc: 35.4 (C(3)), 43.5 (C(4)H-2), 45.7 (C(5)H), 50.8 (C(1)H),
52.7 (OCHs), 56.1 (C(2)H), 114.1 (CN), 114.8 (CN), 118.2 (C(5"")H2), 135.9 (C(5")H), 171.4
(C(1)=0).

(LB ref: JB-565 (+), ]B-648 (+), JB-758)
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(1R,25,55)-3,3-Dicyano-5-vinylcyclopentane-1,2-dicarboxylic acid, 2-(#-butyl) 1-methyl
diester (349)

NC 349
L S

Following General Procedure J, PNP ester 340 (293 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)s
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THEF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 24 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for
24 h gave the crude product (88:12 dr). Purification by silica column chromatography
(n-hexane : EtOAc 6:1, Rr 0.24) gave the title compound as a single diastereoisomer (>95:5
dr) as a white solid (169 mg, 56%). m.p. (EtOAc) 70 - 72 °C. [a]Z? +37.9 (c 1.07 in CHCls).
Chiral HPLC analysis, Chiralcel OD-H, (n-hexane : i-PrOH 96:4, flow rate 1.0 mLmin™,
254 nm, 40 °C) tr (15,2R,5R): 17.4 min, tr (1R,25,5S): 34.1 min, 8:92 er. (determined from
PNP ester from crude reaction mixture (0.2 mL aliquot, filtered over silica) before addition
of MeOH)
TH NMR (500 MHz, CDCls) do1: 1.54 (9H, s, OC(CHs)s), 2.39 (1H, dd, ] 13.2, 11.2, C(4)H~HE),
2.70 (1H, dd, | 13.2, 6.5, C(4)H~H?), 3.27 — 3.37 (1H, m, C(5)H), 3.54 (1H, dd, | 10.8, 9.0,
C(1)H), 3.71 (3H, s, OCH3), 3.93 (1H, d, ] 9.0, C(2)H), 5.15-5.21 (2H, m, C(5"")H>), 5.60 (1H,
ddd, J17.1,10.1, 8.1, C(5')H).
BC{'H} NMR (126 MHz, CDCls) dc: 27.8 (OC(CHa)s), 36.7 (C(3)), 43.1 (C(4)H2), 43.2 (C(5)H),
47.5 (C(1)H), 52.5 (OCHs), 56.4 (C(2)H), 84.8 (OC(CHs)s), 114.1 (CN), 114.6 (CN), 119.2
(C(5"")H2), 133.4 (C(5")H), 166.0 (C(2")=0), 171.4 (C(1")=0O).
HRMS (ESI¥): CisH20N20sNa [M+Na]* found 327.1305, requires 327.1315 (=3.1 ppm).
vmax (film, cm™): 3003, 2987 (C-H), 2924, 1730 (C=0), 1641 (C=C), 1440 (C-H), 1381, 1369
(C-(CHas)s), 1251, 1232, 1174, 1155.
(LB ref: JB-577(x), JB-649 (%), JB-699, JB-766)
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(1R,25,55)-3,3-Dicyano-2-(pyrrolidine-1-carbonyl)-5-vinylcyclopentane-1-carboxylic
acid, methyl ester (350)

5
N 5
O

350
NC ! OMe

T S
Following General Procedure J, PNP ester 341 (290 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)s
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THE,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 39 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for
24 h gave the crude product (79:21 dr). Purification by silica column chromatography (5
to 10% Et20 in CH2Cl, R¢ 0.20 in 5% Et20 in CH2Cl2) gave the title compound as a single
diastereoisomer (>95:5 dr) as an off-white solid (192 mg, 64%). m.p. (Et20) 86 — 88 °C.
[a]Z® +13.2 (c 1.02 in CHCls).
Chiral HPLC analysis, Chiralpak IA, (n-hexane : i-PrOH 95:5, flow rate 1.0 mLmin™, 211
nm, 30 °C) tr (15,2R,5R): 30.7 min, tr (1R,25,5S): 39.4 min, 9:91 er.
H NMR (500 MHz, CDCls) on: 1.85 — 2.10 (4H, m, 2 x CH>), 2.52 (1H, dd, | 134, 8.1,
C(4)HAHP), 2.78 (1H, dd, ] 13.4, 6.8, C(4)H~H?), 3.42 (1H, app. dtd, ] 9.4, 8.1, 6.8, C(5)H),
3.48 - 3.59 (2H, m, NCH>), 3.65 (3H, s, OCHs), 3.67 — 3.72 (2H, m, NCH>), 3.80 (1H, app. t,
] 9.0 C(1)H), 3.99 (1H, d, ] 8.8, C(2)H), 5.15 - 5.22 (2H, m, C(5”")H2), 5.67 (1H, ddd, | 17.0,
10.2, 8.3, C(5")H).
BC{'H} NMR (126 MHz, CDCls) dc: 24.2 (CHz(pym), 26.0 (CHz2pym), 36.2 (C(3)), 44.2 (C(5)H),
44.3 (C(4)Hz), 46.7 (NCH>2), 47.2 (NCHz), 50.8 (C(1)H), 52.3 (OCHs), 53.3 (C(2)H), 113.8 (CN),
115.7 (CN), 119.1 (C(5”")H>), 133.8 (C(5")H), 164.7 (C(2")=0), 171.3 (C(1")=0).
HRMS (ESI¥): C1sH20N30s [M+H]* found 302.1490, requires 302.1499 (-3.0 ppm).
vmax (film, cm™): 2985 (C-H), 2953, 2889, 1737 (C=Oester), 1637 (C=Oamide), 1446 (C-H), 1313,
1247, 1207, 1082, 1026, 987, 935.
(LB ref: JB-530A, JB-564(z), ]B-759)
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(1R,25,55)-3,3-Dicyano-2-(methoxy(methyl)carbamoyl)-5-vinyl cyclopentane-1-
carboxylic acid, methyl ester (351)

N 5
0}
NC
NG 5 OMe 351
/=0
~N C14H17N304
OMe 29131

Following General Procedure J, PNP ester 342 (280 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)4
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THEF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 24 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for
24 h gave the crude product (>95:5 dr). Purification by silica column chromatography (0
to 5% Et20 in CH:Clz, Rf 0.37 in 5% Et20 in CH2Cl2) gave the title compound as a single
diastereoisomer (>95:5 dr) as a pale yellow solid (212 mg, 73%). m.p. (Et:0) 72 — 75 °C.
[a]3 +5.0 (c 1.14 in CHCls).

Chiral HPLC analysis, Chiralpak AD-H, (n-hexane : i-PrOH 95:5, flow rate 1.0 mLmin,
211 nm, 40 °C) tr (15,2R,5R): 15.5 min, tr (1R,2S5,55): 18.9 min, 8:92 er.

TH NMR (500 MHz, CDCls) dn: 2.62 — 2.72 (2H, m, C(4)Hz), 3.27 - 3.37 (1H, m, C(5)H), 3.30
(8H, s, NCH3), 3.69 (3H, s, OCHs), 3.75 (1H, app. t, ] 8.1, C(1)H), 3.83 (3H, s, N-OCHs), 4.13
(1H, d, ] 8.0, C(2)H), 5.18 - 5.25 (2H, m, C(5”")H2), 5.75 (1H, ddd, ] 17.0, 10.4, 8.0, C(5")H).
BC{H} NMR (126 MHz, CDCls) dc: 33.0 (NCHs), 35.9 (C(3)), 43.8 (C(4)H), 45.1 (C(5)H),
49.7 (C(1)H), 52.3 (OCHs), 53.5 (C(2)H), 61.3 (N-OCHs), 114.6 (CN), 116.3 (CN), 119.2
(C(5”)H>), 133.2 (C(5")H), 167.4 (C(2')=0), 171.4 (C(1")=0).

HRMS (ESI*): C1sH17N3OsNa [M+Na]* found 314.1104, requires 314.1111 (-2.3 ppm).

vmax (film, cm™): 3088, 2985 (C-H), 2953, 2252 (C=N), 1730 (C=Oester), 1662 (C=Oamidac), 1593,
1435, 1371, 1246, 1195, 1172, 991, 927.

(LB ref: JB-576(+), JB-613, ]B-767)
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(1R,25,55)-2-(Allyl(methyl)carbamoyl)-3,3-dicyano-5-vinylcyclopentane-1-carboxylic
acid, methyl ester (352)

\ 5
(0]
NCT~" ome 352
NC % C16H19N303
§/\N/\O 301.35
o \

Following General Procedure J, PNP ester 343 (290 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)4
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THEF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 39 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for
24 h gave the crude product (93:7 dr). Purification by silica column chromatography (4 to
6% Et:O in CH2CL, Rr 0.32 in 4% Et20 in CH:Cl2) gave the title compound as a single
diastereoisomer (>95:5 dr) as a colourless oil (226 mg, 75%) as a rotameric mixture (5:4).
[a]%® +14.4 (c 1.12 in CHCls).
Chiral HPLC analysis, Chiralpak IA, (n-hexane : i-PrOH 96:4, flow rate 1.0 mLmin, 211
nm, 40 °C) tr (15,2R,5R): 17.8 min, tr (1R,25,5S): 25.9 min, 7:93 er.
H NMR (500 MHz, CDCls) major rotamer du: 2.49 —2.58 (1H, m, C(4)HAHP), 2.73 -2.81 (1H,
m, C(4)H~H?), 3.15 (3H, s, NCHs), 3.35 - 3.45 (1H, m, C(5)H), 3.63 (3H, s, OCHs), 3.79 (1H,
app. t, ] 9.0, C(1)H), 3.98 (1H, ddt, ] 15.1, 6.1, 1.5, NCH~H?), 4.02 - 4.18 (2H, m, C(2)H,
NCHAH®), 5.11 -5.25 (4H, m, C(2""")Hz, C(5"")Hz), 5.60 - 5.77 (2H, m, C(2"")H, C(5")H). minor
rotamer ou: 2.98 (3H, s, NCH3s), 3.62 (3H, s, OCHs), 3.74 (1H, app. t, ] 8.9, C(1)H), 5.27 (1H,
dq, /10.3, 1.3, C(2"")H~HP), 5.83 (1H, ddt, ] 16.9, 10.3, 5.2, C(2"")H).
BC{tH} NMR (126 MHz, CDCls) major rotamer dc: 35.3 (NCHa), 36.2 (C(3)), 44.0 (C(5)H),
44.2 (C(4)Hz), 51.0 (NCH2), 51.0 (C(2)H), 51.3 C(1)H, 52.3 (OCHs), 113.7 (CN), 115.6 (CN),
118.0 (C(2”)Hz), 119.1 (C(5")H2), 131.8 (C(2")H), 133.8 (C(5")H), 166.4 (C(2')=0), 171.2
(C(1)=0). minor rotamer dc: 34.6 (NCHs), 36.8 (C(3)), 44.3 (C(4)H>), 44.4 (C(5)H), 50.9
(C(2)H), 51.5 (C(1)H), 52.3 (OCHs), 52.6 (NCH2), 113.9 (CN), 115.6 (CN), 118.1 (C(2”")H>),
119.2 (C(5")H2), 132.0 (C(2")H), 133.7 (C(5")H), 167.0 (C(2')=0), 171.1 (C(1")=0).
HRMS (ESI¥): CisH19N3OsNa [M+Na]* found 324.1309, requires 324.1319 (-2.9 ppm).
vmax (film, cm™): 3084, 2985 (C-H), 2953, 2858, 2249 (C=N), 1730 (C=Oester), 1651 (C=Oamide),
1641, 1436, 1371, 1265, 1197, 1176, 991, 925.
(LB ref: JB-592(+), JB-778)
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(1R,25,55)-3,3-Dicyano-2-(2,5-dioxopyrrolidin-1-yl)-5-vinylcyclopentane-1-carboxylic
acid, methyl ester (353)

5"

\ 5
(0]
NC 353
! OMe
NC ¢} C15H15N304

N
O‘K/j 301.30

Following General Procedure J, PNP ester 344 (290 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)4
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (101 mg, 0.4 mmol, 40 mol%), LiCl (0.5 M in THF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (207 mg, 1.75 mmol, 1.75 eq) in THF : EtOAc 3:2
(5 mL) for 66 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for
24 h gave the crude product (68:32 dr). Purification by silica column chromatography (2
to 6% EtO in CH:Cl;, Rf 0.29 in 4% EtO in CH:ClL) gave a yellow solid. Further
purification by silica column chromatography (n-hexane : EtOAc 2:1 to 1:1, R¢ 0.27 in
n-hexane : EtOAc 1:1) gave the title compound as a single diastereoisomer (>95:5 dr) as a
white solid (60 mg, 20%). m.p. (EtOAc) 150 — 153 °C. [a]5° +39.3 (c 1.01 in CHCl).

YF{'H} NMR (377 MHz, CDCls) dr (1R,25,5S): -113.1, d¢ (15,2R,5R): -113.3, 96:4 er.*

H NMR (500 MHz, CDCls) d1: 2.64 (1H, dd, ] 13.6, 7.4, C(4)HAH?), 2.83 (4H, s, 2 x CH>,(imide)),
2.86 (1H, dd, ] 13.6, 6.5, C(4)H~HP), 3.60 (1H, app. p, ] 7.7, C(5)H), 3.68 (3H, s, OCHs), 4.34
(1H, app. t, ] 8.1, C(1)H), 5.20 - 5.27 (2H, m, C(5"")H:), 5.48 (1H, d, ] 7.8, C(2)H), 5.77 (1H,
ddd, ] 17.0,10.3, 8.1, C(5')H).

BC{H} NMR (126 MHz, CDCls) dc: 28.0 (2 x CHz/imide)), 38.4 (C(3)), 42.2 (C(4)H2), 44.4
(C(5)H), 47.4 (C(1)H), 52.5 (OCH3), 59.6 (C(2)H), 113.6 (CN), 114.8 (CN), 119.6 (C(5"")H-2),
132.9 (C(5")H), 170.6 (C(1")=0), 176.1 (2 x NC=0).

HRMS (ESI*): C1sH1sN3OsNa [M+Na]* found 324.0949, requires 324.0955 (-1.7 ppm).

vmax (film, cm™): 2999, 2962 (C-H), 1780 (C=Otmide), 1728 (C=Oester), 1708 (C=Ohmide), 1645
(C=C), 1435, 1375, 1361, 1213, 1161, 1089, 956, 941.

* The enantiomeric ratio was determined by derivatisation with (1S5)-1-(4-
fluorophenyl)ethan-1-ol: An aliquot (0.2 mL) of the crude reaction mixture after 66 h was
concentrated under reduced pressure and dissolved in 0.5 mL CH:Cl. (1S5)-1-(4-
Fluorophenyl)ethan-1-ol (15 pL, 120 umol, 3.0 eq) and DMAP (1.0 mg, 8.0 pumol, 0.2 eq)

were added and the reaction mixture stirred at room temperature until "H NMR analysis

206 |



5.5 | Experimental details for Chapter 3

indicated full conversion of the intermediate PNP ester (ca. 48 h). The er was determined
directly from the crude mixture by “F{'H} NMR analysis.
(LB ref: JB-606(z), JB-663, ]B-695, ]B-769, ]B-775, ]B-779, ]B-784)

(1R,2S,55)-3,3-Dicyano-2-(2,5-dioxopyrrolidin-1-yl)-5-vinylcyclopentane-1-carboxylic
acid, (5)-1-(4-fluorophenyl)ethyl ester (426) and (15,2R,5R)-3,3-Dicyano-2-(2,5-
dioxopyrrolidin-1-yl)-5-vinylcyclopentane-1-carboxylic acid, (S)-1-(4-
fluorophenyl)ethyl ester (427)

p ..qp

409.42

(1R,2S,55)-426 (1S,2R,5R)-427
Following General Procedure J, PNP ester 344 (145 mg, 0.5 mmol, 1.0 eq), Pd(PPhs)4
(28.9 mg, 0.025 mmol, 5 mol%), (+)-TM-HCI (30.0 mg, 0.12 mmol, 25 mol%), i-Pr.NEt
(25.7 pL, 0.12 mmol, 25 mol%) and VCP 276 (118 mg, 1.0 mmol, 2.0 eq) in acetone (2.5 mL)
for 84 h gave the crude product. Purification by silica column chromatography (1 to 5%
Et20 in CH2Clz, R 0.37 in 5% Et20 in CH2Cl2) gave a yellow gum, which was triturated
with Et0 to give the PNP ester product as an off-white solid (60 mg, 15%). The PNP ester
was derivatised with (15)-1-(4-fluorophenyl)ethan-1-ol (33.6 mg, 0.24 mmol, 1.7 eq) and
DMAP (3.4 mg, 0.03 mmol, 0.2 eq) in CH2Clz (1.0 mL) and the conversion monitored by
'H NMR analysis. After full consumption of PNP ester was observed (ca. 36 h), the
reaction mixture was diluted with CH2Cl> (5 mL) and washed with 1 M NaOH (2 x 5 mL)
and brine (5 mL). The organic phase was dried over MgSOj, filtered and the solvent was
removed under reduces pressure. Purification of the crude product by silica column
chromatography (n-hexane : EtOAc 4:1 to 1:1) gave the title compound as a 1:1 mixture of
diastereoisomers as a colourless glass (26 mg, 46%).
HRMS (ESI¥): C22H20FN3OsNa [M+Na]* found 432.1323, requires 432.1330 (1.6 ppm).
vmax (CHCls, cm™): 3084, 2985, 2939 (C-H), 2254 (C=N), 1784 (C=Oimide), 1720 (C=Oester), 1645
(C=C), 1606, 1512 (C=Car), 1373, 1219, 1159, 1056, 906.

| 207



Chapter 5: Experimental Details |

Data for (1R,25,55)-426:

TH NMR (500 MHz, CDCls) du: 1.49 (3H, d, ] 6.6, CHs), 2.60 (1H, dd, ] 13.6, 7.1, C(4)H~H?),
2.79 (4H, s, 2 x CHz(imide)), 2.81 — 2.84 (1H, m, C(4)H~H®), 3.51 — 3.60 (1H, m, C(5)H), 4.30
(1H, app. t, ] 8.0, C(1)H), 4.94 (1H, d, ] 10.3, C(5”")HAH?), 5.04 (1H, d, | 17.0, C(5”)HAH?),
5.44 (1H, d,] 7.9, C(2)H), 5.51 (1H, ddd, ] 17.0, 10.3, 7.0, C(5")H), 5.84 (1H, q, ] 6.6, OCH),
6.99 - 7.07 (2H, m, Ar(3,5)H), 7.30 (2H, ddd, ] 8.9, 5.3, 2.5, Ar(2,6)H).

BC{TH} NMR (126 MHz, CDCls) dc: 22.0 (CHs), 27.9 (2 x CHz,imide)), 38.2 (C(3)), 42.3 (C(4)H>),
44.6 (C(5)H), 47.4 (C(1)H), 59.6 (C(2)H), 73.5 (OCH), 113.5 (CN), 114.9 (CN), 115.5 (d, *c¥,
19.1, ArC(3,5)H), 119.6 (C(5”)H>), 128.7 (d, ¥Jcr, 8.3, ArC(2,6)H), 132.4 (C(5")H), 136.3 (d,
Ycr, 3.2, ArC(1)), 162.6 (d, YJc¥, 247, ArC(4)), 169.3 (C=0), 176.0 (2 x NC=0).

BF{1H} NMR (377 MHz, CDCls) or: =113.1 (ArC(4)F).

Data for (1S,2R,5R)-427:

TH NMR (500 MHz, CDCls) ou: 1.53 (3H, d, ] 6.7, CHs), 2.64 (1H, dd, ] 13.5, 7.3, C(4)HAHP),
2.79 (4H, s, 2 x CHzamide)), 2.87 (1H, dd, ] 13.5, 6.5, C(4)H~H®), 3.61 — 3.68 (1H, m, C(5)H),
4.31 (1H, app. t, ] 8.0, C(1)H), 5.19 - 5.27 (2H, m, C(5")H2), 5.47 (1H, d, ] 7.8, C(2)H), 5.78
(1H, ddd, ] 17.0, 104, 8.1, C(5")H), 5.84 (1H, q, ] 6.7, OCH), 6.99 — 7.07 (2H, m, Ar(3,5)H),
7.30 (2H, ddd, ] 8.9, 5.3, 2.5, Ar(2,6)H).

BC{TH} NMR (126 MHz, CDCls) dc: 21.6 (CHs), 27.9 (2 x CHz,imide)), 38.3 (C(3)), 42.4 (C(4)H>),
44.6 (C(5)H), 47.4 (C(1)H), 59.6 (C(2)H), 73.5 (OCH), 113.5 (CN), 114.9 (CN), 115.4 (d, ¥c¥,
19.1, ArC(3,5)H), 119.6 (C(5”")H>), 128.2 (d, ¥Jcr, 8.2, ArC(2,6)H), 132.9 (C(5")H), 136.0 (d,
Ycr, 3.1, ArC(1)), 162.5 (d, Jcr, 247, ArC(4)), 169.3 (C=0), 176.0 (2 x NC=0).

BF{1H} NMR (377 MHz, CDCls) or: —=113.3 (ArC(4)F).

(LB ref: [B-718 (), JB-730)

(1S5,25)-4,4-Dicyano-2-vinylcyclopentane-1-carboxylic acid, methyl ester (354maj) and

(1S,2R)-4,4-Dicyano-2-vinylcyclopentane-1-carboxylic acid, methyl ester (354min)

o
N 2 \2'
0 N 0
C11H42N,0
NC OMe NC7|:>—<OMe 12 e

NG NG 204.23

Following General Procedure J, PNP ester 345 (193 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)4
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THEF,
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0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 48 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for
24 h gave the crude product. Purification by silica column chromatography (n-hexane :
EtOAc 5:1, R¢ 0.18) gave the title compound as an inseparable mixture of diastereomers
(79:21 dr) as a colourless oil (51 mg, 25%). [a]3? +7.9 (c 1.07 in CHCl:).

HRMS (ESI*): CiH12N202Na [M+Na]* found 227.0785, requires 227.0790 (-2.6 ppm).

vmax (film, cm™): 3084 (C-H), 2954 (C-H), 2924, 2852, 2250 (C=N), 1728 (C=0), 1643 (C=C),
1436, 1373, 1205, 1172, 993, 927.

Data for major diastereoisomer 354maj

Chiral GC analysis Restek Rt-BDEXcst (length: 30 m, thickness: 0.25 mm, film thickness:
0.25 um, carrier gas: He, linear velocity: 28 cmsec™, temperature: 100 to 145 °C (45 min),
145 °C (20 min), 145 to 165 °C (20 min)) tr (1R,2R): 71.8 min, tr (15,2S): 73.0 min, 33:67 er.
H NMR (500 MHz, CDCls) ou: 2.48 (1H, dd, ] 13.3, 10.3, C(3)H~HB), 2.64 (1H, dd, ] 13.3,
6.6, C(3)HAHP), 2.70 — 2.81 (1H, m, C(5)H*HP), 2.83 (1H, dd, ] 14.3, 6.6, C(5)H*H®), 3.18 —
3.31 (2H, m, C(1)H, C(2)H), 3.68 (3H, s, OCHs), 5.14 - 5.22 (2H, m, C(2"")H2), 5.66 (1H, ddd,
J17.4,10.1, 7.5, C(2")H).

BC{'"H} NMR (126 MHz, CDCls) dc: 32.6 (C(4)), 40.6 (C(5)H>), 42.6 (C(3)H>), 45.4 (C(2)H),
46.7 (C(1)H), 52.2 (OCHs), 115.6 (CN), 116.6 (CN), 118.8 (C(2”")Hz), 133.4 (C(2")H), 172.0
(C=0).

Data for minor diastereoisomer 354min (selected)

Chiral GC analysis Restek Rt-BDEXcst (length: 30 m, thickness: 0.25 mm, film thickness:
0.25 um, carrier gas: He, linear velocity: 28 cmsec™, temperature: 100 to 145 °C (45 min),
145 °C (20 min), 145 to 165 °C (20 min)) tr (15,2R): 70.4 min, tr (1R,2S): 73.9 min, 67:33 er.
H NMR (500 MHz, CDCls) ou: 2.30 (1H, dd, ] 13.6, 10.0, C(3)HAHEF), 2.91 (1H, app. q, ] 9.0,
C(1)H), 3.09 - 3.18 (1H, m, C(2)H), 3.73 (3H, s, OCH?s), 5.78 (1H, ddd, ] 17.4, 10.3, 7.4 Hz,
C(2")H).

BC{'H} NMR (126 MHz, CDCls) dc: 32.4 (C(4)), 41.1 (C(5)Hz2), 44.0 (C(3)H>), 46.6 (C(2)H),
48.4 (C(1)H), 52.5 (OCHs), 115.8 (CN), 116.0 (CN), 117.9 (C(2”")Hz2), 135.9 (C(2")H), 172.0
(C=0).

(LB ref: JB-643(+), JB-696, ]B-773)
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(1R,2S,55)-3,3-Dicyano-2-methyl-2-(trifluoromethyl)-5-vinylcyclopentane-1-carboxylic
acid, 4-nitrophenyl ester (361mq) and (15,2S,55)-3,3-Dicyano-2-methyl-2-
(trifluoromethyl)-5-vinylcyclopentane-1-carboxylic acid, 4-nitrophenyl ester (362)

5" 5

N 5 N 5

NC ’ NC ""/<O C1gH14F3N30,
NG eMe OONOZ NC éFgﬂeoONoz 393.32
361 g 362
Following General Procedure J, PNP ester 360 (275 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)s
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THE,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 276 (118 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 24 h gave the crude product (75:17:8 dr). Purification by silica column
chromatography (n-hexane : EtOAc 5:1 to 4:1) resulted in partial separation of the
diastereoisomers to give:
361 (R¢0.29 in n-hexane : EtOAc 4:1) as an inseparable mixture of diastereomers (93:7 dr)
as a red oil (94 mg, 24%). [a]3? +41.6 (c 1.18 in CHCLs).
HRMS (ESI"): CisH14F3sN3O4Cl [M+CI]- found 428.0618, requires 428.0630 (-1.2 ppm).
vmax (film, cm™): 3120, 3086 (C-H), 2931 (C-H), 2862, 1766 (C=0), 1643 (C=C), 1618, 1593
(C=Car), 1525 (NOy), 1489, 1346 (NO2), 1201, 1145 (C-F), 1072, 860.

Data for major diastereoisomer 361maj

Chiral HPLC analysis, Chiralcel OD-H, (n-hexane : i-PrOH 98:2, flow rate 1.0 mLmin-,
254 nm, 40 °C) tr (15,2R,5R): 35.1 min, tr (1R,2S5,55): 39.0 min, 6:94 er.

TH NMR (500 MHz, CDCls) dou: 1.76 (3H, s, CHs), 2.75 (1H, dd, ] 13.7, 11.0, C(4)HAH?), 2.96
(1H, dd, ] 13.7, 7.3, C(4)H~H?), 3.55 - 3.65 (1H, m, C(5)H), 3.87 (1H, d, ] 10.1, C(1)H), 5.31
-5.41 (2H, m, C(5”)H2), 5.85 (1H, ddd, ] 16.9, 10.1, 8.4, C(5")H), 7.19-7.25 (2H, m, Ar(2,6)H),
8.23 - 8.32 (2H, m, Ar(3,5)H).

BC{TH} NMR (126 MHz, CDCls) dc: 16.2 (CHs), 40.6 (C(3)), 42.9 (C(4)H>), 43.4 (C(5)H), 49.9
(C(1)H), 58.0 (q, ?Jcr 26.6, C(2)), 112.1 (CN), 113.2 (CN), 121.0 (C(5"")Hz2), 122.3 (ArC(2,6)H),
125.4 (q, 'Jcr 281, CFs), 125.4 (ArC(3,5)H), 133.6 (C(5")H), 145.8 (ArC(4)), 154.2 (ArC(1)),
165.9 (C=0).

F{TH} NMR (377 MHz, CDCls) or: -71.8 (CF3).
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Data for minor diastereoisomer 361min (selected)

1H NMR (500 MHz, CDCL3) d1: 1.66 (3H, s, CHz), 2.59 — 2.65 (1H, m, C(4)HAHB), 3.46 — 3.54
(2H, m, C(1)H, C(5)H), 5.22 — 5.31 (2H, m, C(5”")Hz).

1BC{1H} NMR (126 MHz, CDCL) dc: 15.0 (CHa), 42.2 (C(4)Hz), 43.7 (C(5)H), 52.3 (C(1)H),
119.5 (C(5”)Hz).

WE(IH} NMR (377 MHz, CDCls) r: =71.2 (CF5).

362 after further purification by silica column chromatography (CH:Cl2 : n-hexane 2:1, R¢
0.33) as a mixture of diastereomers (362 : 361msj 90:10 dr) as a pale yellow oil (15 mg, 4%).
[a]30 +22.8 (c 0.75 in CHCLs).

Chiral HPLC analysis, Chiralpak AS-H, (n-hexane : i-PrOH 97:3, flow rate 1.0 mLmin,
254 nm, 40 °C) tr (1R,2R,5R): 19.9 min, tr (15,25,55): 27.4 min, 6:94 er.

H NMR (500 MHz, CDCls) ou: 1.96 (3H, s, CHs), 2.59 (1H, dd, ] 14.1, 7.1, C(4)H~H?), 3.07
(1H, dd, J 14.1, 10.1, C(4)H~H?®), 3.15 (1H, d, ] 10.9, C(1)H), 3.68 - 3.80 (1H, m, C(5)H), 5.27
(1H, d, J 10.1, C(5")H~H?®), 5.33 (1H, d, ] 16.9, C(5”)H~H?P), 5.81 (1H, ddd, ] 16.9, 10.1, 8.1,
C(5)H), 7.27 - 7.33 (2H, m, Ar(2,6)H), 8.30 — 8.35 (2H, m, Ar(3,5)H).

BC{'H} NMR (126 MHz, CDCls) dc: 20.2 (CHs), 41.8 (C(4)Hz2), 41.9 (C(3)), 42.9 (C(5)H), 56.5
(C(1)H), 59.2 (q, ?Jcr 26.1, C(2)), 111.7 (CN), 113.5 (CN), 119.3 (C(5"")H2), 122.1 (ArC(2,6)H),
125.3 (q, YJcr 285, CFs), 125.4 (ArC(3,5)H), 136.0 (C(5")H), 145.8 (ArC(4)), 154.4 (ArC(1)),
165.4 (C=0).

F{TH} NMR (377 MHz, CDCls) dr: —67.0 (CF3).

HRMS (ESI*): CisH14FsN3OsNa [M+Na]* found 416.0830, requires 416.0828 (+0.1 ppm).
vmax (film, cm™): 3120, 3086 (C-H), 3003, 1766 (C=0), 1645 (C=C), 1618, 1593 (C=Car), 1527
(NO2), 1490, 1348 (NO>), 1182 (C-F), 860.

(LB ref: JB-792(+), ]B-814)
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(25,3R,45)-1',3'-Dioxo-2-(trifluoromethyl)-4-vinyl-1',3'-dihydrospiro [cyclopentane-
1,2'-indene]-3-carboxylic acid, methyl ester (367msj) and (25,3R,4R)-1',3'-Dioxo-2-
(trifluoro-methyl)-4-vinyl-1',3'-dihydrospiro [cyclopentane-1,2'-indene]-3-carboxylic
acid, methyl ester (367min)

“CF OMe C1gH15F304
o 3 352.31

367 g 367 min

Following General Procedure J, PNP ester 307 (261 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)4
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 278 (198 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 48 h followed by MeOH (1.0 mL) and DMAP (48.8 mg, 0.4 mmol, 40 mol%) for
72 h gave the crude product (68:32 dr). Purification by silica column chromatography
(n-hexane : EtOAc 5:1, R 0.25) gave the title compound as an inseparable mixture of
diastereomers (68:32 dr) as an off-white solid (142 mg, 40%). m.p. (EtOAc) 79 — 82 °C.
[a]3? +34.9 (c 1.21 in CHCls).

HRMS (ESI*): CisH1sF30sNa [M+Na]* found 375.0806, requires 375.0815 (2.3 ppm).

vmax (film, ecm™): 3082 (=C-H), 2956 (C-H), 2854, 1741 (C=Oester), 1732 (C=Oester), 1705
(C=Oketone), 1641 (C=C), 1591 (C=Car), 1438, 1400, 1350, 1271, 1215, 1157, 1116, 927.

Data for major diastereoisomer 367maj

Chiral HPLC analysis, Chiralpak AD-H, (n-hexane : i-PrOH 99:1, flow rate 1.0 mLmin,
211 nm, 30 °C) tr (25,3R,4S5): 26.3 min, Chiralpak AD-H, (n-hexane : i-PrOH 94:6, flow rate
1.0 mLmin™, 211 nm, 30 °C) tr (2R,35,4R): 14.4 min, 89:11 er.

TH NMR (500 MHz, CDCls) dmu: 2.00 — 2.06 (1H, m, C(5)HAH?), 2.10 — 2.17 (1H, m,
C(5)H~H?), 3.72 (3H, s, OCHs), 3.70 — 3.81 (2H, m, C(4)H, C(3)H), 3.97 (1H, app. p, ] 9.2,
C(2)H), 5.04-5.19 (2H, m, C(4"")H>), 5.69 (1H, ddd, ] 16.9, 10.1, 8.3, C(4")H), 7.85-7.93 (2H,
m, Ar(4’,7")H), 7.98 — 8.04 (2H, m, Ar(5',6")H).

BC{H} NMR (126 MHz, CDCls) dc: 40.8 (C(5)Hz), 44.1 (C(4)H), 52.1 (OCHs), 52.2 (q, ?Jce
28.5, C(2)H), 52.3 (C(3)H) 58.9 (C(1)), 118.1 (C(4"")H-2), 123.8 (ArC(4’,7")H), 125.3 (q, 'Jcr 280,
CFs), 135.8 (C(4)H), 136.2 (ArC(5’,6')H), 140.8 (ArC(4a” or 7a")), 140.9 (ArC(4a’ or 7a")),
171.8 (CO2CHs), 199.0 (C(1” or 3")=0), 199.6 (C(1” or 3')=0).
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F{TH} NMR (377 MHz, CDCls) dr: —65.5 (CF3).

Data for minor diastereoisomer 367min (selected)

Chiral HPLC analysis, Chiralpak AD-H, (n-hexane : i-PrOH 99:1, flow rate 1.0 mLmin,
211 nm, 30 °C) tr (25,3R,4R): 28.4 min, Chiralpak AD-H, (n-hexane : i-PrOH 94:6, flow rate
1.0 mLmin™, 211 nm, 30 °C) tr (2R,35,4S): 15.5 min, 98:2 er.

TH NMR (500 MHz, CDCls) on: 1.98 (1H, dd, ] 13.7, 8.9, C(5)H~H?), 2.30 (1H, dd, ] 13.7, 9.1,
C(5)HAH?), 3.21 (1H, app. p, ] 9.1, C(4)H), 3.37 (1H, dd, ] 11.9, 10.6, C(3)H), 3.63 —3.70 (1H,
m, C(2)H), 3.74 (3H, s, OCHs), 5.85 (1H, ddd, ] 17.0, 10.2, 8.3, C(4')H).

BC{'H} NMR (126 MHz, CDCls) dc: 40.1 (C(5)H>), 47.1 (OCHs), 47.8 (C(4)H), 50.7 (C(3)H),
53.8 (q, ¥Jcr 28.6, C(2)H), 57.6 (C(1)), 117.3 (C(4"")H2), 123.7 (ArC(4,7)H), 125.0 (q, Jcr 279,
CFs), 136.3 (ArC(5,6)H), 137.1 (C(4)H), 140.7 (ArC(4a or 7a)), 141.4 (ArC(4a or 7a)), 172.0
(CO2CHEs), 199.8 (C(1” or 3')=0), 200.6 (C(1” or 3')=0).

F{TH} NMR (377 MHz, CDCls) or: —64.2 (CF3).

(LB ref: JB-732(z), JB-781)

(1S5,25,3R ,45)-1-Cyano-2-(trifluoromethyl)-4-vinylcyclopentane-1,3-dicarboxylic acid,
dimethyl ester (368) and (1R,2S5,3R,45)-1-Cyano-2-(trifluoromethyl)-4-
vinylcyclopentane-1,3-dicarboxylic acid, dimethyl ester (368)*

4

N #
(0]
NC=
OMe C13H14F3NO,

MeO™Y, CFs 305.25

(15,25,3R,45)-368 (1R,2S,3R,45)-368
Following General Procedure J, PNP ester 307 (261 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)s
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 277 (151 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 48 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for
30 h gave the crude product (49:41:6:4 dr). Purification by silica column chromatography
(n-hexane : EtOAc 5:1) allowed partial separation of the diastereoisomers to give:
368-A (Rf 0.28) as an inseparable mixture of diastereoisomers (92:8 dr) as a colourless oil
(60 mg, 20%). [x]3” +29.0 (c 1.24 in CHCls). The er could not be determined.
HRMS (ESI*) CsHisFsNOs [M+H]* found 306.0943, requires 306.0947 (-0.5 ppm).
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vmax (film, cm1) 3020 (C=CHz), 2962 (C-H), 2848, 1735 (C=0), 1645 (C=C), 1442, 1398, 1338,
1280, 1238, 1215, 1166, 1124, 1066, 1001, 974, 945.

Data for major diastereoisomer 368-Amaj

'H NMR (500 MHz, CDCls) du: 2.22 (1H, dd, ] 13.6, 10.4, C(5)HAHB), 2.63 (1H, dd, ] 13.6,
7.5, C(5)H~HP), 3.48 (1H, app. t, ] 10.8, C(3)H), 3.62 — 3.72 (1H, m, C(4)H), 3.68 (3H, s,
C(3")OCHs), 3.84 (3H, s, C(1")OCH3), 3.82-3.91 (1H, m, C(2)H), 5.08 - 5.19 (2H, m, C(4"")H2),
5.58 (1H, ddd, ] 16.9, 10.1, 8.9, C(4')H).

BC{tTH} NMR (126 MHz, CDCls) dc: 42.8 (C(5)H-2), 43.8 (C(4)H), 46.9 (C(3)H), 47.1 (C(1)),
52.4 (C(3")OCHbs), 54.1 (C(1")OCHs), 54.9 (q, 2Jcr 28.9, C(2)H), 117.4 (CN), 119.0 (C(4")Hy),
124.4 (q, YJcr 279, CFs), 135.0 (C(4)H), 166.6 (C(1')=0), 170.9 (C(3)=0).

YF{'H} NMR (377 MHz, CDCls) d¢: —67.2 (CFs).

Data for minor diastereoisomer 368-Amin (selected)

H NMR (500 MHz, CDCls) on: 2.50 (1H, dd, ] 14.0, 9.6, C(5)H~HP), 3.05 (1H, app. t, ] 10.3,
C(3)H), 3.07 - 3.16 (1H, m, C(4)H), 3.73 (3H, s, C(3")OCHs), 5.82 (1H, ddd, ] 17.0, 10.2, 7.8,
C4")H).

BC{'H} NMR (126 MHz, CDCls) dc: 41.6 (C(5)H2), 46.8 (C(4)H), 49.6 (C(3)H), 52.7
(C(3")OCHs), 54.3 (C(1")OCHs), 55.7 (q, ?Jcr 29.0, C(2)H), 118.0 (C(4”")H2), 118.2 (CN), 124.2
(g, YJer 280, CFs), 136.0 (C(4")H), 166.5 (C(1)=0), 171.3 (C(3")=0).

YF{'H} NMR (377 MHz, CDCls) d¢: —66.8 (CFs).

368-B (Rt 0.22) as an inseparable mixture of diastereoisomers (84:11:5 dr) as a colourless
oil (74 mg, 24%). [a]3? +30.5 (c 1.06 in CHCls).

HRMS (ESI*) CisH1sFsNOsNa [M+Na]* found 328.0766, requires 328.0767 (-0.1 ppm).
vmax (film, cm™) 3086 (C=CH>), 2958 (C-H), 2852, 2249 (C=N), 1743 (C=0), 1643 (C=C), 1438,
1402, 1359, 1224, 1166, 1126, 1082, 972, 929.

Data for major diastereoisomer 368-Bmaj

Chiral HPLC analysis, Chiralpak AD-H, (n-hexane : i-PrOH 95:5, flow rate 1.0 mLmin,
254 nm, 40 °C) tr (25,3R,4S): 15.5 min, tr (2R,35,4R): 25.7 min, 97:3 er. (determined from
PNP ester from crude reaction mixture (0.2 mL aliquot, filtered over silica) before addition

of MeOH)
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1H NMR (500 MHz, CDCLy) dm: 2.29 — 2.37 (1H, m, C(5)HAHP), 2.46 — 2.53 (1H, m,
C(5)HAHP), 3.36 — 351 (2H, m, C(3)H, C(4)H), 3.70 (3H, s, C(3')OCHs), 3.90 (3H, s,
C(1"YOCHs), 4.05 (1H, app. p, ] 8.2, C(2)H), 5.10 —5.22 (2H, m, C(4”)Hz), 5.57 - 5.66 (1H, m,
C(4")H).

1C{1H} NMR (126 MHz, CDCls) dc: 43.2 (C(5)Hz), 44.6 (C(4)H), 46.3 (C(3)H), 48.7 (C(1)),
52.4 (C(3')OCHs), 53.4 (q, 2Jcr 28.9, C(2)H), 54.5 (C(1)OCH3), 115.9 (CN), 119.2 (C(4”)Hz),
124.6 (q, Jer 279, CFs), 133.3 (C(4')H), 166.7 (C(1')=0), 171.1 (C(3')=0).

WF(IH} NMR (377 MHz, CDCls) dr: -67.5 (CF5).

Data for minor diastereoisomer 368-Bumin (selected)

H NMR (500 MHz, CDCls) ds: 2.67 — 2.74 (1H, m, C(5)H~HB), 2.96 - 3.03 (2H, m, C(3)H,
C(4)H), 3.74 (3H, s, C(3"')OCHs), 5.77 (1H, ddd, ] 17.8, 10.3, 5.4, C(4')H).

BC{'"H} NMR (126 MHz, CDCls) dc: 43.5 (C(5)H2), 46.5 (C(4)H), 50.1 (C(3)H), 52.7
(C(3")OCHb), 53.5 (q, ?Jcr 28.1, C(2)H), 54.7 (C(1")OCHs), 116.1 (CN), 118.1 (C(4)Hz), 124.5
(q, YJer 279, CFs), 135.8 (C(4')H), 167.5 (C(1')=0), 171.2 (C(3")=0).

YF{'H} NMR (377 MHz, CDCls) d¢: -67.0 (CFs).

*The unambiguous assignment of the C(1) centre was not possible with the configuration for the
isolated diastereoisomers A and B at C(1) remaining unknown.

(LB ref: JB-771 (¢), JB-780, JB-812 (+, PNP ester), JB-819)

(25,3R,45)-2-(Trifluoromethyl)-4-vinylcyclopentane-1,1,3-tricarboxylic acid, 3-methyl
1,1-bis(2,2,2-trifluoroethyl) ester (369m) and (25,3R,4R)-2-(Trifluoromethyl)-4-

vinylcyclo-pentane-1,1,3-tricarboxylic acid, 3-methyl 1,1-bis(2,2,2-trifluoroethyl) ester

(369min)
"
N\«
o) . 0
F3C/\o “CF OMe  C1gH15F906
)O o 3 474.28
F4C 369,in

Following General Procedure J, PNP ester 307 (261 mg, 1.0 mmol, 1.0 eq), Pd(PPhs)4
(57.8 mg, 0.05 mmol, 5 mol%), (R)-BTM (50.5 mg, 0.2 mmol, 20 mol%), LiCl (0.5 M in THF,
0.6 mL, 0.3 mmol, 30 mol%) and VCP 264 (320 mg, 1.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(5 mL) for 96 h followed by MeOH (1.0 mL) and DMAP (24.4 mg, 0.2 mmol, 20 mol%) for

24 h gave the crude product (75:19:6 dr). Purification by silica column chromatography
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(15% Et0 in n-hexane, R¢ 0.27) gave the title compound as an inseparable mixture of
diastereomers (80:15:5 dr) as a pale yellow oil (240 mg, 51%). [a]3° +39.4 (c 1.23 in CHCl:).
HRMS (ESI¥): CisH1sFsOsNa [M+Na]* found 497.0606, requires 497.0617 (2.2 ppm).

vmax (film, cm™): 29800 (C-H), 2960, 1755 (C=Oester), 1643 (C=C), 1440, 1413, 1278, 1220, 1159
(C-F), 1122, 983, 974, 964.

Data for major diastereoisomer 369maj

Chiral GC analysis Restek Rt-BDEXcst (length: 30 m, thickness: 0.25 mm, film thickness:
0.25 um, carrier gas: He, linear velocity: 28 cmsec™, temperature: 110 °C (95 min)) tr
(2R,3S,4R): 85.4 min, tr (25,3R,4S): 88.3 min, 3:97 er.

H NMR (500 MHz, CDCls) du: 2.07 (1H, dd, | 13.4, 10.6, C(5)HAH®), 2.68 (1H, dd, ] 13.3,
6.7, C(5)H~H®), 3.33 (1H, dd, ] 10.3, 8.2, C(3)H), 3.50 — 3.62 (1H, m, C(4)H), 3.68 (3H, s,
OCHs), 4.27 (1H, app. p, ] 8.9, C(2)H), 4.37 (1H, dq, ] 12.5, 8.2, C(1’a)OCH”H?), 4.49 (1H,
dq, ] 12.6, 8.2, C(1'b)OCHAHE), 4.57 — 4.69 (2H, m, C(1’a)OCHAH®, C(1'b)OCHAH?), 5.10
(1H, d, ] 10.2, C(4")H~HP), 5.14 (1H, d, | 17.0, C(4")H~H®), 5.57 (1H, ddd, ] 17.0, 10.2, 8.3,
C4)H).

BC{"H} NMR (126 MHz, CDCls) dc: 41.2 (C(5)H>), 44.4 (C(4)H), 48.0 (C(3)H), 51.7 (q, ?Jc¢
28.9, C(2)H), 52.2 (OCHs), 59.8 (C(1)), 61.6 (q, Ycr 37.4, C(1’a)OCH2), 61.6 (q, ?Jcr 37.4,
C(1'b)OCHy>), 118.3 (C(4"")H>), 122.3 (q, 'Jcr 278, CH2CFs), 122.3 (q, 'Jcr 278, CH2CFs), 125.1
(q, YJer 279, C(2')Fs), 134.8 (C(4')H), 167.1 (C(1'b)=0), 167.4 (C(1’a)=0), 171.6 (C(3)=0O).
YF{'H} NMR (377 MHz, CDCls) or: -73.9 (CH2CFs3), —=73.7 (CH2CF3), —66.8 (C(2)F3).

Data for minor diastereoisomer 369min (selected)

Chiral GC analysis Restek Rt-BDEXcst (length: 30 m, thickness: 0.25 mm, film thickness:
0.25 um, carrier gas: He, linear velocity: 28 cmsec™, temperature: 110 °C (95 min)) tr
(2R,35,4S5): 79.2 min, tr (25,3R,4R): 81.9 min, 2:98 er.

'H NMR (500 MHz, CDCls) du: 2.45 (1H, dd, ] 13.8, 7.2, C(5)H~HB), 2.60 — 2.64 (1H, m,
C(5)HAH?), 2.73 - 2.82 (1H, m, C(4)H), 2.89 (1H, dd, ] 10.1, 8.6, C(3)H), 3.73 (3H, s, OCHs),
4.14 (1H, app. p, ] 9.2, C(2)H), 5.77 (1H, ddd, ] 174, 10.2, 7.5, C(5")H).

BC{"H} NMR (126 MHz, CDCls) dc: 40.1 (C(5)H-2), 44.9 (C(4)H), 50.2 (C(3)H), 52.5 (OCHs),
117.5 (C(4"")H), 136.3 (C(4")H), 166.0 (C(1")=0), 167.9 (C(1)=0), 171.5 (C(3")=0).

VF{'H} NMR (377 MHz, CDCls) dr: -73.8 (CH2CFs), =73.7 (CH2CF3), —=66.9 (C(2”)F5).

(LB ref: JB-740(z), JB-785)
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5.5.4 Gram scale catalytic reaction

(1R,25,55)-3,3-Dicyano-2-(trifluoromethyl)-5-vinylcyclopentane-1-carboxylic acid, 4-
nitrophenyl ester (308maj)

-
N 5
O 308

NG C17H12F3N304
e = © NO, 379.30
CF,

Following General Procedure J, PNP ester 307 (1.31 g, 5.0 mmol, 1.0 eq), Pd(PPhs)s
(289 mg, 0.25 mmol, 5 mol%), (R)-BTM (252 mg, 1.0 mmol, 20 mol%), LiCl (0.5 M in THF,
3.0 mL, 1.5 mmol, 30 mol%) and VCP 276 (591 mg, 5.0 mmol, 1.0 eq) in THF : EtOAc 3:2
(25 mL) for 24 h gave the crude product (95:5 dr). Purification by silica column
chromatography (n-hexane : EtOAc 4:1, Rr 0.23) gave a pale yellow oil, which was
triturated with Et2O to afford the title compound as an inseparable mixture of
diastereomers (95:5 dr) as an off-white solid (1.49 g, 78%).

chiral HPLC analysis Chiralcel OD-H (hexane : i-PrOH 97:3, flow rate 1.0 mlmin™, 254
nm, 40 °C) major diastereoisomer: tr (15,2R,5R): 30.1 min, tr (1R,25,55): 32.3 min, 7:93 er.
minor diastereoisomer: tr (15,2R,5S): 40.4 min, tr (1R,25,5R): 45.2 min, 5:95 er.

5.5.5 Product Derivatisations

rel-(15,2R,5R)-3,3-Dicyano-2-(trifluoromethyl)-5-vinylcyclopentane-1-carboxylic acid,
benzyl ester (322)

5"

\s

L 0
““/< 322
NC 0 C1gH15F3N20,

NC b, b 348.33

Following General Procedure J, PNP ester 307 (65.3 mg, 0.25 mmol, 1.0 eq), Pd(PPhs)4
(14.4 mg, 0.013 mmol, 5 mol%), (+)-TM-HCl (6.0 mg, 0.025 mmol, 10 mol%), i-Pr-NEt
(4.3 pL, 0.025 mmol, 10 mol%) and VCP 276 (29.5 mg, 0.25 mmol, 1.0 eq) in acetone
(1.3 mL) for 24 h followed by BnOH (0.13, 1.25 mmol, 5.0 eq) and DMAP (6.1 mg,
0.05 mmol, 20 mol%) for 24 h gave the crude product (95:5 dr). Purification by silica
column chromatography (petrol : EtOAc 6:1, Rf 0.29) gave the title compound as an

inseparable mixture of diastereoisomers (95:5 dr) as a white solid (49 mg, 56%).
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m.p. (n-hexane) 59 — 61 °C

HRMS (ESI) CisH1sFsN202 [M-H]- found 347.1010, requires 347.1012 (-0.8 ppm).

vmax (film, cm) 3035 (=CHz2), 2956 (C-H), 1724 (C=0), 1647 (C=C), 1500 (C=Car), 1456, 1402,
1265, 1170 (C-F), 1128, 937.

Data for major diastereoisomer 322maj

'H NMR (500 MHz, CDCls) du: 2.48 (1H, app. t, ] 12.3, C(4)HAH?P), 2.72 (1H, dd, ] 13.1, 5.1,
C(4)HAH?), 3.35 - 3.47 (2H, m, C(1)H, C(5)H), 3.89 (1H, app. p, ] 7.6, C(2)H), 5.09 (1H, d, |
10.3, C(5"")H~HP), 5.13 (1H, d, ] 12.0, OCH*HE?), 5.15 - 5.21 (2H, m, C(5”)HAH®, OCHAH?),
5.50 (1H, ddd, ] 17.2,10.2, 7.3, C(5")H), 7.30 — 7.41 (5H, m, 5 x ArH).

BC{H} NMR (126 MHz, CDCls) dc: 34.3 (C(3)), 43.4 (C(4)H2), 44.4 (C(5)H), 45.8 (C(1)H),
55.1 (q, ¥Jce29.6, C(2)H), 68.1 (OCH>), 112.2 (CN), 113.3 (CN), 120.3 (C(5"")H>), 123.8 (q, !Jcr
280, CFs), 128.7 (ArC(3,5)H), 128.8 (ArC(2,6)H), 128.9 (ArC(4)H), 131.8 (C(5")H), 134.4
(ArC(1)), 170.1 (C=0).

YF{'H} NMR (377 MHz, CDCls) d¢: —67.5 (CFs).

Data for minor diastereoisomer 322min (selected)

'H NMR (500 MHz, CDCls) d1: 2.85 (1H, dd, ] 13.7, 7.4, C(4)HAH?), 3.05 (1H, app. t, ] 9.6,
C(1)H), 3.08-3.15 (1H, m, C(5)H), 3.79 (1H, app. p, ] 8.3, C(2)H), 5.76 (1H, ddd, ] 17.4, 10.3,
7.6, C(5")H).

BC{'H} NMR (126 MHz, CDCls) oc: 44.5 (C(4)Hz), 46.6 (C(5)H), 49.7 (C(1)H), 119.4
(C(5”)H2), 134.2 (C(5")H).

YF{H} NMR (377 MHz, CDCl;s) dr: =67.2 (CF3).

(LB ref: JB-481B)
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rel-(1S,2R,5R)-N-Benzyl-3,3-dicyano-2-(trifluoromethyl)-5-vinylcyclopentane-1-
carboxamide (331) and rel-(1R,5S,6R,85)-3-Benzyl-2-imino-4-oxo-8-(trifluoromethyl)-6-

vinyl-3-azabicyclo[3.2.1]Joctane-1-carbonitrile (332)

\ "
L0 & “ /(
NG il FiC N
HN and \<
NC  CF, b NH
CN
331 332

C1gH16F3N30 C1gH16F3N30
347.34 347.34

Following General Procedure J, PNP ester 307 (65.3 mg, 0.25 mmol, 1.0 eq), Pd(PPhs)s
(14.4 mg, 0.013 mmol, 5 mol%), (+)-TM-HCI (6.0 mg, 0.025 mmol, 10 mol%), i-Pr.NEt
(4.3 pL, 0.025 mmol, 10 mol%) and VCP 276 (29.5 mg, 0.25 mmol, 1.0 eq) in acetone
(1.3 mL) for 24 h followed by BnNH: (0.13, 1.25 mmol, 5.0 eq) for 4 h gave the crude
product as a mixture of 3 isomers (331 : 332maj : 332min 67:30:3). Purification by silica

column chromatography (n-hexane : EtOAc 4:1) gave:

331 (R¢ 0.22) as a single diastereoisomer as a colourless oil (43 mg, 49%).

H NMR (500 MHz, CDCls) on: 2.51 — 2.61 (1H, m, C(4)H*HP), 2.66 (1H, dd, ] 12.8, 5.8,
C(4)HAH?), 3.03 (1H, dd, ] 10.3, 7.4, C(1)H), 3.24 - 3.35 (1H, m, C(5)H), 4.08 (1H, app. p, ]
7.9, C(2)H), 4.37 - 4.50 (2H, m, NCH2), 5.17 (1H, d, ] 10.1, C(5”")H*H?), 5.24 (1H, d, ] 17.1,
C(5”)H~H®), 5.59 (1H, ddd, ] 17.1, 10.1, 8.7, C(5")H), 5.80 — 5.96 (1H, m, NH), 7.21 - 7.26
(2H, m, Ar(2,6)H), 7.28 - 7.38 (3H, m, Ar(3,4,5)H).

BC{H} NMR (126 MHz, CDCls) dc: 34.4 (C(3)), 44.1 (C(4)H>), 44.3 (NCH>), 45.3 (C(5)H),
47.2 (C(1)H), 55.1 (q, ?Jcr 29.4, C(2)H), 112.6 (CN), 113.3 (CN), 120.6 (C(5"")Hz), 124.1 (q, "Jce
279, CFs), 127.9 (ArC(2,6)H), 128.0 (ArC(4)H), 128.8 (ArC(3,5)H), 132.7 (C(5")H), 136.9
(ArC(1)), 168.3 (C=0).

YF{'H} NMR (377 MHz, CDCls) d¢: -67.3 (CFs).

HRMS (ESI*) C1sHieFsNsONa [M+Na]* found 370.1126, requires 370.1138 (-3.1 ppm).
vmax (film, cm) 3304 (N-H), 3088, 3024 (C=CH), 2943 (C-H), 1651 (C=0), 1608, 1541 (C=0),
1454, 1400, 1269, 1174 (C-F), 1128, 1029, 933.

332 (R¢0.42) as an inseparable mixture of diastereoisomers (92:8 dr) as a white solid (21 mg,
24%). m.p. (CHCls) 111 - 114 °C.
HRMS (ESI*) CisH17FsNsO [M+H]* found 348.1308, requires 348.1318 (2.8 ppm).
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Vimax (film, cm) 3302 (N-H), 3068 (C=CH), 2985 (C-H), 2850, 2256 (C=N), 1695 (C=N), 1622
(C=0), 1581, 1494 (C=Ca:), 1438, 1386, 1280, 1261, 1170, 1126, 1080, 935, 925, 900.

Data for major diastereoisomer 332maj

'H NMR (500 MHz, CDCls) ou: 2.09 (1H, dd, ] 144, 6.4, C(7)H~H?), 2.88 (1H, dd, ] 144,
10.9, C(7)H~HP), 3.17 (1H, q, ] 9.0, C(8)H), 3.32 — 3.41 (1H, m, C(6)H), 3.42 — 3.47 (1H, m,
C(5)H), 5.04 - 5.16 (4H, m, NCH., C(6")H>), 5.41 (1H, ddd, ] 17.4, 10.3, 7.5, C(6")H), 7.26 —
7.32 (3H, m, Ar(3,4,5)H), 7.37 — 7.44 (2H, m, Ar(2,6)H), 8.71 (1H, s, NH).

BC{H} NMR (126 MHz, CDCls) dc: 39.1 (C(7)), 42.7 (C(6)H), 44.5 (NCH>), 48.0 (C(1)), 49.2
(g, ?Jcr 29.9, C(8)H), 50.3 (C(5)H), 115.1 (CN), 119.2 (C(6”")H2), 123.9 (q, !Jcr 280, CFs), 127.8
(ArC(4)H), 128.4 (ArC(3,5)H), 129.1 (ArC(2,6)H), 133.5 (C(6")H), 136.5 (ArC(1)), 159.2
(C=N), 168.2 (C=0).

YF{1H} NMR (377 MHz, CDCls) dr: -65.9 (CF3).

Data for minor diastereoisomer 332min (selected)

H NMR (500 MHz, CDCls) du: 2.26 (1H, dd, ] 14.4, 6.4, C(7)H~HB), 2.96 — 3.04 (1H, m,
C(7)HAH®), 3.26 (1H, q, ] 9.2, C(8)H), 3.54 — 3.59 (1H, m, C(5)H), 4.83 (1H, d, ] 15.8,
NCH”HP), 4.95 (1H, d, ] 15.8, NCHAH?), 5.04 - 5.16 (2H, m, C(6")Hz), 5.64 (1H, ddd, ] 17.2,
10.3, 6.8, C(6")H), 7.90 (1H, s, NH).

BC{H} NMR (126 MHz, CDCls) dc: 42.4, 44.1 (NCH>), 126.9, 128.5, 129.3.

YF{'H} NMR (377 MHz, CDCls) d¢: —65.6 (CFs).

(LB ref: JB-605, JB-821)

(1R,2S,55)-3,3-Dicyano-5-((E)-styryl)-2-(trifluoromethyl)cyclopentane-1-carboxylic

acid, methyl ester (372)

372
C1gH15F3N20;
348.33

Following the procedure reported by Yao and co-workers,'® a pressure tube was charged
with methyl ester 333 (136 mg, 0.5 mmol, 1.0 eq), Pd(OAc): (5.6 mg, 0.025 mmol, 5 mol%)
and K2CO:s (104 mg, 0.75 mmol, 1.5 eq) and evacuated and flushed with N2 three times.
Acetone (5.0 mL, purged with Ar for 30 min) and iodobenzene (0.08 mL, 0.75 mmaol,

1.5 eq) were added, the tube was sealed and the reaction mixture was stirred at 100 °C for
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24 h. The reaction was allowed to cool to room temperature, diluted with EtOAc and
filtered over Celite with EtOAc. The combined filtrates were concentrated under reduces
pressure and the crude product was purified by silica column chromatography (15 to 20%
Et20 in n-hexane, R¢ 0.22 in 20% Et20 in n-hexane) to give the title compound as a single
diastereoisomer (>99:1 dr) as a yellow oil (81 mg, 46%). [a]3? +54.1 (c 1.08 in CHCls).
chiral HPLC analysis Chiralpak AD-H (hexane : i-PrOH 93:7, flow rate 1.0 mlmin-, 254
nm, 40 °C) tr (1R,25,5S): 10.4 min, tr (15,2R,5R): 22.7 min, 93:7 er.

H NMR (500 MHz, CDCls) d1: 2.58 (1H, app. t, ] 12.7, C(4)HAH?P), 2.82 (1H, dd, ] 13.0, 6.0,
C(4)H~HP®), 3.48 (1H, dd, ] 10.7, 8.1, C(1)H), 3.56 — 3.65 (1H, m, C(5)H), 3.69 (3H, s, OCHs),
3.95 (1H, app. p, ] 7.5, C(2)H), 5.91 (1H, dd, ] 15.8, 8.4, C(5')H), 6.57 (1H, d, ] 15.8, C(5”")H),
7.27 -7.38 (5H, m, 5 x ArH).

BC{'H} NMR (126 MHz, CDCls) dc: 34.4 (C(3)), 43.7 (C(5)H), 43.9 (C(4)H>), 46.2 (C(1)H),
53.0 (OCHs), 55.0 (q, ?Jcr29.6, C(2)H), 112.3 (CN), 113.3 (CN), 122.6 (C(5")H), 123.9 (q, YJcr
279, CFs), 126.4 (ArC(2,6)H), 128.5 (ArC(4)H), 128.8 (ArC(3,5)H), 135.2 (C(5”)H), 135.5
(ArC(1)), 170.7 (C=0O).

VF{TH} NMR (377 MHz, CDCls) or: —67.4 (CF5).

HRMS (ESI*) C1sH1eFsN202 [M+H]* found 349.1149, requires 349.1158 (2.6 ppm).

vmax (film, cm™) 3026 (=CH), 2954 (C-H), 1735 (C=0), 1494 (C=Car), 1438, 1398, 1271, 1217,
1172, 1134, 968.

(LB ref: JB-795 (+), JB-809)

(1R,2S,55)-N-Allyl-3,3-dicyano-2-(trifluoromethyl)-5-vinylcyclopentane-1-
carboxamide (373)
5

N 5
O
373
NC C14H14F3N30

/ HN
NC TR, N—=. 297.28

To a solution of PNP ester 308 (379 mg, 1.0 mmol, 1.0 eq) in EtOAc (5.0 mL) was added
allyl amine (0.15 mL, 2.0 mmol, 2.0 eq) and the reaction mixture was stirred at room
temperature until TLC indicated full conversion (ca. 5 h). The mixture was diluted with
EtOAc (10 mL) and washed with 1 M NaOH (2 x 10 mL) and brine (10 mL). The organic

phase was dried over MgSOs, filtered and concentrated under reduced pressure. The
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crude product was purified by silica column chromatography (n-hexane : EtOAc 3:1, R¢
0.24) to give the title compound as a single diastereoisomer (>99:1 dr) as a white solid
(233 mg, 78%). m.p. (EtOAc) 127 — 130 °C. [ar]% +21.8 (c 1.12 in CHCls).

chiral HPLC analysis Chiralpak IA, (n-hexane : i-PrOH 97:3, flow rate 1.0 mLmin, 211
nm, 40 °C) tr (1R,25,5S): 13.8 min, tr (15,2R,5R): 23.3 min, 92:8 er.

H NMR (500 MHz, CDCls) on: 2.55 (1H, app. t, ] 12.8, C(4)HAH?), 2.66 (1H, dd, ] 12.8, 5.9,
C(4)H~H®), 3.06 (1H, dd, ] 10.3, 7.4, C(1)H), 3.25 - 3.36 (1H, m, C(5)H), 3.81 - 3.95 (2H, m,
NCH-2), 4.03 (1H, app. p, ] 7.9, C(2)H), 5.14 — 5.22 (2H, m, C(1”")H2), 5.22 - 5.32 (2H, m,
C(5")H>), 5.62 (1H, ddd, ] 17.0, 10.1, 8.7, C(5")H), 5.78 (1H, ddt, ] 17.2, 10.2, 5.7, C(1")H),
5.83 (1H, br t, ] 5.8, NH).

BC{tH} NMR (126 MHz, CDCls) dc: 34.4 (C(3)), 42.4 (NCH>), 44.1 (C(4)H-), 45.3 (C(5)H),
47.1 (C(1)H), 55.1 (q, ?Ycr 29.3, C(2)H), 112.6 (CN), 113.3 (CN), 117.3 (C(1”)H2), 120.6
(C(5”)H2), 124.1 (q, YJcr 279, CFs), 132.6 (C(5")H), 133.0 (C(1")H), 168.4 (C=0O).

YF{tH} NMR (377 MHz, CDCls) or: -67.3 (CF3).

HRMS (ESI*) C1sHisFsNsO [M+H]* found 298.1157, requires 298.1161 (-1.5 ppm).

vmax (film, cm) 3288 (N-H), 3115, 2945 (C-H), 2850, 1681(C=C), 1653 (C=C), 1639 (C=0),
1575 (C=0), 1433, 1371, 1271, 1170, 1134, 1031, 993, 941, 923.

(LB ref: JB-787 (), JB-805)

(5aS,8S,8aR)-1-Oxo-8-(trifluoromethyl)-2,3,5a,6,8,8a-hexahydrocyclopent[clazepine-
7,7(2H)-dicarbonitrile (374)

=
5
1 NH 374
NC /%% C12H1oF3N30
NC CFg 269.23

Amide 373 (148 mg, 0.5 mmol, 1.0 eq) and p-TsOH-H20 (129 mg, 0.75 mmol, 1.5 eq) were
placed in a flame-dried round bottom flask under a N2 atmosphere. Toluene (50 mL,
degassed with Ar for 30 min) was added, followed by HG-II catalyst (16 mg, 0.025 mmol,
5 mol%) and the reaction mixture was heated to 80 °C. After 24 h, additional 5 mol% HG-
IT catalyst were added and stirring at 80 °C continued for another 24 h. The reaction
mixture was allowed to cool to room temperature and the solvent was removed under
reduced pressure. The crude residue was dissolved in CH2Cl2 (50 mL) and washed with

1 M NaOH (50 mL). The aqueous phase was extracted with CH2CL: (3 x 15 mL), the

222 |



5.5 | Experimental details for Chapter 3

combined organic phases were dried over MgSO,, filtered and the solvent was removed
under reduced pressure. The crude product was purified by silica column
chromatography (10 to 20% Et20 in CH2Clz, R 0.33 in 20% Et20 in CH2Cl) to afford the
title compound as a single diastereoisomer (>99:1 dr) as a white solid (28 mg, 20%).

m.p. (CHCls) 123 — 125 °C. [a]3? +7.7 (c 1.30 in CHCl:).

chiral HPLC analysis Chiralpak AD-H (hexane : i-PrOH 92:8, flow rate 1.0 mImin-, 211
nm, 40 °C) tr (5a5,85,8aR): 14.3 min, tr (5aR,8R,8aS): 23.2 min, 94:6 er.

H NMR (500 MHz, CDCls) du: 2.18 (1H, dd, | 14.4, 12.7, C(6)H*H?), 2.76 (1H, dd, ] 12.7,
4.8, C(6)HAH?), 3.22 - 3.33 (1H, m, C(5a)H), 3.43 (1H, app. dt, ] 16.6, 7.6, C(3)H*H?), 3.69
(1H, dd, ] 9.0, 3.7, C(8a)H), 3.99 — 4.10 (1H, m, C(3)HAH?), 4.74 (1H, qd, ] 9.4, 3.7, C(8)H),
5.71 (1H, dt, ] 10.9, 2.7, C(5)H), 6.08 — 6.18 (1H, m, C(4)H), 7.03 - 7.16 (1H, m, NH).
BC{"H} NMR (126 MHz, CDCls) dc: 32.8 (C(7)), 37.5 (C(3)Hz), 40.8 (C(5a)H), 44.1 (C(8a)H),
44.2 (C(6)Hz), 53.1 (q, ?Jcr29.4, C(8)H), 113.1 (CN), 114.0 (CN), 124.6 (q, 'Jcr 279, CFs), 129.0
(C(5)H), 129.6 (C(4)H), 169.4 (C=0).

YF{tH} NMR (377 MHz, CDCls) or: -67.2 (CF3).

HRMS (ESI¥) Ci2H10FsN3ONa [M+Na]* found 292.0660, requires 292.0668 (-2.8 ppm).
vmax (film, cm™) 3261 (N-H), 3088, 2960 (C-H), 2256 (C=N), 1672 (C=0), 1475, 1381, 1305,
1274, 1201, 1159, 1132, 1103, 900.

(LB ref: JB-794 (), ]B-808)

(25,3R,45)-3-(Hydroxymethyl)-2-(trifluoromethyl)-4-vinylcyclopentane-1,1-

dicarbonitrile (375)

N

OH
375

NC / C11H41F3N20
NC  Z, 244.22

To a solution of PNP ester 308 (379 mg, 1.0 mmol, 1.0 eq) in MeOH (4.7 mL) and DME
(0.3 mL) was added NaBH:4 (76 mg, 2.0 mmol, 2.0 eq) in portions at 0 °C. After complete
addition, the reaction mixture was allowed to warm to room temperature and the reaction
progress monitored by TLC. After full consumption of starting material (ca. 1h), the
reaction was quenched by the addition of sat. aq. NH4Cl (20 mL). The aqueous phase was

extracted with EtOAc (3 x 20 mL) and the combined organic phases were washed with
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1M NaOH (2 x 20 mL) and brine (20 mL). The organic phase was dried over MgSOs,
filtered and the solvent was removed under reduced pressure. The crude product was
purified by silica column chromatography (n-hexane : EtOAc 4:1, R¢ 0.21) to give the title
compound as a single diastereoisomer (>99:1 dr) as a pale yellow oil (90 mg, 36%).

[a]2® +2.8 (c 1.29 in CHCls).

Chiral GC analysis Restek Rt-BDEXcst (length: 30 m, thickness: 0.25 mm, film thickness:
0.25 pum, carrier gas: He, linear velocity: 28 cmsec™, temperature: 60 to 190 °C (43 min),
190 °C (15 min)) tr (25,3R,4S): 51.1 min, tr (2R,35,4R): 51.6 min, 93:7 er.

H NMR (500 MHz, CDCls) d1: 1.71 (1H, br s, OH), 2.51 (1H, app. t, ] 12.7, C(5)HAHP), 2.55
-2.62 (1H, m, C(3)H), 2.64 (1H, dd, ] 12.6, 6.1, C(5)HAH?), 3.16 — 3.27 (1H, m, C(4)H), 3.62
(1H, app. p, ] 8.2, C(2)H), 3.67 (1H, dd, ] 10.9, 3.3, OCHAHB), 3.87 (1H, d, ] 10.9, OCHAH?),
5.22 -5.31 (2H, m, C(4”)H), 5.94 (1H, ddd, ] 17.0, 10.3, 8.1, C(4")H).

BC{'"H} NMR (126 MHz, CDCls) dc: 34.2 (C(1)), 41.8 (C(3)H), 44.5 (C(5)H2), 44.6 (C(4)H),
53.1 (q, YJcr28.5, C(2)H), 60.2 (OCHz), 113.0 (CN), 114.3 (CN), 119.7 (C(4")Hz), 124.8 (q, Jcr
279, CFs), 133.9 (C(4)H).

YF{1H} NMR (377 MHz, CDCls) dr: -67.0 (CF3).

HRMS (ESI*) CuuH12FsN:2O [M+H]* found 245.0896, requires 245.0896 (+0.0 ppm).

vmax (film, cm™) 3549 (O-H), 3086 (=CH>), 2953 (C-H), 2893, 2258 (C=N), 1643 (C=C), 1384,
1267, 1165, 1126, 999, 929.

(LB ref: JB-788, ]B-793, JB-797(+), ]B-799, JB-806, JB-807, JB-810, ]B-815, ]B-816, ]B-817, ]B-
818)

(1R,3aR,4S,6aR)-1-(Iodomethyl)-4-(trifluoromethyl)tetrahydro-1H-cyclopentalc]furan-
5,5(3H)-dicarbonitrile (376mj) and (1S,3aR,4S,6aR)-1-(Ilodomethyl)-4-(trifluoromethyl)
tetrahydro-1H-cyclopenta[clfuran-5,5(3H)-dicarbonitrile (376min)

C14H4oF3IN,O
370.11

Following the procedure reported by Jorgensen and co-workers'?, alcohol 375 (76 mg,
0.3 mmol, 1.0 eq) was dissolved in THF : sat. aq. NaHCO:s 3:1 (2.4 mL) and cooled to 0 °C.
Iodine (237 mg, 0.93 mmol, 3.0 eq) was added in portions over 5 h and the reaction mixture
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stirred for another 16 h at 0 °C. The reaction was quenched by the addition of brine
(20 mL) and the aqueous phase was extracted with EtOAc (3 x 20 mL). The combined
organic phases were washed with sat. aq. Na25:0s (20 mL), H-O (20 mL) and brine (20 mL),
dried over MgSOs, filtered and the solvent was removed under reduced pressure. The
crude product was purified by silica column chromatography (n-hexane : EtOAc 5:1 to
4:1) to give:

376maj (Rt 0.34 in n-hexane : EtOAc 4:1) as an off-white solid (66 mg, 58%). m.p. (EtOAc)
54 —57 °C. [a]3° -10.0 (c 1.02 in CHCls). The enantiomeric ratio could not be determined.
H NMR (500 MHz, CDCls) d1: 2.29 (1H, dd, ] 13.3, 9.3, C(6)H~HP), 2.99 (1H, dq, ] 9.8, 7.1,
C(4)H), 3.03 - 3.29 (5H, m, C(1")H, C(3a)H, C(6)H~H®, C(6a)H), 3.90 (1H, dd, ] 10.3, 2.5,
C(3)H~HP®), 4.07 (1H, dd, ] 10.3, 6.5, C(3)H~H?®), 4.11 (1H, td, ] 5.6, 2.7, C(1)H).

BC{'H} NMR (126 MHz, CDCls) dc: 5.4 (C(1")Hz), 36.8 (C(5)), 44.2 (C(3a)H), 44.5 (C(6)H>),
47.5 (C(6a)H), 56.8 (q, ?Jcr 28.6, C(4)H), 70.5 (C(3)Hz), 84.9 (C(1)H), 112.0 (CN), 112.9 (CN),
123.9 (q, YJcr 280, CFs).

BF{'H} NMR (377 MHz, CDCls) dr: —66.9 (CF3).

HRMS (ESI") C1iH10FsIN20CI [M+CI]- found 404.9458, requires 404.9484 (2.6 ppm).

vmax (CHCls, em) 3020 (CH2-T), 2956 (C-H), 2887, 2258 (C=N)), 1392, 1271, 1176, 1132, 1070,
916.

376min (Rt 0.39 in n-hexane : EtOAc 4:1) as a white solid (24 mg, 21%). m.p. (EtOAc) 121 -
124 °C. [a]3? -70.1 (c 1.15 in CHCls). The enantiomeric ratio could not be determined.
H NMR (500 MHz, CDCl) ou: 2.18 (1H, dd, ] 12.9, 11.1, C(6)H~H?), 2.81 — 2.92 (2H, m,
C(4)H, C(6)H~H?®), 3.01 (1H, dd, ] 10.4, 9.3, C(1")H~H?), 3.19 (1H, td, ] 9.7, 6.5, C(3a)H), 3.30
-3.39 (2H, m, C(1")H~H®, C(6a)H), 3.79 (1H, dd, ] 10.2, 6.5, C(3)HAH?), 3.94 — 4.02 (2H, m,
C(1)H, C(3)H~H?).

BC{'H} NMR (126 MHz, CDCls) dc: 2.1 (C(1")H>), 35.7 (C(5)), 38.5 (C(6)H>), 43.7 (C(3a)H),
45.1 (C(6a)H), 58.0 (q, ?Jc¢28.5, C(4)H), 72.2 (C(3)Hz), 81.3 (C(1)H), 111.9 (CN), 112.7 (CN),
124.0 (q, YJcr 278, CFs).

F{TH} NMR (377 MHz, CDCls) dr: —67.2 (CF3).

HRMS (ESI") C1iH1oFsIN20Cl [M+Cl]- found 404.9475, requires 404.9484 (-0.9 ppm).

vmax (film, cm™) 2958 (C-H), 2875, 2854, 2260 (C=N), 1390, 1271, 1259, 1168, 1136, 1026, 950.
(LB ref: JB-802(z), JB-820)
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5.6 NOE Experiment

Experiments were performed on a 400 MHz spectrometer. For each experiment, a 'H
NMR spectrum was measured and a NOE was obtained on the same NMR spectrometer
with a selective pulse at the required chemical shift measured to 4 decimal places in
MestreNova 9.1 without referencing to solvent.
Determination of alkene configuration for 175:

Amide 175 (approx. 10 mg) was dissolved in CDCls (approx. 0.6 mL) and a 'H NMR
spectrum was obtained. The chemical shift of the alkene CHs signal (C(4)Hs, ou 1.8570
ppm, uncorrected) was determined and subsequently irradiated on the same NMR
spectrometer (Figure 518). The resulting spectrum showed significant radiation transfer
to protons with chemical shifts of 4.13 ppm (s, C(5)H) and 7.20-7.31 ppm (m, C(3)!1). Then,
the chemical shift of the C(5)H signal (C(5)H, dou 4.1359 ppm, uncorrected) was
determined and irradiated on the same NMR spectrometer (Figure S19). The resulting
spectrum showed significant radiation transfer to protons with chemical shifts of 1.86 (d,

] 7.2 Hz, C(4)Hs) and 3.64 (d, ] 13.2 Hz, C(5')H2).

T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0
f1 (ppm)

Figure S18 NOE spectra for 175. 'H NMR, CDCls, 400 MHz, irradiation at 61 1.8570 ppm.
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T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0

1 (ppm)

Figure S19: NOE spectra for 175. 'TH NMR, CDCls, 400 MHz, irradiation at 61 4.1359 ppm.
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5.7 Single crystal X-ray diffraction analysis

Data were collected using CrystalClear! and processed (including correction for Lorentz,
polarization and absorption) using CrysAlisPro.? Structures were solved by dual-space
(SHELXT™"), direct (SIR2011'?) or charge-flipping (Superflip'®®) methods and refined by
full-matrix least-squares against F2 (SHELXL-2018/3"%). Non-hydrogen atoms were
refined anisotropically, and all hydrogen atoms were refined using a riding model. All

calculations were performed using the CrystalStructure® interface.

Data for 186maj
X-ray diffraction data were collected at 125 K on a Rigaku XtaLAB P200 diffractometer

using multi-layer mirror monochromated Cu-Ka radiation (A = 1.54187 A).

186:maj
CCDC 2000698
empirical formula C1sH25N350s o ’L
fw 283.37 0 X o~
crystal description colourless, plate N)W
crystal size [mm] 0.100 x 0.050 = 0.020 C/ N
space group C2/c (#15) ‘;6 \.
a[A] 20.9650(8) maj
b [A] 6.25949(18)
c [A] 23.5608(11)
vol [A]? 3022.0(2)
BI°] 102.201(4)
V4 8
p (calc) [g/cm?] 1.246
p [mm] 0.718
F(000) 1232.00
reflections collected 16059
independent reflections (Rint) 3076 (0.0711)
data/parameters 3076/181
GOF on P2 1.035
R1 [I>20(I)] 0.0951
wRo (all data) 0.2765
largest diff. peak/hole [e/A] 0.84, —0.50

1 CrystalClear-SM Expert v2.1. Rigaku Americas, The Woodlands, Texas, USA, and Rigaku Corporation, Tokyo, Japan,
2015
2 CrysAlisPro v1.171.38.46. Rigaku Oxford Diffraction, Rigaku Corporation, Oxford, UK. 2015

3 CrystalStructure v4.3.0. Rigaku Americas, The Woodlands, Texas, USA, and Rigaku Corporation, Tokyo, Japan, 2018.
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Data for (E)-218 (JB-512)
X-ray diffraction data were collected at 125 K on a Rigaku XtaLAB P200 diffractometer

using multi-layer mirror monochromated Cu-Ka radiation (A = 1.54187 A).

(E)-218
CCDC 2000699
empirical formula C1aH16N202 "ﬁ o
fw 244.29 -
crystal description colourless, prism _ N@
crystal size [mm)] 0.200 = 0.100 = 0.050 o)
space grou P-1(#2)
F a [?x] F 8.1528(2) (E)-218
b[A] 9.51231(16)
c [A] 16.9230(4)
vol [A]? 1256.30(5)
a[°] 101.2680(17)
BI°] 92.223(2)
v [°] 101.6720(18)
4 4
p (calc) [g/cm?] 1.291
p [mm] 0.709
F(000) 520.00
reflections collected 13192
independent reflections (Rint) 4892 (0.0154)
data/parameters 4892/332
GOF on P2 1.064
R1 [I>20(D)] 0.0415
wRo (all data) 0.1093
largest diff. peak/hole [e/A?] 0.25,-0.27
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Data for 220min (JB-210)
X-ray diffraction data were collected at 125 K on a Rigaku XtaLAB P200 diffractometer

using multi-layer mirror monochromated Cu-Ka radiation (A = 1.54187 A).

220min (25,35)
CCDC 2000700
empirical formula C19H26N20s /3
fw 330.42 O N

crystal description

colourless, prism

crystal size [mm)] 0.110 = 0.090 = 0.080 H
space group P1(#1) N
a[A] 5.95743(14) 220,
b[A] 7.72174(8)
c [A] 10.83510(9)
vol [A]? 445.939(13)
a[°] 101.1780(7)
BI°] 97.4202(15)
v [°] 110.9130(17)
4 1
p (calc) [g/cm?] 1.230
p [mm] 0.670
F(000) 178.00
reflections collected 11042
independent reflections (Rint) 3250 (0.0232)
data/parameters 3250/237
GOF on P2 1.071
R1 [I>20()] 0.0315
wRo (all data) 0.0855
largest diff. peak/hole [e/A?] 0.15,-0.15
Flack parameter 0.08(9)
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5.7 | Single crystal X-ray diffraction analysis

Data for 349m.j (JB-766)
X-ray diffraction data were collected at 173 K on a Rigaku XtaLAB P100 diffractometer

using multi-layer mirror monochromated Cu-Ka radiation (A = 1.54187 A).

349maj (1R,25,5S)

empirical formula Ci16H20N204
fw 304.34
crystal description colourless, prism
crystal size [mm)] 0.200 = 0.100 = 0.100
space group P21 (#4)
a[A] 9.560(3)
b[A] 15.563(4)
c[A] 11.591(4)
vol [A]? 1724.5(9)
BI°] 90.427(6)
V4 4
p (calc) [g/cm?] 1.172
p [mm™] 0.700
F(000) 648.00
reflections collected 18151
independent reflections (Rint) 5516 (0.0520)
data/parameters 5516/406
GOF on F? 1.052
R1 [I>20(I)] 0.0556
wR: (all data) 0.1343
largest diff. peak/hole [e/ A3] 0.62, -0.63
Flack parameter 0.04(6)
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Data for 374 (JB-808)
X-ray diffraction data were collected at 173 K on a Rigaku XtaLAB P200 diffractometer

using multi-layer mirror monochromated Mo-Ka radiation (A = 0.71075 A).

374 (5aS5,85,8aR)
empirical formula C12H10FsN3O
fw 269.23
crystal description colourless, platelet
crystal size [mm)] 0.100 = 0.100 = 0.010
space group P4:2:2 (#96)
a[A] 7.5386(8)
c[A] 42.598(5) 374
vol [A]? 2420.9(5)
V4 8
p (calc) [g/cm?] 1.477
p [mm] 0.288
F(000) 1104.00
reflections collected 18286
independent reflections (Rint) 2212 (0.0418)
data/parameters 2212/176
GOF on P2 1.140
R1 [I>20(I)] 0.0509
wR: (all data) 0.1324
largest diff. peak/hole [e/ A3 0.23,-0.16
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5.7 | Single crystal X-ray diffraction analysis

Data for 376maj (JB-820-3)
X-ray diffraction data were collected at 173 K on a Rigaku SCX mini diffractometer using

graphite monochromated Mo-Ka radiation (A = 0.71075 A).

376maj (1R,3aR,4S,6aR)

empirical formula CuHioFsIN20
fw 370.11
crystal description colourless, prism
crystal size [mm)] 0.340 x 0.190 x 0.170
space group P1 (#1)
a[A] 7.6910(5)
b[A] 11.5327(8)
c[A] 11.9797(8)
vol [A]? 991.04(12)
a[°] 79.079(6)
BI°] 79.774(6)
v [°] 73.365(5)
V4 3
p (calc) [g/cm?] 1.860
p [mm™] 2.4495
F(000) 534.00
reflections collected 9863
independent reflections (Rint) 8424 (0.0252)
data/parameters 8424/487
GOF on F? 1.046
R1 [I>20(I)] 0.0340
wR: (all data) 0.0886
largest diff. peak/hole [e/ A3 0.70, -1.03
Flack parameter 0.025(11)
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Appendix I: Example NMR spectra

Example spectra from Chapter 2

'H, B*C{'H} and *'P{'"H} spectra of compound 184
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| Example spectra from Chapter 2
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'H, and C{'H} spectra of compound 188
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| Example spectra from Chapter 2
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Appendix I: Example NMR spectra |

Calculation of 'H NMR yield and dr for Chapter 3

As an example, 'H NMR spectra from a typical reaction from the optimisation process
have been chosen and the majority of peaks assigned to the corresponding compounds.
The first example depicts a reaction with partial conversion to product and remaining,
unreacted starting materials. This example highlights that the chosen internal standard,
which shows a singlet at 6.10 ppm, does not overlap with any other signals. In addition,
the conversion of starting materials can also be assessed, if required, by integrating the
signals at 6.75 ppm (dq, green dot) and at 1.86 ppm (dd, blue dot). The second example
depicts the more usual case with full conversion of starting materials, which will be used
to demonstrate how the 'H NMR yield was derived during the optimisation process.
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| Calculation of 1H NMR yield and dr for Chapter 3

o
TH NMR example

full conversion of starting
materials to product

. . - -~
OCH3 L
H H
HsCO OCH,4
H
0
NC 7 OPNP
NC  ©F,
Ea— S —

6.2 6.1 6.0 59 5.8 57 56 55 54 5.3 52
f1 (ppm}

Determination of 'H NMR yield:

The peak corresponding to the aromatic protons of the internal standard (highlighted in
red) and the multiplet corresponding to the vinylic proton of the product (highlighted in
yellow) were chosen as reference signals to determine the 'H NMR yield (see figure
above). As the internal standard peak corresponds to 3 protons, but the multiplet (ddd)
of the product only to 1 proton, only 0.33 eq of internal standard are used to allow a direct
comparison of the integrals. The integral of the internal standard peak is set to 1.0.
Integration of the product multiplet (0.92) and multiplication by 100 gives the
corresponding 'H NMR yield (92%).
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Determination of dr by “F{"H} NMR analysis:

The dr is determined by “F{H} NMR analysis of the crude reaction mixture. The singlets

corresponding to the CFs group of the two major diastereoisomers at -67.0 ppm and

—-67.3 ppm are integrated and the sum of the two integrals set to 100. The resulting value

for the integrals, rounded to the nearest integer corresponds to the diastereomeric ratio

of the product (9:91 dr in this example).
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| Example spectra from Chapter 3
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| Example HPLC traces from Chapter 2
Appendix II: Example HPLC and GC traces

Example HPLC traces from Chapter 2

HPLC Data for 188maj: Chiralcel OD-H (95:5 hexane : i-PrOH, flow rate 1.0 mlmin-,

211 nm, 40 °C) t& (2R,3S): 8.3 min, t&(25,3R): 9.8 min, 87:13 er.

(0] N -~
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@
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) &
] [ w
2000+ f \ e
| \ [
1 | \ | Y
| ‘I |II ‘I\w
II II \'a‘
1 | | "\
1000+ | | | \
i I| I"'.. || \
4 |‘I \\I [ \
] / \ \
4 _ \‘ ~_
— T — T —
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min
<Peak Table>
Detector A Channel 1 211nm
Peak#| Ret. Time Area%
1 8.278 49.210
2 9.582 50.790
Total 100.000
mv
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™
fr\\m
750 [
[
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d I| I'u
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] |'
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250+ f \ ~
4 f \ o
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f Y I
0__ / \ - / \\_ ]
L e e LA e e e e e e LA B e e e e e e e M A e — T
7.0 75 8.0 85 9.0 95 100 10.5 11.0
min
<Peak Table>
Detector A Channel 1 211nm
Peak# Ret. Time Area%
1 8.356 86.597
2 9.852 13.403
Total 100.000
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HPLC Data for 188min: Chiralcel OD-H (99:1 hexane : i-PrOH, flow rate 1.0 mlmin", 211 nm,

40 °C) tr(2R,3R): 16.3 min, tr(25,3S): 19.0 min, 77:23 er.
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Total 100.000
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Example HPLC and GC traces from Chapter 3

HPLC Data for 308: Chiralcel OD-H (hexane : i-PrOH 97:3, flow rate 1.0 mlmin-, 254 nm,
40 °C) major diastereoisomer: tr (15,2R,5R): 30.1 min, tr (1R,2S,5S): 32.3 min, 7:93 er. minor
diastereoisomer: tr (15,2R,5S): 40.4 min, tr (1R,25,5R): 45.2 min, <5:95 er.
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Detector A Channel 2 254nm

Peak#| Ret. Time Area%
1 30.105 6.491|
2 32.355 88.957
3 45279 4 551
Total 100.000
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GC Data for 333: Restek Rt-BDEXcst (length: 30 m, thickness: 0.25 mm, film thickness:
0.25 um, carrier gas: He, linear velocity: 28 cmsec™, temperature: 120 °C (60 min), 120 to
140 °C (20 min)) major diastereoisomer: tr (1R,25,5S): 64.5 min, tr (15,2R,5R): 65.5 min, 93:7

er. minor diastereoisomer: tr1: 69.8 min, tr2: 72.7 min, >99:1 er.
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