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Abstract

Abstract

This thesis describes three techniques for the p-functionalisation of isoquinolines, with

applications to the total synthesis of Crinane family natural products.

Chapter 1 is a general introduction to the chemistry of isoquinolines, covering background,

synthesis and selected reactivity of this class of molecule.

Chapter 2 will detail a temporary dearomatisation strategy towards the direct p-
functionalisation of isoquinolines, making use of nucleophilic activation by carboxylic acids.
This reveals enamine functionality, which is then free to add into a conjugate acceptor. The

scope of the reaction is explored, and a small scope of vinyl ketones is described.

Chapter 2: Temporary dearomatisation
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Scheme I: Temporary dearomatisation strategy towards g-functionalised isoquinolines.

Chapter 3 explores a different approach for achieving g-functionalised isoquinolines, building
upon reductive functionalisation chemistry developed previously within the group to afford
S-functionalised THIQs. An oxidative approach is used to synthesise isoquinolines from
THIQs, which furnishes a two-step sequence to p-functionalised isoquinolines from
isoquinolinium salts. A scope is described, including both simple mono-functionalised THIQs
and more complex systems including a quinoline example. The mechanism is investigated, and

results indicate that a debenzylative retro-ene reaction is part of the oxidative sequence.
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Chapter 3: Oxidative debenzylation
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Scheme |I: Oxidative debenzylation strategy to synthesise g-functionalised isoquinolines from THIQs.

Expanding upon existing group methods focussing on reductive functionalisation, Chapter 4
describes the development and optimisation of a reductive annulation reaction. The design of
an ambident electrophile is investigated to achieve a one-pot annulation reaction. Downstream-

derivatisation of the tricyclic vinylogous amide product is subsequently investigated.

Chapter 4: Reductive annulation development
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Scheme I11: Development of a reductive annulation reaction to produce a tricyclic THIQ skeleton.

The methodology developed in Chapter 4 is then applied to an electron-rich isoquinoline
system in Chapter 5, towards the synthesis of the Crinane family of natural products. The
family’s parent compound Crinane is synthesised in 8 steps, with optimisation of several steps.
A brief investigation towards route diversification strategies is attempted in order to synthesise

further members of the natural product family.
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Chapter 5: Application of the reductive annulation method
towards the synthesis of Crinane natural products
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Scheme IV: Application of the reductive annulation reaction to the total synthesis of the Crinane family.

Finally, Chapter 6 will explore the evolution of the reductive annulation reaction developed in
Chapter 4 to render it enantioselective. A chiral auxiliary approach is adopted and explored
through the development of further ambident chiral electrophiles incorporating auxiliaries as
leaving groups. The reaction is then optimised and the mechanism briefly investigated through

an alternative substrate that allows intermediate isolation.

Chapter 6: Development of an enantioselective ' Evolutlon of ambident electroph|les.
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Scheme V: Evolution of the reductive annulation to be enantioselective, making use of chiral auxiliaries.
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Chapter 1 — Introduction to isoquinoline chemistry

Chapter 1 — Introduction to isoquinoline chemistry

1.1 Isoquinoline

This thesis contains varied content, themed around the reactivity of isoquinoline and its
derivatives. Each chapter is introduced throughout, detailing the specific fields referenced

where pertinent. Here follows a short general introduction to the core motif and its reactivity.

Isoquinoline (1) is a benzo-fused 6,6-heterocyclic molecule, one of the single nitrogen
analogues of naphthalene (Figure 1.1). Its behaviour and reactivity are distinct from its sister
N-heterocycle, quinoline (2), due to the methine unit separating the nitrogen atom from the rest
of the aromatic system. This has consequences in the molecule’s reactivity, with the sites of
highest electron density residing at C4 and C5 of the isoquinoline molecule. Quinoline shows
similar preference for reactivity at C5 on the benzenoid ring, but also shows some reactivity at

C8, unlike isoquinoline.

5 4 5 4
6©4©3 6m3
7 2N 7 Z

2 N

8 8a 1 8 8a 1

1 2
Isoquinoline Quinoline

Figure 1.1: Isoquinoline 1 and quinoline 2, the two simplest benzo-fused N-heterocycles.

Isoquinoline was first isolated in 1885 from coal tar, a waste product of the gas extraction
industry.! Fractional recrystallisation was exploited to separate isoquinoline from quinoline as
the acid sulfate salt, as isoquinoline is more basic, with a pKan (H20) of 5.46 compared with

4.85 for quinoline.?

The isoquinoline moiety is present in a wide variety of naturally occurring compounds, ranging
from simple substituted isoquinolines to more complex natural product scaffolds
(Scheme 1.1).2 Several classes of natural products are entirely or almost entirely composed of

1



Chapter 1 — Introduction to isoquinoline chemistry

isoquinoline-containing compounds, such as the Puniceusine and Berberine families. Other
classes contain some members at the isoquinoline oxidation state but also partly reduced or
dearomatised compounds, at the tetrahydroisoquinoline (THIQ) oxidation state, such as the

papaverine family and the phthalideisoquinoline alkaloids.

Isoquinoline natural products

Simple Isoquinolines Puniceusine family Naphthylisoquinoline alkaloids
N Me
0 2N
O
Me {
Me
3
TMC-120B Puniceusine E Ancistrobreveine C
Berberine alkaloids Phthalideisoquinoline alkaloids Benzylisoquinolines
<O N CI@ MeO X MeO N
~-N A N
o o) MeO MeO Z
o o 0] Me
Me
9SG s% e
o © MeO OH
6 7 8 OMe
Mucroniferanine H ()-Edulisine B (+)-Yanhusanine C

Scheme 1.1: A selective overview of isoquinoline natural product families.

Apart from these closely related compounds, there are other classes of natural products that are
derived from isoquinoline, or incorporate the polycyclic ring structure derived from a 6,6-N-
heterocyclic framework, such as the morphine, pavine, aporphine and protopine families. In
total, isoquinoline or isoquinoline derived natural products number around 3000 compounds,

with more discovered each year.*



Chapter 1 — Introduction to isoquinoline chemistry
1.2 Isoquinoline synthesis

Isoquinoline has been synthesised in a wide variety of ways, traditionally by performing SeAr
from a benzenoid ring onto an electrophile (Scheme 1.2). This is usually generated in situ
through condensation to create an iminium or an oxonium which is then intercepted in the SeAr

chemistry.

A
A R% .
N NH R
RO/\I!IHZ Ry~ =p@ O NN

N — R —>_ &
orR_. . — AN
(AO L AN

Scheme 1.2: General strategies for isoquinoline synthesis.

The Pomeranz-Fritsch reaction is a good example of this principle, with SeAr intercepting an
oxonium intermediate created from an acid catalysed collapse of an acetal (Scheme 1.3).° The
Pomeranz-Fritsch reaction is one of the few methods of synthesising isoquinolines without
substitution on the heterocyclic ring. The strategy makes use of the existing carbonyl oxidation
state in the starting material; the imine formed through condensation of the two reactants
together is retained in the product, with elimination of an alcohol responsible for the remaining

olefin.

Scheme 1.3: Pomeranz-Fritsch reaction to furnish C1, C3 and C4-unsubstituted isoquinolines.

Taking a more controlled and step-wise approach, both the Bischler-Napieralski and the Pictet-
Spengler processes generate a THIQ or DHIQ intermediate which can then be oxidised to an

isoquinoline (Scheme 1.4).57 Both processes generate C1 substitution through subtly different



Chapter 1 — Introduction to isoquinoline chemistry

techniques, although they share the same strategy of generating a C1-N iminium which is
attacked through a SeAr mechanism to give a THIQ or DHIQ intermediate. The intermediate
is then often oxidised to form the isoquinoline, commonly using a stoichiometric oxidant such
as DDQ. The Pictet-Spengler reaction produces a THIQ product due to the use of the aldehyde
oxidation state, as opposed to the amide equivalent generated by the Bischler-Napieralski.
Whilst many methods have been developed for the oxidation of THIQs to isoquinolines (vide

infra), this process is most commonly stopped at the THIQ oxidation state and the product

isolated.
a)
A ) POCI
Ry — Ry — » @i
= NH Ry
o= b)  orb) H+ |’ or b) AN
R' R_l X R'
Lz NH T ®NH
+ 2
R'\ P -
N\F R Nop(o)ct,

Scheme 1.4: a) Bischler-Napieralski or b) Pictet-Spengler techniques for the synthesis of DHIQs from iminium
intermediates generated in situ.
Using more modern techniques, isoquinolines have been synthesised using palladium cross-
coupling methods, making use of benzylic amine nucleophiles with alkyne and alkene coupling
partners to achieve cyclisation via a Heck-type process. Huang and Larock made use of this
strategy in 2002, intramolecularly coupling an activated imine to an alkyne to generate an
isoquinoline in situ making use of palladium-z co-ordination (Scheme 1.5).8 The aryl-
palladacycle produced participates in an intermolecular Heck coupling with a range of olefins
to give C3-aryl C4-alkenyl isoquinolines. The method was shown to be applicable to a wide
range of isoquinoline and alkene substituents, with products afforded in good yields of up to

97%.
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Huang and Larock, 2002

S via

S 2 e cat. Pd(ll) Q

-+ N
Ray P + /\RZ —> R+
% Exce Cu(OAc), or CuCl, R, F R,
) NaOAc or NaHCO; Bl
Ry = Ar DMSO, 70 °C n
R, = CO,R, CONR,, COMe, 40 examples &
Ar, SO,Me upto 97% 2
R3 = OR, NR2

Scheme 1.5: Palladium catalysed Heck method for isoquinoline synthesis.

1.3 Isoquinoline reactivity
1.3.1 SEAr at C5

Isoquinoline can undergo direct electrophilic aromatic substitution like its benzenoid
analogues, showing regiochemical preference for the Cb-position, due to inductive
withdrawing effects of the more electronegative nitrogen in the heterocyclic ring
(Scheme 1.6).%*2 This technique can be used to give a range of functionality by changing the
reagents applied, with nitration, sulfonation and halogenation achievable within one synthetic
step. Further functionality such as amines or alkyl groups can then be accessed by modifying
these common substituents using techniques such as reduction and transition metal-catalysed

cross coupling respectively.

SEAF
R Further &
X, Conditions N Conditions A
—_— —
N N — N
R=NO, (HNOs, H,SO,) R = NH,
R=Br  (NBS, HySO,) R = Alkyl, aryl,
R=Cl  (TCCA, H,SO,) alkenyl

R=S0;H (H,S0O,, Oleum)

Scheme 1.6: Standard conditions for SeAr functionalisation of isoquinoline.
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1.3.2 C1l-substituents via N-oxides

The formation of isoquinoline-N-oxides can be used to access C1-substituents; activation of
the heterocycle nitrogen enhances the electrophilicity of C1 which can be attacked by a variety
of nucleophiles (Scheme 1.7).2*% Elimination of the activating group to form water
rearomatizes the molecule, affording a C1-functionalised isoquinoline. Through this technique
C1-halogenation, sulfonylated and alkylated isoquinolines can be synthesised in good yields
and with a reasonable range of functionality. Utilising a slightly different technique, Liu and
co-workers made use of palladium catalysis to access Cl-alkenyl isoquinolines, taking
advantage of the increased acidity of the C1-proton in isoquinoline-N-oxides as compared to
their isoquinoline analogues.'® The N-oxide also acts as an in-situ oxidant, reforming the active

palladium species.

Nucleophilic attack of N-oxides

m Conditions N R =Cl, Br (COX),, NEt3
—_— R = SO,R; TsCl, R4SO,Na

2N ZN R = CH,CO,R, Silyl enol ether,

®9 ! PyBroP, iPr,EtN

R =CHCHAr  PdCl,, CH,CHAr

Scheme 1.7: Standard conditions for the formation of C1-substituted isogquinolines from isoquinoline-N-oxides.

The reactions detailed above are regioselective for C1-substitution due to the electronics of
isoquinoline. This can be rationalised by noting that attack at the alternative C3-position would
dearomatise the entire z-system (Scheme 1.8). This has a much higher energy barrier and

therefore it is not the major reaction pathway.
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a) C3-attack Nu

) H N
S) No N

D
N%@ — S -

b) C1-attack

S S AN

O:g\l @@\1 2N
® O m

%@ H Nu Nu

Nu

Scheme 1.8: Nucleophilic attack at a) C3 and b) C1 positions of isoquinoline with the associated electronic

consequences.

1.3.3 Relative acidity of C1 and C3-alkyl substituents

C1 and C3-alkyl substituents are more acidic than at other positions on the isoquinoline
scaffold due to the inductive and mesomeric withdrawing effects of the heterocyclic nitrogen
(Scheme 1.9). Delocalisation into the heterocyclic ring of isoquinoline is possible from a C1-
a-anion and does not lead to the total loss of aromaticity. C3-substituents do not share this
advantage, with delocalisation into the isoquinoline z-system leading to complete aromaticity

loss.

Acidity of C1 and C3-alkyl substituents

I\ S R ANA R
SN > N@VS N g
|
R

R

Scheme 1.9: Increased acidity of C1 and C3-substituents due to charge delocalisation into the heterocycle.

This effect can be exploited to achieve late-stage functionalisation on C1-isoquinoline alkyl
groups. Britton and co-workers have developed mono and di-fluorination protocols for alkyl

substituents of N-heterocycles using NFSI as the fluorinating reagent (Scheme 1.10).}” The

7
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reaction used Li,COs as a base to deprotonate the alkyl substituent. The anion is then quenched
by the fluorinating agent. When applied to two C1-alkyl isoquinolines, reasonable yields of

products 9 and 10 were afforded (69% and 78% respectively).

Britton and co-workers, 2018

NFSI F FF N N
R LixCO3 R R =N =N
e or
MeCN Me” N Me F

69% 78%

Scheme 1.10: Mono and di-fluorination protocol for heteroaromatic alkyl substituents making use of acidic alkyl

positions.

1.3.4 C1-Decarboxylation

Quinaldinic acid and isoquinaldinic acids can be heated in the presence of aldehyde
electrophiles to achieve a decarboxylation-functionalisation sequence (Scheme 1.11).1% The
inductive effects of an a-nitrogen stabilise the anion sufficiently for decarboxylation to be
favourable. The excess electrophile is then attacked by the anion generated from
decarboxylation to give an alternatively C1-substituted isoquinoline. Although transient, the
presence of a C1-anion (as part of a zwitterionic molecular form) is a testament to the inductive
power of the heterocyclic nitrogen in supporting and stabilising charge within the aromatic

system.

Dyson and Hammick, 1937

Excess Excess
PhCHO PhCHO N
_>
Heat 2N Heat N Ph
1 12 14 OH
HO 57% Ph 33%

Scheme 1.11: C1-Decarboxylation and functionalisation sequence of quinaldinic and isoquinaldinic acids.
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1.3.5 Reductive functionalisation of N-heterocycles including isoquinolines

A growing field in more recent years has been the reductive functionalisation of N-
heterocycles. Reduction of N-heterocycles has been achieved many times over the last century
by a multitude of techniques, mainly involving transition metal-catalysed hydrogenation.
Harnessing the intermediates of this transformation to render a functionalisation as part of the

process is less common, but more examples are emerging in the last decade.*®

Partial reduction of a N-heterocycle can reveal an enamine, which can be used as a nucleophile
capable of conjugate addition to an electrophile. The iminium formed by this addition is most
commonly reduced further, to afford a reduced and functionalised N-heterocycle. The simplest
form of dearomatising nucleophile, a hydride, can be metal catalysed or metal-free. Both the
Zhang and Donohoe groups have published extensively in this area, exploring both metal
catalysed and metal-free methods to achieve reductive functionalisations with a range of

nucleophiles and electrophiles.

The Zhang group have taken a basic metal-catalysed approach to quinoline reductive
functionalisation, using formaldehyde as the terminal reductant, but incorporating other
molecular fragments by performing an intramolecular trapping cascade (Scheme 1.12).2° Their
initial work uses phenols which form salicylaldehydes in situ. These then act as electrophiles
for the in situ generated enamine, which creates an iminium that can be attacked by the pendant
phenol to create a tetra-cyclic product. The reaction is therefore formally a reductive annulation
with two side chains added and a polycyclic structure created. Once again, activation of the N-
heterocycle is necessary for the reaction and the products afforded are therefore protected

partially saturated N-heterocycles.
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Zhang and co-workers, 2021

OH

R._'\ N I\
© .9
Br R2

R, = alkyl, benzyl

V)
Qau‘) = (Ru(cymene)Cls),

Scheme 1.12: Intramolecular trapping cascade using formaldehyde as both a reductant and part of the

Zhang and co-workers, 2022

NH, ?

Z  PhSiH,

R, = alkyl, benzyl

- /N‘R Cs,CO3
® ™2 tAnoH, 85°C

electrophile.

Developing the reactivity further to not require any metal catalyst, the Zhang group used phenyl
silane as a reductant to functionalise activated isoquinolinium salts directly (Scheme 1.13).2
The movement away from formaldehyde has allowed for a greater range of electrophiles to be
used, in this case an aniline aldehyde. The reaction generated a quinoline through formation of

an aminal after trapping of the aldehyde by the in situ generated enamine.

Scheme 1.13: Development of a metal-free reductive annulation using aniline substrates to create a quinoline

core.

Donohoe and co-workers took a different approach, and reported a metal-catalysed
transformation in 2019 that used formaldehyde as both the reductant and electrophile
(Scheme 1.14).22 Although the N-heterocycle scope was wide, the use of the highly

electrophilic formaldehyde as the terminal reductant limited the transformation to

10
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hydroxymethylation of the N-heterocycles. The reaction was iridium catalysed, with the
iridium hydride generated in situ by oxidation of the formaldehyde to the methyl ester.
Activation of the N-heterocycles was required, resulting in salt formation and deprotection
steps to achieve the transformation between aromatic N-heterocycle to the N-unsubstituted

partially reduced heterocycle.

Donohoe and co-workers, 2019

OH
S /\I 0
N A N
A 2 EWG KA) " EWG
o6 o —Ze AN o
> R @ ) Kl (CHOn R o OH
> Mg(OMe), T
X o \® MeOH N
Ir R, R

A r ) = (rcprCl, '

Scheme 1.14: Reduction functionalisation of N-heterocycles using formaldehyde as both the electrophile and the
reductant.
This transformation was then expanded further by Donohoe and co-workers to a wider array of
electrophiles and N-heterocycles by way of an acidic terminal reductant (Scheme 1.15).%
Switching to rhodium catalysis and an azeotrope of formic acid and triethylamine as an acidic
(and non-electrophilic) reductant, the transformation allows a multitude of electrophiles to be
used to generate mono and di-g-functionalised N-heterocycles, including isoquinolines. The
authors show that the transformation can occur via a metal-free pathway, but the reaction rate

is increased by the presence of a metal-hydride species.

11
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Donohoe and co-workers, 2022

R
E. Ry
A © Rh o~
AN, &) & &t
® Bn — F N‘Bn or

or &) 5:2 HCO,H:NEt, Ro
Rm 2 MeCN, 80 °C o 0 E
T T

N\ Z Z

o e X N

I B Bn

n A\Ry = (RhCp*Cly),

R = H, carbo- and heterocyclic substituents

Scheme 1.15: Expanding the scope of reductive functionalisation using an acidic terminal reductant.

The authors further demonstrated that, in the case of 3-Me isoquinolinium salts, use of an
ambident electrophile can lead to a reductive annulation reaction (Scheme 1.16).22 The
mechanism proceeds via an external enamine, generated as part of the possible enamine
forming tautomerisation steps of the mechanism. Use of an ambident electrophile, such as
MVK 16, allows for 1,2-direct carbonyl attack following the initial conjugate addition into the
electrophile. The products observed result from total reduction of the heterocyclic ring, where
any iminium formed as part of the cyclisation process is reduced. As before, the authors show
that the reaction functions under metal-catalysed or metal-free conditions. For further

mechanistic details, see Chapter 4, Scheme 4.4.

Donohoe and co-workers, 2022

Rh
Me k)
A =
CCN( + 5:2 HCO,H:NEt;
@ Bn O  MeCN, 80 °C
15 \)LMe 55%
16 >25:1 d.r. - =

Scheme 1.16: Reductive annulation via an external enamine in the case of 3-Me isoquinolinium salts.
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Chapter 2 — Acid promoted C4 functionalisation of isoquinolines
2.1 Temporary dearomatisation techniques to functionalise N-heterocycles
2.1.1 Isoquinoline temporary dearomatisation

Temporary dearomatisation is a mild technique to facilitate direct p-functionalisation of
heterocyclic molecules. By dearomatising a heterocycle in situ, the activation energy required
for an aromatic molecule to attack an electrophile is reduced, allowing a previously impossible
functionalisation to occur directly. The group responsible for dearomatising the heterocycle

can then be removed, revealing the masked aromaticity in a one-pot process.

The field of temporary dearomatisation is small, but a number of reactions have been developed
to achieve this feat. Minter and Re, for example, used sodium triethyl borohydride to
temporarily dearomatise isoquinoline, activating on nitrogen and reducing at C1
simultaneously (Scheme 2.1).2* The enamine produced, 18, whilst not stable to isolation, could
be functionalised by the addition of aldehydes. After elimination of water and some proton
transfers followed by loss of triethyl borane, the g-functionalised isoquinoline was revealed; it
is worth noting that a final elimination of water is required to achieve the desired aromatic

oxidation state, any other electrophile would stop the reaction at the dihydroisoquinoline state.

Minter and Re, 1988

® HO R R
Na
N, VaBHEL N RCHO N N
—_ —_— —_
/N N\ N\ /N
BEt, BEt,
1 18 ©

up to 65%
7 examples

Scheme 2.1: Temporary dearomatisation of isoquinolines using NaBHEts.
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Minter and Re go on to describe a small scope composed of aliphatic and aromatic aldehydes,
affording a reasonably mild method to functionalise isoquinoline at C4 with a few carbon
groups. The dearomatising reagent, however, is not regenerated as part of the reaction,

producing stoichiometric triethyl borane.

Traditionally, the p-functionalisation of N-heterocycles could be achieved by halogenating the
heterocycle using either acetic acid or peroxide-based conditions, then cross coupling the
halogenated heterocycle with a carbon fragment using palladium chemistry. The halogenation
itself, however, could be considered as a temporary dearomatisation reaction, due to the
proposed mechanism (Scheme 2.2).%° Taking the acetic acid-based conditions as an example,
SeAr is a possible, albeit highly unlikely mechanism, with the heterocycle attacking an
electrophile to generate a Wheland intermediate, which will then collapse with loss of a proton
to reveal the substituted heterocycle (Scheme 2.2a). A second possibility is that the solvent,
acetic acid, activates the heterocycle through protonation, then adds in to the a-position to
temporarily dearomatise the heterocyclic ring (Scheme 2.2b). The revealed enamine then
attacks the electrophile, and then after tautomerisation the acetic acid can eliminate, either in a

step-wise or concerted manner, to reveal the substituted heterocycle.

14
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Isoquinoline halogenation

a) SEAr

(o)

ikt

He! '
6] > X
—_— @ —_—
/N v’N\H /N

b) Temporary dearomatisation

0]
&
H I |
A ¢ A A
—_— > . <:|@ —_— .
/N\ N\ Ns N\ /N
®H H H “JH
0 0 0 .0 )
040 T T

Scheme 2.2: Possible mechanisms for acid promoted N-heterocycle halogenation, including a) SeAr and b)
Temporary dearomatisation.
Mamane and co-workers attempted a related strategy with alkyl lithium reagents in 2009,
whereby attack at C1 reveals a lithiated enamine as before, which can then attack a halogen
electrophile (Scheme 2.3).26 The product of the first step was an imine, which the authors then

oxidised using DDQ to afford the isoquinoline product.

Mamane, 2009

E E
N RLi I [O] X
EX oH
! v Doa Cl CN ’
R = nBU, Me, Ph up to 82%
E = H, Me, allyl, Cl, OH ol oN
OH

Scheme 2.3: A two-stage dearomatisation strategy towards C4 functionalisation of isoquinolines.
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A small scope of the method was described, allowing access to a variety of C1-C4
difunctionalised isoquinolines. The harsh nature of the alkyl lithium nucleophilic reagent,
however, makes the transformation unsuitable for late-stage functionalisation, limiting the
generality of the reaction. The requirement of a second oxidation step also renders the reaction
not truly a temporary dearomatisation, as aromaticity is not broken and returned in the same

process.
2.1.2 Pyridine temporary dearomatisation

Studer and co-workers published a novel temporary dearomatisation strategy of pyridines in
2022, making use of a multi-step strategy.?” A temporary scaffold is constructed, using the
nucleophilic nature of pyridine to attack a stabilised alkyne, which then in turn couples to a
carbonyl, which completes the ring at the C2 position of the pyridine (Scheme 2.4). This

dearomatised cyclic structure is bench stable and can be isolated on the multi-gram scale.

Studer, 2022

MeO,C—==—CO,Me
i) C-H functionalisation
R'\ o »R'\ ) »R'\RZ
> S 2
N QO (mP) N™ 0 ii) acid N
)]\ Me
X
Me” “CO,Me Meozc)\('(COZMe

I

COzMe

Scheme 2.4: Two-stage dearomatisation strategy for S-functionalisation of pyridines.

Intermediate | can then be functionalised with a wide range of reagents, both ionic and radical,
before the dearomatising scaffold is removed with acid. Studer’s article begins with alkyl
halide electrophiles used to install CF3 and C4Fg groups in a photochemically initiated radical

process, but also describes halogen installation using NXS electrophiles in an ionic process.
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Studer then went on to publish further A-functionalisation reactions using the isolable
dearomatised intermediate I, including copper catalysed arylation and alkenylation, peroxide
radical induced CF.H alkylations, fluorination, TEMPO mediated nitration, and peroxide
mediated hydroxylation (Scheme 2.5).263% The broad applicability of the bench stable
dearomatised intermediate | makes this method a powerful technique to synthesise any /-
functionalised pyridine, especially for late-stage transformations such as library building, due
to the mild nature of the various reaction conditions. It is worth noting, however, that the atom
economy of the process is low, due to the need to install the dearomatisation scaffold, only to
hydrolyse it after the transformation has occurred, with the two components not isolated for re-

use.

Conditions

Rt ~ —_— Rt N ~
L L 2
N” ~O then aq. HCI N
Me
A
MeO,C CO,Me
| COzMe
a) Halogenation and fluoro alkylation, 2022 b) B-arylation and alkenylation, 2024
RX, DBU, r.t. blue light or NXS, r.t. [RIAr][OTH], cat. Cu(OH),, DTBP, 60-100 °C
R|\X R(TCannﬂ R'\Ar R|\ X Ar
l\N kN '\N kN

X=Cl, Br, |

c) CFyH alkylation, 2024  d) Fluorination, 2024  e) Nitration, 2025  f) Hydroxylation, 2025

2,2-Difluoro-2-iodo Selectfluor, KF 'BUONO Malonyl peroxide
aceto_lEJ'\r;I(;\c;]r:f,rﬁcOH, 18-crown-6, 40 °C TEMPO, 70 °C r.t.
R_:/j/CFQH R_: N F R_:/j/NOZ R_: N OH
N N 7 7

Scheme 2.5: p-functionalisation of pyridines via a temporary dearomatisation technique.?®3
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2.1.3 Three-step one-pot isoquinoline C4-halogenation

Since the conclusion of our studies into temporary dearomatisation reactions, Han and co-
workers have shown that isoquinolines can be halogenated at C4 in a three-step one-pot
process, using a related strategy to Studer (Scheme 2.6).3* Instead of isolating the exposed
enamine intermediate, the halogen electrophile was added immediately following
dearomatisation, then aqueous acid was added to hydrolyse the dearomatising Boc group. The
method is broad and tolerant of a wide range of functional groups, but still suffers from most
of the same drawbacks as Studer’s work, albeit with a cheaper, more readily available

activating group.

Han, 2025
X
Boc,0O NBS, NIS or TCCA

Yy 1.5equiv. TR r.t. N
RN R AN RN

Z" THF, 50 °C “Boc then 6 N HCI, rt. Z

t

O'Bu X =Br, I, Cl

27 examples
up to 96% yield

Scheme 2.6: Temporary dearomatisation strategy for C4 isoquinoline halogenation in a three-step one-pot

process.

2.2 Previous work in the Donohoe group on temporary dearomatisation

All data presented herein was collected by Timothy Jenkins unless explicitly specified

otherwise.

2.2.1 Initial hit from hydrogen borrowing conditions

An initial hit from Dr M. Kishkewitz showed that a rhodium hydride reductant system,
generated in situ from a Rh (I11) source and the mildly acidic reductant 5:2 HCO.H:NEts, could

be used to functionalise isoquinolinium salts in a redox neutral process (Scheme 2.7). N-benzyl
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isoquinolinium 19 could be reacted with methyl vinyl ketone (MVK) 16 to afford a good yield
of the C4 functionalised N-benzyl isoquinolinium 20. As opposed to the group’s previous work
on reductive functionalisation, this reaction functionalised the heterocycle at the same

oxidation state, rather than reducing the heterocycle ring.

~
& &

© S)
I 0 0.03 mol% o [
\ . (o] \
| N " \)LMe N
/@\Bn Kl (1.0 equiv.) /@\Bn
19 16 5:2 HCO,H:NEt; (2.0 equiv.) 20

R 1.5 equiv. 40 °C, 18 h, CH,Cl, 70%
A\Ry = (RhCp*Clz),

Scheme 2.7: Redox neutral functionalisation of isoquinolinium salts with a Rhodium hydride. Data collected by
Dr M. Kischkewitz.

It was noted that temperature played a significant role in the reaction outcome, with a higher

temperature favouring the fully reduced tetrahydroisoquinoline (THIQ) product 21 whereas a

lower temperature favoured the redox neutral functionalised isoquinolinium salt 20

(Scheme 2.8).
©
X |
© M | N M
e Rh 2\~ Rh e
I k} @ Bn k)
o) 0.01 mol% 19 0.01 mol% 0
B 0 + ——
“Bn Kl (1.0 equiv.) A Kl (1.0 equiv.) “Bn
® 5:2 HCO,H:NEt; \)LMe 5:2 HCO,H:NEt;
20 (4.0 equiv.) 16 (4.0 equiv.) 21
60% 55 °C, 18 h, MeCN 75°C, 18 h, MeCN 65%

~X
ARh) = (RNCp*Cla),

Scheme 2.8: Redox neutral and reductive functionalisation of isoquinolinium salt 19 showing dependence of

reaction pathway on temperature. Data collected by Dr M. Kischkewitz.
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In an attempt to simplify the procedure, Dr. M. Kischkewitz attempted the transformation with
unactivated isoquinoline, which pleasingly produced a 55% yield of C4-functionalised
isoquinoline 22 (Scheme 2.9). Gratifyingly, this removed the need for a benzylation step and
rendered an isoquinoline product which is significantly more versatile than producing an

isoquinolinium salt.

/’\Rh Me
N 0] kA) N O
0.03 mol%

Kl (2.0 equiv.)
1 16 5:2 HCO,H:NEt; 22
2.0 equiv. (4.0 equiv.) 55%

A 45 °C, 18 h, MeCN
KREJ = (RhCp*Cla),

Scheme 2.9: Application of redox neutral functionalisation conditions to unactivated isoquinoline 1. Data

collected by Dr M. Kischkewitz.

2.2.2 Control experiments leading to new conditions

A series of control experiments were conducted to evaluate the role of any rhodium species in
the reaction (Table 2.1). A reaction performed without any rhodium catalyst still produced 32%
yield, which is a decrease from the optimised conditions but still showing activity (Table 2.1,
Entries 1-2). Similarly, removal of KI produces a reduction in yield but does not shut down

reactivity completely (Table 2.1, Entries 1, 3).

Use of an alternative buffer system, 5:2 AcOH:NEts, still gave 36% yield, despite the lack of
formic acid (Table 2.1, Entry 4). It had been thought that the active reductant species was a
rhodium hydride, generated through reaction of the Rh(lll) catalyst with formate, releasing
CO: as a by-product. Since the reaction can still occur with another acid lacking a hydride
generation route implies that the mechanism of the reaction with this reagent does not proceed

via a metal hydride reduction event, but by a different mechanism. We hypothesise that the
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reaction proceeds via a metal hydride reduction when hydride generation is possible, but
switches to a nucleophilic model of reactivity when metal hydride generation is not feasible. A
further reaction with 5:2 AcOH:NEts and also in the absence of any Rh(111) catalyst confirmed

this suspicion and afforded a 25% yield (Table 2.1, Entry 5).

Performing the reaction with only 4.0 equiv. of AcOH produced a 43% yield of product, which
added further evidence to the hypothesis that the reaction occurring was not doing so by the
involvement of a metal hydride (Table 2.1, Entry 6). Finally, removal of all reagents apart from
MVK 16 afforded no yield, which confirmed a lack of background reaction without activation

(Table 2.1, Entry 7).

S\ f G X ©
| + \)LM ' ot
2N © Kl, Acid containing reagent 2N
1 16 o(4.0 equiv.) 22
(2.0 equiv.) 45 °C, 18 h, MeCN 559%
Entry Acid Buffer Rh Catalyst Kl Product Yield
(mol%) (equiv.) (%)
1 5:2 HCO2H:NEt3 0.03 2.0 55
2 5:2 HCO2H:NEt3 0.00 2.0 32
3 5:2 HCO2H:NEts 0.03 0.0 20
4 5:2 AcOH:NEt; 0.03 2.0 36
5 5:2 AcOH:NEt; 0.00 0.0 25
6 AcOH 0.00 0.0 43
7 - 0.00 0.0 0

Table 2.1: Control experiments for redox neutral functionalisation of isoquinoline 1. Yields reported are
determined by quantitative *H NMR. Data collected by Dr M. Kischkewitz. Rhodium catalyst used is
(Rhcp*C|z)2.
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2.3 Optimisation of conditions

The reaction detailed above was further studied and optimised to produce a maximum yield of
61% (Scheme 2.10). The reaction is, therefore, a metal free redox neutral activation of an N-

heterocycle using a mild reagent and non-forcing conditions.

Me
0 AcOH ol
©® \)L (3.0 equiv.) A
X
N T N
Z Me MeCN Z

1 16 65°C, 18 h 22
4.0 equiv. 61%

Scheme 2.10: Newly optimised reaction conditions. Data collected by Dr M. Kischkewitz.

A mechanism for this reaction was proposed (Scheme 2.11). Acetic acid, acting as a
nucleophile, attacks protonated isoquinoline at C1 to reveal an enamine, which can react with
methyl vinyl ketone via a 1,4-addition. The isoquinoline product 22 is subsequently unmasked

by elimination of AcOH.

H

Me’ OH

Scheme 2.11: Proposed mechanism by Dr M. Kischkewitz.

This work was continued by screening several solvents, beginning with common polar solvents
(Table 2.2). All solvents that were screened produced very similar yields, with polar aprotic
solvents acetone, MeCN and DCE performing as well as the polar protic solvent MeOH
(Table 2.2, Entries 1-4). Conducting the reaction in the absence of solvent produced an

excellent yield of 70%, outperforming the four solvents screened, however it was decided to
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continue using solvent at a starting material concentration of 1.25 M (Table 2.2, Entry 5). Any
lack of solvent would make it challenging to screen solid electrophiles, and there was some

concern that the reaction might generate repeatability problems as a result.

Me
X Q (3.3(;23\/.) X ©
| N7 \)LMe Solvent, 1.25 |v|> N
1 16 80°C, 18 h 22
4.0 equiv.
Entry Solvent Yield of 22 (%)

1 Acetone 62
2 MeCN 63
3 DCE 62
4 MeOH 60
5 Solvent free 70

Table 2.2: Short solvent screen of polar solvents. Yields quoted are isolated. Data collected by Dr A. Day.
Reactions performed on 0.125 mmol scale.
Based on this proposed mechanism (vide supra), carboxylic acids and other suitable
nucleophiles were screened in an attempt to find other nucleophilic species that would also
effect the transformation (Figure 2.1). The pKa of the carboxylic acid seemed to have very
little bearing on reaction yield as p-nitro benzoic acid (67%) gave a very similar yield to
benzoic acid (73%), with TFA (0%) performing less well than acetic acid (63%). Stronger
Bronsted acids such as TsOH (0%), sulphuric acid (0%) and oxalic acid (43%) were all
outperformed by benzoic acid (73%) which gave the highest yield of the acids screened.
Interestingly using Nal as a nucleophile afforded a small amount of product, although this

wasn’t repeated for other non-acidic nucleophiles such as CuCN and EtSH. (Figure 2.1). It was
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decided to proceed with BzOH as the reagent of choice, as not only did it afford the highest

product yield, it is a bench stable solid, much easier to handle and not as corrosive as AcOH.

0] 0] \\, pe o}
M F.
e\)j\OH Fsl)l\OH HO \OH HJLNHZ
F Me
63% 69% 0% 0% 0% 7%
0] F O
H
O\“)LOH /©)‘\ ©)\ /@)‘\ OH
0] O\
N F
43% O 67% 3% 73% 56% F 10%
(70%)
HBr HI Nal CuCN EtSH
0% 0% 1% 0% 0%

Figure 2.1: Acid and nucleophile screening. Yields reported are determined by quantitative *H NMR. Brackets
indicate isolated yields. Data collected by Dr A. Day. Reactions performed on 0.125 mmol scale.

It was postulated that over oxidation of the starting material or product could be responsible
for the poor mass recovery we had observed with this reaction, and so a study of gaseous
headspace conditions was performed (Table 2.3). Unexpectedly, both an oxygen free
environment, in the form of an argon atmosphere, and an oxygen enriched environment
produced reduced yields of 51% and 27% respectively (Table 2.3, Entries 1-2). A reduced yield
when using an oxygen enriched atmosphere adds weight to our theory that atmospheric oxygen
was causing product degradation, however it is unclear why a rigorously oxygen-free

atmosphere also generates less product.

A balloon of air afforded a reasonable isolated yield of 66%, comparable to our optimised yield,
which was an expected result, being similar in environment to a sealed reaction, however a
reaction pierced with a needle, a reaction set up also exposed to air, only produced a 45% yield

(Table 2.3, Entries 3-4). This unexpected yield reduction could be explained by solvent loss,
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leading to insufficient stirring during the reaction progress and potentially leading to product

degradation.

Me
X O (3.(?22:'iv.) X ©
©©\l ’ \)LMG MeCN >~ 2N
1 16 80 °C, 18 h 22
4.0 equiv.
Entry Conditions Yield of 22 (%)
1 Degassed solvent, Ar balloon (51)
2 Oxygenated solvent, O balloon 27
3 Air balloon (66)
4 Needle 45

Table 2.3: Gaseous headspace investigations. Yields reported are determined by quantitative *H NMR. Brackets
indicate isolated yields. Reactions performed on 0.125 mmol scale.
It was decided to examine the effect of concentration on the reaction as a final optimisation
parameter with results showing a general trend of yield decreasing as dilution increases
(Table 2.4, Entries 1-4). Our current concentration, 1.25 M, produced a reasonable yield of
47%, although this is lower than previous yields recorded due to the shorter reaction time of
6 h (Table 2.4, Entry 1). Halving the molarity produced a similar yield of 49% but the yield
decreased sharply once molarity decreased below 0.625 M (Table 2.4, Entries 2-4). We decided
to maintain a 1.25 M concentration as our optimised conditions, as doubling the solvent volume

produced a similar yield within experimental error.
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Me
N * (3.5225w.> X ©
| N7 \)LMG MeCN >~ 2N
1 16 80°C,6h 22
4.0 equiv.
Entry Concentration (M) Yield of 22 (%)
1 1.25 47
2 0.625 49
3 0.313 27
4 0.156 14

Table 2.4: Concentration studies. Yields reported are determined by quantitative *H NMR. Brackets indicate

isolated yields. Reactions performed on 0.125 mmol scale.

2.4 Scope of electrophiles
2.4.1 First attempt at electrophile screening

An initial attempt at electrophile screening began with disappointing results (Scheme 2.12).
Whilst MVVK 16 had previously demonstrated a good isolated yield of 70%, this could not be
replicated with other, even structurally or electronically similar electrophiles. The three most
notable examples trialled were that phenyl vinyl ketone 23 produced a promising isolated yield
of 18%, then acrolein 24 and Eschenmoser’s salt 35 both a trace amount (4% and 5%
respectively). All other electrophiles screened afforded no product, showing predominantly

starting material in their crude *H NMR spectra.
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E
m 4.0 equiv.(E (:6
-
zN 3.0 equiv. BzOH 2N

MeCN
1 80 °C, 18 h
O 0] N © CI) O
Z
Z Ns
Mchalhaicac o
23 24 25 26 27
Phenyl vinyl Acrolein Acrylonitrile B-Nitro styrene Methyl cinnamate
ketone 4% 0% 0% 0%
21%
(18%)
S A .
[:NMe ©/\)L|\/|e Ph
O
28 29 30 31
N-Methyl maleimide Benzylidine acetone Ph* vinyl ketone Cyclohexanone
0% 0% 0% 0%
O\\élo O\él,o Q9 O I\|/Ie [©)
- “Ph E N. !
P Eto/‘l\n)\o t /J\ e
Bis(phenyl sulphonyl) Diethyl methylene malonate 3-Buty2-2-one ESChenmgser’s Salt
ethylene 0% 0% 5%
0%
’ Me CI@ H. O 0 O
CIYg‘Me \H( W Me/\,ﬁLMe
Cl
36 37 38 ¥
Vilsmeier Reagent Paraformaldehyde Divinyl ketone Ethyl aocrolem
0% 0% 0% 0%
O CF; 0] 0]
O
\)j\o)\ca Me AN~z Me/\)j\OEt Me/\)LH
40 41 42 43
HFIP acrylate Hexadieneal Ethyl crotonate Crotonaldehyde
0% 0% 0% 0%

Scheme 2.12: First attempt at electrophile screening. Yields reported are determined by quantitative *H NMR.

Brackets indicate isolated yields. Reactions performed on 0.125 mmol scale.
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2.4.2 3-Me isoquinoline 44 as a sterically encumbered alternative

It was postulated that some electrophiles were failing as isoquinoline itself was too
nucleophilic, therefore multiple side reactions could be occurring. In an attempt to prevent this,
four electrophiles were trialled with 3-methyl isoquinoline 44 in place of isoquinoline 1
(Scheme 2.13). Methyl vinyl ketone produced a slightly increased yield of 72%, but
disappointingly bis(phenyl sulphonyl) ethylene 32 and diethyl methylene malonate 33 did not
afford any product when subjected to the reaction conditions. When phenyl vinyl ketone 23
was used as the electrophile, no product was afforded, in contrast to 18% produced with
isoquinoline 1. This may be due to the increased steric bulk around the nucleophilic carbon,
C4, therefore it is possible that using 3-methyl isoquinoline 44 has decreased reaction rates

irrespective of any advantageous side pathway supressing properties.

E
- Ve 4.0 equiv.(E - Me
>
2N 3.0 equiv. BzOH N
MeCN
44 80 °C, 18 h

E

) 0 0 0 0 o o 0
A \ N W
Me Ph” \"’ “Ph Eto)‘\")\OEt

16 23 32 33
Methyl vinyl Phenyl vinyl Bis(phenyl sulphonyl)  Diethyl methylene
ketone ketone ethylene malonate
72% 0% 0% 0%

Scheme 2.13: Electrophile screening with 3-Me isoquinoline. Reactions performed on 0.125 mmol scale.

Isolated yields are reported.
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2.4.3 Further optimisation with Phenyl Vinyl Ketone — Lewis acid screening

Phenyl vinyl ketone was the only electrophile previously screened to produce any promising
yield; it was decided to attempt a short optimisation with phenyl vinyl ketone 23 in an attempt

to boost the yield further.

It was suggested that Lewis acid additives may increase the reaction yield, and so a selection
of Lewis acids were screened, using phenyl vinyl ketone as the electrophile. Disappointingly,
all Lewis acid screened apart from basic Al2O3 performed worse than with no additive, with
Al>03 producing 24%, a comparable yield of 45 to the control reaction (Table 2.5). It was
thought that perhaps these low yields might be due to the presence of Lewis acids promoting
an alternative reaction pathway, reacting with the Lewis acids on N. An observation later made
by Dr A. Day (vide infra) showed that isoquinoline 1 is highly liable to form an adduct with
any vinyl ketone electrophile, in this case salt 46. Although Dr A. Day later showed that this
occurs normally during the reaction progress, we do not believe it is the reactive species (vide
infra). The presence of Lewis acid may therefore bias the equilibrium towards the salt, thereby
reducing the amount of reactive isoquinoline species present in the reaction mixture and

decreasing the reaction rate.
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0
4.0 equiv. (o) @)
N \ \
©\/> O (:() a
N 1.0 equiv. Lewis acid N 0

3.0 equiv. BzOH \’(’;)J
1 MeCN 45 o
80°C, 18 h 5
Entry Lewis Acid Yield of 45 (%)

1 None 21
2 ZnBr; 3
3 Mgl 0
4 Sc(OTf)s 0
5 SiO2 13
6 Basic Al203 24
7 TMSCI 0
8 CeCls 10

Table 2.5: Lewis acid screening. Yields reported are determined by quantitative *H NMR. Reactions performed
on 0.125 mmol scale.
2.4.4 Further optimisation with Phenyl Vinyl Ketone — Primary and Secondary amine

screening

In another attempt to manipulate carbonyl electrophilicity, it was posited that adding
1.0 equivalents of a primary or secondary amine could react with phenyl vinyl ketone 23 to
form an imine or iminium in-situ. The mildly acidic conditions would catalyse such a
condensation, and it could lower the HOMO-LUMO gap, making attack by the enamine

generated in situ more electronically favoured.

Subsequently, a selection of both primary and secondary amines were screened with phenyl

vinyl ketone 23 as the electrophile, but results were again disappointing, showing only a
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reduction in yield as compared to the control experiment (Table 2.6, Entry 1). The addition of
secondary amine 47 drastically reduced the yield, with the reaction affording only 3% product
(Table 2.6, Entry 2). Similarly, addition of 48 shut down reactivity completely (Table 2.6,
Entry 3). Of the secondary amines screened, only morpholine 49 did not affect yield, affording
24%, a comparable guantity to the control experiment (Table 2.6, Entry 4). Overall, the three
primary amines screened performed worse, with two amines generating no yield at all
(Table 2.6, Entries 6-7). Only isopinocampheylamine 50 produced any yield, affording 13%, a
reduction on the control experiment (Table 2.6, Entries 1, 5). These disappointing yields may
be due to the amines acting as competing nucleophiles, adding to phenyl vinyl ketone quicker
than isoquinoline and thereby competitively inhibiting the reaction, although this possibility

was not investigated.
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0]
\)\@
m 4.0 equiv. X O
r o
N 1.0 equiv. Amine 2N

3.0 equiv. BzOH

1 MeCN 45
80 °C, 18 h
Me Me H H
_N__Me N
Ph/'\N/'\Ph Ph™ Y [ j
H Me o
47 48 49
Me
NH NH,
\ 2 Me/\/\NHz O/
Me
Me g 51 52
Entry Amine Yield of 45 (%)

1 None 21
2 47 3
3 48 0
4 49 24
5 50 13
6 51 0
7 52 0

Table 2.6: Amine additive screening. Yields reported are determined by quantitative *H NMR. Reactions

performed on 0.125 mmol scale.

2.4.5 Further optimisation with Phenyl Vinyl Ketone 23 — Solvent and temperature

investigations

We then looked to investigate solvent and temperature (Table 2.7) with the hope that increasing

the reaction temperature might still further increase yield.
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Decreasing the reaction temperature predictably decreased the yield, with a 4% observed,
however increasing the reaction temperature to 100 °C did show a good increase in yield to
34% (Table 2.7, Entries 1-3). Altering the solvent choice showed some interesting insight into
the reaction, with PhMe affording no product, but H>O producing a comparable yield to MeCN
at 35% (Table 2.7, Entries 4-5). Conducting the reaction in the absence of solvent produced an
increase in yield to 44%, presumably due to the higher concentration, an effect noted before

with this system (vide supra) (Table 2.7, Entry 6).

0
\)K@
@ 4.0 equiv. N (0]
>
2N 3.0 equiv. BzOH Q zN
45

1 rec. 18 h
Entry Temperature (°C) Solvent Yield of 45 (%)

1 65 MeCN 4

2 80 MeCN (15)

3 100 MeCN 32 (34)

4 100 PhMe 0

5 100 H20 35

6 100 Solvent Free 44

Table 2.7: Phenyl vinyl ketone initial optimisation. Yields reported are determined by quantitative *H NMR.
Brackets indicate isolated yields. Reactions performed on 0.125 mmol scale.
The experiments performed above show that an increased temperature of 100 °C is required
for optimum yields when using aryl vinyl ketones, and so was carried forwards into the aryl
vinyl ketone scope. Although it is possible that higher temperatures could afford higher yields,

the hazards encountered when heating solvents above their boiling points were deemed
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sufficient to not explore this possibility. Similarly, although conducting the reaction under
solvent free conditions led to an increase in yield, concerns were raised about solid aryl vinyl
ketone electrophiles and the lack of reproducibility that the inhomogeneity of the reaction
might generate. Phenyl vinyl ketone is a liquid at r.t. and therefore does not suffer these issues.

As such, it was decided to continue the scope using MeCN as the solvent.

2.4.6 Vinyl ketone scope

Next, we fixed our attention to expanding the substrate scope of electron rich and electron poor
aryl vinyl ketones. The success of MVK 16 as an electrophile in the reaction, and the partial
success of phenyl vinyl ketone 23 indicates that the reaction is well suited to vinyl ketone type
electrophiles. As a result, it was decided that a scope of aryl vinyl ketone electrophiles should
be explored, to investigate how the electrophilicity of the ketone affects reactivity. It was hoped

that a trend might emerge which could give an insight into the reaction and its limitations.

The substrates that were synthesised were subjected to the acid catalysed reaction conditions
with varying results (Scheme 2.14). Some general trends emerged, showing that electron rich
aryl vinyl ketones performed less well than phenyl vinyl ketone 23, with tolyl vinyl ketone 69
affording only a 16% yield of isoquinoline 70, the para-MeO analogue only a 9% and the para-

NMe: analogue not producing any product at all.

Our theory was reinforced by the overall good performance of electron poor aryl vinyl ketones,
which mostly performed as well as phenyl vinyl ketone if not better. The trend is not nearly as
pronounced as with electron rich aryl vinyl ketones, but higher yields were observed. Para-
fluoro phenyl vinyl ketone 55 afforded a lower yield (25%) of isoquinoline 56 than isoquinoline
45 when phenyl vinyl ketone was used, however its chloro-analogue performed better,
affording a 37% yield of isoquinoline 54, comparable to the use of phenyl vinyl ketone 23 as

an electrophile. The para-CFs analogue (59) performed the best of all phenyl vinyl ketone
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derivatives trialled, producing a 48% yield of isoquinoline 60. Unfortunately, adjusting the
electrophilicity of the vinyl ketone carbonyl through more electron withdrawing groups did not
increase yield as hoped, with the highly electron deficient para-CO2>Me, para-CN and para-
NO. analogues producing isoquinolines 58, 64 and 62 in 23%, 25% and 30% yields
respectively (Scheme 2.14). We hypothesise that the lack of a clear trend with electron deficient
electrophiles is due to a very narrow window of reactivity in the reaction. It is possible that
highly electron withdrawing groups merely push their respective electrophiles beyond this
window and thus decrease the reactivity of the system. The more electron deficient
electrophiles might also be suffering from competitive polymerisation, a process destructive to

the desired reaction but one that is challenging to observe and measure.

Other aryl vinyl ketones were then trialled, with 1-naphthyl and 2-naphthyl analogues 65 and
67 producing isoquinolines 66 and 68 in 19% and 37% yield respectively. The lower yield
when using 1-naphthyl vinyl ketone is attributed to the increased steric forces experienced

around the site of reactivity as compared to the 2-naphthyl analogue.

Vinyl ketones with furyl and thiophenyl substituents were also subjected to the reaction
conditions, with much more promising results. Our highest scope yield yet was attributed to
furyl vinyl ketone 75, which afforded isoquinoline 76 in a pleasing yield of 68%. This
decreased with the thiophenyl analogue, which only produced a 39% vyield of isoquinoline 78.
The reasons for this discrepancy are unclear, since the 5-membered heterocyclic substituent is
formally electron donating, yet the yields observed are more comparable with those produced

from electron withdrawing aryl substituents.
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E
X 4.0 equiv.'E N
zN 3.0 equiv. BzOH 2N
MeCN
1 100 °C, 18 h
Electron withdrawing substituents Phenyl vinyl ketone Electron donating substituents

’ g

&

N
4 0O 45
37% N 34%
_N

56
25% o

Napthalenes

78
39%

Scheme 2.14: Substrate scope using aryl vinyl ketones as electrophiles. Isolated yields are reported. Reactions

performed on 0.25 mmol scale.
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2.4.7 Alkyl vinyl ketone scope

We proceeded to explore alkyl vinyl ketones as electrophiles and produced the following short
scope (Scheme 2.15). Increasing the length of the side chain adjunct to the vinyl ketone
carbonyl did little to change the reaction yield, with both ethyl vinyl ketone 83 and isopropyl
vinyl ketone 84 affording very respectable yields of isoquinolines 79 and 80 in 54% and 62%
respectively. Additional steric bulk, in the form of tert-butyl vinyl ketone 85 did, however,
prevent any reactivity, with no product being formed. Benzyl vinyl ketone 86 produced
isoquinoline 81 in an excellent yield of 63%, far surpassing the yields observed with phenyl
vinyl ketone 23 as the electrophile (vide supra). This could well demonstrate that the steric
bulk surrounding the vinyl ketone carbonyl is a strongly determining characteristic of the

electrophile reactivity.

Finally, increasing steric bulk around the vinyl portion of the electrophile led to a noticeable
decrease in reactivity. a-Methyl vinyl ketone 87 required a higher reaction temperature of
100 °C to produce a low yield (22%) of isoquinoline 82, and 3-pentan-2-one 91 did not react
at all. Other unsuccessful electrophiles are also detailed in Scheme 2.15, including the more
sterically bulky cyclohexyl vinyl ketone 89 and adamantyl vinyl ketone 90. Cyclopropyl vinyl
ketone 88 was also unsuccessful, despite being not as sterically encumbered as isopropyl vinyl

ketone; similarly, a-chloro vinyl ketone 92 was unsuccessful.
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E
@ 4.0 equiv.(E ©\)j\
>
2N 3.0 equiv. BzOH 2N

MeCN
1 80°C, 18 h
Me Me
Et M
Me Ph ©
X © X © X © X ©
g/ N Z N P N P N
79 80 81 82
54% 62% 63%3 220/0b

Unsuccessful substrates

0 o) 0 o)
x Me ™ ™ X
Me
85 Me 88 89 920

o)

(0]
Me/\)LMe \)l\/q
91 92

Scheme 2.15: Alkyl vinyl ketone scope encompassing unsuccessful substrates. Isolated yields are reported.
Reactions performed on 0.25 mmol scale. 2Reaction performed on 0.125 mmol scale. PReaction performed at

100 °C. Data obtained by Dr A. Day.

2.4.8 Isoquinoline scope

The isoquinoline scope of the reaction was also explored, subjecting a range of C1, C3, C5,

C6, C7 and C8 substituted isoquinolines to the reaction conditions (Scheme 2.16).

C1 functionalised isoquinolines performed very poorly, with neither substrate trialled affording
any product (R = Me, R = ClI). Since our working mechanistic theory involves attack at C1 by
benzoic acid, these results are perhaps unsurprising, as any steric impediment to attack at the

electrophilic carbon will drastically decrease reaction rate.
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We have already seen how C3 functionalised 3-methyl isoquinoline performed very well under
the reaction conditions to afford 93 in a 72% yield (vide supra), however other C3 analogues
fared less well. The C3 methylene hydroxyl product 94 was generated in a modest 25% vyield,

however any other substituent trialled (Br, Cl, Ph, CO>Me, NH; and OH) afforded no product.

1 M
e
\)LMe
X 4.0 equiv. N 0]
R.I_ —_— R.'_
U |
A~2N 30 equiv. BzOH 2N
MeCN
80°C, 18 h
c1 c3 C5 Cé
Me 20 Me._O Me__O Me.__O
R
X R A R N
2N 2N N N
R
R=Me 0% 93 R=Me 72% 95 R =Me 50% 100 R = Me 59%
R=Cl 0% 94 R=CH,OH 25° 96 R =Ph 86% 101 R=Ph 80%
R_CpﬁOOO/ 5% 97 R=Br 27% 102 R=Br 56%
R: 9 98 R=Cl 35% 103 R=0OMe 40%
=Br 0% 99 R=OMe 49% R=0OH 0%
R=Cl 0% R=CHO 0%
R=CO,Me 0% R=CO, 0%
R=NH; 0% R =SO03;H 0%
c7 Mew O R=0H 0% R=0OH Trace 8 Mew O
104 R = Me 88%
N 105 R = Ph 58% 107 R =Me 81% AN
N 106 R=Br 73% 108 R =Ph 80% N
R Z R=OH 0% 109 R=Br 92% Z
R = NH, 0% 110 R=Cl 80% R

Scheme 2.16: Isoquinoline substrate scope. Isolated yields are reported. Reactions performed on 0.25 mmol

scale. Data obtained by Dr A. Day.

On the whole, most other C5, C6, C7 and C8 substituents performed well, affording yields of

up to 92% in some cases, with most yields at least 60%. This shows the system is highly tolerant
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of a variety of substituents with a range of electronics and steric factors altered and yet

respectable yields were still obtained.

2.4.9 Combination of the best isoquinolines and the best aryl vinyl ketones

With this hypothesis in mind, several of the previously screened aryl vinyl ketones (vide supra,
Scheme 2.14) were resubjected to the reaction conditions but with 8-Br isoquinoline as the
substrate (Scheme 2.17). Regrettably, all aryl vinyl ketones trialled produced a lower yield than

when MVK 16 was used as the electrophile (92%).

E
X 4.0 equiv.(E N
2N 3.0 equiv. BzZOH zN
MeCN
& 80 °C, 18 h E

CN
27N
Me X Q
S 0 S O S 0
2N A 2N

Br Br

109 111 112
92% 23% 31%

Br

Scheme 2.17: Scope of aryl vinyl ketones with 8-Br isoquinoline as the reactant. Isolated yields are reported.
Reactions performed on 0.25 mmol scale.
Three further isoquinolines, 8-Me isoquinoline 113, 5-Ph isoquinoline 114 and 6-Ph
isoquinoline 115 were also reacted with other aryl vinyl ketones to see how the substituents
affect the yields (Scheme 2.18). As before, all three combinations trialled produced reduced
yields compared to when MVK 16 was used as the electrophile (86% and 80% respectively).
This is perhaps not surprising, as the aryl vinyl ketone scope had shown reduced yields when

compared to MVK 16, however it was hoped that a combination of the most reactive aryl vinyl
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ketone and the highest yielding isoquinolines revealed in the respective scopes might combine

to afford some greater yield.
0
\)]\Ar Ar

R@ 4.0 equiv. X 0]
A _— R

U 0

AN 30 equiv. BzOH %

MeCN
113-115 80°C. 18 h 116-119

Ph
X © X ©
N N
Me 118 119
31% 31%

Scheme 2.18: Aryl vinyl ketones trialled with the most successful isoquinolines. Isolated yields are reported.
Reactions performed on 0.125 mmol scale.
It is worth noting that these data cannot be directly compared to the aryl vinyl ketone scope
(Scheme 2.14) as the experiments were performed at 80 °C, a lower temperature. This was

done to allow comparison with the isoquinoline scope.
2.4.10 Expanding the scope to other N-heterocycles

We wanted to explore more of the aza-arene family with the reaction, and so a pilot experiment
was performed with quinoline 2 using the optimised conditions detailed above (Scheme 2.19).
Regrettably, no product was noted, perhaps due to the remote nature of the necessary

dearomatisation reaction. As compared to isoquinoline, where any nucleophilic attack to effect
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dearomatisation is at C1, here the attack would need to be at C4, further from the nitrogen and

therefore possibly not benefitting from any co-ordinating effects.

0O
\)LMe Me

4.0 equiv.
CQ —=— C
P /\
N N

3.0 equiv. BzOH
2 MeCN 120
80 °C,18 h

N\

Scheme 2.19: Quinoline pilot experiments

We suggest that these issues would also be present in any pyridine-like system and therefore

no further N-heterocycles were trialled.
2.5 Derivatisation of products
2.5.1 Rearrangement derivatisations

Our attention then turned to derivatising the products generated in the alkylation reaction, so
as to demonstrate its synthetic utility. We wished to functionalise the carbonyl on the C4 side
chains, as this would allow a two-step process to a C4 alkyl amine or alkyl alcohol, that the

process cannot achieve in one step, being limited to vinyl ketone electrophiles.

Subsequently, a Baeyer-Villiger oxidation was suggested, to oxidise the ketone in the product
into an ester, so that by hydrolysis, an alkyl alcohol could be revealed. Attempts had been
previously made by Dr A. Day on a related compound, using m-CPBA as the oxidant, however

this yielded only the isoguinoline-N-oxide (Scheme 2.20).
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Et Et
m-CPBA
X © 1.05 equiv. X ©
—_—
/N CH2C|2 /g\o
79 0°C,24h 121 ©)

Scheme 2.20: First generation Baeyer-Villiger conditions. Reaction performed by Dr. A. Day.

Reviewing the literature, a second set of conditions were identified which were developed to
tolerate nitrogen.® Application of these conditions produced an unusual *H NMR spectrum
and some large crystals in the NMR tube. Characterisation of these crystals by single crystal
X-Ray analysis revealed the structure to be the peroxy-diacetal 122, a rare functional group

first reported by Criegee and Metz in 1955 (Scheme 2.21).%¢

It was posited that the highly acidic conditions will cause isoquinoline to be protonated, thereby
inhibiting the isoquinoline fragment from bearing a further partial positive charge and
migrating. Methyl groups are not suitable for migration under Baeyer-Villiger conditions

therefore the molecule cannot form the desired product.

HO
b 0
Me 0]
Me
TFAA O\OH O)LMG
(excess)
Me 11202

Xy '€ (excess) X Me : - Me
/N /N - E E /N

rt. 18 h

93 122 123

Scheme 2.21: Second generation Baeyer-Villiger oxidation conditions and single crystal X-Ray structure of the

product. Single crystal X-ray analysis conducted by Dr K. E. Christensen.

The transformation was eventually performed successfully using benzyl ketone product 81 as

the substrate (Scheme 2.22). The presence of the benzyl group allowed the reaction to occur
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with the benzyl group migrating, however overoxidation was observed, with a second step

required to reduce the isoquinoline-N-oxide 124 produced to the desired isoquinoline 125.

AcO,H Bn Bn
Bn 10 equiv. o) o)
NaOAc
XN o 5.0 equiv. S O B,Pin, 1.0 equiv. S O
—_— —_—
N AcOH, 80 °C 230 MeCN,70°C N
81 124 © 125
63% 64%

Scheme 2.22: Successful attempts at a Baeyer-Villiger Oxidation. Isolated yields are reported. Reactions
performed by Dr A. Day.
An attempt was made to synthesise the analogous amide via a Beckmann rearrangement,
however only the oxime 126 was observed, which unfortunately did not rearrange to the desired
amide 127 when heated to 70 °C and merely decomposed (Scheme 2.23). This further supports
our hypothesis that the isoquinoline moiety would be forced to bear a double cationic charge

upon rearranging, thereby inhibiting it.

X
NHZOH HCI N Me
3.0 equw OH
MeCN 2N
7108 r? 126
84%
TsCl
N 1.5 equiv.
OH__5¢ 5
_N
MeCN
70°C, 18 h

Scheme 2.23: Attempts towards a Beckmann rearrangement. Isolated yield is reported.
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A subsequent attempt to force the oxime to rearrange using TsCl was also ultimately

unsuccessful, causing starting material degradation (Scheme 2.23).

2.5.2 Diverse derivatisations

Focus was next turned to alternative derivatizations of ketones: a Wolff-Kishner reduction

using literature conditions afforded product 128 in a respectable yield of 61% (Scheme 2.24).%

Me Me
X © KOH 4.0 equiv. N
ZN Hydrazine hydrate zN
4.0 equiv.
22 Ethylene glycol (; 123
180 °C, 7 h 0

Scheme 2.24: Wolff-Kischner reduction of ketone 22 to form 4-butyl isoquinoline 128. Isolated yield is

reported.

A reductive amination was then performed, using benzylamine, to afford amine 129 in a

moderate yield of 66% (Scheme 2.25).

Me ©/\NH2 Me
N 0 1.1 equiv. N HN__-Ph

>
2N NaBHCN 1.3 equiv. 2N
AcOH 2.0 equiv.
22 129
MeOH, r.t. 3h 66%

Scheme 2.25: Reductive amination of ketone 22 to form amine 129. Isolated yield is reported.

Next an attempt at a-hydroxylation using a literature procedure by Jiao and co-workers,
whereby molecular iodine and DMSO were used to oxidise the a-carbon.®® Sadly, these

conditions returned only starting material (Scheme 2.26).
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OH
Me Me
I
0.2 iv.
N 9] \eguw N 9]
-
/N N /N
DMSO
22 60 °C, 24 h 130

Scheme 2.26: Conditions published by Jiao and co-workers for the a-hydroxylation of ketones.

Several attempts at a haloform reaction were made, however sadly all conditions trialled

returned starting material (Scheme 2.27).

Me OH
Br2

0] 3.0 equiv. O
N/
VAN r

NaOH
22 10 equiv. 131
rt.3h

Scheme 2.27: Attempts towards a haloform oxidation.

A Shapiro reaction was performed, with tosyl hydrazone 132 synthesised in a good yield of
68% (Scheme 2.28).2° Unfortunately attempts to complete the reaction with "BulLi and

benzaldehyde as an electrophile produced only a complex mixture of decomposition products.

Ts<
° NH OH

! TMEDA
Me N 9.5 equiv. Ph
"BulLi |

4.0 equiv.
TsNHNH, 50 °C, 1 h

10eqU|v : :
/N /N

EtOH thenrt. 1 h
reflux, 2 h 132 then PhCHO 133
68% 4.5 equiv.
rt. 18 h

Me

/N

Scheme 2.28: Attempts towards a Shapiro reaction. Isolated yield is reported.

46



Chapter 2 — Acid promoted C4 functionalisation of isoquinolines

Finally, a Corey-Chaykovsky-Meinwald strategy was hypothesised, which would enable a
terminal aldehyde to be fashioned from an epoxide rearrangement. Pleasingly the epoxide from

the Corey-Chaykovsky reaction was formed in a good yield of 70% using literature conditions

(Scheme 2.29).40
Me
Trimethyl sulphonium
. ) o)
X (0] iodide 1.1 equiv. XN
N > N
Z ‘BUOK 1.0 equiv. Z
22 DMSO, 40 °C, 18 h 134
70%

Scheme 2.29: Successful Corey-Chaykovsky epoxidation. Isolated yield is reported.

Taking the epoxide product 134, several Lewis acids suggested by the literature were
subsequently screened to produce a Meinwald re-arrangement (Table 2.8). Regrettably, all the
literature combinations trialled, including a catalytic mix of AuCls and AgSbFe, InCls, SnCls
and BFz diethyl etherate, failed to effect the desired rearrangement, and merely returned

starting material 44

Me Me
O
SN XY Yo
: ot
Z N P/ N
134 135
Entry Reagent Yield of 135 (%0)
1 AuCls + AgSbFg 0
2 InCls 0
3 SnClg 0
4 BFs Et,0 0

Table 2.8: Lewis acids screened for a proposed Meinwald rearrangement.
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2.5.3 Annulation attempts with 3-Me isoquinoline 93

It was suggested that if 3-Me product 93 was treated with a base, it might be possible to
deprotonate the isoquinoline methyl group and subsequently perform an aldol reaction onto the
pendant carbonyl. Whilst these protons are not the most acidic in the molecule, it was hoped

that even a minor component of the reaction mixture might allow the proposed cyclisation to

occur.
Me O
Me
X Me O \‘
r
2 N Z N
93 136
Entry Conditions Temperature (°C) Yield of 136 (%)
1 2.0 eq. 'BUOK in 'BUOH 80 0
2 2.0 eq. 'BUOK in 'BUOH 80 0
3 2.0 eq. 'BUOK in DMF 80 0
4 5.0 eq. NaHCOg, 0.5 equiv. 40 0

Phase transfer catalyst

5 Excess NEts, 3A MS 80 0
6 1.0 eg. AIO'Bu in PhMe 110 0
7 Excess conc. HCI 80 0
8 Excess conc. H2SO4 80 0
9 2.0 eq. TsOH in PhMe 110 0

Table 2.9: Annulation attempts encompassing both basic and acidic conditions. Phase transfer catalyst used was

CTAB; hexadecyltrimethylammonium bromide.
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Using reversible basic conditions as a starting point, several variations of conditions were
attempted with little success (Table 2.9, Entries 1-6). Most conditions attempted gave a

complex mixture with no or few aromatic peaks in the *H NMR spectra.

Next, we moved to acidic conditions (Table 2.9, Entries 7-9). Upon addition of any
concentrated acid, a pale brown precipitate was observed, that persisted over the reaction time,
addition of aqueous base on work up, however, dissolved this precipitate. It was postulated that
the precipitate is the protonated salt of the starting material which is insoluble in the solvents
used. Acidic conditions afforded no product and crude *H NMR spectra revealed only starting
material, which bears out our hypothesis above. With no success and limited leads available

this path of investigation was curtailed.
2.6 Mechanistic considerations

During the optimisation stages of this project, Dr A. Day performed a reaction in an NMR tube
with 1.0 equivalent of an internal standard present. By cooling the reaction every hour and
running a quantitative *H NMR spectrum, he observed the species present and their relative

amounts (Figure 2.2).

It transpires that isoquinoline and methyl vinyl ketone very readily form a salt via 1,4-addition
into the vinyl ketone. We hypothesise that this salt is not the reactive species and dissociation
of this adduct must occur for the reaction to take place. After the desired reaction occurs, some
of product 22 reforms the Michael adduct 137 with MVK, but some does not, remaining as the
free molecule 22. As expected, starting material decreases over time until a product maximum

is reached.
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0]
Me
. \)LMG
N 4.0 equiv. N O
I -
2 N P/ N
3.0 equiv. BzOH
1 MeCN-dj 22
65°C, 6 h

80

Observed quantity (%)

Time (h)

—@— Product (22) ®—SM (1) —@—Product Adduct (137) -——SM Adduct (138)

Me

22

Figure 2.2: Relative amounts of reactive intermediates present in the reaction over time. The data quoted are
approximate integrals from a series of quantitative *H NMR experiments conducted with 0.33 equiv. of
1,3,5-trimethoxybenzene present as an internal standard. Data obtained by Dr A. Day.

A mechanism was proposed by Dr A. Day to rationalise these observations (Figure 2.3).
Formation of adduct 138 with MVK 16 is fast for isoquinoline 1. Dissociation is required for
the reaction to occur, thus only a small percentage of starting material exists as the reactive

species. Upon formation, product can also quickly form adduct 137 with MVK. This proposed
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regime would mean that the reaction rate is limited by the percentage of free isoquinoline

present at any one time.

Figure 2.3: Equilibrium set up of the reaction, showing bias to adducts 137 and 138.

In order to test our hypothesis that the reactive species was the free isoquinoline, an experiment
was performed with a large excess of MVK (Scheme 2.30). Ten equivalents of MVK were
used in an attempt to ensure that as much of adduct 138 was formed as possible. Interestingly,

no reactivity was observed, which we suggest provides evidence for our hypothesis.

O
Me
_ \)LMe
N 10 equiv. N @)
| >
e/ N p/ N
3.0 equiv. BzOH
1 MeCN 22
80°C, 18 h 0%

Scheme 2.30: Mechanistic experiment with a large excess of electrophile.
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2.7 Conclusion

We have developed a method that functionalises unactivated isoquinolines in a redox neutral
process using a mild, cheap and non-toxic reagent under non-forcing conditions. It is an
operationally simple four component reaction with a wide and tolerant isoquinoline scope but
is limited to vinyl ketone electrophiles. We have explored the scope of aryl vinyl ketone
electrophiles, as well as a short scope of alkyl vinyl ketones. It has been demonstrated that
multiple product derivatisations are possible, and we have briefly investigated the mechanism
by use of analytical techniques to examine the reaction intermediates. This method shows
promise as a mild method for redox neutral functionalisation but is limited by the electrophile

scope.

Temporary Dearomatisation
0]
R1_:<j:>“ s A et S @5\‘\’( e
PN R2 MecN s 2N

43 examples
up to 92% yield

N

Scheme 2.31: Temporary dearomatisation strategy to access g-functionalised isoquinolines with product

derivatisation to diverse functionality.
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Chapter 3 — Oxidative debenzylation of partially saturated THIQs to isoquinolines

3.1 N-Heterocycle rearomatisation

3.1.1 The need for more unsaturated nitrogen heterocycles

Clinically successful pharmaceutical molecules are increasingly composed of sp? carbons, with
saturated carbon centres replacing the more traditional aromatics and olefinic sp? carbons. This
movement, partially driven by the increased metabolic stability of saturated sp* carbons in
comparison to their sp? counterparts, was highlighted by Lovering and co-workers popularising
the phrase ‘Escape from Flatland’.** Through statistical analysis of drug molecules making
their way through clinical trials, it was shown that a greater fraction of sp* carbons (Fsp®) in a
drug candidate is more likely to result in an approved medicine. Other related factors include

increasing molecular complexity and the presence of one or more stereocentres.

These findings are reflected in many synthetic chemistry communications published in recent
years, with an increasing number of methods available to the synthetic chemist to perform
reductions of unsaturated cyclic moieties to form desired saturated sp® rings. These can often,
in the case of heterocycles, be combined with a functionalisation reaction to afford a saturated
species with significantly increased molecular complexity and consequently a higher Fsp®. A
recent review of the field by Donohoe and co-workers showed the variety of the reductive
functionalisation reactions published in the literature, which can be used to generate a wide

range of complex N-heterocycles from aromatic precursors.*®

More recently, however, further analysis of pharmaceutical molecules making their way
through testing and into the clinic have shown that successful drug candidates are becoming

less saturated, in defiance of the predictions made by Lovering and co-workers.*
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Analysis of the data shows that Fsp® is decreasing on average in recent years, with a conclusion
proposed by the authors that Fsp® is not a useful metric to optimise as part of drug design, as
the success of small molecule active pharmaceuticals is a largely complex problem, which is

not well suited to distillation down to a single statistical parameter.

As previously discussed, however, functionalisation of pre-existing aromatic systems is highly
challenging and can require extreme and harsh conditions (vide supra). Therefore, a useful
synthetic transformation would be to oxidise a functionalised partially saturated N-heterocycle

back to its parent aromatic molecule.

3.1.2 Oxidation of saturated and semi-saturated N-heterocycles to aromatics

With a burgeoning interest in oxidation of N-heterocycles, various strategies have been
developed to generate planar sp? based systems from a saturated precursor. Many techniques
have been invoked in the literature, both catalytic and stoichiometric, including both

homogenous and heterogeneous metal reagents, along with a handful of metal-free examples.

In 1949, Lundsted and co-workers employed a heterogeneous Ni-NiCrO catalyst and high
temperatures to force the formation of aromatic N-heterocycles from their saturated analogues
(Scheme 3.1).*® Whilst the method is general and the catalyst robust, this method was

unsuitable for use in late-stage functionalisation due to the harsh conditions used.
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Lundsted, 1949

~
<4

& Ni-NiCrO A
L\\\ ,l 10 wt% L\\\ -, l —
v N or ’?\ —> ~ N or /?\
H ~ D 200-350°C, 1-5h ~ D
k\\\ P N L\\\ 4 N
H H
N~ o
o0 0O D 0
N N N N N
H H "
2 139 140 141 142
42% 48% 75% 82% 53%

Scheme 3.1: Ni-NiCrO catalysed high temperature pyrolysis of saturated N-heterocycles to form aromatic

analogues. Selected examples shown.

Adopting a milder approach, Su and co-workers showed in 2018 that immobilised Au(lll)
atoms held in a MOF could be used in a photochemical reaction to generate singlet oxygen.*®
The in situ generated singlet oxygen could then oxidise tetrahydroisoquinolines (THIQS) to
dihydroisoquinolines with a small amount of fully oxidised isoquinoline (Scheme 3.2). The
mechanism of the final oxidation to isoquinoline 1 was not discussed but may potentially be
due to a further singlet oxygen oxidation. Dhakshinamoorthy and co-workers chose a related
approach, with a Cu Zeolitic Imidazolate Framework (Cu-ZIF) catalyst (Scheme 3.2).*” When
partially saturated N-heterocycles such as tetrahydroisoquinoline 142 or tetrahydroquinoline
144 were heated in an oxygen atmosphere, the fully aromatic N-heterocycle was formed as the
major product alongside other oxidation products. After mechanistic investigation, the authors
proposed that a radical oxygen species was generated by the Cu(ll)-ZIF which then abstracted
a hydrogen atom, generating a C-centred radical. This radical can then form a bond with a

second oxygen radical species to afford alcohol and ketone products.
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a) Su, 2018
Au MOF
NH ozmeN 2N
142

15:1
product ratio

b) Dhakshinamoorthy, 2019

Cu ZIF-8
! N
NH _N

DMF, O,
120 °C 143
35% 43%
” DMF, O,
120 °C 145
31% 8%

Scheme 3.2: a) Photochemical initiated oxidation of THIQ 142 using an Au MOF by Su and co-workers, 2018.
b) Thermal Cu-ZIF oxidation of THIQ and THQ. Selected examples shown.
Using a related approach, Baskar and co-workers developed La-doped NiWOa4 nanoparticles
that, under the activation of blue LED irradiation, generated radical oxygen species which
oxidised tetrahydro-N-heterocycles to their fully aromatic analogues (Scheme 3.3).%8 This was
demonstrated with THIQ and THQ substrates, producing isoquinoline 1 and quinoline 2,
amongst other scope products, in excellent yields. This method, although highly impressive
and pleasingly general, nonetheless suffers from the same drawback as the previous two
examples; each requires a complex catalyst which can be highly challenging to synthesise,

store, handle and use without sufficient expertise and experience.

56



Chapter 3 — Oxidative debenzylation of partially saturated THIQs to isoquinolines

Baskar, 2021

N PC X
R Rt
Z NH or R, —_ A 2N or R,
N Blue LED N
R R, rt. 12 h Ry R,
A~N H,0, O, Z N
H H
P
2 N” “Me r;l_l
1 = 146 147
93% \ N 95% MeO - C02Me g0y,
N
NH Me MeO 7
148 149 Ph
90% 96%

Scheme 3.3: Full oxidation of the heterocyclic ring in THIQs and THQs using La-doped NiWO4 nanoparticle
photocatalyst. Selected examples shown.
In 2019, Bruneau and co-workers reported an iridium-catalysed method for the interconversion
of unsaturated and semi-saturated N-heterocycles (Scheme 3.4).4° Although the method was
optimised for the interconversion between quinolines and tetrahydroquinolines (THQs), the
approach was shown to be applicable to other heterocycles such as indoles, isoquinolines and
phenanthrenes. The presence or absence of hydrogen gas in the reaction was shown to give
either hydrogenation or dehydrogenation respectively. The method is shown to be both high
yielding, broadly applicable and able to oxidise or reduce several classes of N-heterocycle,
however the method requires a bespoke iridium catalyst. The reversibility of hydrogenation
demonstrates how a switch between unsaturated and semi-saturated N-heterocycles can be
performed easily as a late-stage transformation on a wide variety of molecules, which would
enable access to either the partially saturated or fully aromatic versions of drug candidates at a

late stage in the development of the molecule.
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Bruneau, 2019 7\

<
‘\") ‘\'L)

2
Hz1 bar H2O 100 °C N

H,0, 80 °C 144 H Process B
Process A 98% 98%
H
1 150 151 152 153
A =53% A =95% A =98% A =98% 97%
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7
'\/
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Scheme 3.4: Sequential reduction and oxidation of N-heterocycles using Ir catalysis. Selected examples shown.

In a related transfer hydrogenation approach, Huang and co-workers used an iridium catalyst
to oxidise semi-saturated N-heterocycles to their aromatic analogues (Scheme 3.5).°° The
method required a sacrificial alkene as the oxidant and could be extended to include oxygen
and sulfur-based aromatics. It is worth noting, however, that the optimised conditions are fine-
tuned between substrates to achieve the best yield possible, with catalyst loading increased
from a minimum of 0.1 mol% to 5.0 mol%, a 50-fold increase. Moreover, the bespoke iridium
catalyst reduces the accessibility of the method and the need for a sacrificial oxidant renders

the atom economy of this process poor.
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Huang, 2014 k’| ‘)\
r
6 “\]\/j 5.0 mol% B N
ey X 40equiv. TBE Y 2N\, 2 X
10 mol% NaO'Bu

or > -~
X:O, S, :’l’ X | 120 °C X=O, S, :’l’ e \
NH d P p-Xylene, NH kl\ = "

25X 6 -24h

N O = Z

& N NH N
1 154 2 140 139
50% 91% 76% 80% 47%

{r) - o

Me
TBE = tert-butyl ethylene

Scheme 3.5: Ir-catalysed transfer hydrogenation using tert-butyl ethylene as a sacrificial alkene. Selected

examples shown.

3.1.3 Metal-free N-heterocycle dehydrogenation

An alternative, metal-free approach for the oxidation of N-heterocycles was reported by
Vasil’ev and co-workers in 1977 (Scheme 3.6).%! Using pyridine-N-oxide as a stoichiometric
oxidant, a 2,6-substituted N-methyl piperidine 155 was aromatised to the corresponding
pyridine 156. Whilst this process is metal-free, extremely high temperatures are employed to
achieve the desired transformation. The scope of the method was not fully explored, and only

a handful of different piperidines and piperidones were subjected to the reaction conditions.
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Vasil'ev, 1977

0

Me /N(\-BO@ | X Me
N 5.0 equiv. N/
I E—
Me

270 °C
155 40 mins 156
66%

Scheme 3.6: Oxidation of N-methyl piperidine 155 to form pyridine 156 using pyridine-N-oxide as a

stoichiometric oxidant.

3.2 Investigations towards a metal-free oxidative route to C4-functionalised isoquinolines

3.2.1 Project Aims

Reflecting on these publications, it was suggested that there was an opportunity to develop a
general method for dehydrogenating semi-saturated N-heterocycles to form their unsaturated
aromatic counterparts in a metal-free, easily accessible process. Such a process should have
good atom economy, employ a cheap, readily available oxidant and the reaction conditions

should be suitable for late-stage functionalisation.

Our previous work with direct functionalisation of isoquinolines was limited in its electrophile
scope (see Chapter 2), as such we aimed to develop a more widely applicable isoquinoline C4-
functionalisation. The Donohoe group has previously reported a convenient method for the
reductive functionalisation of quinolines and isoquinolines. The method employs the mildly
acidic 5:2 HCO2H:NEts reductant system to form C4 functionalised THIQs from activated
isoquinolinium salts (vide supra).?® Given the broad scope of this method, we aimed to devise
an approach to reoxidise the product THIQs to the corresponding isoquinolines. Taken in
conjunction, this would then provide a strategy for a formal C4-functionalisation of

isoquinolines over two steps (Scheme 3.7).
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E E

N © _E [0} N
N, T N > 2
@ BN 5:2 HCO,H:NEt; Bn Debenzylation

(4 equiv.)
MeCN, 80 °C, 18 h

Scheme 3.7: Two-step strategy towards rearomative functionalisation.

3.2.2 Oxidant screening

Based on literature precedent, a range of oxidation conditions were trialled for the model
reaction shown (Table 3.1).51%® Unfortunately, most of the oxidants screened gave either
starting material or a complex mixture (Table 3.1, Entries 1-10). Pleasingly, when using
pyridine-N-oxide 158 as an oxidant, a small amount of product 22 (6%) was observed in an
otherwise complex mixture (Table 3.1, Entry 11). This demonstrated that both oxidation and

cleavage of the benzyl activating group are possible in a one-pot process.
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Me Me
[O] Y
—_— _N
157 22
Entry Oxidant Oxidant Equivalents Temperature Result
(Equiv.) (°C)
1 CuCly, PA(TFA)2, AgF 2.0, 5.0 mol%, 0.2 115 Complex mixture
O; balloon®2
2 BUOK® 3.0 140 Starting material
3 MnQO,% 0.25 85 Starting material
4 CuBr,, DBU%® 0.2,2.0 r.t. Starting material
5 DDQ 2.0 r.t. Complex mixture
6 FeCls 3.0 80 Complex mixture
7 Iz, Ko.CO3 2.0,5.0 80 Complex mixture
8 HNO3 3.0 80 Complex mixture
9 CAN®® 25 r.t. Complex mixture
10 nitrobenzene 0.25M 140 Starting material
11 pyridine-N-oxide® 5.0 200 690 22

Table 3.1: Oxidant screening. Yields reported are determined by quantitative *H NMR spectroscopy. Reactions

3.3 Reaction Optimisation

performed on 0.125 mmol scale.

It was posited that both addition of a solvent and reduction of the reaction temperature would

reduce the observed decomposition and lead to a less complex reaction mixture, hopefully

resulting in a greater yield. Subsequently, the reaction was performed at a range of lower

temperatures using MeCN as a reaction solvent (Table 3.2). Disappointingly, no reactivity was

observed at either of the two lower temperatures trialled, 100 and 150 °C, however pleasing

amounts of reactivity were observed at our original reaction temperature of 200 °C with a yield
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of 41% afforded (Table 3.2, Entries 1-3). We hypothesised that these results showed that high
temperatures were required for the reaction to occur, but that dissolution of reactants limited

the decomposition previously observed when the reaction was performed neat (vide supra).

Me | Me
/g)\o
O 590 equiv. © o
—>

N<
Bn MeCN 1.25 M

157 40 min 22

Entry Temperature (°C) Yield of 22 (%)

1 100 0
2 150 0

3 200 (41)

Table 3.2: Lower temperature investigations. Yields reported are calculated using reverse phase HPLC. Isolated

yields are indicated by brackets. Reactions performed on 0.25 mmol scale.

Following this promising lead, the reaction was screened against a number of solvents
(Table 3.3). All of the solvents screened afforded a higher yield than our initial hit under neat
conditions, however the yields were highly varied. Interestingly, there was seemingly no
correlation between yield and solvent boiling point, with some solvents affording good yields
despite being heated well above their boiling point in a sealed vial, such as MeCN, which

produced the second highest isolated yield of the screen.

Some lower boiling point solvents, such as MeCN and PhMe, afforded promising yields of
41% and 32% respectively, but then slightly higher boiling point solvents gave much lower
yields, with DMA, DMSO and 1-Me-2-pyrrolidinone affording yields of 16%, 14% and 18%
respectively (Table 3.3, Entries 1-5). Our highest yield of 52% was afforded when camphor
was used as the reaction solvent, however nitrobenzene, a solvent with a very similar boiling

point, gave only 40% yield (Table 3.3, Entries 6, 7). Finally, two further high boiling point
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solvents, biphenyl and sulfolane, afforded disappointing isolated yields of 21% and 26%
respectively (Table 3.3, Entries 8, 9). To investigate reaction concentration, the quantity of
camphor used was increased from 0.2 g to 0.5 g, diluting the reaction, which caused the yield
to decrease from 52% to 27%. All subsequent reactions were performed with 0.2 g of camphor
(Table 3.3, Entry 6, 7). There appears to be no real trend between solvent polarity and yield,
with highly polar solvents performing less well in some cases, such as DMSO which afforded

only 14%, but better in others, such as MeCN which afforded 41% (Table 3.3, Entries 1, 4).

X

Me | Me
- N\
Q 0
5.0 equiv. © X
—>
N<
Bn 200 °C 2N
157 40 min 22
Solvent (0.2 mL or g)?

Entry Solvent Boiling Point (°C) Yield of 22 (%)
1 MeCN 82 (41)
2 PhMe 110 (32)
3 DMA 165 26
4 DMSO 189 14
5 1-Me-2-pyrrolidinone 202 18
6 camphor 209 (52)
7° camphor 209 24 (27)
8 nitrobenzene 211 (40)
9 biphenyl 255 25 (21)
10 sulfolane 285 28 (26)

Table 3.3: Solvent screen. Yields reported are calculated using reverse phase HPLC. Isolated yields are
indicated by brackets. Reactions performed on 0.25 mmol scale in a sealed microwave vial. 28Solvents which are
solid at r.t. were measured by mass, whereas solvents that are liquid at r.t. were measured by volume. PReaction

performed with 0.5 g solvent.
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The effect of the reaction atmosphere was investigated by the addition of a balloon containing
varying gases to the reaction. Interestingly, the identity of the gas in the balloon was seemingly
irrelevant, with oxygen, argon and nitrogen affording very similar HPLC vyields of 40%, 39%
and 36% respectively (Table 3.4, Entries 2-4). Although all of these yields are less than when
the reaction was sealed, it was thought that the presence of a balloon would prevent the reaction
vessel becoming over pressurised during the reaction, and therefore make our procedure safer
(Table 3.4, Entry 1). Accordingly, subsequent investigations were conducted with a nitrogen

balloon.

X
Me | Me
/gxo
5.0 equiv. © X ©
—>
N< N
Bn 200 °C Z
157 40 min 22
0.2 g camphor
Entry Differing conditions Yield of 22 (%)
1 - (41)
2 O3 balloon 40 (33)
3 Ar balloon 39
4 N> balloon 36

Table 3.4: Investigating reaction concentration and headspace. Yields reported are calculated using reverse
phase HPLC. Isolated yields are indicated by brackets. Reactions performed on 0.25 mmol scale.
It was proposed that the reduction of pyridine-N-oxide during the course of the reaction could
potentially form water as a side product. To investigate if this had a detrimental effect on the
reaction, a number of dehydrating agents were screened in an attempt to increase the yield

(Table 3.5).

Pleasingly, addition of SiO2, NaxSO4 and CacCl; all increased the yield to 45%, 48% and 51%
respectively as compared to no addition of desiccant, potentially indicating that H>O does have
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a negative impact on our reaction yield (Table 3.5, Entries 1-4). The final desiccant screened,
P.Os, afforded only a complex mixture (Table 3.5, Entry 5). Unfortunately, addition of an
excess of water still produced reactivity, albeit in a marginally lower yield than with a
dehydrating agent present (Table 3.5, Entry 6). Although a small increase in yield was observed
when using dehydrating agents, the addition of superstoichiometric quantities of water did not
shut down reactivity, which disproves our theory that production of water is supressing

reactivity. As such, it was decided not to continue using dehydrating agents.

S
Me I _N. Me
(0]

®0
. © o}
5.0 equiv. N
ﬁ
N<
Bn camphor N
157 200 °C 22
40 min

N, balloon

Desiccant

2.0 equiv.

Entry Desiccant Yield of 22 (%)

1 - 36
2 SiO2 45
3 Na2SO4 48 (53)
4 CaCl, 51 (44)
5 P,Os Complex mixture
62 - 36

Table 3.5: Screening of desiccants. Yields reported are calculated using reverse phase HPLC. Isolated yields are

indicated by brackets. Reactions performed on 0.25 mmol scale. ?Sealed vessel, 5.0 equiv. H,O added.

Inspired by the related paper by Vasil’ev and co-workers on the aromative formation of
pyridines, it was noted that their reaction temperatures can be as high as 270 °C for some
piperidine derived substrates. As such, we chose to investigate increasing our reaction

temperature beyond 200 °C (Table 3.6). Pleasingly, increasing the temperature from 200 °C to
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230 °C and then again to 250 °C showed a marked increase in yield from 36% to 66% and 62%
respectively (Table 3.6, Entries 2-4). Interestingly, contrary to our previous investigation, when
the reaction was again performed at 250 °C but without a balloon of N> a slight increase in
yield to 66% was observed (Table 3.6, Entry 4). Increasing the temperature beyond 250 °C to
270 °C showed a reduction in yield to 37%, potentially due to decomposition of product and

starting material (Table 3.6, Entry 5).

N.B. It was noted that the needles used to introduce a balloon of N2 to our sealed vials failed
when used with any reaction above 250 °C, with the components of the needle separating.

Therefore, all reactions above that temperature were performed in a sealed microwave vial.

A

Me | Me
/gxo
)
nequiv. © X ©
—>
N<
Bn camphor N
157 40 min 22
N, balloon
Entry Temperature (°C) pyridine-N-oxide equiv. Yield of 22 (%)
1 200 5.0 36
2 230 5.0 66 (66)
3 250 5.0 (62)
42 250 5.0 66°
5 270 5.0 37

Table 3.6: Higher temperature screening. Yields reported are calculated using reverse phase HPLC. Isolated
yields are indicated by brackets. Reactions performed on 0.25 mmol scale. 2Reaction performed without a N»
balloon in a sealed vial. "Yield reported determined by quantitative *H NMR spectroscopy.

Next, we investigated the effect of varying the reaction time to show whether 40 minutes was
allowing the reaction to reach maximum conversion (Table 3.7). Stopping the reaction at

20 minutes gave a significantly reduced yield of 48% (Table 3.7, Entry 1). Higher yields were
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observed at reaction times of 30 and 40 minutes, affording yields of 63% and 74% respectively
(Table 3.7, Entries 2, 3). Yields for longer reaction times were shown to be slightly reduced,
with 62% and 66% desired product formation at 50 and 60 minutes respectively (Table 3.7,
Entries 4, 5). This is perhaps due to product decomposition after reaction completion.
40 minutes was chosen as the optimum reaction time going forwards, as it was the longest

reaction time before any yield reduction was observed.

A
Me | _N. Me
@ O
5.0 equiv. © N 0
ﬂ
N. _N
Bn camphor
157 N, balloon 22
250 °C
Entry Reaction time (min) Yield of 22 (%)
1 20 48
2 30 76 (63)
3 40 74
4 50 (62)
5 60 66

Table 3.7: Reaction time investigations. Yields reported are calculated using reverse phase HPLC. Isolated

yields are indicated by brackets. Reactions performed on 0.25 mmol scale.

3.3.1 Reproducibility issues

It was desired to assess the repeatability of our reaction conditions, and so three repeats of our
‘best’ conditions were performed (Table 3.8, Entry 1). Disappointingly, the yields varied
greatly, with an excellent isolated yield of 88% produced by one reaction, but only 31%

afforded by the other two, despite the identical conditions.
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Our first hypothesis was that the hygroscopic nature of pyridine-N-oxide could be responsible
for the observed irreproducibility; when added to the reaction, varying amounts of water

present could result in a largely different amount of pyridine-N-oxide being added each time.

A screen of pyridine-N-oxide equivalents revealed a minimal difference in yield between 1.0,
3.0, 5.0 and 10 equivalents, affording 80%, 60%, 88% and 71% yields respectively (Table 3.8,
Entries 2-4). We propose that this demonstrates that only 1.0 equivalent is required to perform
our intended reaction, and that any amount over this quantity is unnecessary. This was
reinforced by anecdotal evidence of our reaction, whereby experiments performed with three
or more equivalents appeared charred and blackened, perhaps indicating that any excess

reagent was decomposing at the reaction temperature.

Subsequent experiments with only 1.0 equivalent of pyridine-N-oxide showed a slight
reduction in yield (58%, 66%, 62%) but slightly more concurrence between results (Table 3.8,
Entry 5). The experiments were repeated once more in sealed vials which again showed a slight
reduction in yields (70%, 63%, 68%) but increased repeatability (Table 3.8, Entry 6). We
propose that the lack of reproducibility observed when a balloon is used is due to the needle
becoming blocked by solidified camphor. This will occur at a different time for each reaction

therefore introducing an uncontrollable variable.

In a last attempt to ensure repeatability, 1.5 equivalents of pyridine-N-oxide 158 were trialled
to ensure that at least one equivalent was added to the reaction, irrespective of the quality of
pyridine-N-oxide. Pleasingly, when trialled, our final conditions using 1.5 equivalents gave
reasonable and repeatable yields of 69% and 65% respectively, representing a compromise

between yield and repeatability (Table 3.8, Entry 7).
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Me | /\N Me
n equiv. ® 8 S o
N\Bn camphor 2N
157 40 min 22
N, balloon
250 °C
Entry pyridine-N-oxide equivalents Yield of 22 (%)
1 5.0 80 (88), 31, 31
2 1.0 73 (80)
3 3.0 60
4 10 78 (71)
5 1.0 (58), (66), 62
62 1.0 70, 63, 68
7 15 (65), (69)

Table 3.8: Assessing repeatability and varying pyridine-N-oxide equivalents. Yields reported are calculated
using reverse phase HPLC. Isolated yields are indicated by brackets. Reactions performed on 0.25 mmol scale.

aReaction performed in a sealed vial.

3.4 Mechanistic Studies

3.4.1 Potential Mechanisms

We considered several potential mechanisms for our transformation (Scheme 3.8). The reaction
consists of two stages, debenzylation of the N-benzyl THIQ and oxidation to the isoquinoline.
We wished to investigate the order of these steps, whether the benzyl activating group is
removed first, (Scheme 3.8a) followed by oxidation of the free THIQ, or whether oxidation
occurs first (Scheme 3.8b) then the resultant isoquinolinium salt is debenzylated afterwards. A
third potential mechanism could be that the benzyl group is removed via proton removal at C1

of the THIQ, thereby partially oxidising the ring as well as debenzylating (Scheme 3.8c).
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X

/N\

|
® (0]

©CI 1.5 equw © D
N

camphor

40 min 1
250 °C

a) Debenzylation then oxidation
ﬂ@ (0] N
—_— —_—
N NH N

b) Oxidation then debenzylation

. ®, —»
/N /N

c) Oxidation via debenzylation

~- c —

Scheme 3.8: Potential mechanisms for our transformation including a) Debenzylation then oxidation,
b) Oxidation then debenzylation and c) Oxidation via debenzylation
As well as determining the reaction step order, we wished to discover the oxidation method
that our oxidant, pyridine-N-oxide, was performing to transform the THIQ substrates into
isoquinolines. We hypothesised three potential oxidation mechanisms, with pyridine-N-oxide
acting as an oxygen atom donor (Scheme 3.9a), a hydride acceptor (Scheme 3.9b) or a
nucleophile (Scheme 3.9c¢). If pyridine-N-oxide is acting as an oxygen atom donor, the acceptor
atom is most likely to be nitrogen, as it is the most nucleophilic site in the molecule. An

alternative proposal is that pyridine-N-oxide is acting as a hydride acceptor, generating
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hydroxide as a side product. We find this proposal less likely due to the rarity of hydride

transfer mechanisms in the literature. Finally, pyridine-N-oxide could act as a nucleophile,

debenzylating the substrate to reveal a THIQ which is then oxidised to the corresponding

isoquinoline.

a) N-oxygenation

N
©@7@—’ Cle— O

R=BnorH 00

b) Hydride acceptor

A
o OO —
Nk R=BnorH ’g‘R — > 2N
H
@O[,\*\
@|/

¢) Nucleophile addition
A
X
_>
C jT» O — CQ
o]

Scheme 3.9: Possibilities for pyridine-N-oxide mediated oxidation mechanisms; a) N-oxygenation b) hydride

acceptance or c) nucleophile addition.

3.4.2 Role of pyridine-N-oxide

Our mechanistic studies began by exploring the three concepts detailed above. We

hypothesised that if pyridine-N-oxide was functioning as an oxygen atom donor, the electron

density of the pyridine ring should affect the reaction yield. Therefore, two C4 substituted

pyridine-N-oxides, 160 and 161 were used as oxidants (Scheme 3.10). Addition of other groups
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onto the pyridine ring such as nitro and phenyl groups substantially altered the yield, affording
33% and 85% respectively, as compared to our optimised yield of 69% with unsubstituted
pyridine-N-oxide. This reinforces the theory of pyridine-N-oxide acting as an oxygen atom
donor, as 4-nitro pyridine-N-oxide is a more electron poor aromatic ring, reducing the
nucleophilicity at oxygen. Conversely, 4-phenyl pyridine-N-oxide 161 is a more electron rich
aromatic ring and therefore more nucleophilic at oxygen, which is reflected in the higher yield

of 85% observed.

X
Me | Me
Z N
® O
1.5 equiv. © S o
—»
NJ
Bn camphor 2N
157 40 min 22
250 °C
N\ N\ N\
© © ©
158 160 161
69% 33% 85%, 55%

Scheme 3.10: Two examples of substituted pyridine-N-oxides, and reproducibility comparisons. Isolated yields

are reported.

It is worth noting that although the yield obtained when using 4-phenyl pyridine-N-oxide as
the active reagent was larger than when using pyridine-N-oxide, the yields were significantly
less repeatable, with repeats of the reaction performed under identical conditions differing by

as much as 40%, an effect not observed with pyridine-N-oxide (vide supra).

If pyridine-N-oxide was acting as an oxygen atom donor, compound 162 might be considered
a putative intermediate in our reaction, assuming that oxidation occurs before debenzylation.

Therefore, 162 was synthesised as a single diastereomer and subjected to the optimised reaction
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conditions both in the presence and absence of pyridine-N-oxide (Scheme 3.11). However, in
both cases, the desired product was formed in a low yield as part of a complex mixture of
products (33% and 20% respectively). The low yields suggested that 162 is not an intermediate

on our main reaction pathway.

Me @ n equiv. Me
N<
Z&0

(e
N@ ® o N ©
@6\5” camphor 2N
162 40 min 22
250 °C
n=15 33%
n=0 20%

Scheme 3.11: Subjection of putative intermediate 162 to the reaction conditions. Reactions performed on

0.25 mmol scale. Isolated yields are reported.

In order to further test our hypothesis that pyridine-N-oxide was acting as an oxygen atom
donor, a number of other heteroatom oxide species were added to the reaction in place of
pyridine-N-oxide (Table 3.9). Other N-oxides such as NMO and TMAO produced yields of
35% and 31% respectively, a slight improvement in conversion over the background reaction
(Table 3.9, Entries 1-3). It is unclear why pyridine-N-oxide succeeds where other N-oxides fail,
perhaps this is due to the leaving group ability of pyridine vs a trialkyl amine, demonstrated by
their relative pKa values (5.23 and 10.78 respectively).>’*® Moving away from N-oxides to
other heteroatoms, a phosphorus oxide, PhsPO was trialled, with a disappointing yield of 21%,

directly comparable with the background reaction observed (Table 3.9, Entry 4).
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Me Me
Reagent
O 1.5 equiv. S o
—
N. =N
Bn camphor
157 250 °C 22
40 min
Entry Reagent Yield of 22 (%)
1 - 21
2 TMAO 31
3 NMO 35
4 PhsPO 21

Table 3.9: Alternative oxide-based oxidants. Isolated yields are reported. Reactions performed on 0.25 mmol
scale.
Pyridine-N-oxide may instead be acting as a nucleophile, promoting debenzylation through
nucleophilic attack at the benzyl methylene carbon, which would reveal a THIQ that could then

be oxidised.

To probe our hypothesis, a variety of nucleophiles were added to the reaction in place of
pyridine-N-oxide (Table 3.10). Most nucleophiles screened gave a low yield of product, with
imidazole, DMAP, phenol, BzOH and PPhs all producing a lower yield than when no additive
was used; this suggests that their presence may inhibit reactivity (Table 3.10,
Entries 1, 2, 3, 7, 8, 9). Some nucleophiles, such as KSCN, BnSH, H>O and NaBr were shown
to outperform the background reaction slightly (Table 3.10, Entries 1, 4, 5, 6, 10). These results
showed that there was little benefit to adding a nucleophile over the background reaction, and
suggests that neither pyridine-N-oxide or its potential reduction product, pyridine, are acting as

nucleophiles in this reaction mechanism.

The only nucleophile that significantly outperformed the background reaction was Nal, which

produced a yield of 34% (Table 3.10, Entry 11). This yield is comparable to the yield obtained
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using pyridine-N-oxide under analogous reaction conditions. However, when the temperature
was raised to 250 °C, only a modest improvement in the yield to 43% was observed, compared
with the higher yield of 62% observed with pyridine-N-oxide under analogous conditions
(Table 3.10, Entries 11-14). This result is an anomaly as compared to the other nucleophiles
screened, but we suggest that the reason is unrelated to the nucleophilicity of the reagent due

to the lack of reactivity shown by other nucleophiles.

Me Me
Nu
O (5.0 equiv.) Y
—>
N
Bn camphor N
157 200°C 22
40 min
N, balloon
Entry Nucleophile Yield of 22 (%)
1 None 12
2 Imidazole 5
3 DMAP 8
4 KSCN 17
5 BnSH 18
6 H.0 17
7 Phenol 7
8 BzOH 11
9 PhsP 1
10 NaBr 15
11 Nal 34
122 Nal (43)
13 pyridine-N-oxide 36
142 pyridine-N-oxide (62)

Table 3.10: Nucleophile screening. Yields reported are calculated using reverse phase HPLC. Reactions

performed on 0.125 mmol scale. *Reaction performed at 250 °C.
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3.4.3 Investigations into potential radical mechanisms

To investigate whether the reaction is a radical mediated process, the reaction was performed
in the presence of radical trapping reagents (Table 3.11). Interestingly, none of the four reagents
trialled showed strong evidence of yield reduction in the presence of a radical trapping agent.
TEMPO and 1,1-diphenylethylene both afforded 22 in a 70% yield, directly comparable with
our optimum yield of 69% (Table 3.11, Entries 1-3). Amylene and BHT both produced slightly
reduced yields of 66% and 62% respectively, which is not consistent with a radical-based
mechanism (Table 3.11, Entries 4-5). We hypothesise that these results imply that the reaction
does not involve radical intermediates, however this may not be true if the mechanism is under
diffusion control or occurs via an inner sphere mechanism, thereby preventing any external

molecules from reacting with any radicals generated.

X

Me | ! Me
T/ \O 5
+ 20equiv. 1.5equiv. © X
N. radical trap —— >
Bn camphor 2N
157 40 min 22
250 °C
Entry Radical trap Yield of 22 (%)

1 None 69
2 TEMPO 70
3 1,1-Diphenyl ethylene 70
4 Amylene 66
5 BHT 62

Table 3.11: Radical trap screening. Isolated yields are reported.
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3.4.4 Investigations into the fate of the benzyl activating group

Given that the product of the reaction is the free isoquinoline, at some point during the reaction
progress the activating benzyl group is removed. We wished to investigate mechanistically how
the benzyl group was removed and at what stage of the reaction; to do so, we desired to
determine the fate of the group. Multiple attempts had been made to isolate any potential
benzyl-containing side products with our optimisation substrate 157, however no suitable

products could be isolated by chromatographic techniques or detected by spectroscopic means.

In an effort to combat this issue, several alternative activating groups were then trialled, in an
attempt to make the departing group more spectroscopically detectable (Scheme 3.12).
Unfortunately, changing the activating group to 4-methoxybenzyl 163, 4-nitrobenzyl 164 or 2-
methylene naphthyl 165 did not allow the detection of any activating group by-products by
either isolation or spectroscopic means. It was also noted that all three different activating
groups gave a lower yield of desired isoquinoline 22 in our oxidative rearomatisation than when
using N-benzyl THIQ 157, as such no correlation between activating group electronics and

yield was observed.

Me Me
0 pyridine-N_-oxide o)
1.5 equiv. N
ﬁ
N<
R camphor 2N
250 °C
R = NO, OMe
163 164 165
45% 44% 67%

Scheme 3.12: Activating group investigations: altering the activating group in an attempt to track by-products

derived from the N-benzyl group. Isolated yields are reported.
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3.4.5 Control experiments

Several control experiments were conducted, namely in the absence of pyridine-N-oxide, the
absence of oxygen and the absence of both (Table 3.12). Conducting the reaction in the absence
of oxygen somewhat reduced the yield, showing that oxygen is necessary for the reaction to
occur to its full potential. Without any pyridine-N-oxide, (Table 3.12, Entry 3), the reaction
showed a significantly diminished yield but still showed a larger background reaction than was
anticipated (21% yield). When both oxygen and pyridine-N-oxide were excluded the reaction
almost completely shut down, showing both are necessary for the reaction to occur; high
temperature on its own is insufficient to promote the pyrolysis. When the atmosphere is
replaced by oxygen, (Table 3.12, Entry 5), the reactivity is approximately that when the

atmosphere is air, showing that oxygen is the reactive species in the air that is aiding the

reaction.
Me
O  Pyridine-N-oxide 0
n equiv. X
EEE——
N< _N
Bn camphor
157 40 min 22
250 °C
Entry Atmosphere pyridine-N-oxide equiv. Yield of 22 (%)
1 Air 15 69
2 Argon 1.5 52
3 Air 0.0 21
4 Argon 0.0 3
5 Oxygen 15 68

Table 3.12: Control experiments.
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3.4.6 Fate of pyridine-N-oxide

In order to more fully understand the fate of all reactants, the side product from pyridine-N-
oxide was explored next. For these studies, it was decided to use 4-phenyl pyridine-N-oxide so
that any by-products would be non-volatile and therefore isolable (Scheme 3.13). It was found
that 4-phenyl pyridine could be isolated in quantitative yield with respect to the amount of
4-phenyl pyridine-N-oxide added. This result is still true even if the stoichiometry of the
reagent is far in excess of the substrate, with 3.0 equivalents of 4-phenyl pyridine-N-oxide

resulting in a 97% vyield of the parent pyridine isolated.

This observation could be explained by the decomposition of pyridine-N-oxide 161 at an
elevated temperature to form 4-phenyl pyridine 166 and an oxygenated species, perhaps water.
This has been previously observed in the decomposition of a related pyridine-N-oxide in a
report by Mannan and co-workers.>® The report by Mannan and co-workers was conducted
over a period of many hours, however, with uncatalyzed decomposition occurring around 30 h.
This observation does not completely explain the fate of the oxygen, with Mannan and co-
workers noting a lack of clean conversion to a pyridine product and many side products

observed.

Ph N

M | M
€ 2Nso °  pn
© n equiv. © N o | S

r +
NJ 2N Z

Bn camphor N
40 min

157 950 °C 22 166

n=15 85% n=15 100%
n=3.0 45% n=3.0 97%

Scheme 3.13: Isolation of pyridine-N-oxide side product. n.b. Yields of 4-phenyl pyridine are calculated with
respect to the amount of 4-phenyl pyridine-N-oxide added. Isolated yields are reported. Reactions performed on

0.25 mmol scale.
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3.4.7 Stability of proposed intermediates under reaction conditions

We wished to identify intermediate compounds likely to be formed during the reaction, so as
to better understand the sequence of reactive events occurring. To achieve this, it was suggested
that further putative intermediates should be synthesised and subjected to our reaction
conditions, however the presence of a side chain at C4 rendered the synthesis of some of the
proposed species challenging. In order to simplify the synthesis, a model system was employed,
using parent THIQ 159 without a C4 side chain. Therefore, compounds 19, 142, 143, 159 and

167 were synthesised and subjected to our reaction conditions (Scheme 3.14).

pyridine-N-oxide

C@ 1.5 equiv. S
—»

-2 N‘R _N

camphor
40 min
250 °C 1
O, Q. Ccows
N NH NJ
Bn /@ Bn
159 142 19
76% 51% 51%
31%32 9%32b 0%32
o OO
N N<
= /@ Bn
143 167
63% 0%
51%3b 0%32

Scheme 3.14: Application of reaction conditions to putative intermediates of a related model system. Isolated
yields are reported. Reactions performed on 0.25 mmol scale. ?Reaction was conducted in the absence of

pyridine-N-oxide. "Yield reported determined using quantitative *H NMR spectroscopy.

Compound 159, the model for starting material 157, pleasingly afforded a 76% vyield of

isoquinoline 1 when subjected to reaction conditions. In the absence of pyridine-N-oxide, the
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yield decreased to 31%, on par with the more complex substrate 157. This suggested that the

model system would be a good representation of our substrate of interest.

Deprotected THIQ 142 was oxidised in a 51% vyield, perhaps suggesting that 142 may be an
intermediate on our reaction pathway, however N-benzyl isoquinolinium 19 also produced a
51% yield which produces a contradiction. If THIQ 142 were an intermediate on our reaction
pathway, the reaction would proceed first via benzyl group removal, followed by heterocyclic
ring oxidation. However, if isoquinolinium 19 is an intermediate on the reaction pathway, this
would entirely contradict this theory and instead suggest that oxidation of the heterocyclic ring
occurred first, followed by benzyl removal. We propose that this contradicting data shows that
there are several mechanisms occurring, but that neither 19 nor 142 are on the main reaction
pathway. Both 19 and 142 showed little or no reactivity in the absence of pyridine-N-oxide,
which suggests their transformations (oxidation and debenzylation respectively) require

pyridine-N-oxide to occur.

Imine 143 was then trialled and gave isoquinoline 1 in a 63% yield, which supported the
proposal that 143 was an intermediate on the main reaction pathway and suggested that the first
oxidation which oxidises the C1 and N to form an iminium occurs as the first step, followed

by benzyl removal to reveal imine 143.

However, when the iodide salt of 167 was subjected to the reaction, no conversion was
observed, either with pyridine-N-oxide or without, indicating that this species is not on the
main reaction pathway. Therefore, we suggest that benzyl group removal and oxidation are
occurring simultaneously and so propose the following mechanistic possibilities

(Scheme 3.15).
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Simultaneous benzyl group removal and oxidation could either occur via an intramolecular or
an intermolecular process (Scheme 3.15a, 3.15b). Either possibility could be achieved through
ionic or radical means, but in the ionic intramolecular case, the reaction would be pericyclic

and could be classified as a retro-ene.

a) Intramolecular

perlcycllc C :/\ rad|cal
N

retro-ene : ;

—ﬁﬁ
+H* H
N _N + H
Il

Scheme 3.15: Proposed mechanism possibilities for debenzylation of model substrate. a) Intramolecular

b) Intermolecular

v

possibilities, including pericyclic or radical reactivity. b) Unlikely intermolecular reaction showing creation of

benzyl fragment upon removal of C1 proton.

3.4.8 C1 substituents

C1-cyclopropyl and C1-methyl N-benzyl THIQs 168 and 170 were then synthesised to
investigate the effects of C1 substituents on the reaction, with the aim of learning more about
the initial oxidation-debenzylation step. We hypothesised that the loss of a C1 proton plays a
key mechanistic role, therefore a C1 substituted substrate should show significantly lower
reaction rates and subsequently a lower yield of product in the same reaction time. Subjection
of 168 and 170 to the reaction conditions regrettably gave complex mixtures in both cases,
which indicates that no steric bulk at C1 is tolerated in the reaction (Scheme 3.16). A large

steric presence at C1 would reduce the favourability of intramolecular debenzylation, therefore
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this result could indicate that the debenzylation occurs via hydrogen removal at C1 in an
intramolecular process. It is challenging to draw firm conclusions here, however, as no

products could be isolated from the complex mixture of either reaction.

pyridine-N-oxide

1.5
equw N
AN

camphor
250 °C
168 40 min 169
Complex mixture
containing
25% SM
pyridine-N-oxide
1.5 equw X
N
camphor
170 250 °C 171 Me
40 min Complex mixture
containing
14% SM

Scheme 3.16: Subjection of C1 cyclopropyl and C1 methyl substrates 168 and 170 to our reaction conditions.

Yield reported determined by quantitative *H NMR spectroscopy.

It was hoped that subjecting C1-cyclopropyl substrate 168 to our reaction conditions might
yield some radical derived rearrangement products, thus demonstrating the presence of C1
radicals. Unfortunately, as no distinct products could be isolated, this experiment does not
prove or disprove this hypothesis. We believe that the debenzylation mechanism is
intramolecular, as the drastic decrease in conversion in the presence of a C1 substituent strongly

implies that the C1 proton is removed by a bulky species, such as the pendant N-benzyl.
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3.4.9 Other N-activating groups

Interestingly, subjection of N-methyl substrate 172 to our reaction conditions gave a
disappointing 19% vyield of 22, suggesting that the benzyl activating group is required for
conversion. This could indicate that the debenzylation process is intramolecular (e.g. an ene-
reaction), therefore requiring a nucleophile y to nitrogen, which allows a 6-membered transition
state, something unachievable by a methyl activating group. This result could also be explained
by an intermolecular mechanism, which requires a leaving group that can stabilise an anion.
Sadly, N-allyl substrate 173 performed similarly poorly, affording only a 13% yield, less than
the background reaction observed in our model system, despite the electronic similarity of N-

allyl to our N-benzyl model system.

Me l No
/@ o Me
1.5 equiv. N
—»
N.
Me camphor

250 °C
172 40 min 22

1.5 equiv. X

—>
N\/\ N

camphor

250 °C
173 40 min 22
13%

Scheme 3.17: Application of the reaction conditions to two varying N-activating groups 172 and 173. Isolated

yields are reported. Reactions performed on 0.25 mmol scale.

Accordingly, we propose that the mechanism is likely to occur via a pericyclic mechanism, due

to the significantly lower yields observed with N-substituents other than benzyl, and the
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unchanged reactivity indicated when radical trapping reagents are added to the reaction (vide
supra). We also believe that the high temperature required for our reaction to occur indicates
that at least part of the reaction is pericyclic, as other related pericyclic reactions often require

high temperatures.®%-5
3.4.10 Final oxidation step investigations

We propose that imine 143 can then be oxidised by pyridine-N-oxide to give product 1 via
nitrone 174. To test this hypothesis, 174 was synthesised and subjected to the reaction
conditions in the absence of pyridine-N-oxide, which gave a somewhat disappointing yield of
37% (Scheme 3.18). This is a lower yield than we might expect for an intermediate on the
productive reaction pathway. However, we recognised that although the final oxidation step
could occur in the absence of pyridine-N-oxide, pyridine may be formed as a by-product and
therefore will be present for this stage of the reaction. Therefore, pyridine was added to the
reaction in order to more accurately replicate the reaction environment. Pleasingly, this
afforded a much more promising yield of 53%, much closer to the expected yield of around

70-75%. We believe this is sufficient evidence that nitrone 174 is an intermediate.

©\/> >
S >
Z N‘o camphor N

@ .
40 min
174 250 °C 1
37%
53%?2

Scheme 3.18: Application of the reaction conditions to putative intermediate nitrone 174. Isolated yields are

reported. Reaction performed on 0.25 mmol scale. ?Reaction performed with 1.5 equiv. of pyridine added.

Once formed, we envisage that tautomerism of nitrone 174 (intermediate V, Scheme 3.19) will

reveal an N-hydroxy enamine (intermediate VI, Scheme 3.19). This can then eliminate water
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to reveal isoquinoline 1 (Scheme 3.19). We propose that pyridine is acting as a base to increase

the rate of water elimination, thereby increasing conversion from nitrone 174 to isoquinoline 1.

H S
C(;I\l (/\N Nﬂ A
/\@ @\8 A
®
I 0 v VI Vi
143 @Nk | SN 474 1
pZ pZ

158 139

Scheme 3.19: Proposed mechanism for oxidation of imine 143 to isoquinoline 1.

3.4.11 Complete proposed mechanism

In conclusion, we propose the following most probable mechanism for the overall
transformation (Scheme 3.20). A pericyclic retro-ene reaction of N-benzyl THIQ | leads to
imine 11, a debenzylated and partially oxidised intermediate. 11 can then be oxidised by
pyridine-N-oxide in an oxygen atom transfer event, giving nitrone V. Tautomerisation of
nitrone V to N-hydroxy enamine VI then allows elimination of water to afford our product,

isoquinoline VII.
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Scheme 3.20: Overall suggested mechanism for our oxidative benzylation reaction.

Although we have proposed the mechanism described above, a few experimental observations
remain unexplained. Isolation of pyridine as a stoichiometric side product revealed that
decomposition of our reagent was occurring over the reaction timescale. Our proposed
mechanism involves a single oxidation event to imine 143, which fails to completely account

for the superstoichiometric quantities of pyridine isolated.

We have previously argued that the high temperature required to activate our reaction indicates
that the pericyclic pathway is a more likely possibility for benzyl group removal (vide supra).
This would then imply that the oxidation step detailed in Scheme 3.19 could occur at a lower
temperature, since the high temperature is only required for the pericyclic debenzylation. A
series of experiments were conducted to test this theory, with putative intermediate 143
subjected to reaction conditions at a range of temperatures lower than our optimised 250 °C
(Table 3.13). Disappointingly, the yield of 1 was significantly diminished when the temperature
was decreased even by 30 degrees to 220 °C (Table 3.13, Entries 2, 4) resulting in the yield

more than halving from 63% to 30%. Only a small reduction in temperature to 240 °C showed
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any yield comparable to our optimised conditions. These results show that imine 143 requires
a high reaction temperature to undergo the oxidation step, which disproves the idea that the

high temperature reaction conditions were only required for the initial debenzylation.

pyridine-N-oxide

(@ s CO
—_—

N

Z camphor 2N

143 40 min 1
Entry Temperature (°C) Yield of 1 (%)
1 200 13
2 220 30
3 240 66 (65)
4 250 (63)

Table 3.13: Application of the reaction conditions to putative intermediate 143 at a range of temperatures.
Yields reported are determined by quantitative *H NMR spectroscopy. Isolated yields are indicated by brackets.

Reactions performed on 0.25 mmol.

3.5 Substrate scope

3.5.1 Synthesis of THIQ starting materials

Our aim was to develop an aromative approach for the formation of substituted isoquinolines
from pre-functionalised THIQs to capitalise upon the large variety of reductive
functionalisation methods present in the literature.® To this end, a range of THIQs were
synthesised using the reductive functionalisation method first reported by Donohoe and co-
workers (Scheme 3.21).2 The method is very general and allows for a large number of
functional groups to be installed in reasonable yields. Firstly, we made use of the method with
aldehyde electrophiles, which allowed the synthesis of a varied scope of mono-C4-alkylated

THIQs in yields varying from 42% to 90%.
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o) Electrophile

©:/\ I 1.0 equiv.
—>
N<
/N\Bn Bn

5:2 HCO,H:NEt;
19 4.0 equiv.
MeCN, 80 °C, 18 h

Aldehyde alkylations

- (]
Y

175 176 177 178 179
75% 74% 46% 74% 68%
CF4 (0] N
M MeO B X
DO eUNS e 4
HO FsC
Bn Bn Bn Bn Bn
180 181 182 183 184
50% 71% 57% 53% Q 51%
Z o)
/
N = HN =
N
. O
Bn Bn Bn
185 186 187 188
80% 68% 90% 64%

Conjugate acceptor electrophile

O, a,, A,

189 190 191
65% 42% 47%
3:1dr

Scheme 3.21: C4-mono substituted THIQ substrates synthesised using a reductive functionalisation method

reported by Donohoe and co-workers.?® Isolated yields are reported. Reactions performed on 0.5 mmol scale.
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Although the yields were varied, they were similar to the yields reported by Donohoe and co-
workers in their publication.? One further substrate, 191, was obtained by using a conjugate

acceptor electrophile, although regrettably in a lower-than-expected yield of 47%.

Next, two tricyclic annulated THIQs, 17 and 192, were synthesised using the same method,
utilising a variant of the method with N-benzyl-3-methyl isoquinolinium iodide 15 as a starting
material (Scheme 3.22). The mechanism proceeds via an external enamine which allows vinyl
ketone electrophiles to act as an ambident electrophile, facilitating a ring closure to reveal the

tricyclic core. Two vinyl ketones were used to afford two tricyclic THIQ products.

Electrophile : X R
v e I@ 1.0 equiv. vie
—»
Z N\
@ Bn 5:2 HCO,H:NEt;
15 4.0 equiv.
MeCN, 80 °C, 18 h N<

17 192
32% 20%
>95:5d.r. >95:5d.r.

Table 3.22: Tricyclic THIQ substrates synthesised using reductive functionalisation reported by Donohoe and
co-workers with a 3-Me isoquinolinium iodide salt.?® Isolated yields are reported. Reactions performed on

0.5 mmol scale.

A C3, C4-di-substituted THIQ 194 was then synthesised utilising N-benzyl-3-phenyl
isoquinolinium iodide 193 as the substrate (Scheme 3.23). The desired THIQ was afforded in
a lower yield than expected (36%), demonstrating the limitations of the method with increased

steric interactions around the heterocyclic ring.
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Oa_Me
MVK O
5:2 HCOzH NEt, "Bn
4.0 equiv. 2;69‘;
o (s]
MeCN, 80 °C, 18 h >05°5 d.r

Scheme 3.23: Synthesis of a C3-C4 di-substituted THIQ from N-benzyl-3-phenyl isoquinolinium iodide using

reductive functionalisation.? Isolated yields are reported. Reaction performed on 0.5 mmol scale.

Finally, the method developed by Donohoe and co-workers was applied to a N-benzyl
quinolinium iodide substrate 195, which regrettably only afforded a 4% vyield of 196
(Scheme 3.24). The reductive functionalisation method was optimised for a C3 pre-
functionalised substrate with excess electrophile used to achieve a good yield. With a N-benzyl
quinolinium iodide unfunctionalized at-C3 such as 195, a limiting amount of electrophile is
required to prevent excessive formation of the C3 di-substituted side product 197, which
accounts for the low yield. This demonstrates the limitation of our proposed two-step method
to p-functionalised N-heterocycles, as the overall yield of the process can be limited by the

THIQ or THQ starting material synthesis.

Me Me
MVK

m I@ 1.0 equiv. Me
—_

z

N N N 0]

@ 5:2 HCO,H:NEt; , N
195 B 4.0 equiv. 196 Bn 197 Bn
MeCN, 80 °C, 18 h 4%

Scheme 3.24: Synthesis of a THQ substrate using reductive functionalisation. Isolated yield is reported.

Reaction performed on 1.0 mmol scale.
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3.5.2 Mono C4 substituted THIQ scope

With a range of C4 monosubstituted and C3-C4 disubstituted THIQ starting materials in hand,
we investigated the scope of the developed rearomatisation reaction (Scheme 3.25). Pleasingly,
the reaction conditions were shown to be tolerant of a broad range of functional groups in the

THIQ side chain.

THIQs bearing simple aliphatic side chains and small rings were successful substrates, giving
198 and 199 in 64% and 61% yield respectively. Pleasingly, a cyclic internal alkene was also
tolerated, affording 200 in 70% yield. Substituents containing undecorated aromatic systems
were also tolerated, affording C4 benzyl substituted 201 in 70% yield and 1-naphthyl
substituted 202 in a 66% yield. Moreover, the reaction to rearomatize substrate 178 could be

scaled to 1.0 mmol, affording 201 in a 93% yield.

Side chain with aromatic rings bearing electron donating groups were well tolerated, affording
203 (notably with a free hydroxyl group) and 204 in 52% and 59% yields respectively.
Substrates bearing electron deficient aryl rings were also successful, with examples including
CF3 groups, an ester and a nitrile affording the corresponding isoquinoline products 205, 206,
and 207 in 61%, 57 and 61% vyields respectively. A range of substrates bearing heterocyclic
side chains were also examined; whilst a quinoline side chain was tolerated well to form 208
in a 66% yield, substrates bearing pyridine and furan side chains were less successful, affording
209 and 210 in 42% and 41% vyield respectively. Unfortunately, inclusion of an indole within
the side chain afforded isoquinoline product 211 in only 26% vyield, demonstrating a lack of

tolerance for more complex heterocyclic functionality.
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I S
E Z N\ E
. ® 0
©\)> 1.5 equiv. S N
—>
N<
Bn camphor 2N
40 min
250 °C
3 . AL d
AN A S AN = )
A\ =N N N N
bry_
198 199 200 201 202 [X-ray]
64% 61% 70% 70% (93%)? 66%
CFs 0 N
MeO MeO Br X
JUdUNIGACER S
HO FsC
I S S I I
N N 2N 2N N
203 204 205 206 207
52% 59% 61% 57% 61%
T C
N
X N
N N
T/ N P N
208 209 b[X-ray] 210 211
66% 42% 41% 26%

Failed substrates

A Complex Could not be purified
N mixture PPh;
O generated O
Ph
NO,
R X S
e N P N

A\
212 214

Scheme 3.25: Substrate scope of our rearomatisation reaction using C4 mono-functionalised THIQs. Isolated
yields are reported. Reactions performed on 0.25 mmol scale. 2 Reaction performed on 1.0 mmol scale.

® Determined by single crystal X-ray diffraction. Single crystal X-Ray analysis performed by T. C. Jenkins.
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Only a few substrates failed to produce the desired isoquinoline products; THIQ 212 gave a
complex reaction mixture presumably as a result of unwanted side reactions of the alkyne
substituent. Compounds 213 and 214 were observed in trace amounts in their respective crude

reaction mixtures by *H NMR spectroscopy, but unfortunately could not be isolated cleanly.

As a proof of structure, single crystal X-ray diffraction was used to elucidate the structures of

201, 202 and 209 (for further information, see Appendix I, page 413).
3.5.3 Further THIQ substrates

Related tricyclic annulated THIQs 17 and 192 were also subjected to our reaction conditions,

pleasingly affording 215 and 216 in 65% and 75% yield respectively (Scheme 3.26).

A
I R
Z N\ *
T @0
1.5 equiv. Q) S
—»
camphor N
_ 40 min
192 R = CH,COPh 250 °C
17 R = Me
‘\Me \\\\\[rph
N X ©
=N =N
215 216
65% 75%2

Scheme 3.26: Tricyclic annulated THIQ substrates. Yields quoted are isolated. Reactions performed on

0.25 mmol scale. 2Reaction performed on the 0.090 mmol scale.

We then sought to prove that the process was also tolerant of less rigid substrates, providing a
more general method for the formation of C3, C4 difunctionalised isoquinolines. Compound
194 was subsequently subjected to our reaction conditions and pleasingly isoquinoline 217 was

afforded in 46% yield (Scheme 3.27).
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Me O Me (0]
)
N<
APh 1.5 equiv. ©) S
ﬂ
N‘Bn camphor 2N
194 40 min 217
250 °C 46%

Scheme 3.27: Rearomatization of C3-C4 di-substituted THIQ. Isolated yield is reported. Reaction performed on

0.15 mmol scale.

3.5.4 Tetrahydroquinolines

An example tetrahydroquinoline 196 was also subjected to our optimised rearomative
conditions (Scheme 3.28). Unfortunately, this resulted in a disappointing yield of 20% of
quinoline 218. THQs are evidently less well tolerated than THIQs under the reaction
conditions, which demonstrates the limitations of the method when applied to highly related
substrates. As THQs are significantly harder to synthesise using the method published by

Donohoe and co-workers, no further quinoline substrates were investigated.

Me 1.5 equiv. A Me
E S
) camphor N

Bn 196 40 min 218
250 °C 20%

Scheme 3.28: Expansion of reaction scope towards tetrahydroquinolines. Isolated yield is reported. Reaction

performed on 0.05 mmol scale.
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3.5.5 Limitation of method on C4 disubstituted THIQs

It was hypothesised that N-benzyl tetrahydroisoquinolines with two alkyl substituents at the
C4-position might give some interesting reactivity, since the expected hydrogen loss to give
aromaticity cannot occur. This may give the potential for migration of one or more of the alkyl
groups to C3 to allow rearomatisation (Scheme 3.29). Disappointingly, when 219 and 222 were
subjected to our rearomative reaction conditions a complex mixture was formed. The reaction
using 219 as a substrate gave a 23% yield of the simple rearomatized product 221, showing
that rearomatisation is possible with loss of the previously added alkyl group, but no migration
products were observed. This side product was not observed with our initial system, probably
because rearomatisation is possible, thereby presenting a lower energy pathway than C4-side

chain loss.

N
Me Me /@ 0] Me 0] Me

5.0 equiv. ©
; E \ Me R
Bn camphor

219 200 °C 220 221
40 min 23%

0] I /gxo
5.0 equiv. M
Me q <) e
N camphor

|
222 Bn 200 °C 223 0]
40 min

Me

Me

A/

Scheme 3.29: Attempts at rearomatisation of double alkyl substituted N-heterocycles. Isolated yields are

reported.
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3.6 Conclusion

In this chapter, we have described the development of an aromative strategy to generate
isoquinolines from THIQ starting materials. Taken in conjunction with the dearomative
functionalisation methodology previously reported by the Donohoe group, this provides a
facile two-step strategy for the synthesis of substituted isoquinolines by dearomative
functionalisation and subsequent aromatisation. Despite the high reaction temperatures
employed in the aromatisation step, a broad range of functional groups were tolerated, enabling
the formation of functionalised isoquinolines without having to resort to de novo heterocycle
synthesis. After mechanistic investigation, we propose that the reaction occurs via a
debenzylative pericyclic retro-ene-type process to yield the corresponding imine, which is then

further oxidised by pyridine-N-oxide to give the desired isoquinoline product in a single step

procedure.
Previous work This work
. & o
CO. o Oé = e
@ B 250p°C debenzylative
19 examples retro-ene

up to 93% yield

Scheme 3.30: Development of debenzylative rearomatisation reaction with 19 scope examples.
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Chapter 4 — Reductive annulation to form a tricyclic THIQ skeleton
4.1 Tricyclic THIQ skeletons from isoquinolines
4.1.1 Selecting a desired transformation

Tricyclic THIQ skeletons feature in several natural product families such as the many and
varied Amaryllidaceae alkaloids.®* The majority of the families feature at their core a
6,6,6-tricyclic N-heterocycle system, which we noted could ultimately be prepared from a
simpler N-heterocycle, such as an isoquinoline (Figure 4.1). Although this strategy is
unconventional as compared to previous syntheses of other members of the Amaryllidaceae
family, it would allow for a divergent synthesis route that could be used to produce a wide

variety of alkaloids from a parent tricyclic compound.

o oY eSS

Tricyclic core Crinane family Trisphaeridine family Lycorane family

Figure 4.1: The tricyclic THIQ core of several Amaryllidaceae alkaloid families.

Further to our observation that the natural products of the Amaryllidaceae families could be
synthesised from an isoquinoline starting material, we suspected that this might be achieved by
a reductive functionalisation strategy, similar to processes previously developed in the group.?
This method could be enacted with a 1,3-dicationic synthon, such as a vinyl ketone electrophile,
and a C3-alkyl isoquinoline that is capable of forming external enamines (Scheme 4.1a), or a
diene and an unfunctionalised isoquinoline that could be reduced in situ to reveal an enamine

and therefore undergo Diels-Alder reactivity (Scheme 4.1b).
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b

)
— \NH+ q

a)

set el gen

Tricyclic core

N\
R

Scheme 4.1: Retrosynthesis of the Amaryllidaceae alkaloid tricyclic core to give either a) a C3-alkyl
isoquinoline and a 1,3-dicationic synthon, or b) an unfunctionalised isoquinoline and a diene.
4.1.2 Different ring closure strategies for the synthesis of tricyclic compounds from

isoquinolines

Reviewing the literature, methods for performing a ring synthesis at the C3 and C4 positions

of an isoquinoline core are uncommon.

Falck and Manna produced a synthesis of 14-epicorynoline in 1983 which included a formal
[4+2] cycloaddition between a styrene and an activated isoquinolinium (Scheme 4.2).%° The
bicycle formed was then opened to reveal an amine attached to the newly formed C ring,

(intermediate 227), which could then undergo a Pictet-Spengler reaction to close the B ring.

Falck and Manna, 1983
MsO
+
MsO Q’},ﬂ\@\ o] OMe
MsO
Me
224 NO, 225 MsO /AN NO,
226

NO,
Steps

NHAr

Steps OR
- Me
< <O OR
0 NHBoc
r

228 227
14-Epicorynoline

B

Scheme 4.2; [4+2] C ring forming strategy.
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Mukai and co-workers published a related synthesis of both corynoline 233 and isocorynoline
234, making use of an enamine-aldehyde C ring closure strategy (Scheme 4.3).%6 Enamine 231
was produced from the degradation of corysamine 229 to create isoquinolinium 230. Reduction
at C1 was performed by NaBHj4; then the masked aldehyde was deprotected with HCI to reveal
enamine-aldehyde 231. Attack by the enamine into the aldehyde produced iminium 232, which
can be reduced to form either Corynoline 233 or Isocorynoline 234 dependant on the reduction;
a reduction by NaCNBHs3 produced Corynoline, whereas a reduction using Zn/AcOH afforded

Isocorynoline.

The overall strategy differs largely from Falck and Manna, as closure of ring C is performed in
a more conventional ionic process, using an enamine revealed by isoquinolinium reduction.
The synthesis is substantially more efficient than that published by Falck and Manna, although
Mukai and co-workers benefit from using natural product Corysamine 229 as their starting

material, circumventing the need to construct rings A and B.

Mukai, 1988

NaCNBH,

or Zn + AcOH

233 234
Corynoline Isocorynoline

Scheme 4.3: Enamine-aldehyde strategy for C ring construction.
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With this precedent in mind, we wished to develop a facile method that could construct the
third ring of a 3,4-annulated THIQ in a one-pot-process. It was noted that use of reductive
functionalisation conditions performed on an isoquinoline, coupled with an ambident
electrophile, could ultimately generate the desired third ring annulated to the o and S positions

of the N-heterocycle.
4.2 Previous work in the group

All data presented in this section was collected by Timothy Jenkins unless explicitly specified

otherwise.
4.2.1 Reductive annulation reactions

Previous work in the group has been directed towards reductive functionalisation of
N-heterocycles, using formic acid as a terminal reductant, which has allowed for the utilisation
of a large scope of electrophiles.?® This work has also produced several directly related
annulation reactions which make use of an ambident electrophile such as MVK 16

(Scheme 4.4).

When a vinyl ketone is used, such as MVK 16, the cyclisation proceeds via an external enamine
238, which can attack the ambident electrophile again to form a new ring. This step produces
an alcohol, which in turn is eliminated and the olefin reduced, leaving a partially saturated ring
system (17, Scheme 4.4). The product 17 has cis-geometry across the 6,6-ring junction, caused

by equatorial reduction of the iminium in intermediate 241.

Unfortunately, electrophiles such as MVVK 16 leave a methyl group at Ci2, which is undesirable
for applications of the method to synthesise Amaryllidaceae alkaloids as none of the alkaloids
contain a C12 methyl group. Ideally, an electrophile used in this process would either leave the

ring without any functionality (R = H), or with a functional group that could be used as a
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synthetic handle to divergently generate other compounds in future transformations (e.g. R =

OR, NR)).

~
&

Me 0
S S )
I + 0.01 mol%
©://\Nr~8n \)LMe »

5:2 HCOzHNEt3
15 16 (4.0 equiv.)
1.0 equiv. 80 °C, 18 h, MeCN 55%

5:2 HCO,H:NEt; + QRA)

deprotonated
@ OH Ha productive
CG/Me Q?jH pathway

15 236 238
Ha
deprotonated
unproductive
pathway
OH
Me(O)CH,C Me
S Me H
N~ QN\
Bn @ Bn
237 239
®OH
Me 2
0 -
| E— —
N\ N\
@ Bn Bn
241 240

Scheme 4.4: Previous work with formic acid promoted reductive annulation detailing headline result and
mechanism.
Previous work by Dr. B. Marinic showed that the group’s first strategy to overcome this issue,
use of acrolein 24, was regrettably unsuccessful, generating a mere 1% yield of 243
(Scheme 4.5).57 Alternatively, it was suggested that use of a leaving group in place of a methyl

in the electrophile structure would change the nature of the ring closing reaction and allow the
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reaction to retain carbonyl functionality on the D ring, allowing further derivatisation and
hopefully thereby making the process applicable to Amaryllidaceae alkaloid synthesis

(Scheme 4.5).

o]

R \)LH H

R
Me 24
N [© 2.0 equiv H
/N\ ---------- »> N\
Bn Bn

® (RhCp*Cly),
| 242 0.01 mol% N
R = CH2CHzan 5:2 HCOZHNEtg R = Cl:zCHzOBn
(4.0 equiv.) race

45 °C, 16 h, MeCN

Scheme 4.5: New ambident electrophile possibilities and the functional group patterns generated.

4.2.2 Optimisation using a vinyl thioester electrophile

A positive result was first obtained by Dr. B. Marinic with thioester 244 as the electrophile,
which was then optimised by Dr. A. Day (Scheme 4.6). The major product obtained was
vinylogous amide 247, perhaps implying that the unsaturation of the vinylogous amide acts as
a thermodynamic sink. Interestingly, it was found that the optimum yield of 247 was obtained
when both electrophile and reductant are added in three portions over the course of the reaction
time. It was shown that the large excess of reductant required led to formation of a reasonable
yield of simple reduced THIQ 246, which implies that the desired annulation reaction is
occurring slowly compared to complete reduction of the heterocyclic ring. In order to minimise
formation of 246, a more potent electrophile should be utilised, in an attempt to increase the
rate of our desired annulation reaction. The product identity was confirmed using single crystal

X-ray analysis, showing the suspected vinylogous amide functionality (Scheme 4.6).
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/\H/S\Tol
244 © @) Me

6.0 equiv. 0.01 mol%
in 3 portions

@ Me + 5:2 HCOzH NEt3

12 equiv.
X M€ in 3 portions :;o?
N, 80°C85h, MeCN °
/@ Bn

245

Scheme 4.6: Conditions optimised by Dr. A. Day to afford vinylogous amide 247 including single crystal X-ray
structure of 247. Isolated yields are reported. Reaction performed on 0.25 mmol scale. Single crystal X-Ray

analysis performed by T. C. Jenkins.

4.3 Optimisation of the annulation including electrophile design

4.3.1 Replication of previous work and further optimisation with thioester 244

It was decided that a process without sequential additions of reagents would be the optimum
reaction set up, and therefore we concentrated on single addition reactions. Further
optimisation of the reaction of 245 to 247 was performed; with reductant equivalents and

rhodium catalyst concentration varied (Table 4.1).

N.B. Starting material was present in most of the reactions detailed in Table 4.1, however the
amount could not be quantitatively determined using *H NMR as the starting material was not

fully soluble in CDCls.

Replicating the conditions used by Dr A. Day, a similar yield was obtained (Table 4.1, Entry 1).
Decreasing the reductant equivalents to 1.0 and 2.0 equiv. drastically decreased the yield to 9%
and 14% respectively, showing the necessity of a large excess of reductant (Table 4.1,

Entries 2-3).
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Neither decreasing nor increasing the catalyst loading by an order of magnitude had any

noticeable effect on the reaction yield, with similar yields of 20% and 21% observed

respectively (Table 4.1, Entries 4-5).

Mo I@ @ . ‘ (@) E via ArS__O
Me S. !
/\N .\ /\g/ ol == 5 O .. i Me
® Bn 5:2 HCO,H:NEt, Bn |
245 244 gooc 18h MeCN 247 ! N<g,
6.0 equiv. - 243 —
Entry Reductant (RhCp*Cl2)2 Concentration Yield of 247 (%)
(Equiv.) (mol%) (M)
1 8.0 0.02 0.625 20
2 1.0 0.02 0.625 9
3 2.0 0.02 0.625 14
4 8.0 0.002 0.625 20
5 8.0 0.2 0.625 21
6 8.0 0.02 0.625 13
7 8.0 0.2 0.125 38
8 8.0 0.2 0.0625 38 (26)
9 8.0 0.02 0.0625 39
10 8.0 0.8 0.0625 44

Table 4.1: Further optimisation of reaction parameters. Yields reported are determined by quantitative *H NMR.

Isolated yields are indicated by brackets. Reactions performed on 0.25 mmol scale. 2Reaction performed with

2.0 equiv. Kl present.

Addition of external K1 has been previously shown in the group to increase the rate of reduction

in rhodium catalysed reactions, however when used in our system it merely decreased the yield

to 13% (Table 4.1, Entry 6). This is perhaps due to the increased iodide concentration favouring
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fast reduction to the simple reduced product 246 before the enamine formed can add into any

electrophile present.

Increasing the solvent volume from 0.4 mL to 2.0 mL and 4.0 mL (0.0625 M, 0.125 M and
0.0625 M respectively), almost doubled the *H NMR yield to 38% in both cases, however this
yield was decreased to 26% upon isolation in the case of the 4.0 mL reaction (Table 4.1, Entries
7-8). This can be attributed to difficulties encountered when isolating product 247 due to its

surprisingly polar nature (vide infra).

Decreasing the catalyst loading but maintaining the low concentration produced a very similar
yield of 39%, however largely increasing the catalyst loading four-fold to 0.8 mol% did show

a slight increase in yield to 44% (Table 4.1, Entries 9-10).

4.3.2 Designing an improved electrophile

After a short optimisation, a maximum isolated yield of only 26% was obtained, which may be
the limit obtainable with thioester 244. It was desired to investigate alternative ambident
electrophiles in an attempt to increase the reaction yield but also to potentially improve the
physical properties of the electrophile to aid synthesis and handling. Ideally the reactant would

be odourless, solid, and easily removable by chromatography.

A number of vinyl electrophiles were subsequently prepared and screened, with four potentially
suitable electrophiles selected to represent distinct types of leaving group, namely stabilised
esters and amides, and a N-heterocycle (Table 4.2). Vinyl pyrazole amides of this type have

been previously used as electrophiles in the literature with reasonable success.5®
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Entry Electrophile Yield of 247 (%)
1 249 0
2 250 0
3 251 65 (57)
4 HFIP acrylate, 40 47

Table 4.2: Initial electrophile screen. Yields reported are determined by quantitative *H NMR. Isolated yields

are indicated by brackets. Reactions performed on 0.25 mmol scale.

Vinyl pyrazole amide 251 showed excellent reactivity under the reaction conditions, with a
57% isolated yield recorded (Table 4.2, Entry 1). Regrettably, p-NO2 phenyl amide 249 and
ester 250%° showed no reactivity at all, merely generating a complex mixture (Table 4.2,
Entries 2-3). This is explained in the case of amide 249 by the electrophile’s poor solubility,
however the explanation for ester 250 is less forthcoming. HFIP acrylate 40 performed well,
producing a yield of 47%, although not quite as well as pyrazole amide 251 (Table 4.2,

Entry 4).

As a result of this highly promising result with vinyl pyrazole amide 251, a range of N-
heterocycle vinyl amide electrophiles were synthesised and trialled under the model reaction

conditions (Table 4.3).

Regrettably, both pyrrole derived compound 253 and indole derived compound 254 produced

no product 247 when applied to the model system, potentially indicating the leaving groups
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were not sufficiently stable as independent fragments to adequately function as ambident

electrophiles (Table 4.3, Entries 3-4).

Pleasingly, 252, derived from 4-chloropyrazole, produced a good *H NMR vyield of 66%,

similar to the previously trialled pyrazole derived amide 251 (Table 4.3, Entries 1-2).

Chloropyrazole vinyl amide 252 is a white fluffy solid and is significantly easier to synthesise,

handle and store than 251 which is a volatile oil. As a result of this advantageous set of physical

properties, it was decided to continue the optimisation process using 252 as the electrophile.

<
&L

(0] (0]
VLN’N\ N ’]‘:@
251 |§) 254 <

[}
)
0 [}
Me :
Me 0.02 mol% Me !
A © 6.0 equiv. E :
—ee
Neg N : 0 O Me
. . ~ ]
@ Bn 5.28HOCeOzI-_I.NEt3 Bn | VLN’N\ VLN {
245 - equiv. 247 |
80 °C, 18 h, MeCN | 252 =3, 253 =
Me
Cl
Entry Electrophile Yield of 247 (%)
1 251 65 (57)
2 252 66
3 253 0
4 254 0

Table 4.3: Scope of N-heterocycle electrophiles investigated. Yields reported are determined by quantitative

'H NMR. Isolated yields are indicated by brackets. Reactions performed on 0.25 mmol scale.

4.3.3 Optimisation of the annulation reaction using vinyl pyrazole amide 252

Further optimisation was then performed, first exploring equivalents of electrophile then

proceeding to explore temperature, time and dilution (Table 4.4).
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Pleasingly, decreasing the equivalents of electrophile from 6.0 to 4.0 and then 2.0 did not
significantly decrease the yield (Table 4.4, Entries 1-3). This shows that this new electrophile
is significantly more reactive to the system than the previous electrophile 251, which showed
sensitivity to deceasing electrophile equivalents. The reason for the slight decrease to a 45%
isolated yield when using 4.0 equivalents of electrophile is unknown, but could be due to
experimental error, since decreasing the equivalents still further to 2.0 produced a 60% isolated
yield. As with experiments conducted with thioester electrophile 244, increasing the volume of

solvent to 4.0 mL (0.0625 M) increased the isolated yield to 76% (Table 4.4, Entry 4).

Performing the reaction with the same volume of solvent (4.0 mL) but with 10 times the catalyst
loading (0.2%) did not significantly change the isolated yield (74%) showing that the amount
of catalyst present is broadly unimportant (Table 4.4, Entry 5). A small solvent screen was then
conducted, which showed that of the polar solvents trialled, MeCN afforded the highest *H

NMR vyield (Table 4.4, Entries 4, 6-9).

Reaction time was then explored, with eight hours affording the best isolated yield of 86%
(Table 4.4, Entries 10-14). Extending the reaction time beyond eight hours to twenty four hours
afforded a very similar yield (Table 4.4, Entry 14). Interestingly, the reaction is mostly

complete after two hours (69%) with the final 20% taking six further hours to be produced.

As expected, decreasing the reaction temperature to 60 °C showed a significant decrease in *H
NMR yield to 40%. Conversely, increasing the temperature to 100 °C did not increase the yield
observed, therefore 80 °C was kept as a lowest optimum temperature (Table 4.4, Entries 12,

15-16).
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A o
Me 0 @h‘) Me ‘

- Me |@ . \)LNfN\ 0.02 mol% O
/g\Bn = 8.0 equiv. N‘Bn
245 252 Cl 5:2 HCO,H:NEt, 047
Entry  Temperature Electrophile Time Solvent Concentration Yield of
(°C) Equiv. (h) (M) 247 (%)
1 80 6.0 18 MeCN 0.625 66
2 80 4.0 18 MeCN 0.625 51 (45)
3 80 2.0 18 MeCN 0.625 (60)
4 80 2.0 18 MeCN 0.0625 85 (76)
58 80 2.0 18 MeCN 0.0625 81 (74)
6 80 2.0 18 MeOH 0.0625 3
7 80 2.0 18 Acetone 0.0625 50
8 80 2.0 18 DCE 0.0625 80
9 80 2.0 18 'AmOH 0.0625 73
10 80 2.0 2 MeCN 0.0625 61 (69)
11 80 2.0 4 MeCN 0.0625 (72)
12 80 2.0 6 MeCN 0.0625 79 (77)
13 80 2.0 8 MeCN 0.0625 84 (86)
14 80 2.0 24 MeCN 0.0625 76 (81)
15 60 2.0 6 MeCN 0.0625 40
16 100 2.0 6 MeCN 0.0625 82
17 80 2.0 8 MeCN 0.250 50
18 80 2.0 8 MeCN 0.125 60
19 80 2.0 8 MeCN 0.0250 80
20 80 2.0 8 MeCN 0.0125 80

Table 4.4: Final optimisation steps of reductive annulation. Yields reported are determined by quantitative
IH NMR. Isolated yields are indicated by brackets. Reactions performed on 0.25 mmol scale. ®Reaction

performed with 4.0 mL of Rh solution, giving a 0.2 mol% loading.
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Finally, dilution was investigated more thoroughly, which showed that both 1.0 mL (0.25 M)
and 2.0 mL (0.125 M) produced reduced *H NMR yields of 50% and 60% respectively
(Table 4.4, Entries 17-18). Diluting the reaction further to 10 mL (0.025 M) and then 20 mL of
solvent (0.0125 M) both afforded a *H NMR yield of 80%, slightly reduced from the best result
of an 86% isolated yield, indicating that any beneficial effects of dilution on our reaction have

plateaued (Table 4.4, Entries 19-20).

In conclusion, the optimised conditions are 2.0 equiv. of electrophile, using MeCN as the

reaction solvent at a 0.0625 M concentration, for 8 h at 80 °C (Table 4.4, Entry 13).

4.3.4 Control experiments

A few control experiments were performed to investigate the need for certain reaction
components (Table 4.5). Gratifyingly, removal of reductant (5:2 HCO2H:NEt3) shut down
reactivity completely, showing no yield (Table 4.5, Entry 1). This demonstrates that reduction
at C1 is indeed occurring due to a hydridic species, however it is unclear whether 5:2
HCO2H:NEts is reacting with (RhCp*Cly). to generate a rhodium hydride species, or whether

the reductant is reacting with the isoquinolinium salt directly.

In an attempt to investigate this question, the reaction was performed in the absence of any Rh
catalyst showing, a decrease in yield from 76% to 56%, perhaps indicating that although the
yield is increased in the presence of Rh, a notable background reaction is occurring
(Table 4.5, Entry 2). This result is consistent with previous work in the group with Rh catalysts
that has shown that reductive functionalisation reactions can often occur without a Rh catalyst
present, using in situ generated formate at the reducing agent, but that the reaction rate is

slower.?
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A
Me Rh O
N0 SN 0.02 mol% O
+ —_—
2 N = N\
® Bn 5:2 HCO,H:NEt; Bn
245 252 Cl 8.0 equiv. 247
2.0 equiv. 18 h, 80 °C
MeCN (0.0625 M)
Entry Differing Conditions Yield of 247 (%)
1 No reductant (5:2 HCO,H:NEtz) 0
2 No Rh catalyst (56)

Table 4.5: Control investigations. Yields reported are determined by quantitative *H NMR. Isolated yields are

indicated by brackets. Reactions performed on 0.25 mmol scale.

4.3.5 Application of the optimised conditions to a second substrate

Pleasingly, the application of our optimised conditions to second model substrate with a larger
C4 side chain 242 proved very successful, with our optimised conditions affording an isolated
yield of 98% (Scheme 4.7). This is a highly promising result, as it shows that the reaction
conditions are tolerant of a larger side chain with differing functionality. Should we wish to
use this method to synthesise larger molecules or indeed use this method as a later stage step
in a synthetic sequence, the ability to tolerate a diverse range of side chains would be highly

advantageous.

V) o
510 0 % @

SN © \)LN,N\ 0.02 mol%
R o> — U

® Bn 5:2 HCO,H:NEt, Bn
242 252 Cl 8.0 equiv. 255

2.0 equiv. 8h,80°C 98%
MeCN (0.0625 M)

Scheme 4.7: Application of our method to a second substrate, showing tolerance of differing side chain groups.

Isolated yield is reported. Reaction performed on 0.25 mmol scale.
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4.3.6 Application of reductive annulation conditions to other substrates

Work was performed on a related system by Mr. G. Blake, with a C4-unsubstituted model
substrate 15 (Scheme 4.8). The reaction was re-optimised and was found to perform best with

PhMe as a solvent and a rigorous Ar atmosphere (presumably to stop product autoxidation).

0O
X N'N

S @ L Xx
(2.0 equiv) (o 02 mol%) “
5:2 Hc:o2 NEt3

e N Y
(8.0 equiv.)
©i:,\[ PhMe (0.0625 M) 256
®@Bn  go°c, 18h 75%
15 ' Ar atmosphere

Scheme 4.8: Optimised reductive annulation conditions for C4 unsubstituted substrates including single crystal
X-ray structure of 256. 3-Me-N-benzyl isoquinolinium iodide was chosen as a model substrate. Reactions
performed on 0.25 mmol scale. Isolated yield is reported. Single crystal X-Ray analysis performed by T. C.
Jenkins.

Although this work was highly promising, the lack of a substituent at C4 resulted in a much
more unstable compound, 256, which was observed to decompose after a few days at r.t. and
exposed to air, in contrast to 247 which was bench stable. Further derivatisation of 256 was
challenging and ultimately unsuccessful, therefore work on C4 unsubstituted annulated THIQs
was curtailed. A single crystal X-ray structure of 256 showed the same tricyclic structure as

with the C4-Me analogue, 247 (Scheme 4.8).

4.4 Reduction of vinylogous amide 247 to allow further derivatisation

4.4.1 Charge separated nature of vinylogous amide 247

Our attention was then directed towards the reduction of the model substrate 247, which would

allow us to remove the unwanted vinylogous amide functionality; however this presented
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certain challenges due to its stability. We suggest that the charge separated resonance structure
is the most accurate representation of the nature of compound 247 (RHS, Scheme 4.9), for
which our evidence is three-fold. Firstly, the eluent required to purify a crude mixture is a
surprisingly polar 3-8% EtOH in EtOAc. Secondly the *C chemical shift (5¢) of C3, alpha to
nitrogen, is 167.5 ppm, notably more deshielded and downfield than one might expect an olefin
carbon, much more similar to an iminium chemical shift (typically 150-170 ppm).”® By
contrast, the carbonyl *3C chemical shift (Cig) is 195.6 ppm, much more deshielded than
expected from an amide carbonyl carbon, and the other olefin carbon (Czo) has a shift of
97.7 ppm, much lower and therefore shielded than expected for an olefinic carbon.” Thirdly,
the primary IR stretch for compound 247 is a carbonyl peak at 1552 cm™, a very low shift for
an amide, indicative of a significant proportion of nitrogen lone pair donation into the carbonyl

and weakening the C-O pi bond.”

o — &Yoo

Scheme 4.9: Charge separated character of compound 247.

®=z

Armed with this evidence, we were prepared for the reduction of compound 247 to be more
challenging than first thought, as this is not simply a reduction of a vinylogous amide, but
essentially a reduction of an iminium ion in the presence of an enolate, which changes the
electronics of the problem. Nonetheless, we were undeterred and first attempted to treat it as a

conventional vinylogous amide to test its reactivity.
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4.4.2 Hydrogenation reduction strategy

Three reduction strategies were attempted, being hydrogenation, single electron reductants and
hydride addition. It was posited that a heterogenous catalyst might be found that would
hydrogenate the alkene double bond as well as deprotect the tetrahydroisoguinoline nitrogen,

however, attempts to find such a catalyst proved futile (Table 4.6).

The literature has previously shown that PtO, had been used for such purposes in related
vinylogous amides before, however only starting material was returned upon application of the

conditions to our substrate (Table 4.6, Entry 1).7

Similarly, use of more conventional hydrogenation catalysts such as rhodium on carbon and
palladium on carbon, both with and without aqueous acid added merely returned starting

material (Table 4.6, Entries 2-4).7

O o)
Me ‘ Mel,,
—» H
N< N

Bn Bn
247 257
Entry Conditions Result
1 10 mol% PtO2, H» SM returned
2 10 mol% Rhon C, H; SM returned
3 10 mol% Pd on C, H; SM returned
4 10 mol% Pd on C, Hy, cat. H* SM returned

Table 4.6: Heterogenous reduction approach for reduction of vinylogous amide 247.
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4.4.3 Single electron reduction reagents

Single electron reductants have previously been shown in the literature to be useful when
dealing with challenging electronic manifolds, such as conjugated z-systems, pyridiniums and
other N-heterocycles.”*"® We thus decided to screen some single electron reductants

(Table 4.7).

Zinc powder in acetic acid was suggested in the literature to be compatible with vinylogous
amide reduction, however the reagent was unreactive to our substrate when the conditions were
replicated (Table 4.7, Entry 1).”” Elemental magnesium powder was also suggested by a
literature procedure, however application to our substrate returned only starting material

(Table 4.7, Entry 2).78

Bn Bn
247 257
Entry Conditions Result
1 Zn powder in AcOH, reflux SM returned
2 Mg powder in MeOH, r.t. SM returned

Table 4.7: Single electron reductant strategy attempts.

4.4.4 Hydride reducing agents

Our next line of enquiry was hydride based reducing agents, which we hoped could add into

the amide in a 1,4-addition, thereby disrupting the conjugation.

L-Selectride has been used in related vinylogous amide systems before with good yields,
however, use on our substrate showed no reactivity, only returning starting material (Table 4.8,
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Entry 1).”° DIBALH showed some reactivity to our substrate, however did not produce any
observable product over the reaction timescale, simply partly decomposing our material

(Table 4.8, Entry 2).

Luche conditions, a method traditionally used to provide a ‘hard’ hydride designed to favour

1,2-attack at a carbonyl centre, regrettably returned starting material (Table 4.8, Entry 3).

Similarly, both NaBHEts or ‘Superhydride’ and LiBH4 were unreactive to our substrate, again

returning starting material (Table 4.8, Entry 4-5).

O 0
Me ‘ Mel,

Bn Bn
247 257
Entry Reductant Solvent Temperature (°C) Result

1 L-Selectride THF -78 then r.t. SM returned

2 DIBAIH THF r.t. Partly decomposed SM
3 NaBH4 CeCls; MeOH 0to 60 SM returned

4 1.0 equiv. NaBHEt; THF 0 SM returned

5 LiBH4 MeOH 0 SM returned

6 1.0 equiv. BH3; DMS THF 66 SM returned

7 2.0 equiv. BH; DMS THF 66 Complex mixture
8 0.5 equiv. Stryker’s THF r.t. SM returned

reagent

Table 4.8: Hydride reagents trialled.

BHs; DMS complex, more commonly used to reduce carboxylic acids, did manage to produce
reactivity with our substrate, with 1.0 equiv. returning starting material, but regrettably

118



Chapter 4 — Reductive annulation to form a tricyclic THIQ skeleton

2.0 equiv. generating a complex mixture (Table 4.8, Entries 6-7). Although it is promising to
observe reactivity with our substrate, it was not possible to isolate or observe any useful species
in the complex mixture produced, and so investigations with this reagent were not pursued

further.

It was hypothesised that a softer hydride might be more appropriate, considering the failure of
traditionally ‘hard’ hydride reagents, and so a substoichiometric amount of Stryker’s reagent,
a copper hydride source, was applied to our substrate (Table 4.8, Entry 8). Disappointingly, the

substrate was unreactive to the reagent and starting material was returned unaltered.

It was hoped to achieve some level of reactivity, however minor that might be, and so a stronger
hydride reducing agent, LiAlH4, was suggested.® An initial reaction set up at -5 °C
disappointingly returned only starting material, but undeterred, we performed the reaction
again at a higher temperature (Table 4.9, Entries 1-2). Pleasingly, the complex mixture
generated when the reaction was performed at 80 °C contained roughly 10% product 257 by
quantitative *H NMR analysis of the crude reaction mixture. 257 was pleasingly formed as a

single diastereomer.
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O 0
Me ‘ Me,,,
® — H
N. N

Bn Bn
247 257
Entry Conditions Yield of 257 (%)
1 LiAlHs at-5 °C SM returned
2 LiAlH,4 at 80 °C for 5h Complex mixture containing roughly

10% product. >95:5 d.r.

3 LiAlH4 at r.t. for 15 mins 28% >95:5d.r.

Table 4.9: Lithium aluminium hydride reduction attempts. Isolated yields are reported. Reactions performed on

0.25 mmol scale.

Performing the reduction at room temperature was much more successful, with the reaction
able to be followed by TLC. TLC analysis showed that the reaction was complete in 30 minutes,

and the product 257 was the only material observable (Table 4.9, Entry 3).

Regrettably, product 257 decomposed swiftly following isolation. Repeated 'H NMR
spectroscopic analysis showed decomposition after 30 minutes to form a variety of minority
products, none of which were either isolatable by chromatography or possible to characterise

by spectral means.

Interestingly, the *H NMR solution of the partially decomposed reaction mixture was a purple
colour. It was proposed that the colour originated from the formation of a radical cation
impurity generated through oxidation from the air, a theory borne out by the observation that
the purple colour starts in the top portion of an NMR tube containing a crude mixture, slowly
spreading throughout the tube with time. Despite these difficulties, it was possible to
characterise the product, which conclusively showing a ketone carbon shift (3C NMR) at

209.9 ppm.
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4.4.5 Enolate trapping attempts

It was suggested that trapping the charge separated state of the starting material, then reducing
the resultant triflate salt might control the process better, which could diminish the possibility
of side products created by oxygenation after reduction (Scheme 4.10). Sadly, attempts to trap
compound 247 with triflic anhydride were unsuccessful, however, after work-up and analysis
by H NMR, a single species was seen to precipitate out of the CDCls solution, which was

analysed by single crystal X-ray crystallography (Scheme 4.10).

O L
TfH,O OH . A
Me (1.2 equiv.) Me 7 “ ol
seft=lo g dliigtnee
. N.
Bn THF, -78 °C ® Bn Q'(

247 1hthenrt. 1h 258

Scheme 4.10: Attempts to trap compound 247 using Tf,O with single crystal X-ray analysis of the solid product.
Single crystal X-Ray analysis performed by T. C. Jenkins.

The crystalline species was the O-protonated trifluoromethanesulfonate hydrate salt of starting

material 247, which clearly indicates the presence of moisture in our reaction, perhaps

indicating that the triflic anhydride has partly decomposed during storage. Whilst this product

(258) shows an unexpected mode of reactivity, it is sadly not synthetically useful, as treatment

of this salt with any homogenous hydride reagents will simply deprotonate the salt and reveal

our initial vinylogous amide 247.

In a related vein, it was posited that reduction of compound 247 with LiAlHs (vide supra)
would result in an enolate in solution, which then protonates upon quenching to reveal desired

product 257. This facet could be exploited by quenching instead with an electrophilic trapping
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reagent, which could trap the enolate in situ, as opposed to protonation which a conventional

aqueous quench would achieve.

Three electrophiles were subsequently trialled, regrettably with no success (Table 4.10,
Entries 1-3). All electrophilic reagents did not react with any aluminium enolate produced, and
upon working up each reaction with an aqueous quench, the major product observed by *H

NMR in each case was ketone 257.

o  i)LiAlH, o 1 0
1.0 equiv. R !
Me ‘ THF, 30 min, 0°C 1 ‘ i Me.,
U = N,
“Bn i) Trapping agent “Bn : “Bn
1h,rt. !
247 257
Entry Trapping reagent Product
1 TMSCI Untrapped 257
2 TMSOTf Untrapped 257
3 MesO BF4 Untrapped 257

Table 4.10: Electrophilic trapping reagents.

With little success trapping any enolate, either formed in situ or naturally occurring in the

molecule with anything other than a proton, this line of enquiry was curtailed.

4.4.6 Borohydride work up strategy

It was suggested that by repeating the LiAlH4 promoted reduction, but reducing the ketone
further to an alcohol in-situ with a NaBH4 quench, a stable intermediate might be reached.
Normally, NaBH4 reductions require a polar protic solvent to form the reactive species, which
is incompatible with the original LiAlH4 reagent, therefore this process must occur via

sequential addition. After reduction of 247 in THF with LiAlH4 had been observed to reach
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completion by TLC analysis, an equivalent volume of MeOH was added slowly to the reaction.

When effervescence ceased, 2.0 equiv. of NaBH4 was then added in one portion.

Pleasingly, this technique afforded the desired compound 259 as a stable oil in 64% vyield
(Scheme 4.11). The single diastereomer produced was assigned by NOESY correlations and is
trans annulated tricycle 259. Happily, alcohol 259 showed greater stability than ketone 257,

providing a stable intermediate for future investigations.

The stereochemistry of the product has trans-geometry across the 6,6-ring junction, potentially
due to Furst-Plattner axial hydride addition. The resultant ketone is then reduced to give an

equatorial alcohol.

LiAIH,4
) (1.1 equiv.) wOH Proposed
Me ‘ THF Me direction of ¢
'I, O

30 min, 0 °C hydride attack
> H —
O N th @4_/
Bn o N-gn N=Bn

MeOH
257 then 259 Me
NaBH,4 64%
(2.0 equiv.)
20 min, 0 °C

Scheme 4.11: Successful reduction of the vinylogous amide. Isolated yield is reported. Reaction performed on

0.25 mmol scale.

This result is gratifying, and shows that it is possible to further functionalise vinylogous amide
247 to produce tricyclic THIQ derivatives with functionality other than alkyl groups on the

third ring.
4.5 Conclusion

In conclusion, a method for synthesising 3,4-annulated THIQs from isoquinolinium salts in a
one-pot process has been developed, with a novel electrophile developed for our process which

is easy to synthesise and has desirable physical properties. The method has been optimised to
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a good yield on model substrate 247 and applied to two other model systems with slight
modifications to afford excellent yields of both products. In the case of the primary model
system, the product has been further reacted with a hydride reducing agent to produce a stable
derivative, which shows promise for any future investigations into annulated vinylogous

amides of this type.

Reductive Annulation Vinylogous Amide Reduction Novel Electrophile
WOH 0
A\
N, <
“Bn

Cl

2 examples
up to 98% yield

Scheme 4.12: Development of a reductive annulation process making use of a novel ambident electrophile.
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type alkaloids

Chapter 5 — Application of a reductive annulation reaction towards the synthesis of

Crinane-type alkaloids

5.1 Previous syntheses of the Crinane family of alkaloids

The diverse families of the Amaryllidaceae alkaloids are comprised of almost 500 compounds,
with roughly 10% of them belonging to the Crinane family.8! Most Amaryllidaceae alkaloids
contain a 6,6,6-tricyclic core (ABC), however members of the Crinane family uniquely possess
in a fourth bridging ring (D). This class of tetracyclic molecules are well represented in the

total synthesis literature (Figure 5.1).82

R\ Crinane family
C Ring
0O - Tetracyclic core
<O N D Ring - Featuring two carbon bridge

- Numerous synthetic strategies, the most common

ARing B Ring featuring a Pictet-Spengler B ring closure

Figure 5.1: The tetracyclic structure of the Crinane family of alkaloids.

The numerous syntheses of Crinane-type alkaloids can be broadly divided into categories by
their overarching synthetic strategies. The strategy most well represented in the literature
includes a Pictet-Spengler cyclisation to close the B-ring, by way of Eschenmoser’s salt as a
one-carbon electrophile (Scheme 5.1).8% The methods of constructing the C and D-rings,
however, vary greatly, and provide ample opportunity to demonstrate a range of interesting and

impressive transformations.
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type alkaloids

Pictet-Spengler B ring closing method

R Me cj R
N N. N\
o ® Me
—»
< \ < \
O H cat. H* O

Scheme 5.1: Pictet-Spengler B-ring closure method that features in a large proportion of Crinane family alkaloid

syntheses.

Stevens and DuPree reported a synthesis of (£)-3-epi-Elwesine in 1970, using the Pictet-
Spengler B-ring-closing method described above.®* The key step in their reaction sequence,
however, was a formal [4+2] cycloaddition between an enamine 260 and MVK (Scheme 5.2).
Whilst the reaction mechanism likely proceeds via stepwise addition of the enamine into MVK,
followed by ring closure, the overall reaction can be considered as a formal cycloaddition. This
reaction, which could be considered a modification to the Robinson ring annulation reaction,
has been previously used by other researchers in the synthesis of alkaloids, for instance, by

Evans in his synthesis of the Hasubanan skeleton.®

Stevens and DuPree, 1970

Nl o) o) WOH
o [ S Me o 3 steps
< — < —= < H
N N
o cat. H* ¢ Bn O
260 261 262

(x)-3-epi-Elwesine

Scheme 5.2: Use of an annulation reaction to construct the C-ring of (£)-3-epi Elwesine 262.
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type alkaloids

Mori and co-workers also used the popular Pictet-Spengler B-ring closure strategy as the final
reaction in their synthesis of Crinamine, but their method of bridging D-ring construction was
notable (Scheme 5.3).2 Under forcing conditions (230 °C in a sealed tube), aldehyde 263
underwent a carbonyl-ene cyclisation, proposed by the authors to react via a 6-membered chair
transition state (264). The bicyclic product 265 was then elaborated further to produce

Crinamine 266.

Mori and co-workers, 2004

C-ring

D-ring 266
via Ar H (+)-Crinamine
N
T
264

Scheme 5.3: Carbonyl-ene strategy to close the bridging D-ring before Pictet-Spengler B-ring closure.

In a related strategy, Person and Lovering used Crinine as a platform to demonstrate a [3+2]
cycloaddition between a 2-azaallyl anion and an electron rich alkene (Scheme 5.4).8” The 2-
azaallyl anion was generated in situ by lithium-tin exchange, which then cyclised onto the
pendant alkene to afford the 6,5-bicycle 268, which represents the C and D-rings of Crinine.
The synthesis was completed by B-ring closure in a very similar manner to the syntheses

described above, to produce Crinine 269 in 8 steps.
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Pearson and Lovering, 1994

OMOM
A'ﬁ nBuL| Aru,,
-78 °C Sy
BU3Sn 267 > 268 269
Ar = S 80% Crinine

Scheme 5.4: A [3+2] 2-azaallyl anion cyclisation approach to construct the C and D-rings of Crinine before B-

ring construction.

List and co-workers took a subtly different approach, applying their enantioselective ketone

allylation protocol to construct the key quaternary stereocentres in (+)-Crinane (Scheme 5.5).88

89

Upon treatment of racemic substrate 270 with allyl methyl carbonate under Pd/chiral
phosphoric acid dual catalysis, 272 was accessed in 78% vyield and with excellent

enantioselectivity.

The a-allyl ketone 272 could then be derivatised to (+)-Crinane 273 in three steps, namely a
Lemieux-Johnson oxidation, a reductive amination, and the familiar Pictet-Spengler B-ring
closure utilising Eschenmoser’s salt as the final carbon source. In this way, the allyl group
added during the author’s key step became the D-ring of Crinane, whilst the C and A-rings

were derived from the commercial starting material.
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AT (S)- |—|8 -TRIP ann

List and co-workers, 2016

Ar =
O O>
(@]
(S)-Hg-TRIP
Pd2(dba)3
270 ‘BuXPhos < iy
+ —_— N
N"oco,me €02 45°C 272 273
271 78% (+)-Crinane

9554 5e.r.

Scheme 5.5: Allylation using a chiral phosphoric acid to give an enantio-enriched a-quaternary ketone, that was
further derivatised to (+)-Crinane 273.

Employing a different B-ring closure strategy, Schwartz and Holton reported a biomimetic

synthesis of the Crinane alkaloid family, starting from a tethered bisphenol 274 (Scheme 5.6).%°

Treatment of bisphenol 274 with an oxidant, VOCIs, effected the desired para-para phenol

coupling to forge the A to C-ring junction in 275. Deprotection of the nitrogen then triggered

conjugate addition into the dienone, constructing both the B and D-rings in tandem. Finally,

methylation of the remaining free hydroxyl afforded Oxomaritidine 276.

Schwartz and Holton, 1970

OH
VOCl,
MeO 3.5 equiv. MeO
o J—
N
HO /J% HO
274 F3C° 70 275 o) 276

24% Oxomaritidine

Scheme 5.6: A biomimetic approach to close the A to C-ring junction in Oxomaritidine 276, employing a para-

coupling of phenols.
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In 2011, Yang and co-workers reported a synthesis of Oxocrinine 279, employing a similar
amine conjugate addition strategy to construct the bridged ring system (Scheme 5.7).% The
cyclisation substrate 278 was readily constructed in 82% yield from 277 using a Robinson
annulation, with MVK acting as the three-carbon fragment. The product was then transformed

to Oxocrinine 279 in two further steps.

Yang and co-workers, 2011

O O

H® \)LM ‘ 0
e
2 steps 0 ‘

o KOH,EtOH o
< S < O — <O O N
279

0 NCO,Me 0 NCO,Me

277 278
82% Oxocrinine

Scheme 5.7: Robinson ring annulation strategy to construct the C-ring from a pre-installed aldehyde.

The methods detailed above represent a small fraction of the Crinane-type alkaloid syntheses
which have been reported to date; methods using a B-ring closure strategy and assorted other
routes are numerous and provide a rich source of inspiration for our synthetic campaign

towards the Crinane family.%
5.2 A new route to the Crinane family of natural products
5.2.1 Retrosynthetic analysis

The Crinane family possesses a 6,6,6-ring structure as part of their tetracyclic core, which is
reminiscent of the products derived from the reductive annulation reaction described in
Chapter 4 (vide supra). We aimed to showcase this method in the context of a natural product

synthesis, therefore the Crinane family were chosen as synthetic targets. We envisaged a set of
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disconnections that would derive the Crinane natural products from an isoquinoline core 280
(Scheme 5.8). In the forward sense, isoquinoline 280 could be employed in our reductive
annulation method to generate the C-ring required for the Crinane family. Our retrosynthetic
analysis revealed that an isoquinoline with a C3 methyl group and a two-carbon C4 side chain
was required. The two-carbon side chain would require a leaving group attached in order for
the D-ring bridge closure step to occur, but this leaving group could be installed as a protected
functionality which could be deprotected later in the synthetic sequence. We decided to adopt
an ethyl ester as our target functionality, as it can be easily reduced and subsequently activated

to become a good leaving group.

R HOL R HOQ R o 1
X X X EtO
4
o 0 " o Z o Ny e
<o:©\%“;:> <o N — <OI£N(TTP <O N
| I m 280

Scheme 5.8: Retrosynthetic analysis of a generic Crinane alkaloid to an accessible isoquinoline.

Working forwards, our identified isoquinoline 280 would need to be quaternised to form the
benzyl isoquinolinium salt 281, and then it could be subjected to the reductive annulation
method to produce vinylogous amide intermediate 282 (Scheme 5.9). This functionality can be
reduced, then debenzylation would reveal amino alcohol 284, which would be set up for D-
ring closure. Decoration of the C-ring to finish the synthesis of multiple members of the
Crinane family could then occur via use of the ketone functionality retained from the

vinylogous amide reduction.
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Q 0 EtO___O o HO o
EtO EtO ‘
0 S Me 0 X Me 0 o) )
< T — I — < T —<
o Z o /@‘Bn o “Bn 0 “Bn
280 281 282 283

'

HO

“H
NH

Crinane alkaloids 285 284

Scheme 5.9: Planned synthetic route from isoquinoline 280 to the Crinane family of natural products.

5.2.2 Choice of the synthetic route towards isoquinoline 280

Our model substrate synthesised in Chapter 4, 245, was afforded using a halogenation
approach, which introduced functionality onto the isoquinoline skeleton via harsh acidic
conditions. The innate reactivity of 3-Me isoquinoline directs the halogen to C4, which was the
desired site of side chain incorporation; for the purposes of reaction optimisation a methyl
group was chosen (vide supra), however we have previously showed the annulation reaction’s

applicability to one other C4 side chain.

In order to render the same C4-functionality in our desired isoquinoline 280, however, an
alternative strategy was required. The electron rich nature of the dioxolane appended to the A-
ring made the halogenation approach unsuitable. The B-ring therefore had to be constructed de

novo, with a C4 two-carbon substituent and a C3 methyl built in en route.

As a first approach to the synthesis of desired isoquinoline 280, a method reported by Ding and

co-workers in 2008 was examined.® Their method utilises a halogen promoted cyclisation of
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an oxime onto an aryl-capped alkyne to furnish a C4-halogenated C3-aryl isoquinoline-N-oxide
(Scheme 5.10). This intermediate could then be cross coupled and reduced with good literature

precedent to furnish a C4 substituted isoquinoline in three steps from the parent alkyne.

a) b)
®9 o
X, .OH 0 X, .OH
_>
. « . AN == % \
RN or NXS R
Ar rt. 1h X 286 Me
up to 94%

Scheme 5.10: a) Method developed by Ding and co-workers for halogen promoted cyclisation of aryl alkyne-
oximes to form isoquinoline-N-oxides, and b) Alkyne 286 required to use the method to synthesise our desired

isoquinoline 280.

5.2.3 Synthesis of alkyne 286

To synthesise alkyne 286, we opted to use butynoic acid as an alternative for gaseous and
difficult-to-handle propyne. A literature procedure reported by Yang and co-workers used
propiolic acid as a propyne surrogate in a decarboxylative cross coupling.®* Unfortunately,
when applied to benzaldehyde 287, the reaction failed to product desired alkyne 289, instead
affording a 12% yield of an unintended side product 290. We hypothesise that this product was
generated due to the use of ammonium chloride solution in the work up (Scheme 5.11). The
presence of isoquinoline 290 implies that a small amount of desired alkyne 289 was produced
in the reaction, however the acidic work-up conditions suggested by the literature procedure
are not well suited to our substrate, activating the molecule to ring closure in an undesired and
uncontrolled manner. Moreover, the low yield (12%) of this product indicated that the cross

coupling was not performing as well as intended.
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Pd(PPh3),Cly 0
| )\ 1 mol% |
dppb \ : C C ~M
2 mol% N
287 288 DBU 289 290
3.0 equiv. 12%

DMSO, 110 °C, 18 h

Scheme 5.11: Attempts to apply the decarboxylative cross coupling conditions reported by Yang and co-workers

to the synthesis of desired alkyne 289, using butynoic acid as a propyne surrogate.

We therefore decided to protect the aldehyde as the corresponding dimethyl acetal. Pleasingly,
upon protection to form acetal 291, application of Yang’s conditions afforded the desired
product 289 in a 62% yield over 2 steps (Scheme 5.12). The acidic work up for the cross
coupling conveniently deprotected the acetal group, thereby circumventing a separate
deprotection step. The resultant aldehyde was then transformed into the corresponding oxime

in a good yield of 78% (Scheme 5.12).%°

~,OH
HC(OMe); NH,OH HCI IN
2.0 equw 2.0 eqUIv
< OMe _>
TsOH DBU Pyrldlne
1 mol% Br 3.0 equiv. 2.0 equiv. AN
MeOH DMSO, 110 °C 289 Me EtOH 286 Me
rt.1h 18 h 62% reflux, 1 h 78%
N o)
4 OH

Me 1.25 equiv.

Scheme 5.12: Successful application of Yang conditions to a protected substrate to afford alkyne 289, and

subsequent transformation to oxime 286.
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5.2.4 Attempted cyclisation of 286 towards isoquinoline 280

Cyclisation of the oxime 286 was then attempted using the aforementioned literature conditions
reported by Ding and co-workers.% In the initial report, the optimum halogen electrophile was

very substrate specific; hence, a variety of halogen sources were screened (Table 5.1).

' N,OH
« XR or X, ® © ' I
<O N,OH 1.2 equiv. 0 BN N’O i <O
') = [} 'e) Br
% DCM (0.02M) @] Me ! |
M 1. 15 mi !
286 e r mins 292 0r293 X 294 o Me
Entry Halogen source Product Yield (%0) Yield of 294 (%)
1 NIS Complex mixture 0
2 I Complex mixture 0
3 ICI Complex mixture 0
4 Br, None observed 492
5 TBCA None observed 0
6 DBDMH Complex mixture 0
7 TBABI; None observed 10P
8 Bro/NaHCO3 Complex mixture 0
9 NaBr/Oxone 0 5p

Table 5.1: Attempts to cyclise oxime 286 to isoquinoline-N-oxide 292 or 293 with electrophilic trapping.

3solated yield is reported. Yields reported determined by quantitative *H NMR spectroscopy.

Unfortunately, all three trialled iodine sources produced a complex mixture, perhaps due to the
highly reactive nature of the iodine cation. Bromine sources were then trialled in an attempt to

reduce the electrophiles’ reactivity: some produced complex mixtures as before (Table 5.1,
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Entries 6, 8), however most bromine sources showed some reactivity, producing small to
moderate amounts of brominated side product 294 (Table 5.1, Entries 4, 7, 9). Although this
was promising, showing that electrophilic activation of the alkyne in 286 was possible, no

intended product was observed with any reagent screened.
5.2.5 Second generation cyclisation route

Given the lack of success applying Ding’s cyclisation conditions, an alternative strategy was
required. Inspiration came from the work of Bobbit, Winter and Kiely, who reported an acid
promoted ‘interrupted’ Pomeranz-Fritsch, in which the intermediate enamine is trapped by an

aldehyde, affording C4-substituted isoquinolines directly.®’

To test this methodology on our system, the necessary aldehyde 295 and amine 296 were

coupled via reductive amination to afford 297 in 47% yield (Scheme 5.13).

MeO._ _OMe i. MeOH MeO, OMe
0 overnight, r.t. ) \S/Me
< ' I - < :©\/
OD\‘ HN" “Me ii. NaBH, 0 NH
295 (I) 296 (1.0 equiv.) 297
47%

Scheme 5.13: First-generation reductive amination conditions. Isolated yield is reported.

Compound 297 was then subjected to the interrupted Pomeranz-Fritsch conditions, using
glyoxylic acid as an aldehyde electrophile (Scheme 5.14). Product 280 was isolated in a
pleasing 22% yield, produced from the condensation of the EtOH solvent with the acid product
under acidic conditions. The product identity was confirmed by single crystal X-Ray analysis.

When repeated using ethyl glyoxylate as the electrophile, a similar yield of 25% was obtained.
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o)
MeO_ OMe EtO X
o] KI/Me i. 12 M HCI, EtOH O - Me /‘\\/\\/
< D\/NH s < N = Ny
¢} ii. Electrophile ¢} Z ’
297 reflux, 1 h 280

X-Ray
Electrophile Yield
Glyoxylic acid 22%
Ethyl Glyoxylate 25%

Scheme 5.14: First generation application of interrupted Pomeranz-Fritsch cyclisation conditions to amine 297

to afford isoquinoline 280. Isolated yields are reported.

5.2.6 Optimisation of reductive amination

Having validated the feasibility of the interrupted Pomeranz-Fritsch cyclisation, our attention
turned to the reductive amination of piperonal 295 and an acetal protected amino aldehyde 296.
The current best procedure involved stirring the two substrates overnight in MeOH to generate
the imine, then adding 1.0 equiv. NaBHg4, affording a moderate yield of 47% (Scheme 5.15). It
was posited that the lack of conversion was due to the low electrophilicity of the aldehyde

which is adjacent to an electron-rich aromatic system.

A solution to this issue could be to invert the reactivity, by using amine 301 and ketone 302
(Scheme 5.15). By switching the functionality coupled by the reductive amination, the electron
rich partner is now the nucleophile, rather than the electrophile, which should decrease the
system energy and potentially increase yield. Both coupling partners are commercially
available, therefore the proposed route would also shorten the longest linear sequence of the

synthesis by two steps.
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Current Route

Acetal
formation

HO | O
D\%O < D\;O _
HO (0] Reductive MeO. OMe

298 295 amination o KrMe
Benzyl _l_> < D\/
MeO.__OMe deprotection  MeO__OMe 0 NH
I + BnNH, —T—l—> I 297
0~ Me

H,N” ~“Me
Reductive

299 300 amination 296

Proposed Route
Reductive MeO. OMe

o MeOIOMe amination \S/Me
< + RSSO0
O:O\/NHZ 0% “Me 0 NH

301 302 297

Scheme 5.15: Current and proposed routes towards amine 297.

Pleasingly, application of the standard reductive amination conditions (vide supra) to 301 and

302 afforded an acceptable yield of 297 in 51% on 50 mmol scale (Scheme 5.16).

i. MeOH MeO_ OMe

o MeOOMe L W o \S/Me
< - — <
NH . NH
(@) 2 0~ Me ii. NaBHg4 O
1.0 equiv.
301 302 1h,rt. 297
51%

Scheme 5.16: Preparation of 297 from piperonyl amine 301. Reaction performed on 50 mmol scale. Isolated

yield is reported.

5.2.6.1 Initial optimisation of the new reductive amination

A short optimisation of the reaction was carried out, varying concentration, reactant

equivalents, temperature and additives (Table 5.2). Previous optimisation screens have shown
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that similar reactions perform best in methanol, and it was desired to use a NaBH4 quench after

overnight stirring for operational ease.

Firstly, the equivalents of ketone 302 were varied, with a decrease in yield observed when 1.5
and 2.0 equivalents were used as compared to equal stoichiometry (Table 5.2, Entries 1-3).
Next the concentration was increased from the current 0.25 M to a neat reaction (Table 5.2,
Entries 4-7). Disappointingly, increasing the concentration decreased the observed *H NMR
yield to 31% at 2.5 M. The reaction performed in the absence of solvent was diluted with
MeOH immediately prior to addition of NaBHa to facilitate the reduction, which may explain

the higher yield observed, as this would replicate the conditions used in Entry 1.

The temperature was then varied in the hope that an increased temperature may favour imine
formation prior to reduction (Table 5.2, Entries 8-10). Disappointingly, increasing the reaction

temperature decreased the product yield, with only 24% afforded at 80 °C.

A selection of Lewis acidic additives were screened, with limited success (Table 5.2,
Entries 11-22). Most Lewis acids inhibited reactivity completely, producing little to no
product, with only two (Ti(O'Pr)4 and LiOTf) affording a reasonable amount of product, but

less than without any Lewis acid present (Table 5.2, Entry 1).%

Finally, Entry 1 was replicated but with a basic work up with 1 M NaOH, in an attempt to limit
any product sequestered into the aqueous layer as the protonated salt (Table 5.2, Entry 23).

Disappointingly, the yield was only 34%, significantly less than without a basic work up.
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MeO.__OMe i. MeOH MeO_ OMe
L, R e
<o NH, 0% “Me im <o:©\/NH
301 302 1.0 equiv. 297
1h,rt.
Entry 302 Equiv. Temp Concentration Additive Yield of 297

(°C) (M) (1.0 equiv.) (%)
1 1.0 r.t. 0.25 - (58)
2 15 r.t. 0.25 - 42
3 2.0 r.t. 0.25 - 49
4 1.0 r.t. 0.50 . 38
5 1.0 r.t. 1.25 . 35
6 1.0 r.t. 2.50 ; 31
7 1.0 r.t. neat? . 41
8 1.0 40 0.25 . 39
9 1.0 60 0.25 . 30
10 1.0 80 0.25 . 24
11 1.0 r.t. 0.25 FeCl 0
12 1.0 r.t. 0.25 Sc(OTf)3 0
13 1.0 r.t. 0.25 Yb(OTH)s 0
14 1.0 rt. 0.25 Bi(OTf)s 0
15 1.0 r.t. 0.25 ZrCly 0
16 1.0 r.t. 0.25 Ti(O'Pr)s 37
17 1.0 r.t. 0.25 CoCl,* 6H.0 6
18 1.0 r.t. 0.25 CuCl 16
19 1.0 r.t. 0.25 InCls 0
20 1.0 r.t. 0.25 CeCls 0
21 1.0 rt. 0.25 Cu(OAc); 4
22 1.0 r.t. 0.25 LiOTf 33
23° 1.0 r.t. 0.25 - 34

Table 5.2: Optimisation of the reductive amination with piperonyl amine. Yields determined by quantitative *H
NMR spectroscopy. @The reaction was performed without solvent, however 1 mL of MeOH was added before

addition of NaBH,4. "Work up performed with 1 M NaOH. Reactions performed on 0.25 mmol scale.
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5.2.6.2 Solvent screen and final optimisation

Next, a solvent screen was conducted (Table 5.3, Entries 1-8). DME performed the best of all
solvents screened, with a *H NMR yield of 66%, however EtOH performed almost as well,
affording 297 in 64% isolated yield (Table 5.3, Entries 2, 3). Other less conventional solvents
performed less well, with PhMe and DMA both affording no product at all, and THF and 1,2-
DCE afforded yields of 55% and 30% respectively (Table 5.3, Entries 4-7). MeCN performed
nearly as well as EtOH and better than MeOH however, affording a *H NMR vyield of 60%

(Table 5.3, Entry 8).

i. Solvent MeO_ ,OMe
o MeOGOMe  1gnrt. O \S/'V'e
< - — <
NH . NH
(@) 2 0~ Me ii. NaBHy4 ¢}
1.0 equiv.
301 302 1h,rt. 207
Entry Solvent Yield of 297 (%)
1 MeOH (58)
2 DME 66
3 EtOH (64)
4 PhMe 0
5 DMA 0
6 THF 55
7 1,2-DCE 30
8 MeCN 60
9 IPA 41
10 Amyl alcohol 18
11 n-BuOH 35
12 n-PrOH 78 (73)

Table 5.3: Solvent screen for a reductive amination between amine 301 and ketone 302. Yields determined by
quantitative *H NMR spectroscopy. Isolated yields are indicated by brackets. Reactions performed on

0.25 mmol scale.
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As both MeOH and EtOH performed well, and are the more traditional solvents used in a
reductive amination, several more alcohols were trialled as solvents (Table 5.3, Entries 9-12).
Longer chain or branched alcohols performed less well than EtOH, however the next alcohol
in the homologous series, n-PrOH, produced a higher isolated yield of 73% (Table 5.3,

Entry 12).

A few other parameters were optimised, such as concentration, equivalents and additives
(Table 5.4). Doubling the dilution of the reaction when using MeOH as the solvent increased
the yield from 58% to 65%, however increasing the dilution still further did not increase the
yield again (Table 5.4, Entries 1, 3, 4). It was decided that 0.25 M was an appropriate

compromise.

It was suggested that addition of a desiccant might drive the reaction equilibrium towards the
products by removal of the water generated as a side product. Both Na2SO4 and powdered 3A
molecular sieves were trialled, with both showing a small increase in yield to 67 and 70%
respectively (Table 5.4, Entries 1, 5, 6). Finally, increasing the equivalents of ketone 302 was
attempted, although no yield increase was observed (Table 5.4, Entries 2, 7). The slight increase
in yield observed with added desiccant when MeOH was used as a solvent was not replicated
when n-PrOH was used instead, with 71% vyield afforded in place of 73% in the absence of
desiccant (Table 5.4, Entries 2, 8). This is perhaps due to the lower deliquescence of n-PrOH

as compared to MeOH, resulting in a drier reaction mixture to begin with.

Finally, addition of desiccant to the reaction as well as use of 1.2 equiv. of ketone 302 afforded
an identical yield to with 1.0 equiv. of 302 (71%), both lower yielding than the initial reaction

conditions (Table 5.4, Entries 2, 8, 9).
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0 MeO OMe gc;:wra?t 0 MeO\QOPA'S'e
Tt o e IO
o} 2 07 "Me i. NaBH, O
301 302 1.0 equiv. 297
1h,rt.
Entry Ketone 302 Solvent Concentration Additive Yield of 297
(equiv.) (M) (250 mg) (%)
1 1.0 MeOH 0.25 - (58)
2 1.0 n-PrOH 0.25 - 78 (73)
3 1.0 MeOH 0.125 - 68 (65)
4 1.0 MeOH 0.0625 - 62
5 1.0 MeOH 0.25 NazSO4 (67)
6 1.0 MeOH 0.25 Powdered 3 A Mol 70
Sieves

7 12 n-PrOH 0.25 - 68
8 1.0 n-PrOH 0.25 NaxSO4 71
9 12 n-PrOH 0.25 NaxSO4 71

Table 5.4: Further optimisation of reductive amination reaction parameters. Yields determined by quantitative
'H NMR spectroscopy. Isolated yields are indicated by brackets. Reactions performed on 0.25 mmol scale.
In conclusion, use of n-PrOH as reaction solvent without any further modifications increased

the yield of 297 to 73% on 0.25 mmol scale.

5.2.6.4 Scaling up the optimised conditions

To demonstrate the yield increase, the reaction was scaled up to 40 mmol; disappointingly, the
reaction on this scale only afforded 297 in 59% yield (Scheme 5.17). The lower yield observed
upon scaling up was attributed to a challenging extraction, caused by the emulsifying ability of
the solvent. It was decided to continue with the second highest yielding solvent, EtOH, which

performed almost as well as n-PrOH at the 0.25 mmol scale (64%), but does not have the
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extraction drawback on scale mentioned above. Pleasingly, when scaling the reaction up to

40 mmol with EtOH as the reaction solvent, an 80% yield of 297 was obtained.

o MeO OMe

< +

0 NH, 0% “Me
301 302

Solvent MeQ_ ,OMe
18h,rt. 0O Me
— ( NH
i. NaBH, O
1.0 equiv.

0.25M 297

1h,rt. Solvent Yield
"PrOH 59%
EtOH 80%

Scheme 5.17: Reductive amination to form amine 297 performed on 40 mmol scale with two solvents. Isolated

yields are reported.

5.2.7 Optimisation of interrupted Pomeranz-Fritsch cyclisation

With sufficient quantities of amine 297 in hand, we sought to optimise the acid-promoted

cyclisation of to form isoquinoline 280 (Scheme 5.18).%7

In the reaction, concentrated acid is used to deprotect the acetal and promote a Pomeranz-

Fritsch-type cyclisation to form the dihydroisoquinoline (DHIQ) 303. The DHIQ can then

attack ethyl glyoxylate, following which elimination of H,O and tautomerisation reveals the

isoquinoline product.

Issues observed during previous iterations of the cyclisation include in situ hydrolysis of the

ester to form zwitterionic acid 304 (Scheme 5.18). This resided in the aqueous layer during the

work up and proved very challenging to isolate.
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CO,Et Q o Q
MeO_ OMe  HC d EtO @
OD\\ere EtOH | O Me 0 Ve o Ve
< — =l < + <
o NH then | O NH o 2N o ZNH®
304

297 0 303 280

— - 0,
lHl\OEt 25%

o reflux

Scheme 5.18: Current method for acid promoted cyclisation. Isolated yield is reported.

To prevent this side product forming, we aimed to develop a non-aqueous version of the

reaction, either by generating acid in situ or by the use of non-aqueous acids.

5.2.7.1 Use of SOCI: to generate acid in situ

Firstly, investigations turned to the possibility of generating an acidic environment in situ by
addition of SOCI> to an ethanolic solution. This hypothesis was trialled with reactions in sealed

microwave vials, heated to 100 °C. (Table 5.5).

We began by screening reaction times, and showed that the reaction yield appeared to plateau
at around four hours, with a maximum yield of 25% afforded (Table 5.5, Entries 1-4). It was
posited that decreasing the solvent volume would increase the acid concentration, however
doing so merely decreased the yield further (Table 5.5, Entries 5-7). Conversely, increasing the
solvent volume to 4.0 mL also decreased the reaction yield to trace amounts (Table 5.5, Entries

8-9).

Decreasing the equivalents of SOCI, to 5.0 equiv. had the predictable effect of decreasing the
yield to 2%, but pleasingly increasing the equivalents of SOCI; to 20 increased the isolated
yield to 33% (Table 5.5, Entries 10-11). Disappointingly, increasing the equivalents of SOCI>

further to 30 resulted in a complex mixture (Table 5.5, Entry 12). Finally, doubling the
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equivalents of electrophile to 4.0 equiv. did little to aid reactivity, with only a trace amount of

product observed (Table 5.5, Entry 13).

O
EtO_ OEt SOCl, EtO
o \ﬂ/'\"e EtOH o Ve
< NH < =N
0 020equiv. ©
297 IH‘\OEt 280
O reflux
Entry SOCI2 (equiv.) Time (h) Solvent Volume (mL) Yield of 280 (%0)

1 10 1 1.0 15

2 10 2 1.0 20

3 10 3 1.0 23

4 10 4 1.0 25

5 10 2 0.5 14

6 10 2 0.2 6

7 10 2 0.1 2

8 10 2 2.0 6

9 10 2 4.0 1
10 5.0 2 1.0 2
11 20 2 1.0 35(33)
12 30 2 1.0 Complex mixture
132 10 2 1.0 trace

Table 5.5: Optimisation of interrupted Pomeranz-Fritsch using SOCI,. Yields determined by quantitative *H
NMR spectroscopy. Isolated yields are indicated by brackets. Reactions performed on 0.25 mmol scale.

aReaction performed with 4.0 equiv. of ethyl glyoxylate.
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5.2.7.2 Further screening of non-agqueous acids

Our attention then turned to the use of non-aqueous acids in the reaction and a small screen
was performed (Table 5.6). Regrettably, nearly all acids screened produced no product,
however sulfuric acid afforded 17% of 280, a low yield compared to the best yield with our

previous aqueous acid-based conditions and the best yield obtained with the SOCI; strategy

(Table 5.5).
o]
10 equiv.
MeO_ OMe acid EtO
0 \Qr'\/'e EtOH 0 - Me
< —> [
o NH . 0 =N
O 2.0 equiv.
297 280
OEt
O  reflux
2h
Entry Acid Yield of 280 (%0)
1 H2SO4 17
2 AcOH 0
3 HNO: 0
4 TFA 0
5 HBF4 « OEt> 0
6 HCO:H 0
7 HCIO4 0

Table 5.6: Further non-aqueous acid screening. Yields determined by quantitative *H NMR spectroscopy.

Reactions performed on 0.25 mmol scale.
5.2.7.3 Practical modification to the optimal conditions

In conclusion, despite extensive optimisation, the best yield (33%) of 280 was obtained when

performing the interrupted Pomeranz-Fritsch cyclisation using the SOCI, addition strategy.
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Since this was operationally more challenging than when using aqueous HCI, but not
significantly higher yielding, we decided to return to the aqueous conditions. Careful repetition
of the reaction on 30.5 mmol scale, with a few practical modifications, afforded an improved
yield of 47% (Scheme 5.19). Changing the order of reagent addition and quenching the reaction
at 0 °C via slow addition of solid Na,COgz afforded a more controlled work up, with the reaction
temperature more carefully managed. Refluxing the reaction for an extended period of eighteen
hours allowed for clean conversion to the desired product, removing the need for purification.
The HCI salt of the acid by-product 304 could be isolated from the aqueous layer by careful
recrystallisation, delivering another 18% of isoquinoline product, which could then be
esterified to afford the desired ester 280 in a 79% vyield (Scheme 5.19). The cumulative yield

of the process was therefore 61% of ester 280.

0 0
o
MeO_ OMe HCI EtO HO
0 \Q(Me EtOH 0 - Me o) - Me
< NH < N T < NH
o) then o) Z o} /@

297 O 20 equiv. 280 304
47% 18%
OEt Total = 61%
o reflux * .
18 h 2.3 equiv. SOCI,
79%

Scheme 5.19: Highest yielding repeat of the interrupted Pomeranz-Fritsch cyclisation. The HCI salt of the acid
side product could be isolated and esterified to produce more of the desired product. The initial Pomeranz-

Fritsch reaction detailed on the left of the scheme was performed on 30.5 mmol scale.
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5.3 Re-optimisation of reductive annulation conditions

Continuing the planned synthetic sequence, product 280 was then benzylated with benzyl
iodide to produce iodide salt 281 in a good yield of 86% (Scheme 5.20). The salt was then

subjected to our optimised reductive annulation conditions.

EtO B EtO \) ‘
0 xrMe12equiv. O M 0.02 mol% O
LT —5 T —2 Y I
@ Z Acetone O /@‘Bn 8.0 equiv. O “Bn
280 281 5:2 HCOZHZNEt3
MeCN (0.0625 M)
8h,80°C

(0]
\)LN,N\
252 =
2.0 equiv. Cl

282
33%

Scheme 5.20: Preparation of and first attempt of reductive annulation with our real substrate 281. Reaction
performed on 0.25 mmol scale.
Pleasingly, the desired annulated product 282 was isolated in 33% yield. A short solvent screen
was conducted using an extended reaction time of eighteen hours, which showed that 1,4-
dioxane was the optimal solvent for this substrate (Table 5.7, Entry 5). The other solvents
screened (MeCN, CHCI3, acetone and DCE) afforded lower yields of 26%, 29%, 57% and 32%

respectively (Table 5.7, Entries 1-4).
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EtO I © e} kRA)

0 Me 0.02 mol%
< A + \)LNfN\ \/@
o AN = 8 0 equiv.

g1 O Bn 052 ., 5:2 HCO,H:NE
. Solvent (0.0625 M)
2.0 equiv. 18 h, 80 °C
Entry Solvent Yield of 282 (%)

1 MeCN 26

2 CHCIs 29

3 Acetone 57

4 DCE 32

5 Dioxane 87 (80)

Table 5.7: Short solvent screen for reductive annulation of substrate 281. Yields determined by quantitative *H

NMR spectroscopy. Isolated yields are indicated by brackets. Reactions performed on 0.25 mmol scale.

5.4 Endgame of synthesis towards natural product targets
5.4.1 Reduction of the vinylogous amide of product 282
5.4.1.1 Application of model system reduction conditions

With the optimised conditions in hand, our attention turned to the next challenge in the
synthetic sequence, namely the reduction of vinylogous amide 282. Previous work on a model
system 247 revealed LiAlH4 to be the best reductant, which, when paired with a NaBH4 work

up afforded alcohol 259 in a respectable 64% vyield vide infra (Scheme 5.21).

150



Chapter 5 — Application of a reductive annulation reaction towards the synthesis of Crinane-

type alkaloids

O i LiAIH, WOH
Me ‘ 1.1 equiv. Me,,
[lii THF <
—» H
Nig,  ii. MeOH Ng,
NaBH,
247 (2.0 equiv.) 259
64%

Scheme 5.21: Successful reduction of model compound 247 using LiAIH,4 followed by a NaBH,4 work up.

Unfortunately, when these conditions were applied to the more substituted system, a complex
mixture of products was formed (Table 5.8, Entry 1). Upon repetition at a colder temperature
of -78 °C, however, only starting material was obtained (Table 5.8, Entry 2). Further repetitions

at intermediate temperatures similarly returned only starting material (Table 5.8, Entries 3-4).

N O i. LIAIH,4 F1O° OH
‘ 2.0 equiv.
@) THF O
<o O Neg,  ii. MeOH <o N<gn
282 2.IZl)aqu|:|J‘i1v. 305
Entry Temperature (°C) Result
1 0 Complex mixture

2 -78 SM returned
3 -40 SM returned
4 -10 SM returned

Table 5.8: Attempts at applying our optimised reduction conditions to the real system. Reactions performed on

0.25 mmol scale.

Further reduction techniques were screened on compound 282, including high throughput

screens of both homogeneous and heterogeneous hydrogenation strategies with pressures of
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hydrogen of up to five bar used. Regrettably, no reactivity was observed in either case and

investigations into the strategy were curtailed.
5.4.1.2 Vaska’s complex as a reductant

Turning to the literature, it was noted that Vaska’s complex has been used with great success
to reduce simpler amide systems.®® Use of Vaska’s complex with a siloxane reductant can
reduce amides to the corresponding hemi-aminal, which can collapse to afford an iminium.
Attack with either hydride or a more complex nucleophile can then afford a variety of
functionality. Application of literature conditions to this system afforded a highly promising
crude *H NMR spectrum, with a major product clearly visible in under five minutes (Scheme
5.22). The crude NMR spectrum was characterised and revealed compound 306 as the major
product. The counter-ion identity is unknown, but we assume it is a variety of siloxane or

siloxide.

EtO_ O EtO_ O
o) X@
‘ IrCI(CO)(PPhs), ‘
0] 5.0 mol% 0
I — )
o) N< TMDS 0 N.<

Bn
3.0 equiv.
282 CDCl, 306

5 min, r.t.

Scheme 5.22: Treatment of our real system with Vaska’s complex and TMDS conditions.

Upon scaling up the reaction, we attempted to isolate 306 directly by performing an aqueous
work up after five minutes (Scheme 5.23). The major product was reduced product 307, albeit
in a low yield of 18%. We hypothesise that 307 arises from conjugate hydride addition into
iminium 306 followed by enamine protonation and iminium reduction, which we suggest

occurs on proton addition to the mixture where iridium catalyst is still present.
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EtO__O EtO O ¥

0]
‘ i. IrCI(CO)(PPh3),
0 5.0 mol% 0
X2 e < -

Bn 3.0 equiv T
282 CDCls, 5 min, r.t. 307 ‘&

18%
iii. excess H,0

Scheme 5.23: Total reduction of 282 using Vaska’s complex to give 307. Stereochemistry was assigned by
NOESY and confirmed by single crystal X-Ray analysis. Single crystal X-Ray analysis performed by T. C.
Jenkins.

Compound 307 is an important intermediate on the synthetic route to Crinane, however lacks
any of the peripheral functionality required to access any other member of the Crinane family.
A more useful transformation would be to trap the enamine formed after reduction by either

oxidation of the enamine, or 1,2-reduction of an iminium.

To complete the synthetic route to Crinane, we first attempted to optimise the iminium
reduction, therefore a variety of reductants were screened (Table 5.9). To increase economy,
the loading of Vaska’s complex was reduced to 1.0 mol%, with reaction time increased to

15 min to compensate. No adverse effects were observed as a result of this compromise.

Without any reductant, but simply an aqueous work up, 18% of 307 was observed as the major
product. It is unclear which species was causing reduction of iminium 306, however isolation
of only 18% of the intended product indicates that the reduction was inefficient and not going
to completion (Table 5.9, Entry 1). Use of a mild reductant, 5:2 HCO2H:NEtz, produced a
similar yield of 19%, indicating that the reagent choice was little better than a simple aqueous
work up, or potentially not reducing iminium 306 at all, with the residual yield observed due

to the background reactivity observed above (Table 5.9, Entry 2).
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EtO 0] o EtO 0]
‘ i. Vaska's Compound (1.0 mol%)

0 TMDS (3.0 equiv.) 0 ,
< O - < "y
No o N<

CDCls, 15 min, r.t.

Bn Bn
282 ii. reductant 307
Entry Reductant Yield of 307 (%)
1 None 18
2 5:2 HCO.H:NEt3 19
3 LiAIH, Complex mixture
4 NaBH(OAC)s 43
5 NaBH3CN 50

Table 5.9: Attempts towards complete reduction of vinylogous amide 282 to form 307. Isolated yields are
reported.
Application of a much stronger reductant, LiAIH4, afforded a complex mixture of products,
however, milder reductants such as NaBH(OAc)z and NaBH3CN afforded much more

promising yields of 43% and 50% respectively (Table 5.9, Entries 3-5). 100-101
5.4.2 Synthesis of Crinane

With successful total reduction conditions in hand, 307 was carried through three further steps
to complete the synthesis of Crinane. Firstly, the ester moiety was reduced using LiAIH4 to

form alcohol 308 (Scheme 5.24).

When the reaction was performed at room temperature only starting material was returned,
however at 40 °C the reaction proceeded smoothly, and afforded a 74% vyield on
0.2 mmol scale. The crude product after work up was sufficiently clean that no further

purification was required.
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Hydrogenation of alcohol 308 proceeded cleanly using Pearlman’s catalyst, affording amino
alcohol 309 in a good yield of 85% (Scheme 5.24). Pleasingly, the crude product was clean

enough to proceed without further purification.

EtO 0 HO b) 20 mol% HO
a) LiAlH, Pd(OH), on C
0 ) 3.0 equiv. 0 p (20 wt%) 0 7
¢ = = T
o N< T°C 0 N< MeOH 0
BN 50 min Bn
307 308 é"ﬁ 309
T=rt. 0% 85%

T=40°C 74%

Scheme 5.24: Reduction of the ester moiety of 307 to give alcohol 308 then hydrogenation to afford amino
alcohol 309. Isolated yields are reported. Reactions a) performed on 0.2 mmol scale b) performed on 0.15 mmol
scale.

With amino alcohol 309 in hand, we attempted the final ring closing step (Scheme 5.25).
Pleasingly, under Mitsunobu conditions Crinane 273 was afforded in 63% vyield after
purification by flash column chromatography. Overall, the synthesis of Crinane 273 was

completed in eight steps and 5 % overall yield.

DIAD 1
HO 1.2 equiv. -
PPhs ' |
1.2 iv. '
<O " equiv. 0] " \\!“,A.
é )
0 NH THF 0 N
50°C, 16 h -
309 273 )
63% HCI salt .
of 273 ”

Scheme 5.25: Ring closing reaction to afford Crinane 273. Isolated yield is reported. Reaction performed on
0.13 mmol scale. Structure and relative stereochemistry confirmation carried out by single crystal X-ray analysis

of the HCI salt of 273. Single crystal X-Ray analysis performed by T. C. Jenkins.
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Crinane is not a natural product, but a tetracyclic core that represents the parent member of the
alkaloid class. It was first synthesised in 1956 in a racemic manner by Wildman and co-workers
using an entirely synthetic method. It has since been used as a common synthetic target to
demonstrate method development in a total synthesis setting. The analytical data for the sample

of Crinane 273 synthesised here matches literature data (see experimental section 8.6, pg. 335).
5.4.3 Strategies to allow decoration of the C-ring
5.4.3.1 Oxidation conditions

Having successfully completed the synthesis of Crinane, our efforts returned to the vinylogous
amide reduction step, we aimed to use Vaska’s complex to generate a metastable intermediate
that could be further derivatised to form useful compounds as intermediates in the synthesis of

the more complex members of the Crinane family.

It was hoped that use of oxidants following the Vaska’s complex reduction might allow the
carbonyl functionality to be returned, but without the conjugation that rendered compound 282
challenging to derivatise. A report by Dixon and co-workers. indicated that such a
transformation might be possible, although the system described by the report was a simpler

amide, as opposed to the more challenging vinylogous amide system (Scheme 5.26).1%2

IrCI(CO)(PPhs), (1.5 mol%) - -

0 TMDS (1.5 equiv.) via
DIPEA (1.2 equiv.) 0 o)
BnN CH5Cl,, 15 min, r.t. BnN BANT BnN
—
then mCPBA (1.1 equiv.)
310 -78 °C to r.t. overnight 311

up to 63%

Scheme 5.26: Literature conditions for the redox transposition of tertiary amides.
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Direct application of the literature conditions to our system produced disappointing results
(Scheme 5.27). Although iminium 306 was produced in situ, the oxidation step proved more
challenging with our system: 8% of totally reduced product 307 was afforded but no other
products could be isolated cleanly and no evidence of desired product 312 could be observed.
Analysis by crude *H NMR spectroscopy was regrettably not possible for this reaction due to
the complex nature of the reaction mixture.

Desired
EtO 0 IrCI(CO)(PPh3), (1.5 mol%) EtO 0 EtO 0

0] TMDS (1.5 equiv.)
‘ DIPEA (1.2 equiv.)

0 CH,Clp, 15 min,rt. O 0
.0 - ¢ It
Nig, then mCPBA (1.1equiv.) © Ng, |0 Negn
-78 °C to r.t. overnight 307 312

8%

282

Scheme 5.27: Application of literature conditions to our vinylogous amide system. Isolated yield is reported.
Reaction performed on 0.25 mmol scale.
Upon repetition, a similar quantity of 307 was produced, however a second compound was
isolated in a 9% vyield (Scheme 5.28). Compound 313 was not our intended product 312;
however, it does possess the desired carbonyl functionality. The complex nature of the crude
'H NMR spectrum and the challenging purification process indicated that we are observing
two of many minor products generated by this transformation which did not foster much hope

for any optimisation process.
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EtO__.O IrCI(CO)(PPh3), (1.5 mol%)  EtO_ _O EtO__.O
o TMDS (1.5 equiv.)
‘ DIPEA (1.2 equiv.)

0 CH,Cly, 15 min, rt. O ,' 0 o
( O r > ( T+ N

Bn then mCPBA (1.1 equiv.) O
282 -78 °C to r.t. overnight 307 313

5% 9%

Scheme 5.28: Further products isolated upon replication of the reaction detailed in Scheme 5.27. Isolated yields
are reported. Reaction performed on 0.25 mmol scale.

In an attempt to improve the product ratios, three further oxidants were trialled with

disappointing results (Table 5.10). In situ generated DMDO afforded no totally reduced

product 307, but only produced 5% of 313, with the remainder of the mass balance as a complex

mixture (Table 5.10, Entry 2). Hydrogen peroxide and a softer equivalent species, NaBO3, both

afforded totally reduced product 307 as the major identifiable product, with no amount of 313

observed.

EtO__O IrCI(CO)(PPh3), (1.5 mol%)  EtO_ __O EtO___O
o TMDS (1.5 equiv.)
‘ DIPEA (1.2 equiv.)

O CH,Cl,, 15 min, r.t. O 7 O 0
( O T > ( T+ € T

(o) Bn then Oxidant (1.1 equiv.) O Bn @) Bn
282 -78 °C to r.t. overnight 307 313
Entry Oxidant Yield of 307 (%) Yield of 313 (%0)
1 mCPBA 5 9
2 DMDO 0 5
3 NaBOs 16 0
4 H20; 6 0

Table 5.10: Application of several oxidants to our Vaska’s intermediate. Isolated yields are reported. Reaction

performed on 0.25 mmol scale. Relative stereochemistry of 313 is left unassigned.
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5.4.3.2 C-H activation of reduced tricycle 307

It is possible that our previous strategies had attempted to work against the natural reactivity
of our system; an alternative strategy would be to follow the system’s natural reactivity to
afford saturated tricyclic compound 307. The desired decoration of the C-ring could then be

achieved via C-H activation after reduction had occurred.

We were inspired by the work of Yu and co-workers, who used the copper-mediated N-O
homolysis of an N-methoxy amide to achieve y, d-unsaturation in a large variety of systems,

some with polycyclic structures similar to ours (Scheme 5.29).103

R 9 CuF, (10 mol%) R 9
H)\(\)LN e A NH,

H AcOH or CSA
H DCE or 1,4-dioxane
100-125 °C, 1-20 h

Me MS
315 316
72% 70%

Scheme 5.29: C-H activation for y, d-unsaturation by Yu and co-workers.

We were excited by this method as although our compound of interest 307 has three y-protons,
Ha, Hp and Hc, the proton situated on the undesired site of C3, Ha, is on the opposite face of the

molecule from the N-methoxy amide, thereby hopefully preventing abstraction (Figure 5.2).
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This could favour abstraction of the more accessibly placed Hc, enabling the desired reaction

to occur.

H
_N O
MeO
O —_—
I’ —
4 Im =
O “Bn
317

Figure 5.2: Considering relative stereochemistry of unwanted sites of activation

Regrettably, initial attempts to apply the method described above to our system resulted in the
formation of 318 in a reasonable yield of 30% (Scheme 5.30). We believe this unexpected
by-product formed as a result of oxidative abstraction of an H atom a-to nitrogen by a copper
species, which was then further oxidised to form an iminium. The nitrogen of the N-methoxy
amide is then free to attack the iminium, closing the ring to form 318. It is unclear why this
mode of reactivity was quicker or more favourable than the N-O homolysis reaction to generate

desired product 319. We assume that the terminal oxidant for the reaction is atmospheric

oxygen.
H Desired
_N (0] HoN (0]
MeO CuF, 10 mol% O 2
8-Methoxyquinoline ‘
o) ) 0.2 equiv. o) -OMe © o y
’ _——— ’
< > e @
O Bn AcOH, 100 °C 0] Bn @) Bn
317 1,4-dloxane, 2h 318 319
30%

Scheme 5.30: C-H activation of our compound of interest; application of literature conditions with unexpected

side reactivity. Isolated yield is reported. Reaction performed on 0.25 mmol scale.
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5.5 Conclusion

In this chapter, the reductive annulation method developed in Chapter 4 was applied to a more
complex substrate 281, enabling the total synthesis of Crinane 273, the parent compound of the
Crinane family of natural products. The synthesis was eight steps in total, with an overall yield
of 5%. Extensive optimisation of the sequence was detailed and we also showed further
investigations towards modifying the sequence to enable a divergent synthesis of multiple
members of the Crinane family. Several strategies for diversification were investigated
including a modified Vaska’s reduction-functionalisation sequence and an attempt at a post

reduction C-H activation strategy.

Rh -catalysed
Me O OMe  |nterrupted Reductive

(0]
Pomeranz-Fritsch Annu/at/on ‘

(:@\/NH 302 ,N <Z O N.

Reductive
282
Amination Salt
i Formation
Synthesis endgame

LiAIH,4 Mitsunobu
Reduct/on Rlng Closure

o/\o

Vaska S Benzy/
Reduction Deprotection

Crinane 273
8 steps
5%

Scheme 5.31: Application of the reductive annulation reaction to the total synthesis of the Crinane family of

natural products.
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Chapter 6 — Investigations towards an enantioselective reductive annulation reaction

6.1 Exploring the challenges of making the enantiopure Crinane skeleton

The reductive annulation method described in Chapter 4 is a non-stereoselective reaction
between two achiral building blocks. In order to synthesise natural examples of the Crinane
family of alkaloids, the synthesis will have to be adapted to generate enantiopure products. The
stereocentres that determine the enantiomer of the alkaloid are at C3 and C4 on the isoquinoline
skeleton. The reduction of vinylogous amide 282 to form amine 307 proceeds with excellent
diastereoselectivity (Scheme 6.1). The relative stereochemistry results from the preference of
the final hydride addition to C3 to be delivered from the least hindered face. This

stereochemistry represents axial addition to the final iminium ion.

IrCI(CO)(PPh3), (1.0 mol%)
TMDS (3.0 equiv.)

CDCl3, r.t. 15 min
then
NaBH3;CN (0.5 equiv.)
AcOH (1.1 equiv.)
MeOH, r.t. 12 h

Scheme 6.1: Reduction of vinylogous amide 282 which determines the relative C3-C4 stereochemistry.

The absolute stereochemistry of the molecule at the C4-position is set in the reductive
annulation reaction described in Chapter 4 (Scheme 6.2). In its current form, the reaction is not

stereoselective and forms a racemic product.
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(0]
EtO |e o GD
0 Ve A N 0.02 mol%
< N + N~ A\ D ———
(0] Z > = 8.0 equiv.
® Bn : .
281 252 ) 92 HCOH:NEL (%)-282
2.0 equiv. 4.0 mL Dioxane

18 h, 80 °C
Rh:) = (Rth*Clz)z

Scheme 6.2: Non-stereoselective annulation reaction to produce the tricyclic skeleton of the Crinane natural
products.
There are two possibilities as to the enantiodetermining step of the reaction, namely the initial
addition of the endocyclic enamine to the conjugate acceptor electrophile (Scheme 6.3a), or the
ring closure of the exocyclic enamine onto the carbonyl of the electrophile (Scheme 6.3Db).
Although the conjugate addition sets the stereochemistry at C4 (Scheme 6.3a), it is possible
that this step is reversible and therefore the enantiomers generated after the initial addition to
generate intermediate 320 are in equilibrium, and the ring closure event (Scheme 6.3b) sets the

products’ absolute stereochemistry.

a) Conjugate addition to electrophile b) Ring closure via external enamine

0]

EtO

Scheme 6.3: Potential enantiodetermining steps in annulation mechanism. a) Conjugate addition to electrophile

or b) ring closure via external enamine addition into electrophile carbonyl.
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6.2 Previous studies towards enantioselective conjugate addition reactions

A multitude of methods have been employed previously to effect enantioselective conjugate
additions between nucleophiles and «, -unsaturated carbonyls to generate new C-C bonds.1%+
19 There are many catalytic examples of this technique, but a commonly utilised strategy is to
use chiral auxiliaries to impart stereogenic information on one or more components of the

reaction.10’

A chiral auxiliary is a group inserted into a molecule in order to impart stereoselectivity on a
non-stereoselective reaction which is then removed after the fact. A good chiral auxiliary
should be facile to add on to and remove from the molecule of interest, and afford high levels
of stereoselectivity during the reaction of interest. Many have been synthesised and employed
with great success including oxazolidinones, camphor sultams and menthol derivatives

(Scheme 6.4),108-110

Chiral Auxiliary families

R Me~Me 0 S S 0 0
C?) MePh O)LNH S)LNH O)LNH O)J\NH O)J\NH
Me  KgoNH o G G MGH Ph——{
M 7} R R R Me R Ph R

Menthol derived  camphor-sultam Evans Fijita/Nagao Crimmins  SuperQuat Gibson/Seebach
Corey, 1975 Oppolzer, 1983 1981 1985 1997 Davies, 1995 1998

Scheme 6.4: A range of chiral auxiliary families including several oxazolidinone derived species.

The use of chiral auxiliaries to effect stereoselective conjugate additions is widespread, with
numerous forms of auxiliaries utilised to achieve the C-C bond forming event with different
substrates.'!! Stereocontrol of the o and g-stereocentres is common, using the steric bulk of an
auxiliary substituent to bias the selectivity of an approaching reactant that is immediately

adjacent to the auxiliary. Control of a y-stereocentre using auxiliaries is much rarer, with the
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ability of a bulky substituent to imprint stereogenic bias to a reaction falling with the distance
between the substituent and the reactive centres. The main exception to this is the organo-
catalysed Diels-Alder reaction, where a, £ and y-stereocentres are set in a single reaction.%®
However, it can be considered that the rigid structure generated and the pericyclic (or at least

pseudo-concerted) nature of the reactivity results in stereochemistry set at the immediate o and

[-centres first which proceeds to influence the y-stereochemistry.

Hruby and co-workers were one of the first authors to utilise a chiral auxiliary approach to a
conjugate addition, coupling an «, S-unsaturated carbonyl to an Evans auxiliary to give
stereocontrol over a conjugate Grignard addition (Scheme 6.5).1*2 The high levels of
diastereoselectivity observed are attributed to the addition of a copper Lewis acid additive that
can coordinate the two carbonyls present in the substrate, therefore giving a rigid and well-

defined substrate with a larger difference in energy between diastereomer transition states.

Hruby and co-workers, 1993

- L, _
Cu’

o 0 82 O/ \IO

N/u\/\R1 R,MgBr, CuBr/Me;S O)‘\NJ\/'\R1 O)\\NJ\/\R

THF, -15 °C .

Ph Ph

1

Ph

7 examples
up to 96%
up to 99:1 d.r.

Scheme 6.5: Diastereoselective conjugate addition using a chiral auxiliary approach.

The field of organocatalysis has developed this concept, with more modern approaches to the
issue taking the form of a re-usable catalyst that forms the reactive enantioenriched species in
situ before performing the reaction, then hydrolysing to regenerate the organocatalyst. In many
ways, organocatalysts can be considered in situ chiral auxiliaries, that are put on, impart

stereoselectivity and are removed in a one-pot process, as opposed to three distinct reactions.
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MacMillan and co-workers used organocatalysis to good effect in a functionalisation-
cyclisation cascade with an indole substrate (Scheme 6.6).*** Activation of the electrophile, an
a, - unsaturated aldehyde, by an imidazolidinone organocatalyst 321 formed an iminium
which is attacked by the indole. The resultant iminium is then attacked by a pendant carbamate,
thereby cyclising and functionalising in a one-pot process. The organocatalyst is then
hydrolysed in situ to regenerate the catalytic species. This therefore makes the method the only
known example of a conjugate addition-cyclisation reaction that sets the «, £, and y-

stereocentres in a single step.

The use of a bulky organocatalyst allows control of a y-stereocentre with excellent yields and
enantioselectivities reported of up to 99% each respectively. Regrettably this system for
enantiocontrol could not be used on our substrate as the aldehyde oxidation state is wrong for
the product we are seeking to synthesise, and the system is not designed for direct attack at the
carbonyl.

MacMillan, 2004

via
0
HN / §§N N-Me
R20,CHN AP ) %
Catalyst 321| R“O2CHN Me
20 mol% Me" e
) —
N CHyCl, N
e \
R1

\
I R — n R
15 examples
up to 99% yield
0 up to 99% e.e.
/
HN HN N-Me
Catalyst 321 X
M Me

€ Me

Scheme 6.6: Organocatalysed conjugate functionalisation coupled with an indole cyclisation.
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6.3 Project aims

To render the annulation reaction enantioselective, we considered three possibilities: 1)
modification of the ambident electrophile, 1) modification of the ester side chain, and IllI)
modification of the benzyl activating group as good candidates to achieve stereoselectivity

(Scheme 6.7). Bulkier side chains could also be appended to aid with strategies | and 1.

:&/\r \)L ’N . 02 mOI% \/@
<o 8 0 equiv.

252 | 5:2 HCO,H:NEt;
2.0 equiv. 4.0 mL Dioxane
18 h, 80 °C
p— N\ —
via O N P Ui
cl | "°---.
. EtO O/j’ .
Strategy I Strategy II:
Alternative @) \3 Me Chiral electrophile
side chains <
0 N

Strategy I:
Chiral benzyl group

Scheme 6.7: Three strategies for substrate control of the reductive annulation. Strategy I: chiral benzyl

activating group. Strategy Il: chiral electrophiles. Strategy I11: bulkier side chains.

6.4 Attempts towards rendering the annulation reaction enantioselective
6.4.1 Strategy I: Chiral benzyl activating group

It was first suggested that an enantiopure benzylic sp® stereocentre on the benzyl activating
group of salt 281 might allow some level of stereocontrol to the process, and so the synthesis

of a single enantiomer of the salt was attempted. The literature method for synthesising related
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substrates involves making the Zincke salt, then substituting the activated nitrogen for an

enantioenriched, chiral amine (Scheme 6.8).1*

NO,

oagaca@ pwp

Scheme 6.8: Literature procedure for enantiospecific synthesis of chiral isoquinolinium salts.

Unfortunately, application of this technique to isoquinoline 280 failed, where only starting
material was recovered in the isoquinoline activation step (Scheme 6.9). It is thought that this
is due to the increased steric bulk of 280 at C3 as compared to the isoquinolines used in the

literature examples.

EtO CI

No2

Scheme 6.9: Attempted application of literature conditions to isoquinoline 280.

We hypothesised that even if a racemic mixture of a-methyl benzyl salt was used, some
diastereomeric control might be observed. The racemic salt should be easier to synthesise, as

it can be made using a more conventional Sn2 reaction.

We first attempted the reaction with the benzyl bromide, but unfortunately only starting
material was returned (Scheme 6.10). The failure of this technique was similarly attributed to
the steric bulk around the isoquinoline nitrogen, and so it was suggested that the reaction should
be reattempted but with the corresponding benzyl iodide, as substitution with iodide is notably
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faster than with the corresponding bromide (Scheme 6.10). Unfortunately, when attempted, the

reaction generated a complex mixture from which no useful product could be isolated.

2o

Scheme 6.10: Attempted synthesis of racemic a-methyl benzyl salt via a Sn2 reaction with a) a benzyl bromide
323 and b) a benzyl iodide 324.
We concluded that the difficulty encountered when trying to synthesise an a-methyl benzyl salt
indicated that this substrate was not well suited to this style of enantiocontrol, and so we

proceeded to consider other approaches.
6.4.2 Strategy I1: Reagent control through a chiral electrophile

It was noted that electrophile 252 was successful due to the stability of the pyrazole leaving
group. It was suggested that developing an enantioselective stereoselective variant of the
transformation could be achieved by finding an enantioenriched, chiral equivalent to a pyrazole
with a similar pKa. The pKa of pyrazole 327 is 19.8 (DMSO) (Figure 6.1), two species with
similar pKa values are oxazolidinone 328 (20.8, DMSO) and methane sulfonamide 329 (17.5,
DMSO). Oxazolidinone 328 is the basis for Evans’s chiral auxiliaries; the similar pKa values
and the wide precedent of using oxazolidinone groups in enolate chemistry justified exploring

the use of this functional group in the reductive annulation.
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H O
L ‘e X
Y P Me” > “NH,
327 328 329
pKa 19.8 20.8 17.5

Figure 6.1: pKa values for departing groups components of electrophiles.!!®

Oxazolidinone-based electrophile 330 was synthesised and subjected to the annulation reaction
conditions. Pleasingly, a small amount (17%) of product was produced in low stereoselectivity
of 41:59 e.r. (Scheme 6.11). e.r. were determined by SFC with a chiral stationary phase, with
relative integration compared against a racemic standard (see experimental section for further

details). Regrettably due to time constraints, the enantiomer identity of the product was not

\)Ol\ /[2 0. 02 mol% :‘\E‘
92 L
)\/ 8 0 equiv.

determined.

Bn 5:2 HCO,H:NEt;
Dioxane (0.0625 M) 282
2.0 equiv. 18 h, 80 °C 17%

41:59 er

Scheme 6.11: Application of an Evans auxiliary-derived electrophile to the reductive annulation. Isolated yield
reported. e.r. measured using SFC with a chiral stationary phase. Reaction performed on 0.25 mmol scale.
Our first strategy to improve upon this result was to use Lewis acid additives in an attempt to
control the orientation of the reactants in the transition state through carbonyl co-ordination
and thereby increase the enantioselective effects of the electrophile. A small screen of Lewis
acid additives was subsequently performed (Table 6.1). Regrettably, the e.r. measured were
either identical to that without an additive or substantially worse, and in one case the product

was racemic (Table 6.1, Entry 5). The lack of any improvement indicates that either increased
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co-ordination disrupts the transition state required to induce enantioselectivity, or that the initial

conjugate addition is not the enantiodetermining step.

g e i%@

Bn 5:2 HCO,H:NEt;
330 1.0 equiv. Lewis Acid
2.0 equiv. Dioxane (0.0625 M)
18 h, 80 °C
Entry Lewis acid Yield of 282 (%) er.
1 None 17 41:59
2 LiCl 29 44:56
3 MgCl, 24 41:59
4 Ti(O'Pr)s 34 45:55
5 Sc(OTf)s 14 50:50
6 Zn(OTf), 15 45:55

Table 6.1: Addition of Lewis acids to the enantioselective annulation reaction in an attempt to increase co-
ordination in the transition state. Yields determined by quantitative *H NMR spectroscopy. e.r. were determined
using SFC with a chiral stationary phase. Reactions performed on 0.25 mmol scale.

Several chiral auxiliaries were used to synthesise a range of ambident vinyl ketone-type
electrophiles and subjected to the reaction conditions (Scheme 6.12).1%° The auxiliaries were

chosen for ease of sourcing and price, so the specific enantiomer is not consistent.

All electrophiles screened afforded some product, however the product 282 e.r. varied quite
drastically between R groups. Decreasing the length of the side chain to a phenyl group (331)
decreased the e.r. to racemic within experimental error, perhaps showing that the effectiveness

of the auxiliary scales with side chain size.
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Dimethyl substituted electrophile 332 has traditionally been used to increase the
enantioselective effects of the side chain, as the presence of two geminal methyl groups is
presumed to push the side chain further from the Evans ring and towards the reaction transition
state.!'® Disappointingly, when applied in the reductive annulation reaction, the product was

obtained as a racemic mixture.

Electrophile 333 with a 'Bu side chain afforded 282 in a 39% yield but with a negligible e.r.
(within experimental error of being racemic). A more rigid indane derived electrophile 334
fared much better, affording a 34% yield with an e.r. of 75:25. We believe this much improved
e.r. is due to the rigid nature of the skeleton, suggesting that the bulk of the electrophile is much
deeper into the reaction transition state and is therefore imprinting a much larger

enantioselectivity on the system.

Lastly, Oppolzer’s camphor-sultam auxiliary was used to synthesise an ambident electrophile,

335, which produced an excellent isolated yield of 66% with an e.r. of 33:67.

Although the e.r. when 335 was used is much lower than with indane-based electrophile 334,
the high yield observed with 335 made it a promising candidate for optimisation. It was hoped
that by modifying the skeleton of the electrophile to become more sterically bulky, the e.r.
might be improved (Scheme 6.12). Regrettably, introduction of a bromine atom to the skeleton
to form 336 made little difference to either the e.r. or the yield, affording product in a 48%
yield with an e.r. of 35:65, very similar to the ratio of 33:67 obtained when unbrominated 335
was used as the electrophile. This perhaps implies that the bromine atom is on the wrong face
and therefore pointing away from the reaction transition state. If the introduction of a bromine
atom created sufficient steric bulk so as to prevent the formation of the required transition state,

one would expect a lower yield and a drastically reduced e.r. which is not observed here.

172



Chapter 6 — Investigations towards an enantioselective reductive annulation reaction

. B Py
EtO | RA O
(0] 0
0 - Me 0.02 mol% 0
< ' \)LNR o < O
o AN 2 8.0 equiv. 'e) N

@ Bn 5:2 HCO,H:NEt
2.0 equiv. : 2t 3
281 g Dioxane (0.0625 M) 282
18 h, 80 °C
0O 0 0] 0 0] 0 0 o)

\)LN/I( \)LN
0 L P 0 0
)\/ PR Bn Me tBu)\/

Me
330 331 332 333
(17%) 33% 18% 39%
41:59 52:48 50:50 48:52
)
Me __Me 0 Me _Me e}
\)LN
= 0
— N N
deo | Nl |
334 335 2=0 336 Br 370
(34%) (65%) o) 48% o)
75:25 33:67 35:65

Scheme 6.12: Screen of different chiral auxiliary derived electrophiles in the reductive annulation. Yields
determined by quantitative *H NMR spectroscopy. Isolated yields are indicated by brackets. e.r. were
determined using SFC with a chiral stationary phase. Reactions performed on 0.25 mmol scale.

We believe the reason for the improved yield with electrophiles 335 and 336 lies with the pKa
of the leaving group. In the optimised reductive annulation, the leaving group is a pyrazole
anion, which has a pKa of 19.8. A cyclic carbamate, such as an Evans’s auxiliary, has a pKa of
20.8, an order of magnitude larger than the pyrazole. A sultam is potentially much more similar
to the pyrazole pKa, and therefore more readily able to leave as the reaction progresses. Methyl
sulfonamide, a related species to camphor sultam, has a pKa of 17.5, perhaps indicating that
the leaving groups in electrophiles 335 and 336 are much more stable as the conjugate base

than an Evan’s oxazolidinone, and therefore more appropriate as a component of an ambident
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electrophile. A secondary possibility is that if the initial conjugate addition is rate determining,
the sulfonamide functionality is a better electron withdrawing group than an oxazolidinone,

resulting in a more electrophilic conjugate acceptor.

6.4.3 Further optimisation of the reaction with electrophiles 334, 335 and 336

Continuing with indane-derived electrophile 334, our next optimisation strategy was to lower
the reaction temperature, as it has been previously shown that lowering temperature increases
enantioselectivity, due to the differences in energy between the transitions state structures that
form the two enantiomers (Table 6.2).1-119 Pleasingly, although the yield obtained decreased
from 34% at 80 °C to 30% at 60 °C and then finally 15% at 40 °C, the e.r. observed increased
to a highly promising 83:17 at 40 °C (Table 6.2, Entries 1-3). Regrettably, decreasing the
reaction temperature below 40 °C prevented reactivity, thereby giving us a lower limit to the
envelope of reaction viability (Table 6.2, Entries 4-5). This is consistent with observations

made with the non-stereoselective reaction using pyrazole electrophile 252 (vide supra).

Given that there was starting material remaining in the reaction at 40 °C, the reaction was
repeated but left for 66 h. Disappointingly, only a small increase in yield was observed to 21%,

with the same e.r. of 83:17 (Table 6.2, Entry 6).
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0o 0O
0. 02 mol%
AL e p
— 8 0 equiv.

5:2 HCO,H:NEt,
Dioxane (0.0625 M)

2.0 equiv. 18 h T°C
Entry Temperature (°C) Yield of 282 (%) e.r.
1 80 (34) 75:25
2 60 30 77:23
3 40 15 84:16
4 30 0 -
5 20 0 -
62 40 21 83:17

Table 6.2: Temperature variations using rigid electrophile 334. Yields determined by quantitative *H NMR
spectroscopy. Isolated yields are indicated by brackets. e.r. were determined using SFC with a chiral stationary
phase. ®Reaction time increased to 66 h. Reactions performed on 0.25 mmol scale.

It was suggested that further optimisation of the reaction using 334 could be achieved by the
addition of Lewis acids, perhaps succeeding where we had failed with electrophile 330
(Table 6.3). Regrettably, of the three Lewis acids screened, yields and e.r. were broadly
unaffected, affording yields of 32% and 27% respectively for Ti(O'Pr)s and Al2Os, with an e.r.
of 78:22 for both. Contrary to this is SnCls, which prevented reactivity altogether (Table 6.3,

Entry 4).
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\)l\ /1( 0 02 mol% :‘\E’é
‘ 8 0 equiv. \/@

5:2 HCO,H:NEt;
1.0 equiv. Lewis Acid

2.0 equIV- Dioxane (0.0625 M)
18 h, 60 °C
Entry Lewis acid Yield of 282 (%) e.r.
1 - 30 77:23
2 Ti(O'Pr), 32 78:22
3 Al203 27 78:22
4 SnCl, 0 -

Table 6.3: Addition of Lewis acids with electrophile 334. Yields determined by quantitative *H NMR
spectroscopy. e.r. were determined using SFC with a chiral stationary phase. Reactions performed on 0.25 mmol

scale.

Next, we attempted to screen the reaction solvent, with a range of solvents chosen to represent
a variety of polarity. Regrettably, compared to the original reaction solvent of 1,4-dioxane
(Table 6.4, Entry 1), the solvents screened produced largely reduced e.r. and yields. MeCN
rendered only a small e.r. (58:42), much less than with 1,4-dioxane, and a mere 14% vyield
(Table 6.4, Entry 2) and acetone as the solvent prevented reactivity altogether (Table 6.4,
Entry 3). Polar solvents such as CHCIz and DCE fared a little better, with similar yields to
MeCN (18% and 12% respectively) but improved e.r. more in line with 1,4-dioxane (73:27,
69:31 respectively) (Table 6.4, Entries 4, 6). PhMe produced the most promising result of the
solvents trialled, however, with a 22% yield and an e.r. of 78:22. However, this result is still
worse than when 1,4-dioxane was used as the reaction solvent, and so investigations were

continued with 1,4-dioxane as the solvent.
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0]
o) Me 0. 02 mol%
< S + \)LN/I(O \/@
o} /g‘Bn ~ 8 0 equiv.

5:2 HCO,H:NEt;
Solvent (0.0625 M)

2.0 equiv. 18 h, 80 °C
Entry Solvent Yield of 282 (%) e.r.
1 1,4-Dioxane (34) 75:25
2 MeCN 14 58:42
3 Acetone 0 -
4 CHCIs 18 73:27
5 PhMe 22 (21) 78:22
6 DCE 12 69:31

Table 6.4: Solvent screen of the enantioselective annulation. Yields determined by quantitative *H NMR
spectroscopy. Isolated yields are indicated by brackets. e.r. were determined using SFC with a chiral stationary

phase. Reactions performed on 0.25 mmol scale.

It was suggested that an alternative counter-ion might improve reactivity, and so two potential
candidates were added to the reaction (Table 6.5).12° AgOTf, which should undergo salt
metathesis with the N-benzyl substrate to form the triflate, showed a reduction in both the e.r.
and yield to 70:30 and 24% respectively (Table 6.5, Entry 2). NaBAr",, a phase-transfer
catalyst, was trialled next, in the hope that the large, non-co-ordinating anion might aid in

reactivity.*?! Regrettably, although the e.r. was similar (73:27), the yield was lower, at 23%.
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(0]
0 Me 0.02 mol%
COCL Mmoo Q
o /g\Bn —~ 8 0 equiv.

5:2 HCO,H:NEt;
1.0 equiv. Additive

2.0 equiv. Dioxane (0.0625 M)
18 h, 80 °C
Entry Additive Yield of 282 (%) er.
1 - (34) 75:25
2 AgOTf 24 70:30
32 NaBArF, 23 73:27

Table 6.5: Addition of additives to the enantioselective annulation. Yields determined by quantitative *H NMR
spectroscopy. Isolated yields are indicated by brackets. e.r. were determined using SFC with a chiral stationary

phase. ®Reaction performed with 0.1 equiv. NaBArF,. Reactions performed on 0.25 mmol scale.

Finally, the camphor sultam derived electrophiles 335 and 336 were revisited, in the hope that
the lower e.r. could be optimised whilst retaining the high reactivity (Table 6.6). Subjecting
both 335 and 336 to the lowest feasible reaction temperature of 40 °C afforded a reasonable
amount of product, 53% and 52% vyield respectively. However, the e.r. observed were

regrettably unchanged, at 33:67 and 36:64 respectively.

The lack of any significant e.r. change with temperature is concerning, as these results are not
consistent with those recorded for equivalent experiments with indane-derived electrophile 334
(Table 6.2). This implies that the two electrophiles show different characteristics, where the
enantiodetermining step is affected by temperature in one, but independent of temperature in

the other.
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0
EtO Ie Me_Me o
Me 0.02 moI°/
O N N 0
<o 2N l'\l I 8 0 equiv.
® Bn R 550  5:2 HCO,H:NEt,
281 335R=H O Dioxane (0.0625 M)
336 R =Br 18h T°C
2.0 equiv.
Entry R T Yield of 282 (%) e.r.
1 H 80 65 33:67
2 H 40 53 33:67
3 Br 80 482 35:65
4 Br 40 52 36:64

Table 6.6: Lower temperature investigations with electrophiles 335 and 336. #Yield determined by quantitative
'H NMR spectroscopy. e.r. were determined using SFC with a chiral stationary phase. Reactions performed on

0.25 mmol scale.

6.4.4 Strategy I11: Adapting the ester side chain

Based on our observations, we propose a pre-transition assembly for the initial conjugate
addition of the enamine generated in situ to the electrophile (Scheme 6.13). In the model
proposed, the ester is pointing away from the isoquinoline core due to unfavourable peri-

interactions with the proton at the C6-position.

— 0O O’I -

EtO g
OEt m EO0__, O
o) H) ( /—< R NR;
0 N Ve N Me” 0 \Me
4 — < > ( '
o) 2N~ 0 N o) N<
® Bn ® Bn

Scheme 6.13: Suggested pre-transition assembly for the conjugate addition of enamine into electrophile.
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Not enough is known about the system to accurately predict the transition state for the reaction,
as it is acyclic, with unknown orientations of the components. DFT could be used to inform
this model further, but was not in this instance due to time constraints. The suggested pre-
transition assembly in Scheme 6.13 is included for clarity but should not be interpreted as an

accurate representation of the reaction.

Subsequently to this, it was hypothesised that the enantioselectivity of the reductive annulation
could be increased by making either the ester side chain or the benzyl group larger; this would
hopefully increase the selectivity of the reaction by creating a larger steric environment to bias

the formation of one enantiomer over the other.

Compounds 337, 338 and 339 were synthesised, each with a distinct side chain bulkier than
the original ethyl side chain in 281, and were subjected to the reductive annulation conditions
(Scheme 6.14). Pleasingly, the yields afforded were only slightly reduced from 281 with an
ethyl side chain. Regrettably, however, the enantiomeric ratios observed were the same, within
experimental error, of the model system. These data suggests that our transition state model is
incorrect in some way, and the ester side chain is pointing away from the centre of reactivity.
Accordingly, modifying the sterics of the alkyl group of the ester will not impact the

stereoselectivity of the reaction.
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\)]\ /[( 0 02 mol% :‘\E/‘
~‘ 8 0 equiv. \/@

5:2 HCO,H:NEt,

337- 339 Dioxane (0.0625 M) 340-342
2.0 equw. 18 h, 80 °C
M \/@
S\ Me $ & & ~~"“NBn,
282 340 341 342
3493 30% 31% 29%
2505 75:25 74:26 75:25

Scheme 6.14: Screen of ester side chain substituents in an attempt to increase the bulk of the transition state.
Isolated yields are reported. e.r. were determined using SFC with a chiral stationary phase. Reactions performed

on 0.10 mmol scale. ®Reaction performed on 0.25 mmol scale.

6.4.5 Strategy I11: Adapting the benzyl activating group

Further to our work altering the ester side chain, we wished to explore the effects of adapting
the benzyl activating group to be more sterically demanding. Substrates bearing three different
activating groups were synthesised (343, 344 and 345, Scheme 6.15) and subjected to the
reductive annulation conditions. Regrettably, all three afforded a lower yield than with original
compound 281 as the substrate, giving 22%, 20% and 20% yields respectively. Enantiomeric
ratios were broadly unimproved; 346 showed a slightly higher level of selectivity (e.r. =78:22),
347 was consistent with unsubstituted 282 affording an e.r. of 75:25 and ortho-nitro benzyl
derived 348 gave a much lower e.r. of 62:38. We propose this indicates that slightly bulkier
benzyl groups have a negligible effect on the difference in energy between the two transition
state structures that form the two enantiomers, perhaps because the benzyl substituent is

pointing sufficiently away from the reaction transition state to have negligible steric effects.
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0
EtO |e O
O Me 0. 02 mol%
* g ﬁ
’ & 8 0 equiv.
5:2 HCO,H:NEt
343- 345 2 3 346-34
Dioxane (0.0625 M) 8
2oeq“'v 18 h, 80 °C
= Bu CF;
\/© \/©\ \/@ OZ\NJ@
j .és tBu j CF3 j
282 346 347 348
34% 22% 20% 20%
75:25 78:22 75:25 62:38

Scheme 6.15: Screen of benzyl activating groups in an attempt to increase the bulk of the transition state.
Isolated yields are reported. e.r. were determined using SFC with a chiral stationary phase. Reactions performed

on 0.25 mmol scale.

6.5 Investigations into the mechanism of enantioselective annulation

We wanted to determine the enantiodetermining step of the reaction; there are two possibilities,
either the initial conjugate addition into the chiral electrophile, or the ring closure attack at the

electrophile carbonyl (Scheme 6.16).

The first possibility is that the initial conjugate addition of the in situ generated enamine into
the chiral electrophile (Scheme 6.16a). Were this to be the enantiodetermining step, the reaction
would have to be irreversible. We consider this is the simplest and most likely of the two
options, as Donohoe and co-workers have shown that a range of C4-functionalised products

can be obtained with a variety of different electrophiles.

The alternative to this is that the initial conjugate addition itself is reversible, and the

stereochemistry is determined by a second faster ring closure step (Scheme 6.16b).
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a) Initial irreversible conjugate addition

o) © 0 _NR;
QEt @/U\) EtO_O |
NR

e} 2
o) Me 0] Me
( =l — < !
O “Bn O ® Bn
| Il
b) Reversible addition followed by ring closure /}
@) NR (@) NR
OEt 0 © 2 2
Eto.__O | EtO.__O EtO.__O
: =Y :
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| Il ]| 282

Scheme 6.16: Two possibilities for the enantiodetermining step in the enantioselective annulation: a) Initial

irreversible conjugate addition and b) Reversible addition followed by irreversible ring closure.

In order to show if the first step in enantiodetermining, a control experiment was proposed with
isoquinoline 349, which lacks a C3-methyl group (Scheme 6.17). The lack of an a-methyl
group prevents the second cyclisation step from occurring, which will result in the isolation of
the analogue of intermediate 320 (Scheme 6.3, Scheme 6.16). If the isolated intermediate has
a d.r. similar to the e.r. produced when the electrophile is used in the annulation reaction, this
suggests that the initial conjugate addition is irreversible and therefore enantiodetermining. If
the product has a substantially different d.r. to the corresponding e.r. of the annulation reaction,
this suggests that the initial addition is reversible and therefore the addition reaction is under

thermodynamic control.

Three electrophiles (334, 335 and 336) were chosen for this control experiment as the expected
yield was high enough to hopefully ensure clean isolation of the product and the expected d.r.

should be large enough to be noticeable by spectroscopic means (Scheme 6.17).
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(} EtO___O
(0N o Rl T
(0] 0.02 mol%
O SN . o o)
< ! S oo« \
e} Q) 8.0 equiv. 0

® Bn 5:2 HCO,H:NEt,
349 334, 335,.336 Dioxane (0.0625 M) 350, 351, 352
2.0 equiv. 18 h, 80 °C
Me Me
E &/%N}Q N/‘zé
350 351 dso 352 N—dso
36% 36% 8 17% Bru
52:48 34:66 37:63

Scheme 6.17: Subjection of control compound 349 to the annulation conditions to test for the
enantiodetermining step by isolating 350, 351, and 352. Isolated yields are reported. d.r. determined by relative
'H NMR integration of the isolated product and verified by relative 'H NMR integration of the crude mixture.

Reactions performed on 0.25 mmol scale.

Pleasingly, both products 351 and 352 were isolable in yields of 36% and 17% respectively.
Their diastereomeric ratios were measurable by relative integration of their *H spectra and were
shown to be 34:66 and 37:63 respectively. This ratio is similar to the e.r. observed in the
annulation reaction (33:67), supporting the proposal that the initial conjugate addition with
these two electrophiles (335 and 336), is both irreversible and enantiodetermining. Contrary to
this conclusion, when electrophile 334 was used with substrate 349 under reductive annulation

conditions, product 350 was isolated in 36% yield with a d.r. of 52:48.

Although the first two data points support our hypothesis of the initial conjugate addition being
the enantiodetermining step, the possibility of our hypothesis being incorrect cannot be
discounted for two reasons. 349 is a distinct substrate, and could therefore react very differently
under the reductive annulation conditions. The two diastereomeric intermediates formed are

again different to any intermediates formed in the reductive annulation reaction with 281 as the
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substrate, therefore it is hard to assess if both diastereomers will undergo any side reactions at
different rates; since they cannot cyclise fully, the two intermediates are present under the
reaction conditions for significantly longer than any analogues formed in the reaction with 281.
The low yields of the products suggest that there could be side products formed which could
arise from diastereoselective side reactions, which would give a false d.r. for the overall

reaction.

We propose that when 334 is used as the electrophile, the departing oxazolidinone anion is
sufficiently less stable to make the second step (kz2) slow (Scheme 6.18). This then implies that
k2 is the enantiodetermining step and therefore ki is reversible, which would account for the

52:48 d.r. observed.
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Scheme 6.18: Reductive annulation mechanism with the rates of the two steps considered.

With this theory in hand, the two potential mechanisms for the reaction are as follows
(Scheme 6.19). Mechanism a) as exemplified by camphor-sultam derived electrophile 335,
involves fast substitution at the carbonyl in the second direct addition step. This then means
that the initial conjugate addition is irreversible and slow in comparison, determining the

reaction enantioselectivity.

Mechanism b) as exemplified by Evans auxiliary derived electrophile 334, involves slow

substitution at the carbonyl, which results in a faster reversible conjugate addition step,
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generating a thermodynamic mixture of diastereomers of 355. The final direct addition is

therefore the enantiodetermining step.

a) Step 1 as the enantiodetermining step

EtO O
O
O ‘
Fast < O
n —> 0
Irreversible Irreversible
353 354

b) Step 2 as the enantiodetermining step
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Scheme 6.19: Two possible mechanism for the reaction a) Step 1 is the enantiodetermining step with fast

substitution at the carbonyl. b) Step 2 is the enantiodetermining step with slow substitution at the carbonyl.

6.6 Conclusion

In this chapter, we have made significant progress towards performing the reductive annulation
reaction described in Chapter 4 as an enantioselective variant. Use of chiral auxiliaries, such as
Evan’s oxazolidinone and Oppolzer’s camphor-sultam have enabled the development of
further ambident electrophiles to effect the transformation with stereoselectivity. Optimisation
of the reaction conditions and the electrophile skeleton have led to an e.e. of 68%.

Investigations into the reaction mechanism have shown that the two auxiliaries mentioned
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above proceed by different mechanisms, with a theory proposed that different steps in the

mechanism can be enantiodetermining depending on the auxiliary used.

Enantioselective Reductive Annulation Chiral Auxiliary Derived Electrophiles

=0 ! Rh ‘ E \/U\NJ( N)H |

o) - Ve kA) o) : = O I Il :
{ I —X O Lo s 335 350
o Z®'Bn 80-40°C O “Bn i 34% 65% O :
. 68% e.e. 34% e.e.

Scheme 6.20: Development of the stereoselective reductive annulation reaction.
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Chapter 7 — Conclusions and Future Work

7.1 Thesis Summary

In this thesis, three distinct techniques for performing g-functionalisation of isoquinolines have

been explored, with applications to natural product synthesis.

In Chapter 2, a temporary dearomatisation strategy towards the direct g-functionalisation of
isoquinolines was explored, making use of benzoic acid as a mild activating agent. It was
proposed that the acid acts as a nucleophile, dearomatising the isoquinoline substrate to reveal
enamine functionality, which is then free to add into a conjugate acceptor. The scope of the
reaction was explored, showing the wide range of isoquinoline functionality tolerated, and a
small scope of vinyl ketones was described. Mechanistic experiments revealed that the reaction

likely proceeds through the free isoquinoline.
Chapter 2: Temporary dearomatisation
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Scheme 7.1: Temporary dearomatisation strategy towards S-functionalised isoquinolines.

Chapter 3 detailed a different approach for achieving S-functionalised isoquinolines, building

upon the reductive functionalisation chemistry developed previously within the group, which
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provided a facile route to a wide range of g-functionalised THIQs. An oxidative debenzylation
reaction was used to effect the required transformation, which furnished a two-step sequence
to p-functionalised isoquinolines. A scope was explored, including both simple mono-
functionalised THIQs and more complex tricyclic systems as well as extending to other types
of heterocycles. Mechanistic studies indicate that the mechanism probably proceeds via a

debenzylative retro-ene reaction followed by further oxidation.

Chapter 3: Oxidative debenzylation
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Mechanistic Investigations up to 93% yield =
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Scheme 7.2: Oxidative debenzylation strategy to synthesise g-functionalised isoquinolines from THIQs.

Building on the group’s previous work with acidic reductive functionalisation conditions,
Chapter 4 describes the development and optimisation of a reductive annulation reaction,
making use of ambident electrophiles to achieve the one-pot transformation. The tricyclic
vinylogous amide product was then derivatised to alcohol 259, providing proof-of-concept that
the unusual, charge-separated vinylogous amide motif was amenable to downstream

functionalisation.
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Chapter 4: Reductive annulation development Vinylogous amide reduction
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Acryloyl derived ambident electrophiles
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Scheme 7.3: Development of a reductive annulation reaction to produce a tricyclic THIQ skeleton.

Chapter 5 showed the application of the reductive annulation reaction developed in Chapter 4
to an electron-rich isoquinoline system, aimed towards the synthesis of the Crinane family of
natural products. The synthesis of key intermediate 281 was optimised, including a reductive
amination and an interrupted Pomeranz-Fritsch isoquinoline synthesis. A concise and efficient
synthesis endgame subsequently afforded the family’s parent compound Crinane, in eight steps
and 5% overall yield. Further exploration of several alternative endgame strategies were

explored to enable future syntheses of other family members.
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i Key intermediate
+ for divergent synthesis

Chapter 5: Application of the reductive annulation method
towards the synthesis of Crinane natural products
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Scheme 7.4: Application of the reductive annulation reaction to the total synthesis of the Crinane alkaloid family
skeleton.
Finally, in Chapter 6 the reductive annulation reaction developed in Chapter 4 was modified in
an effort to render it enantioselective. Several approaches were trialled, with the greatest
success arising from the use of chiral auxiliaries in the place of the pyrazole moiety in the
ambident electrophile. Various derivatives of both Evan’s oxazolidinone and Oppolzer’s
camphor-sultam were used during the optimisation, affording varying degrees of selectivity.
Preliminary mechanistic investigations were conducted using a model substrate without a C3
methyl group, thereby forcing the reaction to stop half-way. In this way, the reaction with three
chiral auxiliary derived electrophiles, 334, 335 and 336 were shown to proceed via distinct
mechanisms with different enantiodetermining steps, which was proposed to relate to the

acidity of the relevant leaving group.
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Chapter 6: Development of an enantioselective Chiral auxiliary derived electrophiles

reductive annulation
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Scheme 7.5: Development of an enantioselective variant of the reductive annulation, making use of chiral

auxiliary-derived electrophiles.

7.2 Future work

Due to time constraints, syntheses of other members of the Crinane family of alkaloids were
not exhaustively investigated. Further optimisation of the vinylogous amide reduction could be
undertaken to potentially generate more favourable intermediates, perhaps via an alkene
reduction leaving the carbonyl intact, or perhaps a partial reduction of an elimination product,
to give alkene 356 (Scheme 7.6). Either of these intermediates could then be derivatised to

afford several members of the Crinane family.

Most members of the Crinane family feature oxygenation in the C ring, a functionality currently
impossible to access via the route described in Chapter 5. Partial reduction by some other means
to form ketone 357 would be favourable, as the oxygenation site is consistent with the
oxygenated members of the family. A milder reduction is therefore required to remove the
amide C-C double bond without reducing the carbonyl. This was successfully achieved with a
model system in Chapter 4, but regrettably when the optimised conditions were applied to

amide 282, only product decomposition was observed. This result should be pursued further,
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perhaps investigating whether alternative hard hydride sources or perhaps differing solvents

would allow the desired transformation to occur on vinylogous amide 282.

Future work EtO
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Scheme 7.6: Future work optimising the vinylogous amide reduction to give more favourable intermediates,
enabling syntheses of more diverse members of the Crinane family.
The optimisation of an enantioselective version of the reductive annulation was also curtailed
due to time constraints. The selectivity of the reaction could be further optimised by exploring
derivatives of electrophile 334 which achieved the highest level of selectivity to date
(Scheme 7.7). The skeleton of the auxiliary is an indane motif that is often used to synthesise
chiral PyBox ligands, used for transition metal catalysis. Previous investigations in the
literature have shown syntheses of a number of functionalised analogues of indane-derived
358, generated through site-selective bromination followed by palladium-catalysed cross
coupling. This sequence could be used to generate a small array of larger chiral auxiliaries to
explore the reaction and therefore hopefully increase the enantioselectivity. Our proposed
transition state model shows that the chiral electrophile is directed towards the N and C1 atoms
of the isoquinolinium salt, therefore a further aromatic substituent may stabilise the transition

state by m-m interactions and thus increase selectivity.
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Enantioselective annulation
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Scheme 7.7: Future work on increasing the enantioselectivity of the reductive annulation.

Further to this, we have hypothesised that the other successful chiral electrophile, a camphor-
sultam-derived species, may be reacting via a different mechanism. We propose that this causes
the initial conjugate addition to be irreversible and enantiodetermining. The transition state for
this reaction may be stabilised by co-ordination, for instance from a Lewis acid. Whilst
screening solvents and Lewis acids did not previously provide a substantial improvement,
altering the electrophile to 335 may afford more promising results, due to the differing

hypothesised mechanisms.

Combining these two projects would enable many members of the Crinane family of natural
products to be synthesised in high enantiopurity via a divergent route from a common
intermediate. Other Amaryllidaceae alkaloids could also be accessed in a similar fashion
(Scheme 7.8). Studies have already shown that use of a C4-unsubstituted isoquinolinium salt
can lead to amide 359, which could be further derivatised to access members of the Lycorane
family. Formation of an alternative exocyclic D-ring would be required, which could be

achieved post reduction using an a-carbonyl alkylation strategy.
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Further Natural Product Families
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Scheme 7.8: Further Amaryllidaceae natural product families that could be synthesised using a highly related
divergent approach with a reductive annulation step to construct the C ring.
Similarly, the Trisphaeridine family could be accessed from amide 359, using a global
oxidation strategy. The debenzylative oxidation described in Chapter 3 could be useful in this
regard, however reduction of the vinylogous amide would have to occur first, a challenge in

this system that has not yet been overcome but could be targeted in future synthetic campaigns.
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8.1 General experimental details

Chemicals and solvents: Chemicals were purchased from commercial suppliers (Sigma
Aldrich, Fluorochem and Alfa Aesar) and used without further purification. Solvents were
dried either by filtration through activated alumina purification columns in house, or over pre-

activated 4 A molecular sieves.

Chromatography: TLC analysis was performed using pre-coated silica gel aluminium sheets
(Merck TLC Silica Gel 60 F254), with spots visualised either under UV light or by staining
with either a solution of KMnQg4, ninhydrin in acidic ethanol (ninhydrin stain), bromocresol
green stain or vanillin in acidic ethanol (vanillin stain). Flash column chromatography was
performed using Merck Geduran® Silica Gel 60 (40-63 um) or (15-40 um) using gaseous
nitrogen to generate head pressure. Deactivated Silica refers to pre-basified silica: silica
(400 g), pentane (250 mL), Et.O (250 mL) and NEts (5 mL) were combined in a 1 L beaker
and stirred for 15 min. The solvent was allowed to evaporate overnight and the resulting silica

could be stored in a sealed bottle for a few weeks.

Glassware: Reactions were carried out in standard glassware under an atmosphere of air unless
stated otherwise. Microwave vials and vial caps (containing a resealing Silicone/PTFE septum)

were purchased from Kinesis (Cole-Palmer) and were used without flame-drying.

Reaction Temperatures: Room temperature (r.t.) refers to 20-25 °C. Temperatures of 0 °C
were obtained using an ice/water bath and temperatures of -78 °C were obtained using a dry
ice/acetone bath. Temperatures elevated above r.t. were achieved using a heating block
mounted on an IKA basic stirrer hotplate. Where reactions were performed in a round bottomed
flask, the block took the form of a commercial Asynt DrySyn® Multi-E kit heating block.

Reactions performed in a microwave vial were heated using a cuboidal aluminium block
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manufactured in-house for Biotage® 5 mL glass microwave vials. The block has dimensions

of 47.5 by 75.0 by 50.0 mm, with 6 bores of 17.0 mm diameter, and depth 30.0 mm.

NMR Spectroscopy: NMR spectroscopy was carried out using a Bruker 400, 500 or 600 MHz
spectrometer in the deuterated solvent stated, using the residual non-deuterated solvent signal

as an internal reference. The instruments used to collect NMR data were either:

AVF400 (400MHz) is a Bruker Avance Il HD nanobay NMR equipped with a 9.4 T
magnet. 'H 400.3MHz, 1B 128.4MHz, *°F 376.6MHz, 3C 100.7MHz, *'P 162.0MHz
AVX500 is a Bruker Avance 11 HD NMR equipped with a 11.75 T magnet. *H 500.3 MHz,
13C 125.8 MHz, 3P 202.5 MHz, 1°F 470.8 MHz, !B 60.5 MHz

NEOG600 is a Bruker NEO 600 with broadband helium cryoprobe equipped with a 14.1 T
magnet. *H 600.4MHz 3C 151.0MHz, '°F 565.0 MHz, 3P 243.1 MHz, B 192.6 MHz, #Si
119.3 MHz

AV600 is a Bruker Avance Il HD 600 with BB-F/1H Prodigy nitrogen cryoprobe equipped
with a 14.1 T magnet. *H 600.2MHz 3C 150.9MHz, 3!P 243.0 MHz

AV700 is a Bruker Avance 111 700 with a 1H(13C/15N) inverse TCI cryoprobe equipped with
a16.44 T magnet. *H 699.9MHz, 13C 176,0MHz, °N 70.9MHz

Chemical shifts, §, are recorded to the nearest 0.01 ppm (*H NMR) or 0.1 ppm (3*C NMR) and
referenced to residual solvent peaks. Splitting patterns are classified as a singlet (s), broad
singlet (br s), doublet (d), triplet (t), quartet (q), hextet (h), heptet (hept), multiplet (m) or
combinations thereof. Chemical shifts and splitting patterns were recorded as observed and left
uncorrected for fidelity purposes. *H NMR yields were calculated by using 0.33 equiv. of 1,3,5-
trimethoxy benzene as an internal standard, added to the crude reaction mixture after work up
and concentration in vacuo. Quantitative *H NMR spectra were recorded using a Bruker AVIII

HD 400 Spectrometer with a 25 s relaxation time and samples measured in CDCls.
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Mass Spectrometry: LRMS were obtained using an Agilent 6120 Quadrupole LC-MS
spectrometer with electro spray ionisation conditions (ESI). HRMS were recorded on a Thermo
Exactive orbitrap spectrometer equipped with a Waters Equity LC system, with a flow rate of
0.2 mL/min using water:methanol:formic acid (10:89.9:0.1) as eluent. The system uses a heated
electrospray ionisation (HESI-II) probe for ESI* and has a resolution of 50,000 FWHM under
conditions for maximum sensitivity, with an accuracy of better than 5 ppm for 24 h following
external calibration on the day of analysis. The mass reported is that containing the most
abundant isotopes, with each value rounded to 4 decimal places and within 5 ppm of the

calculated mass.

HPLC: Reverse phase HPLC yields were obtained using a Dionex UltiMate 3000 system
equipped with UV-Vis variable wavelength detector, fitted with an Agilent InfinityLab
Poroshell 120 EC-C18 column (0.46 cm x 150 mm, 4 um pore size). 2-Naphthol was used as

an internal standard, with 1.0 equiv. added after work up and concentration in vacuo.

Chiral SFC (supercritical fluid chromatography): separations were conducted on a Waters
Acquity UPC2 system using Waters Empower software. Chiralpak® columns (150 x 3 mm,
particle size 3 um) were used as specified in the text. Solvents used were of HPLC grade (Fisher

Scientific, Sigma Aldrich or Rathburn).

X-Ray Diffraction: Single crystal X-ray data collection and structure determination were
performed by Timothy C. Jenkins in the Chemistry Research Laboratory, University of
Oxford. Crystals were mounted on MiTeGen loops using perfluoropolyether oil and rapidly
transferred to a goniometer head on a diffractometer fitted with an Oxford CryoSystems
CryoStream open-flow nitrogen cooling device.*?? Data collections were carried out at 150 K
using an (Rigaku) Oxford Diffraction Supernova A diffractometer using mirror-

monochromated Cu Ka radiation (1 = 1.54184 A) and data were processed using
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CryAlisPro. The structure was solved using charge-flipping algorithm (SUPERFLIP) and
refined by full-matrix least squares using CRYSTALS.??-12 Structures are visualised and

represented using Mercury.

Melting Point and IR Data: Melting points were measured using a Gallenkamp Griffin
melting point apparatus. Fourier Transform Infrared (FTIR) spectra were recorded using a

Bruker Tensor 27 spectrometer with absorption maxima quoted in wavenumbers (cm™).

Compound Numbering and Structure Depiction: Chiral compounds and images depicting
chiral compounds refer to racemic mixtures unless stated otherwise. Compounds were
numbered using Perkin Elmer ChemDraw software, numbering is for the purpose of

assignment only and does not correspond to formal compound numbering patterns.
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8.2 General Procedures
General Procedure A:

The corresponding isoquinoline (0.125 mmol, 1.00 equiv.) was placed in a 2 mL vial with
benzoic acid (46 mg, 0.38 mmol, 3.0 equiv.), MVK (41 pL, 0.50 mmol, 4.0 equiv.) and a stirrer
bar. The mixture was dissolved in acetonitrile (0.1 mL) and stirred at 80 °C for 18 h. The
reaction mixture was diluted with CH.Cl, and washed with sat. aq. Na.COz. The aqueous layer
was extracted twice more with CH2Cl> then the combined organic extracts were dried over

MgSOy, filtered and concentrated in vacuo.
General Procedure B:

The corresponding isoquinoline (0.25 mmol, 1.0 equiv.) was placed in a 2 mL vial with benzoic
acid (92 mg, 0.75 mmol, 3.0 equiv.), the corresponding electrophile (1.0 mmol, 4.0 equiv.) and
a stirrer bar. The mixture was dissolved in acetonitrile (0.2 mL) and stirred at 100 °C for 18 h.
The reaction mixture was diluted with CH2Cl, and washed with sat. aq. Na2COs. The aqueous
layer was extracted twice more with CH.Cl> then the combined organic extracts were dried

over MgSOy, filtered and concentrated in vacuo.

General Procedure C: According to a procedure reported by Donohoe and co-workers:23
Benzyl isoquinolinium iodide (170 mg, 0.50 mmol, 1.0 equiv.) was dissolved in MeCN
(0.40 mL) with 5:2 HCO2H:NEtz (0.17 mL, 2.0 mmol, 4.0 equiv.) and an electrophile
(0.50 mmol, 1.0 equiv.). The solution was heated to 80 °C for 18 h, cooled to r.t., diluted with
CH2Cl», and washed with sat. aq. Na,COs. The layers were partitioned, the aqueous layer
washed twice with CH2Cl>, the organic layers combined, dried over MgSQOs, filtered under

gravity and concentrated in vacuo.
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General Procedure D: Tetrahydroisoquinoline (0.25 mmol, 1.0 equiv.) was placed in a
microwave vial with pyridine-N-oxide (36 mg, 0.38 mmol, 1.5 equiv.) and camphor (0.20 g,

1.3 mmol, 5.3 equiv.), sealed, heated to 250 °C for 40 min then cooled to r.t.

N.B. For this project, when the reactions were performed in a sealed vessel, a blast shield was
used for safety purposes, although it is worth noting that no reactions exploded, uncontrollably
released their contents or otherwise failed during the reaction time. When MeCN was used as
the reaction solvent, the PTFE seal in the microwave cap swelled and hardened, indicating a
significant build-up of pressure, but did not fail. When camphor was used as the solvent, no
such deformation was observed. The height of the microwave vial above the aluminium block
used to provide heat allowed the vial itself to act as a reflux condenser, with the camphor visibly
condensing on the walls of the vial above the block and dripping back down into the reaction.
Mitigating factor were adopted to minimise the risk of any reaction seal failing, such as using
only intact, undamaged microwave vials, use of a blast shield and cooling the reaction vials
fully before opening. When the reaction was performed at 270 °C, the reaction was
incompatible with a balloon, as the glue bonding the metal needle to its plastic mounting
repeatedly failed. Subsequently, reactions performed at 270 °C were done so in a sealed vessel

in the absence of a balloon.
General Procedure E:

Isoquinoline was dissolved in acetone (0.2 M) with Bnl (1.2 equiv.) and stirred at 60 °C for
18 h. The mixture was cooled to r.t. then the suspension triturated with Et,O and the precipitate

filtered off.
General Procedure F:

Following a procedure reported by Czekelius and co-workers:?® Acrylic acid (0.70 mL,

10 mmol, 1.4 equiv.) was dissolved in anhydrous THF (30 mL) and cooled to -20 °C. NEts
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(2.60 mL, 18.5 mmol, 2.50 equiv.) was added dropwise, followed by acryloyl chloride
(0.80 mL, 9.5 mmol, 1.3 equiv.), then the reaction was stirred at -20 °C for 2.5 h. LiCI (370 mg,
8.76 mmol, 1.20 equiv.) and a chiral auxiliary (7.3 mmol, 1.0 equiv.) were added, then the
reaction was allowed to warm to r.t. overnight. The reaction was quenched by addition of
excess 0.2 M HCI, then the crude reaction mixture was concentrated to remove excess THF.
The mixture was then diluted with EtOAc and H.O, shaken and the layers partitioned. The
aqueous layer was extracted twice more with EtOAc, then the combined organic extracts
washed once each with sat. ag. NaHCO3 and brine, dried over MgSOs, filtered under gravity

and concentrated in vacuo.

General Procedure G:

Ethyl 2-(7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate 280 (546 mg, 2.00 mmol,
1.00 equiv.) was dissolved in acetone (20 mL) with a benzyl iodide and stirred at 60 °C
overnight. After cooling to r.t. the mixture was triturated with Et2O until a precipitate was

observed. The precipitate was filtered under vacuum then dried in vacuo.

General Procedure H:

Ethyl 2-(7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate 280 (546 mg, 2.00 mmol,
1.00 equiv.) was placed in a vial with K2CO3z (276 mg, 2.00 mmol, 1.00 equiv.) and an alcohol
(20 mmol, 10 equiv.) then heated to 135 °C with stirring for 18 h. Upon cooling to r.t. the
reaction was diluted with EtOAc and H20, shaken and the layers partitioned. The aqueous layer
was extracted twice with EtOAc then the combined organic extracts were dried over MgSOQOa,

filtered under gravity and concentrated in vacuo.
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General Procedure I:

0.25 mmol scale:

An isoquinolinium iodide (0.25 mmol, 1.0 equiv.) was dissolved in 1,4-dioxane (3.75 mL) with
1-(4-chloro-1H-pyrazol-1-yl)prop-2-en-1-one 252 (78 mg, 0.50 mmol, 2.0equiv.),
5:2 HCO2H:NEts (0.17 mL, 2.0 mmol, 8.0 equiv.) and an aliquot of a premade solution of
(RhCp*Cl)2 in 1,4-dioxane (0.25 mL, 0.020 mol%, 3.1 mg in 25 mL) was added. The mixture
was stirred at 80 °C for 18 h, then cooled, diluted with EtOAc, washed with sat. ag. Na>CO3
and the layers partitioned. The aqueous layer was extracted twice with EtOAc then the
combined organic extracts were dried over MgSOyg, filtered under gravity and concentrated in

vacuo.

0.10 mmol scale:

An isoquinolinium iodide (0.10 mmol, 1.0 equiv.) was dissolved in 1,4-dioxane (1.5 mL) with
1-(4-chloro-1H-pyrazol-1-yl)prop-2-en-1-one 252 (32 mg, 0.20 mmol, 2.0 equiv.),
5:2 HCO2H:NEt; (0.07 mL, 0.8 mmol, 8 equiv.) and an aliquot of a premade solution of
(RhCp*Cl)2 in 1,4-dioxane (0.10 mL, 0.020 mol%, 3.1 mg in 25 mL) was added. The mixture
was stirred at 80 °C for 18 h, then cooled, diluted with EtOAc, washed with sat. ag. Na2CO3
and the layers partitioned. The aqueous layer was extracted twice with EtOAc then the
combined organic extracts were dried over MgSQOyg, filtered under gravity and concentrated in

vacuo.
General Procedure J:

0.25 mmol scale:

An isoquinolinium iodide (0.25 mmol, 1.0 equiv.) was dissolved in 1,4-dioxane (3.75 mL) with

(3aS,8aR)-3-acryloyl-3,3a,8,8a-tetrahydro-2H-indeno[1,2-d]oxazol-2-one 334 (115 mg,
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0.5 mmol, 2.0 equiv.), 5:2 HCO2H:NEtz (0.17 mL, 2.0 mmol, 8.0 equiv.) and an aliquot of a
premade solution of (RhCp*Cl)2 in 1,4-dioxane (0.25 mL, 0.020 mol%, 3.1 mg in 25 mL) was
added. The mixture was stirred at 80 °C for 18 h, then cooled, diluted with EtOAc, washed
with sat. ag. Na,COz and the layers partitioned. The aqueous layer was extracted twice with
EtOAc then the combined organic extracts were dried over MgSOy, filtered under gravity and

concentrated in vacuo.

0.10 mmol scale:

An isoquinolinium iodide (0.10 mmol, 1.0 equiv.) was dissolved in 1,4-dioxane (1.5 mL) with
(3aS,8aR)-3-acryloyl-3,3a,8,8a-tetrahydro-2H-indeno[ 1,2-d]Joxazol-2-one 334 (46 mg,
0.20 mmol, 2.0 equiv.), 5:2 HCO2H:NEts (0.07 mL, 0.8 mmol, 8 equiv.) and an aliquot of a
premade solution of (RhCp*Cl), in 1,4-dioxane (0.10 mL, 0.020 mol%, 3.1 mg in 25 mL) was
added. The mixture was stirred at 80 °C for 18 h, then cooled, diluted with EtOAc, washed
with sat. aq. Na2COs and the layers partitioned. The aqueous layer was extracted twice with
EtOAc then the combined organic extracts were dried over MgSOs, filtered under gravity and

concentrated in vacuo.

204



Chapter 8 - Experimental

8.3 Experimental data for Chapter 2

4-(Isoquinolin-4-yl)butan-2-one (22):

The title compound was prepared using General Procedure A with isoquinoline (16 mg,
0.13 mmol, 1.0 equiv.). Purification by flash column chromatography (5% acetone in Et;0)

afforded 22 as a pale-yellow oil (17 mg, 66%).

4-(2-Benzyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one 157 (37.0 mg, 0.125 mmol,
1.00 equiv.) was placed in a microwave vial with pyridine-N-oxide (18 mg, 0.19 mmol,
1.5 equiv.) and camphor (0.20 g), sealed with a crimped cap, heated to 250 °C for 40 min then
cooled to r.t. Purification by flash column chromatography (60-80% EtOAc in pentane)

afforded 22 as a pale-yellow oil (17 mg, 69%).

For experiments conducted with a non-air headspace, the microwave vial was charged with
reactants, sealed with a crimped cap, then attached to a vacuum manifold via a needle. The
reaction vial was evacuated and backfilled with the replacement gas three times. After the last

backfill the needle was removed, then the reaction was heated, cooled and purified as above.

4-(2-(4-Nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one 163 (85 mg, 0.25 mmol,
1.0 equiv.) was added to a microwave vial with pyridine-N-oxide (36 mg, 0.38 mmol,
1.5 equiv.) and camphor (0.2 g), sealed with a crimped cap and heated to 250 °C for 40 min.
After cooling to r.t. purification by flash column chromatography (60-80% EtOAc in pentane)

afforded 22 as a pale-yellow oil (22 mg, 45%).
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4-(2-(4-Methoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one 164 (81 mg,
0.25 mmol, 1.0 equiv.) was added to a microwave vial with pyridine-N-oxide (36 mg,
0.38 mmol, 1.5 equiv.) and camphor (0.2 g), sealed with a crimped cap and heated to 250 °C
for 40 min. After cooling to r.t. purification by flash column chromatography (60-80% EtOACc

in pentane) afforded 22 as a pale-yellow oil (22 mg, 44%).

4-(2-(Naphthalen-2-ylmethyl)-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one 165 (86 mg,
0.25 mmol, 1.0 equiv.) was added to a microwave vial with pyridine-N-oxide (36 mg,
0.38 mmol, 1.5 equiv.) and camphor (0.2 g), sealed with a crimped cap and heated to 250 °C
for 40 min. After cooling to r.t. purification by flash column chromatography (60-80% EtOACc

in pentane) afforded 22 as a pale-yellow oil (33 mg, 67%).

2-Benzyl-4-(3-oxobutyl)-1,2,3,4-tetrahydroisoquinoline 2-oxide 162 (77 mg, 0.25 mmol,
1.0 equiv.) was added to a microwave vial with pyridine-N-oxide (36 mg, 0.38 mmol,
1.5 equiv.) and camphor (0.2 g), sealed with a crimped cap and heated to 250 °C for 40 min.
After cooling to r.t. purification by flash column chromatography (60-80% EtOAc in pentane)

afforded 22 as a pale-yellow oil (16 mg, 33%).

4-(2-Methyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one 172 (54 mg, 0.25 mmol,
1.0 equiv.) was added to a microwave vial with pyridine-N-oxide (36 mg, 0.38 mmol,
1.5 equiv.) and camphor (0.2 g), sealed with a crimped cap and heated to 250 °C for 40 min.
After cooling to r.t. purification by flash column chromatography (60-80% EtOAc in pentane)

afforded 22 as a pale-yellow oil (9.5 mg, 19%).

4-(2-Allyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one 173 (61 mg, 0.25 mmol, 1.0 equiv.)
was added to a microwave vial with pyridine-N-oxide (36 mg, 0.38 mmol, 1.5 equiv.) and

camphor (0.2 g), sealed with a crimped cap and heated to 250 °C for 40 min. After cooling to
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r.t. purification by flash column chromatography (60-80% EtOAc in pentane) afforded 22 as a

pale-yellow oil (6.5 mg, 13%).

IH NMR (600 MHz, CDCls): 84 = 9.12 (1H, s, H1), 8.37 (1H, s, Hz), 7.99 — 7.91 (2H, m, He,
Ho), 7.72 (1H, dddt, J = 8.2, 6.9, 2.5, 1.3 Hz, H7), 7.59 (1H, dddt, J = 8.1, 6.9, 2.4, 1.2 Hz, Hs),
3.28 (2H, td, J = 7.7, 3.3 Hz, Hu1), 2.87 (2H, td, J = 7.8, 2.9 Hz, H1), 2.16 (3H, s, Hua);
13C NMR (151 MHz, CDCls): 8¢ = 207.2 (Ci3), 151.6 (Cy), 142.5 (Cs), 134.4 (Cs), 130.5 (C7),
130.2 (C4), 128.5 (2C, Cg, C10), 127.0 (Cs), 122.6 (Cs), 44.0 (C12), 30.1 (C1a), 23.7 (C11); IR
(neat) cm™: 1713, 1653, 1623, 1585, 1504, 1411, 1391, 1366, 1293, 1231, 1165, 1109, 902,
882, 785, 754; HRMS (ESI*) m/z calcd. for C13H12NO [M+H]" 200.1070; found at 200.1067

A - 1.50 ppm. Spectroscopic data were consistent with the literature data for this compound.*?’

3-(Isoquinolin-4-yl)-1-phenylpropan-1-one (45):

The title compound was prepared using General Procedure B with isoquinoline (16 mg,
0.125 mmol, 1.0 equiv.) and phenyl vinyl ketone 23 (66 pL, 0.50 mmol, 4.0 equiv.).
Purification by flash column chromatography (80% Et>O in pentane) afforded 45 as a pale-

yellow solid (5.9 mg, 18%).

IH NMR (600 MHz, CDCls): 81 = 9.15 (1H, s, H1), 8.46 (1H, s, Hs), 8.03 (1H, d, J = 8.5 Hz,
He), 8.00 (1H, d, J = 8.2 Hz, Ho), 7.98 — 7.93 (2H, m, H1s), 7.75 (1H, ddd, J = 8.3, 6.8, 1.3 Hz,
Hy), 7.62 (1H, ddd, J = 8.1, 6.8, 1.1 Hz, Hg), 7.59 — 7.53 (1H, m, H17), 7.48 — 7.42 (2H, m, Hie),

3.54 — 3.46 (2H, m, Hi1, Hi1’), 3.46 — 3.40 (2H, m, Hi2, H12"); *C NMR (151 MHz, CDCls):
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Sc = 198.8 (Ci3), 151.8 (C1), 142.9 (Cs), 136.8 (Cia), 134.6 (Cs), 133.4 (C17), 130.7 (Cy),
130.5 (Cs), 128.8 (C1s), 128.6 (2C,Co, C10), 128.2 (C1s), 127.1 (Cs), 122.8 (Ce), 39.4 (C12), 24.3
(C11); IR (neat) cm™: 2917, 1684, 1623, 1597, 1503, 1449, 1364, 1296, 1226, 1205, 976, 887,
786, 743, 690, 664, 650, 647, 638, 626, 606, 601; HRMS (ESI*) m/z calc. for CigH1sNO

[M+H]" 262.1226; found at 262.1222 A -1.53 ppm; m.p. = 101-102 °C.

4-(3-Methylisoquinolin-4-yl)butan-2-one (93):

15
0J4 Me

9 10 4

The title compound was prepared using General Procedure A with 3-methyl isoquinoline
(18.0 mg, 0.125 mmol, 1.00 equiv.) and MVK (41 pL, 0.5 mmol, 4.0 equiv.). Purification by
flash column chromatography (5% acetone in Et,O) afforded 93 as a pale-brown oil

(19 mg, 72%).

IH NMR (400 MHz, CDCls): 81 = 9.05 (1H, s, H), 7.96 — 7.85 (2H, m, He, Ho), 7.68 (1H,
ddd, J = 8.4, 6.8, 1.4 Hz, Hy), 7.52 (1H, ddd, J = 8.0, 6.8, 1.1 Hz, Hs), 3.35 — 3.26 (H, m, H1y),
2.79 — 2.71 (2H, m, His), 2.70 (3H, s, Ha1), 2.19 (3H, s, His); 3C NMR (101 MHz, CDCly):
8¢ = 207.7 (Cu4), 150.5 (C1), 149.3 (Cs), 135.0 (Cs), 130.6 (C7), 128.5 (Co), 127.4 (C10), 126.9
(C4), 126.0 (Cs), 122.3 (Cs), 43.3 (C13), 30.1 (C1s), 22.3 (C11), 22.0 (C12); IR (neat) cm'’: 2980,
2360, 2342, 1712, 1623, 1577, 1501, 1446, 1422, 1362, 1286, 1247, 1162, 1027, 916, 886, 786,

752; HRMS (ESI*) m/z calc. for C14H1sNO [M+H]" 214.1226; found at 214.1224 A -0.93 ppm.
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1-(4-Chlorophenyl)-3-(isoquinolin-4-yl)propan-1-one (54):

The title compound was prepared using General Procedure A with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and 1-(4-chlorophenyl)prop-2-en-1-one 53 (170 mg, 1.0 mmol,
4.0 equiv.). Purification by flash column chromatography (1% Acetone in Et,O) afforded 54

as a pale-brown solid (27 mg, 37%).

IH NMR (600 MHz, CDCls): 3n = 9.14 (1H, s, Hi), 8.44 (1H, s, Hs) 8.02 — 7.97 (2H, m, Hs,
Ho), 7.88 (2H, d, J = 1.6 Hz, His), 7.74 (1H, ddd, J = 8.4, 6.8, 1.4 Hz, Hy), 7.61 (1H, ddd, J =
8.0, 6.9, 1.2 Hz, Hg), 7.41 (2H, d, J = 1.5 Hz, Hus), 3.47 (2H, dd, J = 8.7, 6.6 Hz, Hi1), 3.38
(2H, dd, J = 9.0, 6.7 Hz, H12); 3C NMR (151 MHz, CDCls): 8¢ = 197.5 (Ca3), 151.8 (Ca),
142.8 (C3), 139.8 (C17), 135.0 (C14), 134.5 (Cs), 130.7 (C7), 130.3 (Ca), 129.5 (C1s), 129.1 (C1e),
128.6 (Cs), 128.6 (C1o), 127.1 (Cs), 122.6 (Cs), 39.3 (C12), 24.2 (Cwa); IR (neat) cm™: 1684,
1622, 1588, 1571, 1504, 1488, 1452, 1399, 1362, 1339, 1362, 1339, 1297, 1262, 1226, 1204,
1176, 1148, 1091, 1051, 1013, 978, 933, 888, 838, 820, 799, 785, 750, 731; HRMS (ESI*) m/z

calc. for C1sH15*°CINO [M+H]* 296.0837; found at 296.0836 A -0.34 ppm; m.p. = 96-98 °C.
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1-(4-Fluorophenyl)-3-(isoquinolin-4-yl)propan-1-one (56):

The title compound was prepared using General Procedure B with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and 1-(4-fluorophenyl)prop-2-en-1-one 55 (150 mg, 1.0 mmol,
4.0 equiv.). Purification by flash column chromatography (1% Acetone in Et.O) afforded 56

as a pale-brown solid (18 mg, 25%).

IH NMR (600 MHz, CDCls): 81 = 9.15 (1H, s, H1), 8.45 (1H, s, Hs), 8.05 — 7.93 (4H, m, He,
He, His), 7.77 — 7.71 (1H, m, Hy), 7.66 — 7.58 (1H, m, Hg), 7.10 (2H, ddt, J = 9.0, 6.7, 1.2 Hz,
Hie), 3.48 (2H, t, J = 7.6 Hz, Hi1), 3.39 (2H, ddd, J = 9.9, 6.8, 1.2 Hz, Hiz); 3C NMR
(151 MHz, CDCls): 8¢ = 197.2 (C13), 165.9 (d, J = 255.4 Hz, C17), 151.8 (C1), 142.8 (Cs), 134.6
(Cs), 133.2 (d, J = 3.0 Hz, Cu14), 130.8 (d, J = 9.3 Hz, C1s), 130.7 (C7), 130.4 (C4), 128.6 (2C,
Co, C10), 127.2 (Cs), 122.7 (Cs), 115.9 (d, J = 21.8 Hz, Ci6), 39.3 (C12), 24.2 (C11); °F NMR
(377 MHz, CDCls): & = -104.84 (tt, J = 8.4, 5.4 Hz); IR (neat) cm™: 1684, 1622, 1598, 1505,
1410, 1364, 1300, 1227, 1204, 1157, 1099, 979, 889, 842, 801, 784, 751, 701, 616; HRMS
(ESI") m/z calc. for CigHisFNO [M+H]" 280.1132; found at 280.1132 A 0.00 ppm;

m.p. = 93-94 °C.
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Methyl 4-(3-(isoquinolin-4-yl)propanoyl)benzoate (58):

O

19

The title compound was prepared using General Procedure B with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and methyl 4-acryloylbenzoate 57 (190 mg, 1.0 mmol, 4.0 equiv.).
Purification by flash column chromatography (1% Acetone in Et20) afforded 58 as an orange

solid (18 mg, 23%).

IH NMR (600 MHz, CDCl3): 8 = 9.15 (1H, s, Hi1), 8.46 (1H, s, H3), 8.12 — 8.07 (2H, m, His),
8.04 — 7.97 (4H, m, He, Ho, His), 7.78 — 7.72 (1H, m, H), 7.65 — 7.60 (1H, m, Hs), 3.93 (3H,
s, Hig), 3.53 — 3.47 (2H, m, Hu1), 3.45 (2H, dd, J = 8.4, 6.4 Hz, H1): 3C NMR (151 MHz,
CDCls): 8¢ = 198.3 (C13), 166.3 (Cis), 151.9 (Cy), 142.8 (C3), 139.9 (C1a), 134.6 (Cs), 134.2
(C17), 130.7 (C7), 130.2 (Ca), 130.0 (Cis), 128.7 (Cg), 128.6 (Cio), 128.1 (Cie), 127.2 (Cg), 122.7
(Cs), 52.6 (Ci0), 39.8 (C12), 24.1 (C11); IR (neat) cm™: 1674, 1600, 1511, 1259, 1171, 1029,
911, 839, 733; HRMS (ESI*) m/z calc. for CaoH1sNOs [M+H]* 320.1281; found at 320.1277

A -1.25 ppm; m.p. = 124-125 °C.
3-(Isoquinolin-4-yl)-1-(4-(trifluoromethyl)phenyl)propan-1-one (60):

18
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The title compound was prepared using General Procedure B with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and 1-(4-(trifluoromethyl)phenyl)prop-2-en-1-one 59 (200 mg,
1.0 mmol, 4.0 equiv.). Purification by flash column chromatography (1% Acetone in Et;0)

afforded 60 as a pale-yellow solid (40 mg, 48%).

IH NMR (600 MHz, CDCl3): 81 = 9.14 (1H, s, H1), 8.45 (1H, s, H3), 8.03 (2H, d, J = 8.0 Hz,
His), 8.01 — 7.97 (2H, m, He, Ho), 7.74 (1H, ddd, J = 8.4, 6.9, 1.4 Hz, H7), 7.71 — 7.66 (2H, m,
His), 7.61 (1H, ddd, J = 7.9, 6.8, 1.1 Hz, Hg), 3.49 (2H, ddd, J = 8.5, 6.5, 1.7 Hz, H11), 3.43
(2H, ddd, J = 8.4, 6.7, 1.7 Hz, H12); *C NMR (151 MHz, CDCls): 8¢ = 197.8 (C13), 151.9 (C1),
142.9 (C3), 139.3 (C14), 135.0 — 134.1 (2C, m, Cs, Ci17), 130.7 (C7), 130.1 (C4), 128.6 (Co, 128.6
(C10), 128.5 (Cis), 127.2 (Cs), 125.8 (g, J = 3.7 Hz, C1s), 123.5 (g, J = 272.5 Hz, Cig), 122.6
(Cs), 39.6 (C12), 24.0 (C11); *°F NMR (377 MHz, CDCls): 8¢ = -63.13; IR (neat) cm™: 1694,
1412, 1331, 1202, 1119, 1107, 1070, 988, 844, 772, 750, 731; HRMS (ESI*) m/z calc. for

C19H15FsNO [M+H]" 330.1100; found at 330.1099 A -0.40 ppm; m.p. = 136-138 °C .

3-(Isoquinolin-4-yl)-1-(4-nitrophenyl)propan-1-one (62):

Q
O

The title compound was prepared using General Procedure B with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and 1-(4-nitrophenyl)prop-2-en-1-one 61 (180 mg, 1.0 mmol,
4.0 equiv.). Purification by flash column chromatography (1% Acetone in Et20) afforded 62

as a pale-orange solid (23 mg, 30%).
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IH NMR (600 MHz, CDCls): 81 = 9.18 (1H, s, H1), 8.48 (1H, s, H3), 8.27 (2H, d, J = 8.7 Hz,
Hais), 8.08 (2H, d, J = 8.7 Hz, His), 8.03 — 7.98 (2H, m, Hs, Ho), 7.79 — 7.73 (1H, m, H7), 7.66
—7.58 (1H, m, Hg), 3.55 — 3.44 (4H, m, H1, H11’, Hiz, H12); 3C NMR (151 MHz, CDCls): 8¢
= 197.2 (C13), 152.0 (Cy), 150.5 (Cu7), 142.9 (Cs), 141.1 (C14), 134.5 (Cs), 130.8 (C7), 130.0
(C4), 129.2 (Cis), 128.7 (Co), 127.3 (Cs), 124.0 (C1s), 122.5 (Cs), 39.9 (C12), 24.0 (C11), C1o
was not observed; IR (neat) cm™: 1691, 1603, 1523, 1346, 1319, 1200, 982, 855, 786, 740,
687, 603; HRMS (ESI") m/z calc. for C1gH15sN203 [M+H]" 307.1077; found at 307.1073 A -

1.30 ppm; m.p. = 139-142 °C.

4-(3-(Isoquinolin-4-yl)propanoyl)benzonitrile (64):

The title compound was prepared using General Procedure B with isoquinoline (32 mg, 0.25
mmol, 1.0 equiv.) and 4-acryloylbenzonitrile 63 (160 mg, 1.0 mmol, 4.0 equiv.). Purification
by flash column chromatography (1% Acetone in Et2O) afforded 64 as an off-white solid

(18 mg, 25%).

IH NMR (600 MHz, CDCls): 81 = 9.15 (1H, s, Hi), 8.45 (1H, s, Ha), 8.04 — 7.97 (4H, m, Hs,
Ho, His), 7.78 — 7.70 (3H, m, Hy, Hie), 7.63 (1H, t, J = 7.5 Hz, Hsg), 3.53 — 3.47 (2H, m, Hu1),
3.46 — 3.40 (2H, m, H12); ¥C NMR (151 MHz, CDCls): 8¢ = 197.4 (C13), 151.9 (C1), 142.8
(Cs), 139.6 (Cs), 134.5 (Cs), 132.7 (C6), 130.8 (C7), 129.9 (Ca), 128.7 (Cs), 128.6 (2C, Cus,
C10), 127.3 (Cs), 122.5 (Cs), 117.9 (C14), 116.7 (C17), 39.7 (C12), 24.0 (C11); IR (neat) cm™:

2229, 1690, 1439, 1402, 1370, 1340, 1295, 1262, 1225, 1017, 981, 911, 885, 845, 799, 751,
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HRMS (ESI") m/z calc. for C19H15N20O [M+H]" 287.1179; found at 287.1178 A 0.35 ppm;

m.p. = melted with decomposition at 156 °C.

3-(Isoquinolin-4-yl)-1-(naphthalen-1-yl)propan-1-one (66):

The title compound was prepared using General Procedure B with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and 1-(naphthalen-1-yl)prop-2-en-1-one 65 (180 mg, 1.0 mmol,
4.0 equiv.). Purification by flash column chromatography (1% Acetone in Et,O) afforded 66

as an orange oil (15 mg, 19%).

IH NMR (500 MHz, CDCls): 81 = 9.17 (1H, br.s, Hy), 8.65 (1H, dd, J = 8.5, 1.2 Hz, Hz,), 8.49
(1H, br.s, Hs), 8.06 (1H, d, J = 8.5 Hz, Hs), 8.03 — 7.96 (2H, m, H, H17), 7.88 (1H, dt, J = 8.1,
1.0 Hz, Hug), 7.84 (1H, dd, J = 7.2, 1.2 Hz, His), 7.76 (1H, ddd, J = 8.4, 6.8, 1.3 Hz, Hy),
7.66 — 7.49 (2H, m, Hg, Hz1), 7.54 (1H, ddd, J = 8.1, 6.8, 1.2 Hz, Hao), 7.46 (1H, dd, J = 8.2,
7.2 Hz, His), 3.62 — 3.54 (2H, m, Hu1), 3.54 — 3.49 (2H, m, H12); 3C NMR (126 MHz, CDCl3):
8¢ = 202.9 (Ci3), 151.8 (C1), 142.8 (C3), 135.6 (C14), 134.6 (Cs), 134.1 (C1g), 133.1 (C17), 130.7
(C7), 130.5 (Ca), 130.3 (Cz23), 128.6 (3C, Co, Cio, C1g), 128.2 (C21), 127.8 (Cis), 127.2 (Cs),
126.7 (C20), 125.9 (C2), 124.5 (C1s), 122.8 (Cs), 42.7 (C12), 24.8 (C11); IR (neat) cm:1679,
1622, 1507, 1229, 1173, 1098, 909, 800, 779, 732; HRMS (ESI*) m/z calc. for C22H1sNO

[M+H]* 312.1383; found at 312.1378 A -1.61 ppm.
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3-(Isoquinolin-4-yl)-1-(naphthalen-2-yl)propan-1-one (68):

The title compound was prepared using General Procedure B with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and 1-(naphthalen-2-yl)prop-2-en-1-one 67 (180 mg, 1.0 mmol,
4.0 equiv.). Purification by flash column chromatography (1% Acetone in Et.O) afforded 68

as an orange solid (29 mg, 37%).

IH NMR (600 MHz, CDCl3): 8 = 9.16 (1H, s, Hi), 8.50 (1H, s, H3), 8.46 — 8.41 (1H, m, Hz3),
8.06 (1H, d, J = 8.5 Hz, He), 8.03 (1H, dd, J = 8.6, 1.8 Hz, Has), 7.99 (1H, d, J = 8.2 Hz, Ho),
7.94—7.88 (2H, m, His, H21), 7.85 (1H, d, J = 8.2 Hz, Hig), 7.75 (1H, ddd, J = 8.3, 6.8, 1.3 Hz,
Hy), 7.62 (1H, ddd, J = 8.0, 6.8, 1.0 Hz, Hg), 7.58 (1H, ddd, J = 8.2, 6.8, 1.2 Hz, Hag), 7.52 (1H,
ddd, J =8.1, 6.9, 1.3 Hz, Hz0), 3.54 (4H, s, H11, H12); *C NMR (151 MHz, CDCls): 8¢ = 198.7
(Ci13), 151.8 (C1), 142.8 (Cs), 135.7 (C17), 134.6 (Cs), 134.1 (C1a), 132.6 (C22), 130.6 (C7), 130.6
(Ci10), 129.8 (C23), 129.6 (C21), 128.6 (2C, Cis, C1s), 128.6 (2C, Ca, Cs), 127.9 (Cis), 127.1 (Cs),
126.9 (Cz0), 123.8 (C1s), 122.8 (Cs), 39.5 (C12), 24.4 (C11); IR (neat) cm™: 1679, 1625, 1300,
1184, 1123, 1020, 910, 862, 748; HRMS (ESI*) m/z calc. for CaH1sNO [M+H]* 312.1383;

found at 312.1380 A -0.95 ppm; m.p. = 92-93 °C.
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3-(Isoquinolin-4-yl)-1-(p-tolyl)propan-1-one (70):

18

The title compound was prepared using General Procedure B with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and 1-(p-tolyl)prop-2-en-1-one 69 (150 mg, 1.0 mmol, 4.0 equiv.).
Purification by flash column chromatography (1% Acetone in Et20) afforded 70 as a brown

solid (11 mg, 16%).

IH NMR (600 MHz, CDCl3): 81 = 9.15 (1H, s, H1), 8.46 (1H, s, H3), 8.03 (1H, d, J = 8.5 Hz,
He), 8.01 —7.97 (1H, m, Ho), 7.88 — 7.83 (2H, m, H1s), 7.74 (1H, ddd, J = 8.3, 6.8, 1.3 Hz, H7),
7.62 (1H, ddd, J = 8.1, 6.8, 1.1 Hz, Hs), 7.24 (2H, d, J = 8.0 Hz, Has), 3.48 (2H, dd, J = 9.0,
6.5 Hz, Hu1), 3.39 (2H, dd, J = 9.3, 6.7 Hz, Hi2), 2.40 (3H, s, Hig); 3C NMR (151 MHz,
CDCls): 8¢ = 198.5 (Ci3), 151.8 (Cy), 144.2 (C17), 142.8 (C3), 134.6 (Cs), 134.3 (C14), 130.6
(2C, Ca, C7), 129.5 (C16), 128.6 (C1o), 128.6 (Cs), 128.3 (C1s), 127.1 (Cs), 122.8 (Cs), 39.3
(C12), 24.4 (C11), 21.8 (C1s); IR (neat) cm™: 1680, 1607, 1503, 1409, 1362, 1298, 1262, 1227,
1203, 1181, 1019, 974, 889, 798, 752, 700; HRMS (ESI*) m/z calc. for C1oH1sNO [M+H]*

276.1383; found at 276.1382 A -0.36 ppm; m.p. = 96-97 °C.
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3-(Isoquinolin-4-yl)-1-(4-methoxyphenyl)propan-1-one (72):
16

7 O\ 18
Me

The title compound was prepared using General Procedure B with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and 1-(4-methoxyphenyl)prop-2-en-1-one 71 (160 mg, 1.0 mmol,
4.0 equiv.). Purification by flash column chromatography (1% Acetone in Et,O) afforded 72

as an orange solid (7.0 mg, 9%).

IH NMR (600 MHz, CDCls): n = 9.15 (1H, s, H1), 8.46 (1H, s, Hs), 8.04 (1H, d, J = 8.5 Hz,
He), 8.02 — 7.98 (1H, m, H), 7.97 — 7.91 (2H, m, Has), 7.75 (1H, ddd, J = 8.3, 6.8, 1.3 Hz, H7),
7.62 (1H, ddd, J = 8.0, 6.8, 1.1 Hz, Hg), 6.95 — 6.89 (2H, m, Hs), 3.86 (3H, s, His), 3.48 (2H,
dd, J = 9.1, 6.5 Hz, Hu1), 3.41 — 3.34 (2H, m, H1); 23C NMR (151 MHz, CDCls): 8¢ = 197.4
(C13), 163.8 (C17), 151.7 (C1), 142.8 (C3), 134.7 (Cs), 130.7 (C4), 130.7 (C7), 130.5 (C15), 129.9
(C14), 128.6 (C10), 128.6 (Cg), 127.1 (Cs), 122.8 (Cs), 114.1 (C16), 55.6 (C1s), 39.1 (C12), 24.5
(C11); IR (neat) cm™: 1674, 1600, 1511, 1420, 1308, 1258, 1210, 1171, 1029, 911, 839, 733;
HRMS (ESI*) m/z calc. for C1gH1sNO> [M+H]* 292.1332; found at 292.1331 A -0.34 ppm;

m.p. = 66-69 °C.
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1-(Furan-2-yl)-3-(isoquinolin-4-yl)propan-1-one (76):

The title compound was prepared using General Procedure B with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and 1-(furan-2-yl)prop-2-en-1-one 75 (120 mg, 1.0 mmol, 4.0 equiv.).
Purification by flash column chromatography (1% Acetone in Et2O) afforded 76 as an orange

solid (42 mg, 68%).

IH NMR (500 MHz, CDCls): n = 9.11 (1H, s, H1), 8.42 (1H, s, Hs), 8.01 (1H, d, J = 8.5 Hz,
He), 7.96 (1H, d, J = 8.2 Hz, Ho), 7.72 (1H, ddd, J = 8.4, 6.9, 1.3 Hz, H7), 7.59 (1H, ddd, J =
8.0,6.8, 1.1 Hz, Hg), 7.54 (1H, d, J = 1.7 Hz, H17), 7.15 (1H, d, J = 3.6 Hz, H1s), 6.49 (1H, dd,
J =35, 1.7 Hz, Hie), 3.43 (2H, dd, J = 8.9, 6.8 Hz, H11), 3.25 (2H, dd, J = 8.9, 6.8 Hz, H12);
13C NMR (126 MHz, CDCls): 5c = 188.0 (Cu3), 152.5 (C14), 151.7 (C1), 146.5 (C17), 142.7
(C3), 134.5 (Cs), 130.6 (C7), 130.1 (Ca), 128.5 (Cg), 128.5 (C10), 127.1 (Cs), 122.7 (Cs), 117.2
(Cis), 112.4 (C16), 39.0 (C12), 24.1 (C11); IR (neat) cm™:1672, 1623, 1585, 1504, 1468, 1394,
1364, 1306, 1268, 1230, 1162, 1108, 1085, 1047, 1021, 978, 907, 883, 862, 755, 698; HRMS
(ESI) m/z calc. for C1sH14NO2 [M+H]* 252.1019; found at 252.1019 A 0.00 ppm; m.p. =

71-72°C.
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3-(Isoquinolin-4-yl)-1-(thiophen-2-yl)propan-1-one (78):

The title compound was prepared using General Procedure B with isoquinoline (32 mg,
0.25 mmol, 1.0 equiv.) and 1-(thiophen-2-yl)prop-2-en-1-one 77 (140 mg, 1.0 mmol,
4.0 equiv.). Purification by flash column chromatography (1% Acetone in Et.O) afforded 78

as an orange solid (26 mg, 39%).

IH NMR (600 MHz, CDCls): 8n = 9.14 (1H, s, H1), 8.4 (1H, s, H3), 8.05 — 8.00 (1H, m, He),
7.98 (1H, dd, J = 8.1, 1.3 Hz, Ho), 7.74 (1H, ddd, J = 8.6, 6.9, 1.4 Hz, H7), 7.65 (1H, dt, J = 4.0,
1.2 Hz, His), 7.63 — 7.59 (2H, m, Hg, Ha7), 7.12 — 7.06 (1H, m, Hie), 3.48 (2H, dd, J = 8.8, 6.8
Hz, Hi1), 3.34 (2H, dd, J = 10.1, 5.6 Hz, H12); 3C NMR (151 MHz, CDCls): 8¢ = 191.7 (C13),
151.8 (C1), 144.0 (C14), 142.8 (Cs), 134.5 (Cs), 133.9 (C17), 132.0 (Cus), 130.7 (C7), 130.2 (Ca),
128.6 (Co), 128.5 (C10), 128.2 (C1s), 127.1 (Cs), 122.7 (Ce), 40.0 (C12), 24.5 (C11); IR (neat)
cm: 1660, 1622, 1585, 1569, 1518, 1505, 1452, 1415, 1392, 1355, 1301, 1263, 1231, 1209,
1173, 1148, 1108, 1082, 1060, 1021, 933, 905, 889, 858, 796, 785, 726; HRMS (ESI*) m/z

calc. for C16H12NOS [M+H]* 268.0791; found at 268.0790 A -0.37 ppm; m.p. = 70-71°C.
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3-(8-Bromoisoquinolin-4-yl)-1-(furan-2-yl)propan-1-one (111):

The title compound was prepared using General Procedure A with 8-bromo isoquinoline
(52 mg, 0.25 mmol, 1.0 equiv.) and 1-(furan-2-yl)prop-2-en-1-one 75 (120 mg, 1.0 mmol, 4.0
equiv.). Purification by flash column chromatography (1% Acetone in Et,0O) afforded 111 as

an off-white solid (19 mg, 23%).

IH NMR (600 MHz, CDCls): n = 9.54 (1H, s, H1), 8.53 (1H, s, H3), 8.02 (1H, d, J = 8.5 Hz,
He), 7.85 (1H. d, J = 7.4 Hz, Hg), 7.60 — 7.55 (2H, m, Hz, H17), 7.18 (1H, d, J = 3.6 Hz, His),
6.53 (1H, dd, J = 3.6, 1.7 Hz, His), 3.47 (2H, dd, J = 8.7, 6.9 Hz, H11), 3.27 (2H, dd, J = 8.8,
6.9 Hz, H12); 3C NMR (151 MHz, CDCls): 8¢ = 187.8 (C13), 152.6 (C14), 151.3 (C1), 146.6
(C17), 143.9 (C3), 136.2 (Cs), 131.3 (Cs), 130.9 (C7), 129.9 (Ca), 126.8 (C10), 123.7 (Co), 122.7
(Ce), 117.3 (C15), 112.5 (Cu6), 39.1 (C12), 24.1 (C11); IR (neat) cm™: 1674, 1611, 1568, 1550,
1468, 1393, 1362, 1304, 1266, 1227, 1162, 1085, 1015, 979, 883, 809, 762; HRMS (ESI*) m/z
calc. for C16H13NO2°Br [M+H]* 330.0124; found at 330.0123 A -0.30 ppm; m.p. = melted

with decomposition at 145 °C.
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4-(3-(8-Bromoisoquinolin-4-yl)propanoyl)benzonitrile (112):

The title compound was prepared using General Procedure A with 8-bromo isoquinoline
(52 mg, 0.25 mmol, 1.0 equiv.) and 4-acryloylbenzonitrile 63 (160 mg, 1.0 mmol, 4.0 equiv.).
Purification by flash column chromatography (1% Acetone in Et20) afforded 112 as an off-

white solid (29 mg, 31%).

IH NMR (600 MHz, CDCl3): 84 = 9.55 (1H, s, H1), 8.54 (1H, s, Hs), 8.04 —8.00 (2H, m, His),
7.98 (1H, dt, J = 8.5, 1.0 Hz, Hg), 7.87 (1H, dd, J = 7.4, 1.0 Hz, He), 7.78 — 7.74 (2H, m, His),
7.58 (1H, dd, J = 8.5, 7.4 Hz, Hy), 3.51 (2H, t, J = 7.2 Hz, H11), 3.43 (2H, dd, J = 8.2, 6.4 Hz,
H12); 3C NMR (151 MHz, CDCls): 8¢ = 197.1 (C13), 151.5 (C1), 143.9 (C3), 139.5 (C1s), 136.1
(Cs), 132.7 (C1s), 131.4 (Ce), 131.0 (C7), 129.6 (Ca), 128.6 (C1s), 126.8 (C10), 123.8 (Co), 122.5
(Ce), 117.9 (C1a), 116.8 (C17), 39.6 (C12), 23.9 (C11); IR (neat) cm™: 1697, 1609, 1552, 1494,
1436, 1407, 1394, 1372, 1304, 1263, 1227, 1202, 990, 854, 840, 812, 768, 745; HRMS (ESI*)
m/z calc. for C1oH14aN20"°Br [M+H]" 365.0284; found at 365.0283 A -0.27 ppm; m.p. = melted

with decomposition at 198 °C.
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1-(4-Chlorophenyl)-3-(6-phenylisoquinolin-4-yl)propan-1-one (116):

The title compound was prepared according to General Procedure A using 6-phenyl
isoquinoline (26.0 mg, 0.125 mmol, 1.00 equiv.) and 1-(4-chlorophenyl)prop-2-en-1-one 53
(84 mg, 0.50 mmol, 4.0 equiv.). Purification by flash column chromatography (0.5% Acetone

in Et20) afforded 116 as a colourless solid (14 mg, 31%).

IH NMR (600 MHz, CDCls): n = 9.17 (1H, s, H1), 8.48 (1H, s, Hs), 8.14 (1H, d, J = 1.7 Hz,
He), 8.07 (1H, d, J = 8.4 Hz, Ho), 7.92 — 7.85 (3H, m, Hg, His), 7.73 — 7.68 (2H, m, H1o), 7.52
(2H, t, J = 7.6 Hz, Ha0), 7.44 (1H, t, J = 7.4 Hz, Ha1), 7.41 (2H, d, J = 8.5 Hz, Hie), 3.54 (2H,
t, J = 7.7 Hz, Hu1), 3.42 (2H, dd, J = 8.7, 6.7 Hz, H12); 3C NMR (151 MHz, CDCls): 8¢ =
197.6 (C13), 151.6 (C1), 143.6 (C7), 143.2 (Cs), 140.6 (Cz0), 139.9 (C17), 135.1 (C1a), 134.9
(Cs), 130.5 (Ca), 129.6 (C1s), 129.2 (Ca0), 129.2 (Cg), 129.1 (Ci6), 128.4 (C21), 127.9 (C1o),
127.6 (C10), 127.1 (Cs), 120.5 (Cs), 39.4 (C12), 24.3 (Cu1); IR (neat) cm: 1685, 1623, 1588,
1488, 1454, 1401, 1360, 1297, 1224, 1204, 1177, 1092, 1013, 979, 893, 822, 760, 734, 698;
HRMS (ESI*) m/z calc. for C2sH19NO®**CI [M+H]* 372.1150; found at 372.1157 A 1.9 ppm;

m.p. = 153 °C.
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1-(Naphthalen-2-yl)-3-(5-phenylisoquinolin-4-yl)propan-1-one (117):

The title compound was prepared according to General Procedure A using 5-phenyl
isoquinoline (26.0 mg, 0.125 mmol, 1.00 equiv.) and 1-(naphthalen-2-yl)prop-2-en-1-one 67
(180 mg, 0.50 mmol, 4.0 equiv.). Purification by flash column chromatography (0.5% Acetone

in Et,0) afforded 117 as an off-white solid (12 mg, 24%).

IH NMR (600 MHz, CDCl3): 81 = 9.21 (1H, s, H1), 8.41 (1H, s, H), 8.22 (1H, d, J = 1.3 Hz,
Hys), 8.03 (1H, dd, J = 8.1, 1.4 Hz, Hg), 7.88 (1H, d, J = 8.2 Hz, Hz1), 7.86 (1H, d, J = 7.6 Hz,
Hig), 7.84 — 7.83 (2H, m, His, His), 7.63 (1H, dd, J = 8.1, 7.0 Hz, Hs), 7.58 (2H, ddd, J = 8.1,
6.8, 1.3 Hz, Hio), 7.54 (1H, dd, J = 4.3, 1.4 Hz, Hy), 7.54 — 7.51 (1H, m, Hao), 7.38 — 7.31 (3H,
M, Has, Hz7), 7.30 — 7.26 (2H, m, Has), 3.06 — 3.00 (2H, m, H1z), 2.96 — 2.90 (2H, m, Hi1); 13C
NMR (151 MHz, CDCls): 8¢ = 198.2 (C13), 152.7 (Cy), 145.6 (C3), 142.7 (Cz4), 139.2 (Cs),
135.6 (C17), 134.2 (2C, C7, Cia), 132.9 (Cs), 132.6 (C22), 131.6 (Ca), 129.9 (C10), 129.6 (Cz1),
129.4 (Cz3), 129.3 (Czs), 128.9 (Cy), 128.5 (2C, Cis, Cig), 128.2 (Cz6), 127.9 (2C, Cis, Ca7),
126.9 (Ca0), 126.1 (Cs), 123.9 (C1s), 40.7 (C12), 27.1 (C1a); IR (neat) cm: 3058, 1682, 1627,
1580, 1496, 1468, 1443, 1406, 1384, 1369, 1323, 1303, 1283, 1183, 1155, 1123, 1074, 979,
942, 912, 893, 863, 826, 826, 797, 764, 705, 668, 655, 643, 629, 610; HRMS (ESI*) m/z calc.

for C2sH22NO [M+H]" 388.1696; found at 388.1681 A -3.9 ppm; m.p. = 78-80 C.
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3-(8-Methylisoquinolin-4-yl)-1-(4-(trifluoromethyl)phenyl)propan-1-one (118):

18

R 47 CFyq

The title compound was prepared according to General Procedure A using 8-methyl
isoquinoline (18.0 mg, 0.125 mmol, 1.00 equiv.) and
1-(4-(trifluoromethyl)phenyl)prop-2-en-1-one 59 (100 mg, 0.50 mmol, 4.0 equiv.).
Purification by flash column chromatography (0.5% Acetone in Et,O) afforded 118 as a

colourless solid (5.0 mg, 12%).

IH NMR (600 MHz, CDCls): 8n = 9.39 (1H, s, Hi), 8.49 (1H, s, H3), 8.04 (2H, d, J = 8.1 Hz,
His), 7.87 (1H, d, J = 8.5 Hz, He), 7.71 (2H, d, J = 8.1 Hz, Hig), 7.64 (1H, dd, J = 8.4, 7.0 Hz,
H7), 7.42 (1H, d, J = 7.1 Hz, Hg), 3.54 — 3.48 (2H, m, Hu1), 3.47 — 3.41 (2H, m, H1,), 2.81 (3H,
s, Hig); 33C NMR (151 MHz, CDCl3): 8¢ = 197.9 (Ci3), 148.5 (Cy), 142.6 (Cs), 139.4 (Cu4),
136.6 (Co), 134.9 (Cs), 134.71 (q, J = 32.7 Hz, C17), 130.7 (C7), 130.4 (C4), 128.5 (C1s), 128.2
(Cs), 127.6 (C10), 125.9 (q, J = 3.6 Hz, Cus), 124.44 (q, J = 272.1 Hz, Cas), 120.8 (Cs), 39.8
(C12), 24.4 (C11), 19.0 (C10); 1°F NMR (377 MHz, CDCls): 8 = -63.15; IR (neat) cm™: 1688,
1142, 1338, 1229, 1203, 1174, 1136, 1109, 1071, 1019, 992, 913, 886, 854, 840, 774, 758, 733;
HRMS (ESI") m/z calc. for CooH17F3NO [M+H]* 344.1257; found at 344.1256 A -0.29 ppm;

m.p. = 136-137 °C.
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1-(4-Chlorophenyl)-3-(5-phenylisoquinolin-4-yl)propan-1-one (119):

21

The title compound was prepared according to General Procedure A using 5-phenyl
isoquinoline (26.0 mg, 0.125 mmol, 1.00 equiv.) and 1-(4-chlorophenyl)prop-2-en-1-one 53
(84 mg, 0.50 mmol, 4.0 equiv.). Purification by flash column chromatography (0.5% Acetone

in Et20) afforded 119 as an off-white solid (12 mg, 25%).

IH NMR (600 MHz, CDCl3): 8n = 9.19 (1H, s, H1), 8.36 (1H, s, Hs), 8.02 (1H, dt, J=8.1, 1.1
Hz, Ho), 7.69 — 7.64 (2H, m, Has), 7.62 (1H, ddd, J = 8.0, 7.0, 0.8 Hz, Hg), 7.53 (1H, dt, J =
7.0, 1.1 Hz, Hy), 7.38 — 7.35 (2H, m, Hig), 7.35 — 7.32 (3H, m, Hig, H21), 7.32 — 7.28 (2H, m,
Hao), 2.91 — 2.81 (4H, m, H11, H12); 3C NMR (151 MHz, CDCl3): 8¢ = 197.1 (Ci3), 152.7 (C1),
145.6 (Cs3), 142.7 (C1s), 139.4 (Ca7), 139.0 (Cs), 135.1 (C14), 134.2 (Cy), 132.8 (Cs), 131.3 (Ca),
129.8 (C10), 129.4 (C1s), 129.3 (C1g), 129.0 (Cg), 128.9 (C1s), 128.2 (C20), 127.9 (C21), 126.2
(Cs), 40.6 (C12), 26.9 (C11); IR (neat) cm™: 1686, 1588, 1486, 1443, 1401, 1384, 1362, 1323,
1306, 1224, 1204, 1177, 1154, 1092, 1013, 977, 913, 892, 837, 796, 764, 705, 667, 650, 626;
HRMS (ESI*) m/z calc. for C2sH19NO®**CI [M+H]* 372.1150; found at 372.1155 A 1.3 ppm;

m.p. = 101-102 °C.

4-Butylisoquinoline (128):
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The title compound was prepared according to a literature procedure first published by
Kamenka and Cauquil-Caubére:*?® 4-(Isoquinolin-4-yl)butan-2-one 22 (50 mg, 0.25 mmol,
1.0 equiv.) was dissolved in ethylene glycol (0.5 mL) and added to a stirred solution of
potassium hydroxide (56 mg, 1.0 mmol, 4.0 equiv.) and hydrazine monohydrate (50 mg,
1.0 mmol, 4.0 equiv.) in ethylene glycol (0.5 mL). The solution was stirred at 180 °C for 7 h
then diluted with EtOAc and quenched with sat. agq. NH4Cl. The suspension was shaken, the
layers partitioned and the aqueous layer extracted twice more with EtOAc. The combined
organic layers were dried over MgSQsg, filtered under gravity and concentrated in vacuo.
Purification by flash column chromatography (90% Et.O in pentane) afforded 128 as a dark

orange oil (28 mg, 61%).

IH NMR (600 MHz, CDCls): n = 9.11 (1H, s, H1), 8.37 (1H, s, Hs3), 7.99 (1H, d, J = 8.5 Hz,
He), 7.96 (1H, dd, J = 8.3, 1.4 Hz, H), 7.74 — 7.68 (1H, m, H7), 7.61 — 7.55 (1H, m, Hs), 3.01
(2H, 1, J = 7.8 Hz, H11), 1.76 — 1.68 (2H, m, Hi), 1.50 — 1.41 (2H, m, His), 0.97 (3H, t, J =
7.4 Hz, Hi4); ¥C NMR (151 MHz, CDCl3): 8¢ = 151.2 (C1), 142.7 (Cs), 134.8 (Cs), 131.9
(C4), 130.2 (C7), 128.6 (C10), 128.4 (Cg), 126.8 (Cs), 123.1 (Ce), 32.9 (C12), 29.9 (C11), 22.9
(C13), 14.0 (C14); IR (neat) cm™: 2957, 2931, 2870, 1701, 1685, 1653, 1623, 1583, 1569, 1540,
1503, 1465, 1457, 1389, 1379, 1266, 1249, 1230, 1166, 1148, 1106, 1020, 961, 903, 885, 860,
785, 751; HRMS (ESI*) m/z calc. for C13H1sN [M+H]" 186.1277; found at 186.1277 A 0 ppm.

Spectroscopic data were consistent with the literature data for this compound.t?®

(RS)-N-Benzyl-4-(isoquinolin-4-yl)butan-2-amine (129):
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4-(Isoquinolin-4-yl)butan-2-one 22 (50 mg, 0.25 mmol, 1.0 equiv.) was dissolved in MeOH
(0.20 mL) with benzylamine (30 pL, 0.28 mmol, 1.1 equiv.), NaCNBH3 (20 mg, 0.33 mmol,
1.3 equiv.) and powdered 3A molecular sieves. Acetic acid (29 pL, 0.50 mmol, 2.0 equiv.) was
added dropwise to the stirred mixture at 0 °C, after which the mixture was stirred at r.t. for 3 h.
The reaction mixture was quenched with sat. aq. Na2COg, diluted with EtOAc and the layers
partitioned. The agqueous phase was extracted twice, then the combined organic phases were
dried over NaxSQg, filtered under gravity and concentrated in vacuo. Purification by column

chromatography (2-10% acetone in EtOAc) afford 129 as a pale-orange oil (48 mg, 66%).

IH NMR (600 MHz, CDCla): 51 = 9.04 (1H, s, H1), 8.29 (1H, s, H3), 7.93 (1H, d, J = 8.5 Hz,
He), 7.89 (1H, d, J = 8.1 Hz, H), 7.65 — 7.60 (1H, m, H7), 7.54 — 7.48 (1H, m, Hg), 7.29 — 7.21
(4H, m, Hig, Hio), 7.20 — 7.15 (1H, m, Hz0), 3.79 (1H, d, J = 13.0 Hz, His), 3.69 (1H, d, J =
13.0 Hz, Hi), 3.00 (2H, t, J = 8.1 Hz, H1), 2.76 (1H, h, J = 6.1 Hz, His), 1.86 — 1.77 (1H, m,
Hi2), 1.72 (1H, ddt, J = 13.3, 8.9, 6.6 Hz, H12*), 1.15 (3H, d, J = 6.3 Hz, H14); °C NMR
(151 MHz, CDClg): 8¢ =151.3 (C1), 142.6 (Cs), 140.8 (C17), 134.7 (Cs), 131.8 (Ca), 130.2 (C7),
128.6 (C10), 128.5 (C1s), 128.4 (Cs), 128.2 (Cis), 127.0 (Ca0), 126.9 (Cs), 123.0 (Cs), 52.4 (C13),
51.5 (Cis), 38.0 (C12), 26.5 (C11), 20.5 (C14); IR (neat) cm™: 1653, 1623, 1505, 1455, 1376,
1148, 1027, 886, 787, 749, 698; HRMS (ESI*) m/z calc. for C2oH2sN2 [M+H]* 291.1856; found

at 291.1862 A 2.06 ppm.

(RS)-4-(2-(2-Methyloxiran-2-yl)ethyl)isoquinoline (134):
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The title compound was prepared according to a literature procedure first reported by Kosjek
and co-workers:**® Trimethylsulfonium iodide (224 mg, 1.10 mmol, 1.10 equiv.) and
potassium tert-butoxide (112 mg, 1.00 mmol, 1.00 equiv.) were stirred in DMSO (1.5 mL) at
r.t. for 15 min. 4-(Isoquinolin-4-yl)butan-2-one 22 (200 mg, 1.0 mmol, 1.0 equiv.) was
dissolved in DMSO (0.50 mL) and added to the reaction mixture, which was then stirred at
40 °C for 18 h. The reaction was quenched with sat. aq. NH4Cl, diluted with CH2Cl, shaken
and the layers partitioned. The aqueous layer was extracted twice more with CH2Cl, the
combined organic layers were dried over MgSOa, filtered under gravity and concentrated in
vacuo. Purification by flash column chromatography (5% acetone in Et20O) afforded 134 as a

pale-orange oil (150 mg, 70%).

IH NMR (600 MHz, CDCly): &1 = 912 (IH, s, Hi), 837 (IH, s, Ha),
8.04 — 7.92 (2H, m, He, Ho), 7.72 (1H, ddt, J = 8.2, 6.8, 1.2 Hz, Hy), 7.67 — 7.54 (1H, m, Hg),
3.16 — 3.05 (2H, m, Ha1), 2.66 (1H, d, J = 4.7 Hz, Has), 2.64 (1H, d, J = 4.7 Hz, Hs’), 2.04 —
1.93 (2H, m, H12), 1.45 (3H, s, H1a); 13C NMR (151 MHz, CDCls): 8¢ = 151.6 (C1), 142.6 (Ca),
134.5 (Cs), 130.8 (C4), 130.5 (C7), 128.5 (C1o), 128.5 (Cs), 127.0 (Cs), 122.8 (Cs), 56.8 (C13),
54.0 (C1s), 37.6 (C12), 25.6 (C11), 21.2 (C14); IR (neat) cm™: 1623, 1585, 1504, 1455, 1390,
1300, 1254, 1230, 1147, 1107, 1078, 1021, 892, 863, 788, 752, 695, 645, 610; HRMS (ESI*)

m/z calc. for C1aH16NO [M+H]" 214.1226; found at 214.1225 A -0.47 ppm.

Diethyl 2-methylenemalonate (33):

The title compound was prepared according to the literature procedure by Matziari,

Nasopoulou and Yiotakis:**! Diethyl malonate (2.4 mL, 16 mmol, 1.0 equiv.), Cu(OAc):
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(0.32 g, 1.8 mmol, 11 mol%) and prilled paraformaldehyde (0.32 g, 11 mmol, 0.70 equiv.)
were dissolved in acetic acid (10 mL) and heated to reflux for 2 h. The reaction was cooled to
r.t. and a second addition of prilled paraformaldehyde (0.32 g, 11 mmol, 0.7 equiv.) was added.
The mixture was heated to reflux for 6 h then concentrated in vacuo. The crude mixture was
dissolved in diethyl ether (25 mL), then washed successively with 1.0 M aqg. HCI, sat. aq.
NaHCOs3, 1.0 M aqg. HCI, dried over anhydrous Na>SOs, filtered and concentrated in vacuo.
Purification by flash column chromatography (20% Et.O in pentane) afforded 33 as a viscous

yellow oil (0.34 g, 12%).

IH NMR (400 MHz, CDCls): 81 = 6.50 (2H, s, H1), 4.28 (4H, g, J = 7.1 Hz, Ha), 1.32 (6H, t,
J = 7.1 Hz, Hs); 3C NMR (101 MHz, CDCls): 8c = 164.1 (C3), 135.3 (Cy), 134.1 (Cy), 61.6
(C4), 14.1 (Cs); IR (neat) cm™: 2984, 1727, 1467, 1445, 1369, 1300, 1243, 1182, 1127, 1020,

883, 857, 765. Spectroscopic data were consistent with the literature data for this compound.*3!

1-Phenylprop-2-en-1-one (23):

A 100 mL flask was flame dried then charged with anhydrous THF (30 mL). N-MeO-N-Me-
benzamide (2.0 g, 12 mmol, 1.0 equiv.) was added and the solution cooled to 0 °C. Vinyl
magnesium bromide (14 mL, 1.0 M in THF, 14 mmol, 1.2 equiv.) was added dropwise and the
solution stirred at r.t. for 1 h. The reaction was quenched with 2.0 M ag. HCI, diluted with
Et20O, shaken and the layers partitioned. The aqueous layer extracted twice more with Et,0,
then the combined organic extracts were dried over MgSOQOs, filtered under gravity and
concentrated in vacuo. Purification by flash column chromatography (10% Et>O in pentane)

afforded 23 as a pale-yellow oil (0.62 g, 78%).
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IH NMR (400 MHz, CDCls): 81 = 7.99 — 7.92 (2H, m, Hs), 7.63 — 7.54 (1H, m, Hy), 7.54 —
7.44 (2H, m, He), 7.16 (1H, dd, J = 17.2, 10.6 Hz, H), 6.44 (1H, dd, J = 17.1, 1.7 Hz, H1), 5.94
(1H, dd, J = 105, 1.7 Hz, H1’); 3C NMR (101 MHz, CDCls): 8¢ = 191.2 (Cs), 137.4 (Ca),
133.1 (Cv), 132.6 (C2), 130.3 (C1), 128.9 (Cs), 128.8 (Ce); IR (neat) cm™: 1672, 1609, 1596,
1580, 1448, 1404, 1287, 1233, 1180, 1003, 994, 727, 689, 668, 655. Spectroscopic data were

consistent with the literature data for this compound.*®

Penta-1,4-dien-3-one (38):

Vinyl magnesium bromide (22 mL, 1.0 M in THF, 22 mmol, 2.2 equiv.) was placed in a flame
dried flask with a stirrer bar and cooled to 0 °C. Methyl formate (0.62 mL, 10 mmol, 1.0 equiv.)
was dissolved in anhydrous THF (1.0 mL) and added dropwise to the above solution. The
solution was stirred at r.t. for 1 h, then quenched with sat. aq. NH4Cl, and extracted twice with
Et2O. The combined organic extracts were dried over Na>SQOg, filtered under gravity and
concentrated in vacuo to afford a yellow oil (0.71 g, 84%) which was used immediately without

further purification.

The oil was dissolved in Et.O (5 mL) and DDQ (2.1 g, 9.2 mmol, 1.1 equiv.) was added with
stirring. After 24 h, the reaction mixture was poured into pentane, and filtered under gravity,
the solid residue was washed twice more with pentane, then the combined pentane extracts
were concentrated carefully in vacuo, with a 25 °C water bath. The resultant yellow oil 38 was

used without further purification (0.16 g, 23%, 19% over two steps).
'H NMR (400 MHz, CDCls): 61 =6.64 (2H, dd, J = 17.5, 10.7 Hz, H), 6.32 (1H, dd, J = 17.5,
1.3 Hz, Hy), 5.89 (1H, dd, J = 10.7, 1.3 Hz, H1’); 3C NMR (101 MHz, CDCls): &¢c = 190.4
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(Cs), 134.5 (C3), 129.5 (C1); IR (neat) cm™: 2360, 1717, 1671, 1419, 992, 920. Spectroscopic

data were consistent with the literature data for this compound.*3

4-Chloro-N-methoxy-N-methylbenzamide (S53):

O

5 0O
7 N Me®

|
Me ’

1
Cl 5

The title compound was prepared according to a literature procedure reported by Nelson and
co-workers:}3*  4-Chloro benzoyl chloride (1.8 g, 10 mmol, 1.0 equiv.) and
N,O—dimethylhydroxylamine hydrochloride (1.2 g, 12 mmol, 1.2 equiv.) were dissolved in
CH:Cl, (25 mL) at 0°C. NEtz (3.5 mL, 25 mmol, 2.5 equiv.) was added to the solution
dropwise, then the reaction mixture was warmed to r.t. and stirred for 1 hr. The solution was
diluted with H>O, shaken and the layers partitioned. The aqueous layer was extracted twice
with CH2Cl,, the organic layers were combined, dried over NaSOa, filtered under gravity and
concentrated in vacuo. Purification by flash column chromatography (40% Et20 in pentane)

afforded S53 as a colourless oil (1.5 g, 73%).

IH NMR (400 MHz, CDCl3): 814 = 7.70 — 7.61 (2H, m, Hy), 7.41 — 7.33 (2H, m, Hs), 3.53 (3H,
s, Ho), 3.35 (3H, s, H7); 3C NMR (101 MHz, CDCls): 8¢ = 168.8 (Cs), 136.9 (C1), 132.4 (Ca),
130.0 (Cy), 128.4 (Cs3), 61.3 (Co), 33.7 (C7); IR (neat) cm™: 2361, 1643, 1594, 1459, 1417,
1379, 1213, 1177, 1091, 1064, 1016, 979, 887, 840, 746, 691; LRMS (ESI") m/z calc. for
CoH11CINO; [M+H]* 200.0; found at 200.0 A 0 ppm. Spectroscopic data were consistent with

the literature data for this compound.*¥’
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1-(4-Chlorophenyl)prop-2-en-1-one (53):

The title compound was prepared according to the literature procedure reported by Nelson and
co-workers:'3* 4-chloro-N-methoxy-N-methylbenzamide S53 (1.4 g, 7.3 mmol, 1.0 equiv.) was
dissolved in anhydrous THF (15 mL) in a flame dried flask and cooled to 0 °C. Vinyl
magnesium bromide (8.7 mL, 1.0 M in THF, 8.7 mmol, 1.2 equiv.) was added dropwise, the
reaction mixture was stirred at r.t. for 1 h then the solution was cooled to 0 °C and quenched
with 3.0 M aqg. HCI. The layers were partitioned and the aqueous layer was extracted twice
with Et2O. The combined organic layers were dried over MgSOs, filtered under gravity and
concentrated in vacuo. Purification by flash column chromatography (30% Et,O in pentane)

afforded 53 as a pale-yellow oil (0.82 g, 67%).

IH NMR (400 MHz, CDCl3): 31 = 7.94 — 7.83 (2H, m, Hp), 7.50 — 7.41 (2H, m, Hs), 7.12 (1H,
dd, J = 17.1, 10.6 Hz, Hs), 6.44 (1H, dd, J = 17.1, 1.6 Hz, H7), 5.95 (1H, dd, J = 10.6, 1.6 Hz,
Hy’); 13C NMR (101 MHz, CDCls): 3¢ = 189.9 (Cs), 139.6 (Cy), 135.7 (Ca), 132.1 (Cs), 130.8
(C7), 130.3 (C2), 129.1 (C3); IR (neat) cm't: 1670, 1641, 1609, 1590, 1571, 1407, 1352, 1290,
1236, 1093, 998, 980, 777: LRMS (ESI*) m/z calc. for CoHgCIO [M+H]* 167.0; found at 167.0

A 0 ppm. Spectroscopic data were consistent with the literature data for this compound.*3®

(RS)-1-(4-Fluorophenyl)prop-2-en-1-ol (S55):

8 OH

=71
45 6
3
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4-Fluoro benzaldehyde (1.2 g, 10 mmol, 1.0 equiv.) was dissolved in THF (15 mL) and cooled
to 0 °C. Vinyl magnesium bromide (12 mL, 1.0 M in THF, 12 mmol, 1.2 equiv.) was added
dropwise and the resultant solution was stirred for 2 h. The reaction was quenched with 2.0 M
aq. HCI and extracted three times with Et,O. The combined organic extracts were dried over
Na2SOyg, filtered under gravity and concentrated in vacuo to afford S55 as an orange oil (1.5 g,

98%).

IH NMR (400 MHz, CDCls): 81 = 7.41—7.29 (2H, m, Hs), 7.18 — 6.95 (2H, m, Hy), 6.02 (1H,
ddd, J = 17.2, 10.3, 6.1 Hz, He), 5.34 (1H, dt, J = 17.1, 1.4 Hz, H7), 5.26 — 5.16 (2H, m, Hs,
H7%); 3C NMR (101 MHz, CDCls): 8¢ = 162.5 (d, J = 245.7 Hz, C1), 140.2 (Cs), 138.4 (d, J =
3.2 Hz, C4), 128.2 (d, J =8.1 Hz) (Cs), 115.6 — 115.4 (2C, m, Cz, C7), 74.8 (Cs); °F NMR (377
MHz, CDCls): 8 = -114.83 (tt, J = 8.6, 5.4 Hz); IR (neat) cm*: 3339 (br), 1604, 1509, 1417,
1223, 1157, 1095, 1014, 990, 928, 854, 835, 788. Spectroscopic data were consistent with the

literature data for this compound.'4®

1-(4-Fluorophenyl)prop-2-en-1-one (55):

The title compound was prepared according to a literature procedure reported by Molander and
Jean-Gerard:**° 1-(4-Fluorophenyl)prop-2-en-1-ol S55 (1.5 g, 10 mmol, 1.0 equiv.) was
dissolved in THF (8.0 mL) and the resultant solution added to a stirred suspension of IBX
(3.4 g, 12 mmol, 1.2 equiv.) in DMSO (25 mL). The suspension was stirred at r.t. for 3 h, then
diluted with H,O and extracted three times with Et2O. The combined organic extracts were
dried over MgSOsa, filtered under gravity and concentrated in vacuo. Purification by flash

column chromatography (5% Et20 in pentane) afforded 55 as a pale-yellow oil (0.69 g, 47%).
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IH NMR (400 MHz, CDCl3): 8 = 8.04 — 7.87 (2H, m, Hs), 7.19 — 7.09 (3H, m, Hz, He), 6.44
(1H, dd, J = 17.1, 1.6 Hz, H7), 5.94 (1H, dd, J = 10.6, 1.6 Hz, H7"); 3C NMR (101 MHz,
CDCl3): 8¢ = 189.5 (Cs), 165.9 (d, J = 254.9 Hz, Cy), 133.8 (d, J = 2.9 Hz, C4), 132.2 (Ce),
131.5 (d, J = 9.3 Hz, C3), 130.5 (C7), 115.9 (d, J = 21.9 Hz, C2); 1°F NMR (377 MHz, CDCls):
8¢ = -105.17 (tt, J = 8.2, 5.4 Hz); IR (neat) cm™: 1671, 1597, 1507, 1411, 1284, 1232, 1158,
1100, 1000, 854, 785. Spectroscopic data were consistent with the literature data for this

compound.t%

(RS)-Methyl 4-(1-hydroxyallyl)benzoate (S57):

10

The title compound was prepared according to a procedure reported by Kikuchi and co-
workers:14" 4-Methyl terephthalaldehydeate (1.6 g, 10 mmol, 1.0 equiv.) was dissolved in THF
(20 mL) and cooled to -78 °C. Vinyl magnesium bromide (12 mL, 1.0 M in THF, 12 mmol,
1.2 equiv.) was added dropwise and the resultant solution was stirred for 30 min. The reaction
was quenched with sat. aq. NH4ClI, warmed to r.t. and extracted three times with Et2O. The
combined organic extracts were dried over Na2SOs, filtered under gravity and concentrated in
vacuo. Purification by flash column chromatography (10% EtOAc in pentane) afforded S57 as

a colourless oil (1.5 g, 76%).

IH NMR (400 MHz, CDCls): 81 = 8.06 — 7.98 (2H, m, Ha), 7.49 — 7.41 (2H, m, Hs), 6.08 —
5.95 (1H, m, Hg), 5.43 — 5.31 (1H, m, Hg), 5.26 (1H, t, J = 4.8 Hz, H7), 5.25 — 5.14 (1H, m,
Ho%), 3.91 (3H, s, H1); 13C NMR (101 MHz, CDCls): 8¢ = 167.1 (C2), 147.6 (Cs), 139.8 (Cs),

130.0 (C4), 129.6 (Cs), 126.3 (Cs), 116.1 (Co), 75.2 (C7), 52.3 (C1); IR (neat) cm: 3435 (br),
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2360, 1720, 1611, 1437, 1280, 1193, 1114, 1018, 991, 929, 863, 814, 762, 713. Spectroscopic

data were consistent with the literature data for this compound.

Methyl 4-acryloylbenzoate (57):

The title compound was prepared according to a literature procedure reported by Walker,
Werrel and Donohoe:'*® Methyl 4-(1-hydroxyallyl)benzoate S57 (1.3 g, 6.9 mmol, 1.0 equiv.)
was dissolved in CH2Cl, (40 mL) and cooled to 0°C. DMP (4.5 g, 11 mmol, 1.5 equiv.) and
NaHCOs (5.9 g, 70 mmol, 10 equiv.) were added portion wise over 15 min to give an off-white
suspension, which was stirred for a further 15 min. The reaction was allowed to warm to r.t.
and stirred for 16 h, after which it was quenched with sat. ag. NaHCO3 and sat. ag. Na2S203
and stirred for 30 min. The reaction was shaken vigorously, then the layers partitioned and the
aqueous layer extracted three times with CH2Cl.. The combined organic extracts were dried
over MgSOy, filtered under gravity and concentrated in vacuo. Purification by flash column

chromatography (15% EtOAc in cyclohexane) afforded 57 as an off-white gel (0.75 g, 57%).

1H NMR (400 MHz, CDCls): 1 = 8.13 (2H, q, J = 7.7, 1.9 Hz, Har), 7.97 (2H, dg, J = 8.3, 1.7
Hz, Has), 7.14 (1H, ddd, J = 17.0, 10.6, 1.8 Hz, Hs), 6.45 (1H, dt, J = 16.8, 1.7 Hz, Hg), 5.99
(1H, dt, J = 10.5, 1.9 Hz, He’), 3.95 (3H, d, J = 2.0 Hz, H1); 3C NMR (101 MHz, CDCl3): &¢
= 190.8 (Cv), 166.4 (Cz), 140.8 (Cs), 133.9 (Ca), 132.4 (Cs), 131.3 (Co), 130.0 (Car), 128.7
(Car), 52.6 (Cy1); IR (neat) cm™: 1727, 1671, 1605, 1505, 1439, 1412, 1278, 1227, 1195, 1110,
740; LRMS (ESI") m/z calc. for CoH70 [M-CO2CH3]* 131.0; found at 131.0 A 0.0 ppm.

Spectroscopic data were consistent with the literature data for this compound.1*®
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N-Methoxy-N-methyl-4-(trifluoromethyl)benzamide (S59):

1
2 4
F3C 3

The title compound was prepared according to a literature procedure reported by Nelson and
co-workers:3* p-Trifluoromethyl benzoyl chloride (2.1 g, 10 mmol, 1.0 equiv.) and
N,O-dimethylhydroxylamine hydrochloride (1.2 g, 12 mmol, 1.2 equiv.) were dissolved in
CHCl, (25 mL)at0°C. NEt3 (3.5 mL, 25 mmol, 2.5 equiv.) was added to the solution dropwise,
then the reaction mixture was warmed to r.t. and stirred for 1 h. The solution was diluted with
H20, shaken and the layers partitioned. The aqueous layer was extracted twice with CH2Clo,
the organic layers were combined, dried over Na2SOg, filtered under gravity and concentrated

in vacuo to afford S59 as a beige oil (2.3 g, 99%).

IH NMR (400 MHz, CDCls): 31 = 7.78 (2H, d, J = 8.0 Hz, Ha), 7.67 (2H, d, J = 8.0 Hz, H3),
3.53 (3H, s, H10), 3.38 (3H, s, Hg); 3C NMR (101 MHz, CDCls): 8¢ = 168.7 (Ce), 137.7 (Cs),
132.4 (q, J = 32.6 Hz, Cy), 128.7 (C4), 125.2 (g, J = 3.8 Hz, C3), 123.0 (q, J = 273.1 Hz, Cy),
61.4 (C10), 33.5 (Cs); 1°F NMR (565 MHz, CDCls): 8¢ = -62.97; IR (neat) cm™. Spectroscopic

data were consistent with the literature data for this compound.4°
1-(4-(Trifluoromethyl)phenyl)prop-2-en-1-one (59):

O
6

= 8
1 7

2
F3C 5

The title compound was prepared according to a literature procedure reported by Nelson and
co-workers:3* N-Methoxy-N-methyl-4-(trifluoromethyl)benzamide S59 (2.3 g, 9.9 mmol,
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1.0 equiv.) was dissolved in anhydrous THF (15 mL) in a flame dried flask and cooled to 0 °C.
Vinyl magnesium bromide (12 mL, 1.0 M in THF, 12 mmol, 1.2 equiv.) was added dropwise,
then the reaction mixture was stirred at r.t. for 1 h, after which the solution was cooled to 0 °C
and quenched with 3.0 M ag. HCI. The layers were partitioned and the aqueous layer was
extracted twice with Et2O. The combined organic layers were dried over MgSOs, filtered under
gravity and concentrated in vacuo. Purification by flash column chromatography (10% Et,O in

pentane) afforded 59 as a yellow oil (0.63 g, 32%).

'H NMR (600 MHz, CDCls): 84 = 8.06 — 7.99 (2H, m, Ha), 7.75 (1H, dt, J = 8.1, 0.8 Hz, Hs),
7.13 (1H, dd, J = 17.2, 10.6 Hz, H7), 6.47 (1H, dd, J = 17.2, 1.5 Hz, Hg), 6.02 (1H, dd, J = 10.6,
1.4 Hz, Hg’); 3C NMR (151 MHz, CDCls): 8¢ = 190.4 (Cs), 140.2 (Cs), 134.4 (q, J = 32.7 Hz,
C2), 132.3 (C7), 131.6 (Cs), 129.1 (C4), 125.8 (q, J = 3.7 Hz, C3), 123.8 (q, J = 272.7 Hz, C1);
1F NMR (377 MHz, CDCls): 8¢ =-63.12; IR (neat) cm™: 1679, 1414, 1326, 1229, 1170, 1128,
1067, 1001, 789. Spectroscopic data were consistent with the literature data for this

compound.*®

N-Methyl benzenaminium 2,2,2-trifluoroacetate (S61):

1
2@ 0o F
8
S
6 4 F
5

The title compound was prepared according to the literature procedure first reported by
Bugarin, Jones and Connell;*>? N-Methy! aniline (11 mL, 100 mmol, 1.0 equiv.) was dissolved
in diethyl ether (100 mL) at 0°C and trifluoro acetic acid (7.7 mL, 100 mmol, 1.0 equiv.) was
added dropwise. The mixture was stirred for 5 min, then the precipitate was filtered, washed
with diethyl ether cooled to 0°C and dried under vacuum for 3 h, affording S61 as a fluffy white

solid (11 g, 50% vyield).
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IH NMR (400 MHz, CDCl3): 81 = 10.73 (2H, s, Hz), 7.47 — 7.38 (5H, m, Ha, Hs, He), 2.96
(3H, d, J = 0.9 Hz, H1); 3C NMR (101 MHz, CDCl3): 8¢ = 162.7 (q, J = 35.8 Hz, C7), 138.1
(Cs), 130.3 (C4), 129.1 (Cs), 122.0 (Cs), 116.6 (g, J = 290.2 Hz, Cg), 37.7 (C); IR (neat) cm™:
1671, 1602, 1498, 1202, 1133, 837, 798, 756, 722, 693, 668, 619; m.p. = 60-62°C.

Spectroscopic data were consistent with the literature data for this compound.t®2

1-(4-Nitrophenyl)prop-2-en-1-one (61):

The title compound was prepared according to a literature procedure reported by Duan, Zhou,
Lin and Xiao:'*® Prilled paraformaldehyde (3.8 g, 130 mmol, 5.0 equiv.), N-methyl
benzenaminium 2,2,2-triflouroacetate S61 (5.5 g, 25 mmol, 1.0 equiv.) and 4-NO_ phenyl
acetone (4.1 g, 25 mmol, 1.0 equiv.) were placed in a flask with a stirrer bar and flushed with
N2 (g). THF (25 mL) was added and the resultant mixture heated to reflux under N> (g) for
15 h. The reaction mixture was concentrated in vacuo, dissolved in EtOAc, washed with H20,
1.0 M aqg. HCI, H20, dried over Na,SO4 and concentrated to dryness. Purification by flash

column chromatography (5% Et20 in pentane) afforded 61 as a cream solid (110 mg, 3.0%).

IH NMR (400 MHz, CDCls): 81 = 8.38 — 8.28 (2H, m, Ha), 8.13 — 8.03 (2H, m, Hay), 7.12
(1H, dd, J = 17.2, 10.6 Hz, Hy), 6.48 (1H, dd, J = 17.2, 1.4 Hz, Hy), 6.07 (1H, dd, J = 10.6, 1.4
Hz, H1’); 3C NMR (101 MHz, CDCls): 8¢ = 189.8 (Cs), 150.4 (C7), 142.1 (C4), 132.3 (C1),
132.1 (Cy), 129.8 (Cs), 124.0 (Cs); IR (neat) cm™: 1730, 1667, 1600, 1520, 1415, 1401, 1363,

1344, 1324, 1228, 1002, 980, 873, 855, 802, 757, 728, 681; LRMS (ESI*) m/z calc. for

238



Chapter 8 - Experimental

CoH7NO3Na [M+Na]* 200.0; found at 200.0 A 0 ppm; m.p. = 85-87 'C. Spectroscopic data

were consistent with the literature data for this compound.*>*
4-Cyano-N-methoxy-N-methylbenzamide (S63):

O

6
_O. .10
5 N Me

)
> 4 Me

The title compound was prepared according to a literature procedure reported by Wallace and
Gibb:*® p-Cyano benzoic acid (1.47 g, 10.0 mmol, 1.00 equiv.), N,O-dimethylhydroxylamine
hydrochloride (1.07 g, 11.0 mmol, 1.10 equiv.), 2-hydroxy benzotriazole (400 mg, 3.00 mmol,
30.0 mol%) and EDC (2.30 g, 12.0 mmol, 1.20 equiv.) were dissolved in MeCN (15.0 mL) at
r.t. under an atmosphere of nitrogen. NEtz (1.53 mL, 11.0 mmol, 1.10 equiv.) was added
dropwise, and the solution was stirred overnight. The reaction was quenched by addition of
2.0 M ag. NaOH and extracted three times with EtOAc. The combined organic extracts were
dried with Na>SOg, filtered under gravity and concentrated in vacuo to afford S63 as a beige

oil (787 mg, 41%).

IH NMR (400 MHz, CDCls): 81 = 7.80 — 7.74 (2H, m, Ha), 7.74 — 7.67 (2H, m, Hs), 3.52 (3H,
s, Ho), 3.37 (3H, s, Hg); 3C NMR (101 MHz, CDCls): 8¢ = 168.1 (Cs), 138.4 (Cs), 132.0 (Ca),
129.0 (Ca), 118.3 (Cy), 114.3 (C2), 61.5 (C10), 33.4 (Cs); IR (neat) cm':: 1644, 1423, 1215, 983,

850, 754. Spectroscopic data were consistent with the literature data for this compound.®
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4-Acryloylbenzonitrile (63):

N

The title compound was prepared according to a literature procedure reported by Nelson and
co-workers:34 4-Cyano-N-methoxy-N-methylbenzamide S63 (0.79 g, 4.1 mmol, 1.0 equiv.)
was dissolved in anhydrous THF (10 mL) in a flame dried flask and cooled to 0 °C. Vinyl
magnesium bromide (5.0 mL, 1.0 M in THF, 4.9 mmol, 1.2 equiv.) was added dropwise, then
the reaction mixture was stirred at r.t. for 1 h, after which the solution was cooled to 0 “C and
quenched with 3.0 M ag. HCI. The layers were partitioned and the aqueous layer was extracted
twice with Et.O. The combined organic layers were dried over MgSOQea, filtered under gravity

and concentrated in vacuo to afford 63 as a pale-brown solid (0.60 g, 92%).

IH NMR (400 MHz, CDCl3): 814 = 8.05 — 7.97 (2H, m, Ha), 7.85 — 7.74 (2H, m, Hs), 7.10 (1H,
dd, J=17.2,10.6 Hz, Hv), 6.47 (1H, ddd, J =17.2, 1.4, 0.6 Hz, Hg), 6.04 (1H, dd, J = 10.6, 1.2
Hz, Hg’); 3C NMR (101 MHz, CDCls): 8¢ = 189.9 (Cs), 140.6 (Cs), 132.7 (Cs), 132.1 (Cg),
131.9 (C), 129.2 (C4), 118.1 (C1), 116.4 (C2); IR (neat) cm™: 2231, 1668, 1610, 1412, 1293,
1230, 1001, 862, 782. m.p. = 51-52 °C. Spectroscopic data were consistent with the literature

data for this compound.®

(RS)-1-(Naphthalen-1-yl)prop-2-en-1-ol (S65):
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The title compound was prepared according to a literature procedure reported by Wang and
co-workers:1% 1-Napthaldehyde (1.6 g, 10 mmol, 1.0 equiv.) was dissolved in anhydrous THF
(20 mL) in a flame dried flask and cooled to 0 °C. Vinyl magnesium bromide (12 mL, 1.0 M in
THF, 12 mmol, 1.2 equiv.) was added dropwise, after which the solution was warmed to r.t.
and stirred for 2 h. The solution was quenched with sat. ag. NH4Cl and extracted twice with
Et.O. The combined organic extracts were dried over Na,SQg, filtered under gravity and
concentrated in vacuo to afford S65 as an orange oil (1.8 g, 96%) which was used without

further purification.

'H NMR (400 MHz, CDCl3): 1 = 8.25 — 8.16 (1H, m, Hg), 7.88 (1H, dd, J = 8.0, 1.6 Hz, H3),
7.81 (1H, d, J = 8.2 Hz, Hs), 7.68 — 7.60 (1H, m, H1), 7.58 — 7.41 (3H, m, Ha, He, H7), 6.26
(1H, dddd, J = 17.1, 10.4, 5.4, 1.3 Hz, Hi2), 5.95 (1H, d, J = 5.3 Hz, Hu1), 5.46 (1H, dt, J =
17.2, 1.5 Hz, His), 5.29 (1H, dt, J = 10.4, 1.4 Hz, H13’); 23C NMR (101 MHz, CDCls): 8¢ =
139.8 (C12), 138.2 (C1o), 134.1 (C4), 130.9 (Cs), 129.0 (C3), 128.7 (Cs), 126.3 (C1), 125.8 (C7),
125.6 (Cs), 124.1 (Cg), 123.9 (C2), 115.8 (Cu3), 72.5 (C11); IR (neat) cm™: 3356 (br), 3050,
2361, 2341, 1510, 989, 926, 802, 736. Spectroscopic data were consistent with the literature

data for this compound.**°

1-(Naphthalen-1-yl)prop-2-en-1-one (65):

The title compound was prepared according to a literature procedure reported by Molander and
Jean-Gerard:*° 1-(Naphthalen-1-yl)prop-2-en-1-ol S65 (1.8 g, 10 mmol, 1.0 equiv.) was

dissolved in THF (8 mL) and the resultant solution added to a stirred suspension of IBX (3.4 g,
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12 mmol, 1.2 equiv.) in DMSO (25 mL). The suspension was stirred at r.t. for 3 h, then diluted
with H>O and extracted three times with Et,O. The combined organic extracts were dried over
MgSOs, filtered under gravity and concentrated in vacuo. Purification by flash column

chromatography (7% Et.O in pentane) afforded 65 as a yellow oil (0.73 g, 40%).

IH NMR (600 MHz, CDCls): 5n = 8.34 (1H, dg, J = 8.7, 0.9 Hz, Hs), 7.98 (1H, dt, J = 8.3,
1.1 Hz, Ha), 7.92 — 7.86 (1H, m, Hs), 7.73 (1H, dd, J = 7.1, 1.2 Hz, H1), 7.57 (1H, ddd, J = 8.5,
6.8, 1.6 Hz, Hy), 7.54 (1H, ddd, J = 8.1, 6.8, 1.4 Hz, He), 7.51 (1H, dd, J = 8.2, 7.1 Hz, Hy),
6.95 (1H, dd, J = 17.4, 10.6 Hz, H1z), 6.27 (1H, dd, J = 17.4, 1.3 Hz, Hus), 6.05 (1H, dd, J =
10.6, 1.3 Hz, Hi13"); °C NMR (151 MHz, CDCl3): 8¢ = 196.0 (C11), 137.1 (C12), 135.9 (C10),
134.0 (Ca), 132.1 (C3), 131.5 (C13), 130.7 (Cs), 128.6 (Cs), 127.9 (C1), 127.7 (C7), 126.6 (Cs),
125.7 (Cg), 124.5 (C2); IR (neat) cm't: 1664, 1603, 1508, 1404, 1290, 1252, 1233, 1181, 1102,

947, 785, 646. Spectroscopic data were consistent with the literature data for this compound.#?

(RS)-1-(Naphthalen-2-yl)prop-2-en-1-ol (S67):

The title compound was prepared according to a literature procedure reported by Wang and
co-workers:13 2-napthaldehyde (1.6 g, 10 mmol, 1.0 equiv.) was dissolved in anhydrous THF
(20 mL) in a flame dried flask and cooled to 0 °C. Vinyl magnesium bromide (12 mL, 1.0 M in
THF, 12 mmol, 1.2 equiv.) was added dropwise, after which the solution was warmed to r.t.
and stirred for 2 h. The solution was quenched with sat. ag. NH4Cl and extracted twice with

Et.O. The combined organic extracts were dried over Na>SOg, filtered under gravity and
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concentrated in vacuo to afford S67 as an orange oil (1.8g, quant.) which was used without

further purification.

IH NMR (400 MHz, CDCl3): 8n = 7.89 — 7.78 (5H, m, Haz, Hs, Hs, Hs, Hio), 7.55 — 7.43 (2H,
m, He, H7), 6.13 (1H, dddd, J = 17.0, 10.3, 6.0, 0.7 Hz, H12), 5.47 — 5.36 (2H, m, Hi1, Hus),
5.25 (1H, ddt, J = 10.2, 1.8, 0.9 Hz, Hi13"), 1.49 (1H, br.s, H14); 3C NMR (101 MHz, CDCls):
8c = 140.3 (C12), 140.1 (C1), 133.5 (C4), 133.2 (Co), 128.5 (Co), 128.2 (Cs), 127.8 (Cs), 126.3
(Ce), 126.1 (Cs), 125.1 (C7), 124.7 (C2), 115.6 (C13), 75.6 (C11); IR (neat) cm™: 3353 (br),
3053, 2361, 2341, 1508, 1419, 1363, 1271, 1167, 1124, 1020, 990, 927, 895, 857, 818, 781,

715. Spectroscopic data were consistent with the literature data for this compound.**®

1-(Naphthalen-2-yl)prop-2-en-1-one (67):

The title compound was prepared according to a literature procedure reported by Molander and
Jean-Gerard:**° 1-(Naphthalen-2-yl)prop-2-en-1-ol S67 (1.7 g, 9.0 mmol, 1.0 equiv.) was
dissolved in THF (7.0 mL) and the resultant solution added to a stirred suspension of IBX
(3.0 g, 11 mmol, 1.2 equiv.) in DMSO (20 mL). The suspension was stirred at r.t. for 3 h, then
diluted with H,O and extracted three times with Et>O. The combined organic extracts were
dried over MgSOsa, filtered under gravity and concentrated in vacuo. Purification by flash

column chromatography (7% Et20 in pentane) afforded 67 as a yellow oil (0.79 g, 43%).

IH NMR (600 MHz, CDCls): 8 = 8.47 (1H, d, J = 1.6 Hz, Hio), 8.04 (1H, dd, J = 8.6, 1.8 Hz,
H,), 7.99 — 7.95 (1H, m, He), 7.92 (1H, d, J = 8.6 Hz, Hs), 7.89 (1H, dd, J = 8.1, 1.2 Hz, Hs),

7.61 (1H, ddd, J = 8.1, 6.8, 1.3 Hz, Hg), 7.56 (LH, ddd, J = 8.1, 6.9, 1.3 Hz, H7), 7.33 (1H, dd,
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J =170, 10.5 Hz, H12), 6.51 (1H, dd, J = 17.1, 1.6 Hz, Hi3), 5.98 (1H, dd, J = 10.6, 1.6 Hz,
Hi3’); 3C NMR (151 MHz, CDCla): 8¢ = 191.0 (C11), 135.7 (C4), 134.8 (C1), 132.6 (Co), 132.5
(C12), 130.5 (C10), 130.2 (C13), 129.7 (Cs), 128.8 (C3), 128.7 (Cs), 128.0 (Cs), 127.0 (C7), 124.6
(C2); IR (neat) cm™: 1693, 1666, 1627, 1608, 1468, 1401, 1351, 1277, 1255, 1222, 1181, 1125,
1000, 978, 942, 866, 826, 791, 765. Spectroscopic data were consistent with the literature data
for this compound.t4!

(RS)-1-(p-Tolyl)prop-2-en-1-ol (S69):

OH
6 __8

p-Methyl benzaldehyde (1.2 g, 10 mmol, 1.0 equiv.) was dissolved in anhydrous THF (20 mL)
in a flame dried flask and cooled to 0 °C. Vinyl magnesium bromide (12 mL, 1.0 M in THF,
12 mmol, 1.2 equiv.) was added dropwise, then the resultant solution was stirred at r.t. for 1 h,
after which it was quenched with sat. ag. NH4CI. The mixture was extracted three times with
Et2O then the combined organic extracts were dried over Na;SOa, filtered under gravity and
concentrated in vacuo to give S69 as a pale-orange oil (1.5 g, quant.) which was used without

further purification.

IH NMR (400 MHz, CDCls): 8n = 7.30 — 7.22 (2H, m, Ha), 7.21 — 7.12 (2H, m, Hs), 6.10 —
5.98 (1H, m, H), 5.33 (1H, dt, J = 16.9, 1.3 Hz, Hg), 5.21 — 5.14 (2H, m, He, Hg’), 2.34 (3H,
s, H1); 3C NMR (101 MHz, CDCls): 8¢ = 140.6 (C7), 139.9 (Cs), 137.6 (C2), 129.4 (Cs), 126.4
(C4), 114.9 (Cs), 75.3 (Cs), 21.2 (C1); IR (neat) cm™: 3347 (br), 1513, 1411, 1108, 1030, 989,
924, 848, 816, 774, 733. Spectroscopic data were consistent with the literature data for this

compound. 1%
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1-(p-Tolyl)prop-2-en-1-one (69):

The title compound was prepared according to a literature procedure reported by Molander and
Jean-Gerard:*° 1-(p-Tolyl)prop-2-en-1-ol S69 (1.5 g, 10 mmol, 1.0 equiv.) was dissolved in
THF (8.0 mL) and the resultant solution added to a stirred suspension of IBX (3.4 g, 12 mmol,
1.2 equiv.) in DMSO (25 mL). The suspension was stirred at r.t. for 3 h, then diluted with H.O
and extracted three times with Et,O. The combined organic extracts were dried over MgSOa,
filtered under gravity and concentrated in vacuo. Purification by flash column chromatography

(7% Et20 in pentane) afforded 69 as a yellow oil (0.67 g, 46%).

IH NMR (400 MHz, CDCls): 81 = 7.91 — 7.83 (2H, m, Ha), 7.35 — 7.22 (2H, m, Hs), 7.16 (1H,
dd, J=17.1, 10.5 Hz, H7), 6.43 (1H, dd, J = 17.1, 1.8 Hz, Hg), 5.90 (1H, dd, J = 10.5, 1.7 Hz,
Hs), 2.42 (3H, s, H1); ¥C NMR (101 MHz, CDCls): 8¢ = 190.7 (Cs), 144.0 (C2), 134.9 (Cs),
132.5 (Cy), 129.8 (Cs), 129.5 (C3), 129.0 (C4), 21.8 (C1); IR (neat) cm™: 1668, 1604, 1571,
1410, 1399, 1293, 1237, 1212, 1182, 1121, 1002, 982, 846, 771. Spectroscopic data were

consistent with the literature data for this compound.!®

N,O-Dimethoxy-N-methylbenzamide (S71):

1Me\ 5 Me

034

The title compound was prepared according to a literature procedure reported by Nelson and

134

co-workers: p-Methoxy benzoyl chloride (3.4 g, 20mmol, 1.0 equiv.) and
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N,O-dimethylhydroxylamine hydrochloride (2.4 g, 24 mmol, 1.2 equiv.) were dissolved in
CH,Cl2 (50 mL)at 0 °‘C. NEt3 (7.0 mL, 50 mmol, 2.5 equiv.) was added to the solution dropwise,
then the reaction mixture was warmed to r.t. and stirred for 1 h. The solution was diluted with
H20, shaken and the layers partitioned. The aqueous layer was extracted twice with CH2Cl,
the organic layers were combined, dried over Na.SOs, filtered under gravity and concentrated

in vacuo to afford S71 as an orange oil (3.8 g, 98%).

'H NMR (400 MHz, CDCl3): 8 = 7.72 (2H, dq, J = 8.3, 1.0 Hz, Hs), 6.99 — 6.80 (2H, m, Ha),
3.84 (3H, d, J = 1.5 Hz, H1), 3.56 (3H, d, J = 1.3 Hz, H11), 3.35 (3H, d, J = 1.4 Hz, Ho);
13C NMR (101 MHz, CDCls): 8¢ = 169.5 (C7), 161.7 (Cs), 130.7 (Cs), 126.2 (C3), 113.4 (Ca),
61.0 (C11), 55.4 (C1), 34.0 (Co); IR (neat) cm™: 1634, 1608, 1512, 1421, 1374, 1304, 1254,
1173, 1029, 978, 909, 841, 797, 756, 730. Spectroscopic data were consistent with the literature

data for this compound.t®!

1-(4-Methoxyphenyl)prop-2-en-1-one (71):

1 8
Me

3
O 4

The title compound was prepared according to a literature procedure reported by Nelson and
co-workers:'** N,0-Dimethoxy-N-methylbenzamide S71 (3.8 g, 20 mmol, 1.0 equiv.) was
dissolved in anhydrous THF (30 mL) in a flame dried flask and cooled to 0 °C. Vinyl
magnesium bromide (24 mL, 1.0 M in THF, 24 mmol, 1.2 equiv.) was added dropwise, then
the reaction mixture was stirred at r.t. for 1 h, after which the solution was cooled to 0 'C and
guenched with 3.0 M ag. HCI. The layers were partitioned and the aqueous layer was extracted

twice with Et.O. The combined organic layers were dried over MgSOa, filtered under gravity
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and concentrated in vacuo to afford 71 as an orange solid (2.7 g, 83%) which was used without

further purification.

1H NMR (400 MHz, CDCls): 81 = 8.00 — 7.89 (2H, m, Hs), 7.16 (1H, dd, J = 17.0, 10.5 Hz,
He), 6.99 — 6.88 (2H, m, Ha), 6.41 (1H, dd, J = 17.0, 1.8 Hz, Ho), 5.85 (1H, dd, J = 10.5, 1.8
Hz, Ho%), 3.86 (3H, s, H1); 33C NMR (101 MHz, CDCls): 5¢c = 189.3 (C7), 163.7 (Ce), 132.7
(Cs), 131.1 (Cs), 130.3 (Cs), 129.3 (Cqg), 114.0 (C4), 55.6 (C1); IR (neat) cm™: 1657, 1605,
1586, 1510, 1463, 1444, 1420, 1401, 1332, 1310, 1267, 1238, 1173, 1119, 1029, 1012, 993,
984, 854, 806, 791, 728, 711, 631; m.p. = 24-26 °C. Spectroscopic data were consistent with

the literature data for this compound.t3®
4-(Dimethylamino)-N-methoxy-N-methylbenzamide (S73):

O

’ _O. 11

6 N Me
1Me I\I/Ie9
WY

Me

The title compound was prepared according to a literature procedure reported by Wallace and
Gibb:¥*3  4-Dimethylamino  benzoic acid (1.65g, 10.0 mmol, 1.00 equiv.), N,O-
dimethylhydroxylamine hydrochloride (1.07 g, 11.0 mmol, 1.10 equiv.), 2-hydroxy
benzotriazole (400 mg, 3.00 mmol, 30.0 mol%) and EDC (2.3 g, 12 mmol, 1.2 equiv.) were
dissolved in MeCN (15.0 mL) at r.t. under an atmosphere of nitrogen. NEtz (1.53 mL,
11.0 mmol, 1.10 equiv.) was added dropwise, and the solution was stirred overnight. The
reaction was quenched by addition of 2.0 M ag. NaOH and extracted three times with EtOAc.
The combined organic extracts were dried with Na>SOs, filtered under gravity and concentrated

in vacuo to afford S73 as a pale-orange oil (794 mg, 38%).
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IH NMR (400 MHz, CDCl3): 814 = 7.77 — 7.69 (2H, m, Hs), 6.69 — 6.61 (2H, m, Ha), 3.59 (3H,
s, Hu1), 3.34 (3H, s, Hg), 3.02 (3H, s, H1); 13C NMR (101 MHz, CDCls): 8¢ = 170.1 (C7), 152.2
(C3), 130.8 (Cs), 120.6 (Cs), 110.8 (C4), 60.8 (C11), 40.2 (C1), 34.4 (Co); IR (neat) cm™: 1604,
1527, 1411, 1360, 1186, 1169, 826, 756; LRMS (ESI*) m/z calc. for C11H16N2O2Na [M+Na]*
231.1; found at 231.2 A 433 ppm. Spectroscopic data were consistent with the literature data

for this compound.1#*

1-(4-(Dimethylamino)phenyl)prop-2-en-1-one (73):

4-(Dimethylamino)-N-methoxy-N-methylbenzamide S73 (0.79 g, 3.8 mmol, 1.0 equiv.) was
dissolved in THF (15 mL) and cooled to 0 °C. Vinyl magnesium bromide (4.6 mL, 1.0 M in
THF, 4.6 mmol, 1.2 equiv.) was added dropwise and the resultant solution was stirred for 2 h.
The reaction was quenched with 2.0 M ag. HCI and extracted three times with Et,O. The
combined organic extracts were dried over MgSOQg, filtered under gravity and concentrated in

vacuo to afford 73 as an orange solid (0.46 g, 68%).

IH NMR (400 MHz, CDCl3): 81 = 7.97 — 7.90 (2H, m, Hs), 7.21 (1H, dd, J = 17.0, 10.5 Hz,
Hg), 6.70 (2H, d, J = 8.7 Hz, Ha), 6.40 (1H, dd, J = 17.0, 2.0 Hz, Hg), 5.79 (1H, dd, J = 10.5,
2.1 Hz, Ho’), 3.08 (3H, s, H); 13C NMR (101 MHz, CDCls): 8¢ = 188.5 (C7), 153.5 (Cs), 132.4
(Cs), 131.2 (Cs), 128.0 (Co), 124.8 (Cs), 111.1 (C4), 40.3 (C1); IR (neat) cm™: 1651, 1612,
1591, 1548, 1529, 1435, 1399, 1378, 1328, 1265, 1232, 1196, 981, 786; m.p. = 88-89 °C.

Spectroscopic data were consistent with the literature data for this compound.#°

N-Methoxy-N-methylthiophene-2-carboxamide (S77):
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The title compound was prepared according to a literature procedure reported by Nelson and

co-workers: 134

Thiophene carbonyl chloride (1.5 g, 10mmol, 1.0 equiv.) and
N,O-dimethylhydroxylamine hydrochloride (1.2 g, 12 mmol, 1.2 equiv.) were dissolved in
CH.Cl2 (25 mL)at 0°C. NEt3 (3.5 mL, 25 mmol, 2.5 equiv.) was added to the solution dropwise,
then the reaction mixture was warmed to r.t. and stirred for 1 hr. The solution was diluted with
H20, shaken and the layers partitioned. The aqueous layer was extracted twice with CH2Cl,
the organic layers were combined, dried over NaSOg, filtered under gravity and concentrated

in vacuo. Purification by flash column chromatography (25% EtOAc in pentane) afforded S77

as a pale-orange oil (1.4 g, 84%).

IH NMR (400 MHz, CDCls): &1 = 7.96 (1H, dd, J = 3.9, 1.3 Hz, Hy), 7.54 (1H, dd, J = 5.1,
1.3 Hz, Ha), 7.10 (1H, dd, J = 5.1, 3.8 Hz, H3), 3.77 (3H, s, Huo), 3.37 (3H, s, Hg); 1*C NMR
(101 MHz, CDCl3): 8¢ = 162.4 (Cs), 134.5 (C2), 133.4 (Cs), 132.3 (Cs), 126.9 (Cs), 61.7 (C1o),
33.2 (Ce); IR (neat) cm't: 2361, 1622, 1517, 1421, 1382, 1340, 1227, 1207, 1061, 1035, 978,
854, 839, 726, 660; LRMS (ESI*) m/z calc. for C7H1oNO2S [M+H]* 172.0; found at 172.0

A 0 ppm. Spectroscopic data were consistent with the literature data for this compound.*3®

1-(Thiophen-2-yl)prop-2-en-1-one (77):

O

5 =~ 8
6

S
3 4
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The title compound was prepared according to a literature procedure reported by Nelson and
co-workers:3*  N-Methoxy-N-methylthiophene-2-carboxamide S77 (1.4g, 8.0 mmol,
1.0 equiv.) was dissolved in anhydrous THF (15 mL) in a flame dried flask and cooled to 0 °C.
Vinyl magnesium bromide (10 mL, 10 mmol, 1.0 M in THF, 1.2 equiv.) was added dropwise,
then the reaction mixture was stirred at r.t. for 1 h, after which the solution was cooled to 0 °C
and quenched with 3.0 M ag. HCI. The layers were partitioned and the aqueous layer was
extracted twice with Et2O. The combined organic layers were dried over MgSOs, filtered under
gravity and concentrated in vacuo. Purification by flash column chromatography (20% Et,O in

pentane) afforded 77 as a pale-yellow oil (0.60 g, 52%).

IH NMR (400 MHz, CDCls): 3 = 7.78 (1H, dd, J = 3.8, 1.2 Hz, Ha), 7.68 (1H, dd, J = 4.9, 1.1
Hz, Hy), 7.16 (1H, dd, J = 5.0, 3.8 Hz, Hs), 7.08 (1H, dd, J = 17.0, 10.5 Hz, Hy), 6.51 (1H, dd,
J=17.0, 1.6 Hz, Hs), 5.88 (1H, dd, J = 10.5, 1.6 Hz, Hg’); 3C NMR (101 MHz, CDCls): 8¢ =
182.6 (Cs), 144.7 (Cs), 134.4 (C2), 132.6 (Ca), 132.0 (C7), 129.6 (Cs), 128.4 (C3); IR (neat)
cm™: 2360, 1649, 1605, 1515, 1415, 1354, 1289, 1245, 1067, 977, 934, 856, 783, 725, 647.

Spectroscopic data were consistent with the literature data for this compound.t%

N-Methoxy-N-methylfuran-2-carboxamide (S75):

O

5 _O.
@) AN Mem

2 \ / .
4+ Me
The title compound was prepared according to a literature procedure reported by Nelson and
co-workers:*** Furoyl chloride (1.3 g, 10 mmol, 1.0 equiv.) and N,O-dimethylhydroxylamine
hydrochloride (1.2 g, 12 mmol, 1.2 equiv.) were dissolved in CH2Cl2 (25 mL) at 0 "C. NEts

(3.5 mL, 25 mmol, 2.5 equiv.) was added to the solution dropwise, then the reaction mixture

was warmed to r.t. and stirred for 1 hr. The solution was diluted with H2O, shaken and the
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layers partitioned. The aqueous layer was extracted twice with CH,Cl», the organic layers were
combined, dried over Na>SQyg, filtered under gravity and concentrated in vacuo to afford S75

as a pale-red oil (1.6 g, quant.) which was used without further purification.

'H NMR (400 MHz, CDCls): 84 = 7.58 (1H, dt, J = 1.5, 0.7 Hz, Hy), 7.14 (1H, dt, J = 3.5,
0.7 Hz, Ha4), 6.53 — 6.46 (1H, m, Hs), 3.76 (3H, d, J = 0.6 Hz, Hio), 3.35 (3H, d, J = 0.6 Hz,
Hs); 33C NMR (101 MHz, CDCls): 8¢ = 159.3 (Cs), 145.8 (Cs), 145.4 (C2), 117.5 (Ca), 111.7
(Cs), 61.5 (C1o), 33.3 (Cs); IR (neat) cm™: 1640, 1562, 1476, 1418, 1390, 1231, 1178, 1115,
1070, 1024, 980, 932, 886, 859, 762, 745, 668. Spectroscopic data were consistent with the

literature data for this compound.!%

1-(Furan-2-yl)prop-2-en-1-one (75):

O

5 = 8
6

O
2 \ I 7
3 4
The title compound was prepared according to a literature procedure reported by Nelson and
co-workers:'3* N-Methoxy-N-methylfuran-2-carboxamide S75 (1.4 g, 10 mmol, 1.0 equiv.)
was dissolved in anhydrous THF (15 mL) in a flame dried flask and cooled to 0 °C. Vinyl
magnesium bromide (12 mL, 1.0 M in THF, 12 mmol, 1.2 equiv.) was added dropwise, then
the reaction mixture was stirred at r.t. for 1 h, after which the solution was cooled to 0 °C and
guenched with 3.0 M ag. HCI. The layers were partitioned and the aqueous layer was extracted
twice with Et.O. The combined organic layers were dried over MgSOa, filtered under gravity
and concentrated in vacuo to afford 75 as a pale-yellow oil (1.1 g, 88%) which was used without

further purification.
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IH NMR (400 MHz, CDCls): &1 = 7.63 (1H, dd, J = 1.7, 0.8 Hz, Hy), 7.27 (1H, dd, J = 3.6,
0.8 Hz, Ha), 7.06 (1H, dd, J = 17.2, 10.5 Hz, H7), 6.56 (1H, d, J = 1.6 Hz, Hs), 6.55 (1H, dd, J
= 20.5, 1.8 Hz, Hg), 5.87 (1H, dd, J = 10.5, 1.7 Hz, Hg); 13C NMR (101 MHz, CDCls): 8¢ =
178.2 (Cs), 153.1 (Cs), 147.1 (Cz), 131.5 (C7), 129.6 (Cs), 118.4 (Ca), 112.6 (C3); IR (neat) cm’
1: 1666, 1608, 1567, 1465, 1408, 1271, 1225, 1164, 1087, 1032, 1004, 983, 911, 898, 883, 764,

731, 637. Spectroscopic data were consistent with the literature data for this compound.*3®
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8.4 Experimental data for Chapter 3

(RS)-4-(2-Benzyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one (157):

17 19
18
16 Me

6 4
7 S 30 15
12
8 N 14
9 10 4 11 13
The title compound was prepared according to General Procedure C on 1.4 mmol scale using

MVK (120 pL, 1.4 mmol, 1.0 equiv.) as the electrophile. Purification by flash column

chromatography (10% Et20 in pentane) afforded 157 as a pale-yellow oil (260 mg, 62%).

IH NMR (600 MHz, CDCls): 8 = 7.39 (2H, d, J = 6.8 Hz, H13), 7.34 (2H, t, J = 7.5 Hz, H14),
7.28 (1H, s, His), 7.20 — 7.14 (2H, m, He, H7), 7.12 (1H, td, J = 7.3, 1.8 Hz, Hg), 7.00 (1H, d,
J=7.5Hz, Ho), 3.81 (1H, d, J = 14.8 Hz, H1), 3.75 (1H, d, J = 13.0 Hz, H11), 3.56 (1H, d, J =
13.0 Hz, Hir’), 3.48 (1H, d, J = 14.8 Hz, H1’), 2.80 (1H, dq, J = 8.5, 4.2 Hz, Ha), 2.72 — 2.67
(1H, m, Ha), 2.54 (1H, dd, J = 11.6, 4.3 Hz, H3’), 2.39 (1H, ddd, J = 16.3, 9.4, 6.4 Hz, H1y),
2.28 (1H, ddd, J = 16.7, 9.6, 5.5 Hz, H17’), 2.07 (3H, s, Hio), 2.06 — 1.94 (2H, m, His, Hie’);
13C NMR (151 MHz, CDCls): 3¢ = 209.1 (Cus), 138.8 (C12), 138.4 (Cs), 135.1 (Cuo), 129.2
(C13), 128.5 (Ce), 128.4 (C1a), 127.3 (C1s), 126.6 (Cq), 126.4 (C7), 126.0 (Cs), 62.9 (C11), 56.9
(C1), 53.9 (C3), 41.4 (C17), 38.0 (C4), 30.0 (Cus), 30.0 (Ci6); IR (neat) cm™: 3026, 2798, 1714,
1493, 1453, 1392, 1367, 1266, 1240, 1160, 1096, 1071, 1028, 977, 912, 741, 701, 669, 651,
635; LRMS (ESI") m/z calc. for CoH24NO [M + H]* 294.2; found at 294.2 A 0 ppm.

Spectroscopic data were consistent with the literature data for this compound.?®
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4-Nitropyridine 1-oxide (160):

Q
o
o’g') T

Pyridine-N-oxide (2.4 g, 25 mmol, 1.0 equiv.) was stirred with conc. HNO3 (1.9 mL, 46 mmol,
1.8 equiv.) and conc. H2SO4 (7.0 mL, 140 mmol, 5.6 equiv.) at 130 °C for 3 h. The solution
was poured onto ice, then neutralised with solid Na,COs and diluted with CH>Cl>. The mixture
was shaken, the layers were partitioned, then the aqueous phase extracted twice with CH2Cl.
The organic layers were combined, dried over MgSOyg, filtered under gravity then concentrated
in vacuo to give a pale-yellow powder. Recrystallisation from boiling acetone afforded 160 as

bright yellow crystals (1.9 g, 54%).

IH NMR (400 MHz, CDCls): 84 = 8.30 — 8.19 (2H, m, H3), 8.15 — 8.07 (2H, m, Hy);
13C NMR (101 MHz, CDCls3) 8¢ = 142.3 (C4), 140.3 (C3), 121.0 (C2); IR (neat) cm™: 1603,
1588, 1511, 1461, 1363, 1346, 1284, 1267, 1233, 1198, 1174, 1121, 1097, 1019, 961, 863, 829,
749, 681, 647; HRMS (ESI*) m/z calc. for CsHsN2O3z [M+H]" 141.0295; Molecule could not
be observed by ESI MS; m.p. = 148-149 °C. Spectroscopic data were consistent with the

literature data for this compound.t>®
(RS, RS)-2-Benzyl-4-(3-oxobutyl)-1,2,3,4-tetrahydroisoquinoline 2-oxide (162):

14
12 13 Me
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4-(2-Benzyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one 162 (100 mg, 0.34 mmol,
1.0 equiv.) was dissolved in CH.Cl, (5.0 mL) and cooled to -78 °C with stirring.
3-Chloroperoxybenzoic acid (65 mg, 0.38 mmol, 1.1 equiv.) was added portionwise and the
solution allowed to warm slowly to r.t. overnight. Sat. aq. Na>S,03 was added and the mixture
was diluted with CH2Cl,. The layers were partitioned and the aqueous layer extracted twice
with CH2Cl,. The combined organic layers were washed with 2.0 M ag. NaOH, dried over
MgSOs, filtered under gravity and concentrated in vacuo. Column chromatography (initial
flush with 50% Et>0O in pentane followed by final flush with 5% MeOH in CH2Cl,) afforded

162 as a pale-orange oil as a single diastereomer (94 mg, 89%, 90% purity).

IH NMR (600 MHz, CDCls): 81 = 7.50 — 7.45 (2H, m, Hi7), 7.36 — 7.27 (3H, m, His, Hio),
7.22 (1H, d, J = 7.8 Hz, He), 7.11 (1H, t, J = 7.6 Hz, Hy), 7.02 (1H, t, J = 7.5 Hz, Hg), 6.79 (1H,
d, J = 7.7 Hz, Ho), 4.48 — 4.38 (3H, m, H1, H1s), 3.93 (1H, d, J = 14.5 Hz, H1’), 3.68 (1H, qd,
J=9.8, 6.3 Hz, Ha), 3.34 (1H, ddd, J = 11.5, 5.9, 2.5 Hz, Hs), 3.02 (1H, t, J = 11.4 Hz, H3"),
2.36 —2.30 (2H, m, Hiz, H12), 2.13 (1H, dtd, J = 15.2, 7.6, 3.4 Hz, Hi1), 1.99 (3H, s, H1a), 1.85
(1H, dg, J = 15.4, 7.7 Hz, Har’); ¥C NMR (151 MHz, CDCla): 8¢ = 207.5 (C13), 134.6 (Cs),
132.4 (C17), 129.6 (C1s), 129.5 (Cis), 128.9 (Cio0), 128.5 (C1s), 127.5 (C7), 127.1 (Cs), 126.4
(Cs), 125.8 (Ce), 76.4 (C1s), 65.6 (C1), 65.5 (Cs), 40.0 (C12), 32.8 (Ca), 29.9 (Ci4), 24.2 (C1a);
IR (neat) cm:1713, 1497, 1456, 911, 731, 702; HRMS (ESI*) m/z calc. for CaoH2sNO;

[M+H]* 310.1802; found at 310.1801 A -0.19 ppm.
2-(4-Nitrobenzyl)isoquinolin-2-ium bromide (S163):

Q
6 4 ©
@)

5 15_N
7 X3 G_)\
® ©
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Isoquinoline (2.58 g, 20.0 mmol, 1.00 equiv.) was dissolved in acetone (30 mL) with para-
nitrobenzyl bromide (5.18 g, 24.0 mmol, 1.20 equiv.) and stirred at 60 °C for 1 h. The resultant
slurry was filtered in vacuo, then the solid was suspended in Et2O and stirred for 3 h. The solid

was collected and dried in vacuo to afford S163 as an off-white solid (6.28 g, 91%).

N.B. The title compound was extremely insoluble in most common organic NMR solvents,
therefore the quality of the data obtained was poor. The peak shape was broad in all cases and
challenging to characterise. The multiplicity of the peaks is recorded as observed but may not

be truly representative of the nature of the coupling.

IH NMR (600 MHz, DMSO): 8 = 10.59 — 10.26 (1H, m, H1), 8.96 — 8.81 (1H, m, Hz), 8.69 —
8.62 (1H, m, Ha), 8.55 (1H, d, J = 8.1 Hz, Hg), 8.42 — 8.36 (1H, m, Hs), 8.33 — 8.23 (3H, m,
H7, H14), 8.11 (1H, ddt, J = 10.7, 7.0, 2.4 Hz, Hsg), 7.92 — 7.81 (2H, m, H1s), 6.27 — 6.15 (2H,
m, Hi1); 3C NMR (151 MHz, DMSO): 8¢ = 150.8 (C1), 147.9 (C1s), 141.3 (C12), 137.3 (C7),
137.2 (Cs), 135.0 (Cs), 131.4 (Cs), 130.7 (Co), 130.2 (Ci3), 127.4 (2C, Cs, C10), 126.4 (Ca),
124.1 (C1a), 62.0 (C11); IR (neat) cm™: 3494, 3458, 1643, 1609, 1534, 1403, 1349, 869, 855,
839, 812, 759, 719; HRMS (ESI™) m/z calc. for C16H13N202 [M]* 265.0972; found at 265.0970
A -0.75 ppm; m.p. = 192-194 °C. Spectroscopic data were consistent with the literature data for

this compound. %
(RS)-4-(2-(4-Nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one (163):

19
17 18 Me

The title compound was prepared according to General Procedure C using
2-(4-nitrobenzyl)isoquinolin-2-ium bromide S163 (516 mg, 1.50 mmol, 1.00 equiv.) and MVK
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(126 pL, 1.25 mmol, 1.00 equiv.) as the electrophile. Purification by flash column

chromatography (5-20% EtOAc in pentane) afforded 163 as a pale-orange oil (32 mg, 6%).

IH NMR (600 MHz, CDCls): 81 = 8.20 — 8.17 (2H, m, Hia), 7.59 — 7.55 (2H, m, H13), 7.22 —
7.16 (2H, m, He, H7), 7.13 (1H, td, J = 7.3, 1.8 Hz, Hg), 7.00 — 6.96 (1H, m, Hg), 3.82 — 3.75
(2H, m, H1, Hi1), 3.70 (1H, d, J = 14.0 Hz, H11*), 3.48 (1H, d, J = 14.7 Hz, H1’), 2.83 (1H, dq,
J=7.9, 4.4 Hz, Ha), 2.69 — 2.61 (2H, m, Hz, H3), 2.47 — 2.30 (2H, m, H17, H17’), 2.10 (3H, s,
His), 2.04 (2H, tdd, J = 7.3, 5.9, 2.2 Hz, His, H1g’); 23C NMR (151 MHz, CDCls): 8¢ = 208.7
(Cug), 147.4 (C12), 146.7 (C1s), 137.9 (Cs), 134.5 (C1o), 129.6 (Ci3), 128.5 (Cs), 126.6 (Co),
126.5 (C7), 126.1 (Ce), 123.7 (C14), 62.2 (C11), 56.6 (C1), 54.7 (Cs), 41.4 (C17), 37.9 (C4), 30.1
(C19), 29.8 (C16); IR (neat) cm™:1713, 1605, 1519, 1344, 1161, 1145, 1107, 1095, 912, 859,
739; HRMS (ESI*) m/z calc. for CzoH23N203 [M+H]* 339.1703; found at 339.1707

A 1.18 ppm.
2-(4-Methoxybenzyl)isoquinolin-2-ium iodide (S164):
6 4

7 N3 15 O\Mew
) ©
8 _N 14 '
12

g 10 4 1213
Isoquinoline (1.29 g, 10.0 mmol, 1.00 equiv.) was dissolved in acetone (40 mL) with 4-
methoxybenzyl chloride (1.88 g, 12.0 mmol, 1.20 equiv.) and KI (3.32 g, 20.0 mmol,
2.00 equiv.) then stirred at r.t. for 4 h. The resultant precipitate was isolated by filtration,

washed with H20 and acetone, then dried in vacuo to give S164 as a pale-yellow solid (3.27 g,

87%).

IH NMR (600 MHz, DMSO): 81 = 10.33 (LH, s, H1), 8.84 (1H, dt, J = 6.9, 1.3 Hz, Hs), 8.60
(1H, d, J = 6.8 Hz, Ha), 8.53 (1H, dd, J = 8.4, 1.2 Hz, Hg), 8.35 (1H, dd, J = 8.4, 1.1 Hz, Hs),

8.26 (1H, ddd, J = 8.3, 7.0, 1.2 Hz, Hy), 8.08 (1H, ddd, J = 8.2, 6.9, 1.1 Hz, Hs), 7.64 — 7.58
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(2H, m, Hi3), 7.03 — 6.97 (2H, m, Hi4), 5.92 (2H, s, Hi1), 3.75 (3H, s, Hi7); 3C NMR
(151 MHz, DMSO): ¢ = 160.0 (C1s), 149.7 (C1), 137.0 (C7), 137.0 (Cs), 134.5 (C3), 131.3
(Cs), 130.7 (C13), 130.5 (Co), 127.3 (Cs), 127.2 (C10), 126.2 (C4), 126.0 (C12), 114.5 (C14), 62.9
(C11), 55.3 (C17); IR (neat) cm™: 1644, 1605, 1512, 1471, 1444, 1398, 1364, 1307, 1283, 1249,
1208, 1187, 1146, 1108, 1013, 988, 968, 944, 883, 858, 838, 822, 777, 765, 740, 700; HRMS
(ESI*) m/z calc. for C17H16NO [M]* 250.1226; found at 250.1220 A -2.58 ppm; m/z calc. for |
[1]7126.9050; found at 126.9051 A 0.79 ppm; m.p. = 206-208 °C. Spectroscopic data were

consistent with the literature data for this compound.®’
(RS)-4-(2-(4-Methoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one (164):

21
19 20 Me

15_0. 17
8 10 14

The title compound was prepared according to General Procedure C using

2-(4-methoxybenzyl)isoquinolin-2-ium iodide S164 (1.13 g, 3.00 mmol, 1.00 equiv.) and
MVK (252 pL, 3.00 mmol, 1.00 equiv.) as the electrophile. Purification by flash column

chromatography (15-50% EtOAc in pentane) afforded 164 as a pale-yellow oil (275 mg, 28%).

IH NMR (600 MHz, CDCls): 81 = 7.32 — 7.28 (2H, m, His), 7.18 (1H, dd, J = 7.7, 1.8 Hz, He),
7.17—7.14 (1H, m, Hy), 7.11 (1H, td, J = 7.3, 1.8 Hz, Hg), 7.03 — 6.97 (1H, m, H), 6.91 — 6.84
(2H, m, Hs), 3.81 (3H, s, H17), 3.80 — 3.75 (1H, m, Ha), 3.69 (1H, d, J = 12.8 Hz, Hi1), 3.48
(2H, m, H1*, Hir), 2.81 (1H, dt, J = 8.6, 4.1 Hz, Ha), 2.71 — 2.65 (1H, m, H3), 2.53 (1H, dd,
J=11.7, 4.3 Hz, Hy’), 2.39 (1H, ddd, J = 16.2, 9.3, 6.5 Hz, H1g), 2.28 (1H, ddd, J = 16.8, 9.4,
5.6 Hz, Hio%), 2.08 (3H, s, Hz1), 2.05 — 1.94 (2H, m, His); 3C NMR (151 MHz, CDCls): 8¢ =

209.1 (C20), 159.0 (C1s), 138.4 (Cs), 135.1 (C10), 130.6 (C12), 130.4 (Cu3), 128.5 (Cs), 126.6
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(Co), 126.4 (C7), 126.0 (Cs), 113.8 (C14), 62.1 (C11), 56.7 (C1), 55.4 (C17), 53.8 (C3), 41.4 (C1o),
37.8 (Ca), 30.0 (C21), 29.9 (C1s); IR (neat) cm't: 2932, 2796, 1714, 1612, 1513, 1464, 1454,
1367, 1302, 1248, 1172, 1094, 1036, 835, 739, 646, 633; HRMS (ESI*) m/z calc. for

Co1H26NO; [M+H]" 324.1958; found at 324.1973 A 4.63 ppm.
2-(Naphthalen-2-ylmethyl)isoquinolin-2-ium bromide (S165):

6 , 4 20 18
7 X3 21 19 17 o
® Br
8 =N 12 14 16
9 10 4 1113 " 15
Isoquinoline (0.65 g, 5.0 mmol, 1.0 equiv.) was dissolved in acetone (25 mL) along with

2-bromomethylnaphthalene (1.4 g, 6.0 mmol, 1.2 equiv.) and stirred at r.t. for 3 h. The resultant

precipitate was filtered in vacuo to afford S165 as a pale-yellow solid (0.67 g, 38%).

IH NMR (600 MHz, CDCls): n = 11.19 (1H, d, J = 1.4 Hz, H1), 8.94 (1H, dd, J = 6.8, 1.4 Hz,
Hs), 8.54 (1H, dt, J = 8.5, 1.0 Hz, Ho), 8.27 (1H, d, J = 1.8 Hz, Hi3), 8.13 (1H, d, J = 6.8 Hz,
Ha), 7.93 — 7.87 (2H, m, He, H7), 7.78 — 7.69 (3H, m, Hs, His, Hz1), 7.68 — 7.62 (2H, m, Has,
Hao), 7.41—7.33 (2H, m, His, H17), 6.54 (2H, s, H11); 13C NMR (151 MHz, CDCl3): 8¢ = 150.2
(C1), 137.2 (Cs), 137.0 (Cs), 134.5 (C3), 133.4 (C19), 133.1 (C14), 131.2 (Cs), 131.1 (Cy), 130.7
(C12), 129.7 (C13), 129.6 (C20), 128.4 (Cis), 127.7 (C1g), 127.7 (C10), 127.2 (C7), 127.0 (C17),
126.8 (C1s), 126.2 (C4), 126.1 (C21), 63.8 (C11); IR (neat) cm™: 1644, 1508, 1470, 1442, 1399,
1366, 1338, 1182, 1118, 998, 973, 938, 883, 870, 838, 778, 760, 698; HRMS (ESI*) m/z calc.
for C20H1sN [M]*270.1277; found at 270.1275 A -0.74 ppm; m.p. = 183-184 °C. Spectroscopic

data were consistent with the literature data for this compound.*®8
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(RS)-4-(2-(Naphthalen-2-ylmethyl)-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one

(165):

23 25
2

The title compound was prepared according to General Procedure C using
2-(naphthalen-2-ylmethyl)isoquinolin-2-ium bromide S165 (352 mg, 1.00 mmol, 1.00 equiv.)
and MVK (84.0 pL, 1.00 mmol, 1.00 equiv.) as the electrophile. Purification by flash column

chromatography (5-10% acetone in pentane) afforded 165 as a pale-yellow oil (188 mg, 55%).

IH NMR (600 MHz, CDCls): 31 = 7.86 — 7.80 (4H, m, Has, His, H17, Ho), 7.58 (1H, dd, J =
8.4, 1.6 Hz, Ha1), 7.54 — 7.43 (2H, m, Hig, Hug), 7.20 (1H, dd, J = 7.8, 1.6 Hz, Hg), 7.19 — 7.15
(1H, m, Hy), 7.13 (1H, td, J = 7.3, 1.8 Hz, Hg), 7.00 (1H, dd, J = 7.4, 1.4 Hz, Hg), 3.93 (1H, d,
J=13.0 Hz, Hu1), 3.87 (1H, d, J = 14.8 Hz, H1), 3.73 (1H, d, J = 13.0 Hz, H11’), 3.56 (1H, d, J
= 14.9 Hz, H1*), 2.83 (1H, dg, J = 8.7, 4.2 Hz, Ha), 2.75 (1H, dd, J = 11.7, 3.9 Hz, H3), 2.62
(1H, dd, J = 12.0, 4.1 Hz, H3"), 2.37 (1H, ddd, J = 16.2, 9.5, 6.3 Hz, Hz3), 2.25 (1H, ddd, J =
16.9, 9.6, 5.4 Hz, Hz3’), 2.11 — 2.00 (2H, m, Hy2’), 2.00 (3H, s, Has); 3C NMR (151 MHz,
CDCls): 8¢ = 209.0 (C24), 138.3 (Cs), 136.1 (C12), 134.9 (C10), 133.5 (C1a), 133.0 (C1), 128.5
(Ce), 128.1 (Cis), 127.8 (C1s), 127.8 (C0), 127.8 (Cu3), 127.4 (C21), 126.6 (Cs), 126.5 (C7),
126.2 (C1s), 126.0 (Cs), 125.8 (C16), 62.9 (Ci1), 56.8 (C1), 53.9 (C3), 41.4 (C23), 37.8 (C4), 30.0
(C2s), 29.8 (C22); IR (neat) cm™: 3059, 1713, 1450, 1368, 1160, 1095, 911, 858, 821, 742;

HRMS (ESI") m/z calc. for C24H26NO [M+H]" 344.2009; found at 344.2013 A 1.16 ppm.
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4-Phenyl pyridine (166):

4-Phenyl pyridine was isolated as a side product of a reaction to produce 4-(isoquinolin-4-

ylbutan-2-one 22 from 4-(2-benzyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one 157.

4-(2-Benzyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one 157 (37.0 mg, 0.125 mmol,
1.00 equiv.) was placed in a microwave vial with 4-phenyl pyridine-N-oxide 161 (32.0 mg,
0.188 mmol, 1.50 equiv.) and camphor (0.20 g), sealed with a crimped cap, heated to 250 °C
for 40 min then cooled to r.t. Purification by flash column chromatography (60-80% EtOAc in
pentane) afforded 22 as a pale-yellow oil (21 mg, 85%) and 4-phenyl pyridine, 166, as a pale-

brown solid (29 mg, quant.).
Characterisation data for 166:

'H NMR (400 MHz, CDCls): &1 = 8.70 — 8.63 (2H, m, Hy), 7.67 — 7.60 (2H, m, Hg), 7.53 —
7.39 (5H, m, Hs, Hz, Hg); 23C NMR (101 MHz, CDCls): 8¢ = 150.4 (Cy), 148.5 (Cs), 138.3
(Cs), 129.2 (Cv), 129.2 (Cs), 127.1 (Cs), 121.8 (Cs). Spectroscopic data were consistent with

the literature data for this compound.*>®

2-Benzyl-1,2,3,4-tetrahydroisoquinoline (159):
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1,2,3,4-Tetrahydroisoquinoline (1.25 mL, 10.0 mmol, 1.00 equiv.) was dissolved in CH2Cl
(20 mL) with NEts (4.2 mL, 30 mmol, 3.0 equiv.). BnBr (1.78 mL, 15.0 mmol, 1.50 equiv.)
was added dropwise, then the solution was stirred at r.t. overnight. The reaction was quenched
with H20O, diluted with CH2Cl, shaken and the layers partitioned. The aqueous phase was
extracted twice with CH.Cl», then the combined organic layers were washed once with brine,
dried over MgSOs, filtered under gravity and concentrated in vacuo. The residue was passed

through a short silica plug to afford 159 as a pale-yellow oil (1.63 g, 73%).

IH NMR (600 MHz, CDCls): 814 = 7.43 — 7.39 (2H, m, His), 7.38 — 7.32 (2H, m, Hu4), 7.30 —
7.26 (1H, m, His), 7.16 — 7.07 (3H, m, He, H7, Hg), 7.01 — 6.97 (1H, m, Ho), 3.70 (2H, s, H11),
3.65 (2H, s, H1), 2.91 (2H, t, J = 6.0 Hz, Ha), 2.76 (2H, t, J = 5.9 Hz, H3); 13C NMR (151 MHz,
CDCl3): 8¢ = 138.6 (C12), 135.1 (C10), 134.6 (Cs), 129.2 (C13), 128.8 (Ce), 128.4 (C1a), 127.2
(C1s), 126.7 (Co), 126.2 (C7), 125.7 (Cs), 63.0 (C11), 56.3 (C1), 50.8 (Ca), 29.3 (C4); IR (neat)
cmt: 3025, 2917, 2801, 1496, 1454, 1368, 1344, 1131, 1094, 935, 740, 699; HRMS (ESI*)
m/z calc. for CigH1gsN [M+H]" 224.1434; found at 224.1438 A 1.88 ppm. Spectroscopic data

were consistent with the literature data for this compound.6°

Isoquinoline (1):

6 4

7 2R3

8 _N
9 10 7

The title compound was prepared according to General Procedure D with N-benzyl
tetrahydroisoquinoline 159 (56 mg, 0.25 mmol, 1.0 equiv.). Flash column chromatography

(20% EtOAcC in pentane) afforded 1 as a brown solid (25 mg, 76%).
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N-benzyl tetrahydroisoquinoline 159 (56 mg, 0.25 mmol, 1.0 equiv.) was heated to 250 °C in
a microwave vial for 40 min with camphor (0.20 g), sealed with a crimped cap. Flash column

chromatography (20% EtOAc in pentane) afforded 1 as a brown solid (10 mg, 31%).

The title compound was prepared according to General Procedure D with 1,2,3,4-
tetrahydroisoquinoline 142 (33 mg, 0.25 mmol, 1.0 equiv.). Flash column chromatography

(20% EtOAc in pentane) afforded 1 as a brown solid (16 mg, 51%).

1,2,3,4-Tetrahydroisoquinoline 142 (33 mg, 0.25 mmol, 1.0 equiv.) was heated to 250 °C in a
microwave vial for 40 min with camphor (0.20 g), sealed with a crimped cap. Flash column

chromatography (20% EtOAc in pentane) afforded 1 as a brown solid (2.9 mg, 9%).

The title compound was prepared according to General Procedure D with 2-
benzylisoquinolin-2-ium iodide 19 (87 mg, 0.25 mmol, 1.0equiv.). Flash column

chromatography (20% EtOAc in pentane) afforded 1 as a brown solid (16 mg, 51%).

2-Benzylisoquinolin-2-ium iodide 19 (87 mg, 0.25 mmol, 1.0 equiv.) was heated to 250 °C in
a microwave vial for 40 min with camphor (0.20 g), sealed with a crimped cap. Flash column

chromatography (20% EtOAc in pentane) failed to afford any product.

The title compound was prepared according to General Procedure B with 3,4-
dihydroisoquinoline 143 (33 mg, 0.25 mmol, 1.0 equiv.). Flash column chromatography (20%

EtOAc in pentane) afforded 1 as a brown solid (20 mg, 63%).

3,4-Dihydroisoquinoline 143 (33 mg, 0.25 mmol, 1.0 equiv.) was heated to 250 °C in a
microwave vial for 40 min with camphor (0.20 g), sealed with a crimped cap. Flash column

chromatography (20% EtOAc in pentane) afforded 1 as a brown solid (16 mg, 51%).

2-Benzyl-3,4-dihydroisoquinolin-2-ium iodide 167 (87 mg, 0.25 mmol, 1.0 equiv.) was placed

in a microwave vial with pyridine-N-oxide (36 mg, 0.38 mmol, 1.5 equiv.) and camphor
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(0.20 g), then heated to 250 °C in a microwave vial sealed with a crimped cap for 40 min.
Purification by flash column chromatography (20% EtOAc in pentane) failed to afford any

product.

2-Benzyl-3,4-dihydroisoquinolin-2-ium iodide 167 (87 mg, 0.25 mmol, 1.0 equiv.) was placed
in a microwave vial with camphor (0.20 g), then heated to 250 °C in a microwave vial sealed
with a crimped cap for 40 min. Purification by flash column chromatography (20% EtOAc in

pentane) failed to afford any product.

The title compound was prepared according to General Procedure D with 3,4-
dihydroisoquinoline-2-oxide 174 (37 mg, 0.25 mmol, 1.0equiv.). Flash column

chromatography (20% EtOAc in pentane) afforded 1 as a brown solid (9.0 mg, 28%).

3,4-Dihydroisoquinoline-2-oxide 174 (37 mg, 0.25 mmol, 1.0 equiv.) was heated to 250 °C in
a microwave vial for 40 min with camphor (0.20 g), sealed with a crimped cap. Flash column

chromatography (20% EtOAc in pentane) afforded 1 as a brown solid (12 mg, 37%).

3,4-Dihydroisoquinoline-2-oxide 174 (37 mg, 0.25 mmol, 1.0 equiv.) was heated to 250 °C in
a microwave vial for 40 min with camphor (0.20 g), and pyridine (30.0 pL, 0.375 mmol,
1.50 equiv.) sealed with a crimped cap. Flash column chromatography (20% EtOAc in pentane)

afforded 1 as a brown solid (17 mg, 53%).

1H NMR (400 MHz, CDCls): 8n = 9.24 (1H, s, H1), 8.51 (1H, d, J = 5.8 Hz, H3), 7.94 (1H, dd,
J=8.1, 1.1 Hz, Ho), 7.79 (1H, dd, J = 8.2, 1.2 Hz, Hs), 7.66 (1H, ddd, J = 8.3, 6.8, 1.3 Hz, Hy),
7.62 (1H, d, J = 5.7 Hz, H4), 7.57 (1H, ddd, J = 8.1, 6.8, 1.2 Hz, Hs); 2*C NMR (101 MHz,
CDCls): 6¢c = 152.6 (C1), 143.0 (Cs), 135.8 (Cs), 130.4 (C7), 128.7 (C10), 127.7 (Co), 127.3 (Cs),
126.5 (Cs), 120.5 (Cs). Spectroscopic data were consistent with the literature data for this

compound. 6
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2-Benzyl-3,4-dihydroisoquinolin-2-ium iodide (167):

6 4
7 > 3 15 I@
@
8 N ” 14
o 10 11 %13

3,4-Dihydroisoquinoline (262 mg, 2.00 mmol, 1.00 equiv.) was dissolved in acetone (5.0 mL)
with Bnl (523 mg, 2.40 mmol, 1.20 equiv.) and stirred at r.t. overnight, then triturated with
Et,O. The precipitate was filtered under vacuum to afford 167 as a pale-yellow solid (657 mg,

94%).

IH NMR (600 MHz, CDCls): 8n = 10.33 (1H, s, H1), 8.09 (1H, d, J = 7.7 Hz, Ho), 7.65 (1H, t,
J =176 Hz, Hy), 7.62 (2H, dd, J = 6.6, 2.9 Hz, Hi3), 7.43 — 7.36 (4H, m, Hs, H14, His), 7.30
(1H, d, J = 7.6 Hz, He), 5.54 (2H, s, H11), 4.00 (2H, t, J = 8.1 Hz, H3), 3.25 (2H, t, J = 8.1 Hz,
Has); 3C NMR (151 MHz, CDCls): 6¢ = 166.1 (C1), 138.3 (C7), 136.1 (Cs), 135.0 (Co), 130.6
(C12), 130.1 (C15), 130.0 (C13), 129.7 (C14), 128.8 (Cs), 128.3 (Cs), 124.6 (C10), 64.1 (C11), 48.5
(Cs3), 25.6 (C4); IR (neat) cm™: 3006 (br), 1654, 1603, 1572, 1491, 1445, 1415, 1361, 1312,
1286, 1227, 1152, 1134, 1087, 1051, 1003, 783, 773, 717, 702; HRMS (ESI*) m/z calc. for
CieH1sN [M]* 222.1277; found at 222.1282 A 2.12 ppm; LRMS (ESI*) m/z calc. for I [I]

126.9; found at 126.9 A 0.00 ppm.

(RS)-1-Cyclopropyl-1,2,3,4-tetrahydroisoquinoline (S168):
7 S 3
NH; HN__O 8 NH

The title compound was prepared according to a literature procedure published by Zheng and

co-workers:'2 Phenethylamine (1.3 mL, 10 mmol, 1.0 equiv.) was dissolved in CH2CI;
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(50 mL) with NEts (5.5 mL, 40 mmol, 4.0 equiv.) and cooled to 0 °C. Cyclopropane carbonyl
chloride (1.0 mL, 11 mmol, 1.1 equiv.) was added dropwise, then the solution was allowed to
warm to r.t. and stirred for 1 h. The mixture was quenched with H20, shaken and the layers
partitioned. The aqueous phase was extracted twice with CH2Cl,, then the combined organic

extracts were dried over MgSQyg, filtered under gravity and concentrated in vacuo.

The residue was added to polyphosphoric acid (20 g) and heated with stirring to 160 °C for 4 h.
After cooling to r.t. the mixture was poured onto ice, then basified with NHsOH to pH 9. The
mixture was then diluted with CH2Cl,, shaken and the layers partitioned. The aqueous phase
was extracted twice with CH2Cly, then the combined organic layers were dried over MgSOa,

filtered under gravity and concentrated in vacuo.

The residue was dissolved in MeOH (20 mL) and cooled to 0°C. NaBH4 (380 mg, 10 mmol,
1.0 equiv.) was added in one portion and the mixture stirred for 1 h. The mixture was then
quenched with H20, diluted with EtOAc, shaken and the layers partitioned. The aqueous layer
was extracted twice with EtOAc, the organic layers were then combined, dried over MgSOg,
filtered under gravity and concentrated in vacuo. Purification by flash column chromatography

(10-20% EtOH in EtOAC) afforded S168 as a pale-orange oil (590 mg, 34%).

N.B. It was not possible to distinguish between Ci1> and Ci3 on the cyclopropyl ring and
therefore assignments are used only to indicate carbon and proton coupling, the atom identities

should be considered interchangeable.

IH NMR (600 MHz, CDCls): 8 = 7.54 (1H, dd, J = 5.4, 3.7 Hz, Ho), 7.20 — 7.12 (2H, m, Hy,
Hg), 7.12 — 7.08 (1H, m, He), 3.37 — 3.28 (1H, m, Hs), 3.11 (1H, d, J = 9.5 Hz, H1), 3.03 — 2.92
(2H, m, Ha’, Ha), 2.81 — 2.72 (1H, m, Hs*), 2.25 (1H, brs, Hy), 1.11 (1H, dddd, J = 13.0, 9.5,
8.0, 5.0 Hz, Hi1), 0.87 —0.78 (1H, m, H1z), 0.61 (1H, dg, J = 9.5, 5.0 Hz, His), 0.57 (1H, ddt,

J=8.9,8.0,5.0 Hz, H12’), 0.38 — 0.31 (1H, m, H13’); 3C NMR (151 MHz, CDCls): 3¢ = 139.3
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(C10), 134.9 (Cs), 129.2 (Cs), 126.4 (Cg), 126.2 (C7), 125.7 (Cg), 62.1 (C1), 42.7 (Cs), 29.9 (Ca4),
18.0 (C11), 5.6 (C12), 2.0 (C13); IR (neat) cm™: 1490, 1454, 1396, 1295, 1127, 1020, 758, 741,
638; HRMS (ESI*) m/z calc. for C12H1sN [M+H]" 174.1277; found at 174.1270 A -4.19 ppm.

Spectroscopic data were consistent with the literature data for this compound. 63

(RS)-2-Benzyl-1-cyclopropyl-1,2,3,4-tetrahydroisoquinoline (168):

1-Cyclopropyl-1,2,3,4-tetrahydroisoquinoline S168 (590 mg, 3.4 mmol, 1.0 equiv.) was
dissolved in CH2Cl> (10 mL) with NEts (1.40 mL, 10.2 mmol, 3.00 equiv.). BnBr (0.61 ml,
5.1 mmol, 1.5 equiv.) was added dropwise and the reaction stirred at r.t. overnight. The reaction
was diluted with H2O, shaken and the layers partitioned. The aqueous layer was extracted twice
with CHCl,, then the combined organic layers were dried over MgSOs, filtered under gravity
and concentrated in vacuo. Purification by flash column chromatography (5-10 % EtOAc in

pentane) afforded 168 as a pale-orange oil (481 mg, 54%).

IH NMR (600 MHz, CDCls): 81 = 7.39 (2H, d, J = 7.5 Hz, Has), 7.32 (2H, t, J = 7.5 Hz, H17),
7.29—7.25 (1H, m, Hig), 7.21 - 7.16 (2H, m, Hg, Ho), 7.16 — 7.11 (2H, m, He, H7), 3.89 — 3.80
(2H, M, His, Hia), 3.42 — 3.34 (1H, m, H3), 3.12 (1H, d, J = 8.3 Hz, H), 2.97 (1H, ddd, J =
16.4, 10.0, 6.5 Hz, Ha), 2.93 — 2.87 (1H, m, H3’), 2.74 — 2.66 (1H, m, Hs’), 1.17 (1H, tq, J =
8.1, 4.0 Hz, Ha1), 0.64 — 0.54 (2H, m, H1z13), 0.42 — 0.33 (2H, m, Hiz113); 3C NMR (151 MHz,
CDCls): 8¢ = 139.9 (Cis), 138.2 (C10), 134.5 (Cs), 129.1 (Cs), 129.0 (C1s), 128.3 (C17), 128.2
(Co), 127.0 (C1s), 126.4 (Cg), 125.6 (C7), 64.6 (C1), 57.8 (C14), 44.3 (Cs), 25.7 (C4), 15.7 (Cna),

4.4 (C12113), 4.1 (C12113); IR (neat) cm™: 3062, 3024, 2913, 2831, 1493, 1453, 1361, 1022, 911,
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761, 742, 699; HRMS (ESI*) m/z calc. for CioH21N [M+H]" 264.1747; found at 264.1749

A 0.84 ppm.

(RS)-2-Benzyl-1-methyl-1,2,3,4-tetrahydroisoquinoline (170):

2-Benzyl-1-methylisoquinolin-2-ium bromide S170 (314 mg, 1.00 mmol, 1.00 equiv.) was
dissolved in MeCN (1.0 mL) with 5:2 HCO,H:NEts (0.34 mL, 4.0 mmol, 4.0 equiv.) then the
mixture was stirred at 80 °C for 18 h. After cooling to r.t. the mixture was diluted with EtOAc,
quenched with sat. aq. Na>COs, shaken and the layers partitioned. The aqueous layer was
extracted twice with EtOAc, then the combined organic layers were dried over MgSOy, filtered
under gravity and concentrated in vacuo. Purification by flash column chromatography

afforded 170 as a pale-orange oil (146 mg, 62%).
S170 was kindly provided by Mr A. Tinkler.

IH NMR (600 MHz, CDCls): 81 = 7.45 — 7.37 (2H, m, His), 7.36 — 7.29 (2H, m, Hia), 7.30 —
7.21 (1H, m, His), 7.18 — 7.12 (2H, m, Hy, Hg), 7.13 — 7.09 (1H, m, Hg), 7.09 — 7.04 (1H, m,
Ho), 3.92 (1H, q, J = 6.7 Hz, H1), 3.84 (1H, d, J = 13.6 Hz, Hu1), 3.73 (1H, d, J = 13.6 Hz,
Hi1), 3.14 — 3.06 (1H, m, Ha), 2.92 (1H, ddd, J = 15.2, 9.3, 6.0 Hz, Ha), 2.78 — 2.67 (2H, m,
Ha’, Ha’), 1.42 (3H, d, J = 6.7 Hz, Hig); 13C NMR (151 MHz, CDCls): 8¢ = 140.4 (Cio), 139.5
(C12), 134.4 (Cs), 129.0 (Cs), 128.9 (C13), 128.4 (C14), 127.6 (Cs), 127.1 (Cis), 126.0 (C7), 125.8
(Cs), 58.3 (C11), 56.4 (Cy), 43.9 (Cs), 27.5 (Ca), 19.9 (Ci6); IR (neat) cm™: 3025, 2971, 2087,

1494, 1453, 1366, 1138, 1102, 759, 738, 699; HRMS (ESI*) m/z calc. for C17H20N [M+H]*
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238.1590; found at 238.1588 A -0.95 ppm. Spectroscopic data were consistent with the

literature data for this compound.'®*

2-Methylisoquinolin-2-ium iodide (172):

The title compound was prepared according to a procedure reported by Donohoe and co-
workers:? Isoquinoline (1.3 g, 10 mmol, 1.0 equiv.) was dissolved in acetone (20 mL) with
methyl iodide (1.2 mL, 20 mmol, 2.0 equiv.) and stirred at r.t. in the dark overnight. The
resultant suspension was triturated with Et;O, filtered under reduced pressure, then the filter
cake washed further with Et2O. The solid was dried in vacuo to afford S172 as a fluffy yellow

solid (2.6 g, 96%).

IH NMR (400 MHz, DMSO): 81 = 10.02 (1H, s, H1), 8.70 (1H, d, J = 1.5 Hz, Hs), 8.57 (1H,
d, J = 6.8 Hz, Ha), 8.48 (1H, dd, J = 8.3, 1.1 Hz, Ho), 8.34 (1H, d, J = 1.0 Hz, Hs), 8.25 (1H,
ddd, J = 8.2, 6.9, 1.2 Hz, Hy), 8.07 (1H, ddd, J = 8.3, 7.0, 1.2 Hz, Hg), 4.48 (3H, s, H11);
13C NMR (101 MHz, DMSO): 8¢ = 150.7 (C1), 136.7 (C7), 136.6 (Cs), 135.9 (Cs), 131.2 (Cs),
130.2 (Co), 127.2 (Cs), 127.0 (C10), 125.4 (C4), 47.9 (C11); IR (neat) cm™: 1651, 1396, 1184,
813, 758, 618; HRMS (ESI*) m/z calc. for CioH1oN [M]" 144.0808; found at 144.0805
A -1.98 ppm; LRMS (ESI*) m/z calc. for | [I]" 126.9; found at 126.9 A 0 ppm; m.p. = 145-

146 °C. Spectroscopic data were consistent with the literature data for this compound.26°

(RS)-4-(2-Methyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one (172):
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2-Methylisoquinolin-2-ium iodide S172 (1.4 g, 5.0 mmol, 1.0 equiv.) was dissolved in MeCN
(4.0 mL) along with MVK (0.41 mL, 5.0 mmol, 1.0 equiv.) and 5:2 HCO2H:NEtz (1.2 mL,
20 mmol, 4.0 equiv.). The solution was heated to 80 °C for 18 h, then cooled, diluted with
CHCI and quenched with sat. aq. Na,COs. The layers were partitioned and the aqueous layer
was extracted twice with CH.Cl,. The combined organic layers were dried over MgSOs,
filtered under gravity and concentrated in vacuo. Purification by flash column chromatography

(100% EtOACc) afforded 172 as a pale-orange oil (0.43 g, 40%).

IH NMR (600 MHz, CDCls): 84 = 7.20 (1H, dd, J = 7.7, 1.6 Hz, He), 7.16 (1H, td, J = 7.4,
1.5 Hz, Hy), 7.12 (1H, td, J = 7.3, 1.6 Hz, Hg), 7.04 —6.99 (1H, m, Ho), 3.67 (1H, d, J = 14.8 Hz,
Hi), 3.39 (1H, d, J = 14.8 Hz, H1%), 2.90 (1H, dq, J = 9.0, 4.6 Hz, Ha), 2.57 (2H, t, J = 4.1 Hz,
Ha), 2.55 — 2.49 (1H, m, Hi2), 2.46 — 2.39 (1H, m, Hi), 2.38 (3H, s, His), 2.12 (4H, s, Hu,
Hig), 1.96 (1H, dtd, J = 14.2, 8.4, 5.8 Hz, Hi1’); 3C NMR (151 MHz, CDCla): 8¢ = 208.8
(C13), 137.5 (Cs), 135.2 (C10), 128.3 (Cs), 126.4 (2C, C7, Co), 126.0 (Cs), 58.5 (C1), 57.4 (C3),
46.3 (C1s), 41.2 (C12), 37.7 (C4), 30.1 (C1d), 29.7 (C12); IR (neat) cm’t: 2781, 1715, 1493, 1451,
1380, 1357, 1253, 1161, 1146, 1129, 1104, 1038, 1003, 769, 742; HRMS (ESI*) m/z calc. for

C14H20NO [M]* 218.1539; found at 218.1536 A -1.38 ppm.

2-Allylisoquinolin-2-ium bromide (S173):

o
7654 Br
3

N 12
N0 ey N
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Isoquinoline (0.65 g, 5.0 mmol, 1.0 equiv.) was dissolved in acetone (20 mL) with allyl
bromide (0.50 mL, 6.0 mmol, 1.2 equiv.) and stirred at r.t. overnight. The precipitate formed
was then filtered under reduced pressure, then dried in vacuo to afford S173 as an off-white

solid (1.1 g, 88%).

IH NMR (500 MHz, CDCl3): 84 = 11.01 (1H, s, H1), 8.85 (1H, dd, J = 6.8, 1.5 Hz, H3), 8.64
(1H, d, J = 8.3 Hz, Hg), 8.38 (1H, d, J = 6.8 Hz, H4), 8.14 (1H, d, J = 8.3 Hz, Hs), 8.07 (1H,
ddd, J=8.2, 6.9, 1.2 Hz, H7), 7.89 (1H, ddd, J = 8.2, 7.0, 1.2 Hz, Hg), 6.19 (1H, ddt, J = 16.8,
10.0, 6.6 Hz, H12), 5.75 (2H, d, J = 6.6 Hz, H11, H11%), 5.69 (1H, d, J = 17.0 Hz, Hi3), 5.46 (1H,
d, J = 10.1 Hz, Hi3"); 3C NMR (126 MHz, CDCls): 8¢ = 150.4 (C1), 137.5 (Cs), 137.2 (C7),
134.5 (Cs), 131.4 (Cs), 131.2 (Cg), 130.4 (C12), 127.8 (C10), 127.2 (Cs), 126.4 (Cs), 124.1 (C13),
62.9 (C11); IR (neat) cm™: 3425 (br), 1647, 1514, 1398, 1286, 1159, 1111, 953, 923, 880, 829,
763, 727; HRMS (ESI™) m/z calc. for C12H12N [M]* 170.0964; found at 170.0958 A -3.68 ppm;
m.p. = 37-38 °C. Spectroscopic data were consistent with the literature data for this

compound.'6®

(RS)-4-(2-Allyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one (173):

15 17
16
14 Me
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2-Allylisoquinolin-2-ium bromide S173 (125 mg, 0.500 mmol, 1.00 equiv.) was dissolved in
MeCN (0.4 mL) in a 5 mL microwave vial with 5:2 HCO.H:NEts (0.17 mL, 2.0 mmol,
4.0 equiv.), MVK (42 uL, 0.50 mmol, 1.0 equiv.), then sealed and stirred at 80 °C for 18 h.
The reaction was performed in parallel with 6 reactions run simultaneously, then combined for

extraction and purification. The reaction mixtures were diluted with EtOAc and sat. ag.
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Na2COs, shaken and the layers partitioned. The aqueous layer was extracted twice with EtOAc,
then the combined organic layers were dried over MgSOs, filtered under gravity and
concentrated in vacuo. Purification by flash column chromatography (2-5% MeOH in CH2Cly)

afforded 173 as a pale-yellow oil (88 mg, 12%).

IH NMR (600 MHz, CDCls): 8n = 7.20 (1H, dd, J = 7.7, 1.6 Hz, Hs), 7.16 (1H, td, J = 7.4,
1.5 Hz, Hy), 7.12 (1H, td, J = 7.4, 1.6 Hz, Hg), 7.02 (1H, dd, J = 7.4, 1.4 Hz, Ho), 5.92 (1H, ddt,
J=16.9, 10.2, 6.5 Hz, H1), 5.26 (1H, dg, J = 17.2, 1.6 Hz, His), 5.20 (1H, ddt, J = 10.1, 2.1,
1.2 Hz, H13’), 3.71 (1H, d, J = 14.8 Hz, Hy), 3.47 (1H, d, J = 14.8 Hz, Hy’), 3.17 (1H, ddt, J =
13.5,6.2, 1.4 Hz, Hi1), 3.08 (1H, ddt, J = 13.4, 6.7, 1.3 Hz, H11°), 2.87 (1H, dg, J = 9.0, 4.6 Hz,
Ha), 2.65 (1H, ddd, J = 11.5, 4.7, 1.1 Hz, H3), 2.60 (1H, dd, J = 11.6, 4.7 Hz, H3’), 2.53 (1H,
ddd, J=17.0, 9.1, 6.5 Hz, His), 2.48 — 2.39 (1H, m, His"), 2.13 (3H, s, H7), 2.07 (1H, dddd, J
= 13.7, 9.1, 6.6, 4.4 Hz, Hua), 2.04 — 1.95 (1H, m, H1s’); 13C NMR (151 MHz, CDCls): 8¢ =
209.0 (C16), 138.0 (Cs), 135.5 (C12), 135.2 (C1o), 128.3 (Cs), 126.6 (Cs), 126.4 (C7), 126.0 (Cs),
117.9 (Ci3), 61.6 (C11), 56.7 (Cy), 54.7 (C3), 41.4 (C1s), 37.7 (Ca), 30.1 (C17), 29.7 (C1a); IR
(neat) cm™: 2790, 1714, 1492, 1358, 1160, 1142, 1096, 1037, 996, 922, 767, 743; HRMS

(ESI*) m/z calc. for C16H22NO [M+H]" 244.1696; found at 244.1686 A -4.06 ppm.

3,4-Dihydroisoquinoline-2-oxide (174):

7 5 3
N.©
8 9101/@0

1,2,3,4-Tetrahydroisoquinoline (1.3 g, 10 mmol, 1.0 equiv.) was dissolved in MeOH (30 mL)
with H20> (4.1 mL, 40 mmol, 4.0 equiv. 34.5-36.5% w/w) and heated to 50 °C overnight. The
solution was then cooled to r.t. and diluted with H20O. The mixture was extracted three times

with CH2Cl,, the organic layers combined, dried over MgSQOg, filtered under gravity and
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concentrated in vacuo. Purification by flash column chromatography (5-10% EtOH in EtOAc)

afforded 174 as a pale-orange oil (260 mg, 18%).

IH NMR (600 MHz, CDCls): 8n = 7.74 (1H, s, H1), 7.29 — 7.23 (2H, m, Hy, Hs), 7.23 — 7.17
(1H, m, He), 7.13 — 7.07 (1H, m, Ho), 4.09 (2H, td, J = 7.9, 2.5 Hz, H3), 3.17 (2H, td, J = 7.8,
2.7 Hz, Ha); 3C NMR (151 MHz, CDCls): 8¢ = 134.2 (C1), 130.2 (Cs), 129.5 (C7), 128.5 (C10),
127.8 (Cs), 127.4 (Ce), 125.6 (Cg), 58.1 (C3), 27.9 (C4); IR (neat) cm™: 3420 (br), 1595, 1562,
1490, 1445, 1308, 1285, 1262, 1210, 1175, 1111, 900, 763, 660; HRMS (ESI*) m/z calc. for
CoH1o0NO [M+H]* 148.0757; could not be observed by ESI MS. Spectroscopic data were

consistent with the literature data for this compound.*®’
(RS)-2-Benzyl-4-hexyl-1,2,3,4-tetrahydroisoquinoline (175):

21
Me

The title compound was prepared according to General Procedure C using hexanal (60 pL,
0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash column chromatography (3%

EtOAc in pentane) afforded 175 as a pale-orange oil (115 mg, 75%).

IH NMR (600 MHz, CDCls): 8n = 7.40 (1H, d, J = 7.5 Hz, Has), 7.33 (2H, t, J = 7.5 Hz, Hua),
7.30 — 7.27 (1H, m, His), 7.20 — 7.12 (2H, m, He, H7), 7.10 (1H, t, J = 7.4 Hz, Hs), 6.98 (1H,
d, J = 7.6 Hz, Hg), 3.79 — 3.73 (2H, m, H1, Hu1), 3.58 (1H, d, J = 13.2 Hz, Hu), 3.51 (1H. d, J
= 14.8 Hz, Hy’), 2.78 (1H, s, Ha), 2.73 — 2.67 (1H, m, Hs), 2.66 — 2.59 (1H, m, Hs’), 1.77 (1H,
dg, J = 17.4, 5.9 Hz, Hae), 1.67 (1H, dt, J = 15.0, 7.3 Hz, H1s"), 1.34 — 1.18 (8H, m, H17, His,
His, Hao), 0.88 (3H, t, J = 6.9 Hz, Hz1); 3C NMR (151 MHz, CDCls): 8¢ = 139.5 (Cs), 138.8
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(C12), 134.9 (C10), 129.0 (C13), 128.2 (2C, Cs, C14), 127.1 (C15), 126.4 (Co), 126.1 (C7), 125.5
(Cs), 62.9 (C11), 56.8 (C1), 54.2 (Cs), 38.7 (Ca), 36.0 (C1s), 31.8 (C19), 29.5 (C17), 27.4 (Cus),
22.7 (Ca0), 14.1 (C21); IR (neat) cm'’: 2928, 2856, 1494, 1454, 1096, 743, 699; HRMS (ESI")
m/z calc. for Co2HzoN [M+H]* 308.2373; found at 308.2370 A -0.97 ppm. Spectroscopic data

were consistent with the literature data for this compound.?

4-Hexylisoquinoline (198):

The title compound was prepared according to General Procedure D with 2-benzyl-4-hexyl-
1,2,3,4-tetrahydroisoquinoline 175 (77 mg, 0.25 mmol, 1.0 equiv.). Flash column

chromatography (10% EtOAc in pentane) afforded 198 as an orange oil (34 mg, 64%).

IH NMR (400 MHz, CDCl3): 81 = 9.11 (1H, s, H1), 8.37 (1H, s, H3), 8.03 — 7.93 (2H, m, He,
He), 7.72 (1H, ddd, J = 8.4, 6.8, 1.4 Hz, H7), 7.59 (1H, ddd, J = 8.0, 6.8, 1.1 Hz, Hsg), 3.05 —
2.96 (2H, m, Hi1), 1.80 — 1.68 (2H, m, Hi2), 1.49 — 1.39 (2H, m, His), 1.38 — 1.27 (4H, m, Hua,
His), 0.95 — 0.82 (3H, m, Hie); 3C NMR (101 MHz, CDCl3): 8¢ = 151.2 (C1), 142.7 (Ca),
134.8 (Cs), 131.9 (C4), 130.2 (C7), 128.6 (C10), 128.4 (Cs), 126.8 (Cs), 123.1 (Cs), 31.8 (C1a),
30.8 (Ci2), 30.3 (C11), 29.5 (C13), 22.8 (C1s), 14.2 (Ci6); IR (neat) cm™: 2930, 2858, 1623,
1583, 1503, 1466, 1390, 1229, 1149, 896, 787, 751; HRMS (ESI") m/z calc. for CisH20N
[M+H]" 214.1590; found at 214.1599 A 4.08 ppm. Spectroscopic data were consistent with the

literature data for this compound.*6®
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(RS)-2-Benzyl-4-(cyclopropylmethyl)-1,2,3,4-tetrahydroisoquinoline (176):

The title compound was prepared according to General Procedure C using cyclopropane
carbaldehyde (35 pL, 0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash column

chromatography (5% EtOAc in pentane) afforded 176 as a pale-orange oil (103 mg, 74%).

IH NMR (600 MHz, CDCls): 81 = 7.42 (2H, d, J = 6.9 Hz, Hi3), 7.40 — 7.31 (2H, m, Hua), 7.31
—7.26 (1H, m, His), 7.19 (1H, dd, J = 7.7, 1.5 Hz, He), 7.15 (1H, td, J = 7.4, 1.4 Hz, H), 7.10
(1H, td, J = 7.4, 1.5 Hz, Hg), 7.01 — 6.96 (1H, m, Ho), 3.80 — 3.71 (2H, m, Hx, Hi1), 3.64 (1H,
d, J = 13.0 Hz, Hi1"), 3.48 (1H, d, J = 14.8 Hz, H1’), 2.97 — 2.89 (2H, m, Ha, Ha), 2.74 — 2.68
(1H, m, H3"), 1.73 (1H, ddd, J = 13.7, 9.4, 6.9 Hz, Has), 1.58 (1H, ddd, J = 13.8, 7.0, 4.2 Hz,
Hi’), 0.72 — 0.62 (1H, m, H17), 0.46 — 0.37 (2H, m, Hag, H19), 0.05—-0.00 (2H, m, Hig’, H19’);
13C NMR (151 MHz, CDCls): &¢c = 139.3 (Cs), 138.9 (Cy12), 135.0 (C10), 129.2 (Cu3), 128.5
(Co), 128.4 (Cu4), 127.2 (C15), 126.5 (Co), 126.1 (C7), 125.6 (Cs), 63.2 (C11), 56.8 (C1), 54.8
(Cs), 41.3 (Cs), 39.7 (C4), 9.6 (C17), 5.5 (C1s119), 4.3 (C1sr10); IR (neat) cm™: 2798, 1494, 1454,
1146, 1095, 1016, 742, 700; HRMS (ESI*) m/z calc. for C2oH2sN [M+H]* 278.1903; found at
278.1894 A -3.24 ppm. Spectroscopic data were consistent with the literature data for this

compound.?
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4-(Cyclopropylmethyl)isoquinoline (199):

The title compound was prepared according to General Procedure D with 2-benzyl-4-
(cyclopropylmethyl)-1,2,3,4-tetrahydroisoquinoline 176 (69 mg, 0.25 mmol, 1.0 equiv.). Flash

column chromatography (15% EtOAc in pentane) afforded 199 as an orange oil (28 mg, 61%).

IH NMR (400 MHz, CDCl3): 8n = 9.13 (1H, s, H1), 8.47 (1H, s, H), 8.02 (1H, dg, J = 8.5, 1.0
Hz, He), 7.96 (1H, dt, J = 8.1, 1.1 Hz, Ho), 7.71 (1H, ddd, J = 8.4, 6.9, 1.4 Hz, Hy), 7.58 (1H,
ddd, J = 8.0, 6.8, 1.1 Hz, Hg), 2.93 (2H, d, J = 6.7 Hz, Hi1), 1.15 (1H, ttt, J = 8.0, 6.7, 4.9 Hz,
Hiz), 0.63 — 0.51 (2H, m, His, His), 0.27 (2H, dt, J = 6.0, 4.6 Hz, Hiz’, His’); 3C NMR
(101 MHz, CDCl3): 8¢ =151.3 (Cy), 142.4 (Cs), 134.9 (Cs), 131.0 (C4), 130.2 (C7), 128.4 (C1o),
128.3 (Co), 126.8 (Cs), 123.1 (Cs), 34.5 (Ci11), 11.0 (C12), 5.3 (2C, Ci3, Cia); IR (neat) cm™:
1623, 1583, 1504, 1390, 1046, 932, 900, 828, 798, 779, 750; HRMS (ESI*) m/z calc. for

Ci3HuN [M+H]" 184.1121; found at 184.1117 A -2.17 ppm.

(RS, RS) and (RS, SR)-2-Benzyl-4-(cyclohex-3-en-1-ylmethyl)-1,2,3,4-

tetrahydroisoquinoline (177):
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The title compound was prepared according to General Procedure C using 3-cyclohexene-1-
carbaldehyde (55 mg, 0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash column
chromatography (2% EtOAc in pentane) afforded 177 as a 1:1 mixture of diastereomers as a

pale-orange oil (72.2 mg, 46%).

IH NMR (400 MHz, CDCla): 81 = 7.43 — 7.37 (2H, m, Hia), 7.36 — 7.29 (2H, m, Hua), 7.29 —
7.23 (1H, m, His), 7.17 — 7.12 (2H, m, Hs, H7), 7.10 (1H, ddd, J = 8.7, 5.8, 2.8 Hz, Hs), 6.99
(1H, ddt, J = 7.5, 2.2, 1.2 Hz, Ho), 5.69 — 5.60 (2H, m, Hio, Hz0), 3.85 — 3.74 (2H, m, H1, Hi1),
3.60 — 3.45 (2H, m, H1’, H11°), 2.89 (1H, ddq, J = 17.9, 11.2, 3.8 Hz, Ha), 2.79 — 2.67 (1H, m,
Hs), 2.55 (1H, ddd, J = 15.6, 11.4, 4.3 Hz, H3’), 2.22 — 2.12 (1H, m, Hig), 2.12 — 1.92 (3H, m,
His’, Ho1, H21”), 1.92 — 1.77 (2H, m, His, H22), 1.76 — 1.70 (1H, m, Hig’’), 1.70 — 1.60 (2H, m,
Hig’>’, H2’), 1.59 — 1.38 (2H, m, Hig’, Hi7), 1.31 — 1.16 (2H, m, Hz”’, H22>”’); 3C NMR
(101 MHz, CDCls): 8¢ = 140.1 (Csa), 140.0 (Csp), 139.0 (C12a), 138.9 (Ci2v), 135.1 (C10a), 135.1
(C1ob), 129.1 (C13), 129.1 (Cazb), 128.5 (Cea), 128.5 (Ceb), 128.3 (Ciaarb), 127.4 (Cisasn), 127.2
(C205), 127.2 (Caob), 127.1 (C1sa), 126.9 (Ci9b), 126.6 (Coa), 126.5 (Cap), 126.4 (C7a), 126.3 (C),
125.6 (Cga+b), 63.0 (C11a), 62.8 (C11p), 57.0 (C1a), 56.9 (C1p), 54.4 (Csa), 53.8 (Csp), 43.9 (Cisa),
43.2 (Cuenb), 36.0 (Caa), 35.9 (Cap), 33.0 (C1sa), 31.4 (Cuab), 31.1 (C17a), 30.9 (C17b), 30.2 (C22a),
28.1 (Cazb), 25.4 (Ca1a), 25.2 (Camv); IR (neat) cm™: 2914, 1702, 1494, 1454, 1144, 1095, 914,
743, 699, 654; HRMS (ESI*) m/z calc. for C2sH2sN [M+H]* 318.2216; found at 318.2219

A 0.943 ppm.

277



Chapter 8 - Experimental

(RS)-4-(Cyclohex-3-en-1-ylmethyl)isoquinoline (200):

The title compound was prepared according to General Procedure D with 2-benzyl-4-
(cyclohex-3-en-1-ylmethyl)-1,2,3,4-tetrahydroisoquinoline 177 (79 mg, 0.25 mmol,
1.0 equiv.). Flash column chromatography (20% EtOAc in pentane) afforded 200 as a pale-

yellow oil (35 mg, 63%).

IH NMR (600 MHz, CDCls): 81 = 9.12 (1H, s, H1), 8.35 (1H, s, H3), 7.98 (1H, d, J = 8.5 Hz,
He), 7.96 (1H, d, J = 8.2 Hz, Ho), 7.70 (1H, ddd, J = 8.3, 6.8, 1.3 Hz, Hy), 7.58 (1H, t, J = 7.5
Hz, Hg), 5.68 — 5.59 (2H, M, Hus, His), 3.01 — 2.89 (2H, m, Ha1), 2.12 — 1.91 (4H, m, Hiz, Hus,
His, Hi6%), 1.88 — 1.75 (2H, m, H1z’, Hi7), 1.38 (1H, dtd, J = 12.9, 10.5, 5.7 Hz, H17); 13C NMR
(151 MHz, CDCls): 8¢ = 151.3 (Cy), 143.5 (C3), 135.1 (Cs), 130.2 (C7), 130.1 (Ca), 128.6 (C10),
128.4 (Cs), 127.2 (C15), 126.8 (Cs), 126.1 (C1a), 123.3 (Ce), 36.9 (C11), 34.7 (C12), 32.0 (C13),
28.9 (C17), 25.1 (Cie); IR (neat) cm: 3022, 2916, 1622, 1582, 1502, 1452, 1335, 1390, 1225,
1042, 1020, 962, 896, 861, 797, 782, 751, 715, 700, 656, 619; HRMS (ESI*) m/z calc. for

CieH1sN [M+H]" 224.1434; found at 224.1424 A -4.46 ppm.
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(RS)-2,4-Dibenzyl-1,2,3,4-tetrahydroisoquinoline (178):

6
I

5 10
The title compound was prepared according to General Procedure C (1.0 mmol scale), using

benzaldehyde (100 pL, 1.0 mmol, 1.0 equiv.) as the electrophile. Purification by flash column

chromatography (3% EtOAc in pentane) afforded 178 as a colourless solid (232 mg, 74%).

IH NMR (600 MHz, CDCls): 8n = 7.46 — 7.41 (2H, m, His), 7.40 — 7.35 (2H, m, Hi4), 7.33
(1H, dt, J = 5.8, 2.0 Hz, His), 7.25 — 7.11 (6H, m, Hs, H7, Hs, H1o, Ha0), 7.05 — 6.99 (3H, m,
He, His), 3.88 (1H, d, J = 14.8 Hz, H1), 3.72 (1H, d, J = 12.9 Hz, Hu1), 3.57 — 3.52 (1H, m,
Hi’), 3.45 (1H, d, J = 14.9 Hz, H1’), 3.06 — 2.96 (3H, m, Ha, Hie), 2.78 (1H, d, J = 11.5 Hz,
Hs), 2.38 (1H, d, J = 11.3 Hz, H3’); 3C NMR (151 MHz, CDCls): 5¢c = 141.2 (C17), 138.8 (2C,
Cs, C12), 135.2 (C10), 129.6 (C13), 129.5 (C1s), 128.9 (Cé), 128.5 (C14), 128.4 (C19), 127.3 (C15),
126.6 (Cg), 126.3 (Cz0), 126.0 (2C, C, Cs), 63.1 (C11), 56.9 (C1), 53.1 (C3), 42.9 (C1s), 41.6
(C4); IR (neat) cm™: 1602, 1494, 1454, 1368, 1342, 1140, 1094, 1029, 912, 753, 721, 699;
HRMS (ESI*) m/z calc. for C2sHasN [M+H]" 314.1903; found at 314.1894 A -2.86 ppm;
m.p. = 73-75 °C. Spectroscopic data were consistent with the literature data for this

compound.?®
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4-Benzylisoquinoline (201):

The title compound was prepared according to General Procedure D with 2,4-dibenzyl-
1,2,3,4-tetrahydroisoquinoline 178 (78 mg, 0.25 mmol, 1.0 equiv.). Flash column

chromatography (10-15% EtOAc in pentane) afforded 201 as a colourless solid (39 mg, 70%).

IH NMR (400 MHz, CDCls): 81 = 9.24 (1H, s, Hi), 8.48 (1H, s, Hs), 8.02 (1H, dt, J = 8.0, 1.1
Hz, Ho), 7.96 (1H, dt, J = 8.4, 1.0 Hz, He), 7.68 (1H, ddd, J = 8.4, 6.9, 1.4 Hz, H7), 7.61 (1H,
ddd, J = 8.0, 6.9, 1.2 Hz, Hg), 7.38 — 7.28 (2H, m, Hu4), 7.28 — 7.20 (3H, m, Hi3, His), 4.43
(2H, s, H11); BC NMR (101 MHz, CDCl3): 8c = 152.0 (C1), 143.9 (Cs), 139.8 (C12), 134.9 (Cs),
130.5 (C7), 129.7 (Ca), 128.7 (2C, Cio, C13), 128.6 (C14), 128.3 (Co), 127.0 (Cs), 126.4 (C1s),
123.6 (Cs), 36.3 (C11); IR (neat) cm™: 1622, 1584, 1500, 1493, 1150, 1440, 1392, 1255, 911,
805, 796, 782, 756, 745, 714, 656; HRMS (ESI™) m/z calc. for Ci6H1aN [M+H]" 220.1121;
found at 220.1123 A 0.909 ppm; m.p. = 103-106 °C. Spectroscopic data were consistent with

the literature data for this compound.t™®

280



Chapter 8 - Experimental

(RS)-2-Benzyl-4-(naphthalen-1-ylmethyl)-1,2,3,4-tetrahydroisoquinoline (179):

The title compound was prepared according to General Procedure C using 1-naphthaldehyde
(78 mg, 0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash column

chromatography (1% EtOAc in pentane) afforded 179 as a pale-orange solid (124 mg, 68%).

IH NMR (600 MHz, CDCls): 8n = 8.37 — 8.31 (1H, m, Hzs), 7.92 — 7.86 (1H, m, Hz), 7.73
(1H, t, J = 6.3 Hz, Hao), 7.60 — 7.53 (1H, m, Haa), 7.53 — 7.46 (3H, m, Has, Hzs), 7.45 — 7.39
(2H, m, Hua), 7.39 — 7.34 (2H, m, He, H1s), 7.28 (1H, ddd, J = 8.6, 5.3, 1.8 Hz, Hug), 7.24 (1H,
d, J = 6.8 Hz, Hy), 7.20 (1H, t, J = 7.5 Hz, Hg), 7.07 (1H, t, J = 6.1 Hz, Hg), 7.03 — 6.96 (1H,
m, His), 4.00 —3.93 (1H, m, H1), 3.72 — 3.58 (2H, m, Hu1, H11), 3.56 — 3.47 (2H, m, Has, His"),
3.46 — 3.37 (1H, m, Hy’), 3.22 (1H, s, Ha), 2.88 — 2.82 (1H, m, H3), 2.38 — 2.33 (1H, m, H3);
13C NMR (151 MHz, CDCls): 8¢ = 139.0 (Cs), 138.8 (C12), 137.0 (Cz1), 135.2 (C10), 134.1
(C17), 132.4 (Cz6), 129.5 (C13), 129.0 (Cz2), 128.8 (Ce), 128.5 (Cia), 128.0 (C1s), 127.3 (C1s),
126.9 (Cz0), 126.7 (Cs), 126.4 (C7), 126.1 (Cs), 125.9 (C24), 125.6 (Cis), 125.5 (Cz3), 124.2
(C2s), 63.2 (C11), 56.8 (C1), 53.4 (C3), 40.4 (Ca), 39.9 (C16); IR (neat) cm'™: 3062, 1493, 1454,
1395, 1367, 1344, 1262, 1237, 1198, 1139, 1088, 1059, 1026, 963, 949, 920, 869, 857, 818,
799, 791, 781, 758, 747, 731, 702; HRMS (ESI*) m/z calc. for CarHasN [M+H]* 364.2060;

found at 364.2067 A 0.19 ppm; m.p. = 79-81 °C.
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4-(Naphthalen-1-ylmethyl)isoquinoline (202):

The title compound was prepared according to General Procedure D with 2-benzyl-4-
(naphthalen-1-ylmethyl)-1,2,3,4-tetrahydroisoquinoline 179 (91 mg, 0.25 mmol, 1.0 equiv.).
Flash column chromatography (20% EtOAc in pentane) afforded 202 as an orange solid

(44 mg, 66%).

IH NMR (600 MHz, CDCls): 84 = 9.23 (1H, s, H1), 8.28 (1H, s, Hs), 8.14 —8.08 (1H, m, Ha),
8.05-8.00 (1H, m, Hg), 7.95—7.89 (2H, m, He, H17), 7.77 (1H, d, J = 8.2 Hz, H1s), 7.64 (1H,
ddd, J=8.4,6.9, 1.5 Hz, Hy), 7.61 (1H, ddd, J = 8.1, 6.8, 1.3 Hz, Hg), 7.57 — 7.51 (2H, m, Hs,
Hio), 7.31 (1H, dd, J = 8.2, 7.1 Hz, Hu4), 7.01 (1H, dt, J = 7.1, 1.1 Hz, H13), 4.82 (2H, s, H11);
13C NMR (151 MHz, CDCl3): 8¢ = 151.9 (C1), 144.0 (Cs), 135.2 (C12), 135.1 (Cs), 133.9 (C16),
132.0 (Cz1), 130.6 (C7), 129.3 (C4), 129.0 (C17), 128.5 (C10), 128.4 (Co), 127.4 (C15), 127.1
(Cs), 126.8 (C13), 126.4 (C19), 125.9 (C14), 125.6 (Cus), 123.6 (C20), 123.3 (Cs), 33.0 (C11); IR
(neat) cm'’: 3056, 1623, 1597, 1584, 1437, 1355, 907, 789, 752, 734; HRMS (ESI*) m/z calc.
for CooHisN [M+H]" 270.1277; found at 270.1278 A 0.37 ppm; m.p. = 128-131 °C.

Spectroscopic data were consistent with the literature data for this compound.t’
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(RS)-5-((2-Benzyl-1,2,3,4-tetrahydroisoquinolin-4-yl)methyl)-2-methoxyphenol (180):

25
OH

The title compound was prepared according to General Procedure C using isovanillin (76 mg,
0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash column chromatography (10%

EtOAc in pentane) afforded 180 as a pale-orange oil (88.9 mg, 50%).

IH NMR (600 MHz, CDCls): 81 = 7.44 — 7.39 (2H, m, His), 7.38 — 7.34 (2H, m, Hia), 7.32 —
7.28 (1H, m, Has), 7.19 (1H, dd, J = 7.6, 1.6 Hz, Hg), 7.18 — 7.14 (1H, m, H7), 7.12 (1H, td, J
= 7.3, 1.6 Hz, Hg), 7.00 (1H, dd, J = 7.4, 1.5 Hz, Hg), 6.71 (1H, d, J = 2.1 Hz, Hz), 6.67 (1H,
d, J = 8.1 Hz, Ha), 6.45 (1H, dd, J = 8.1, 2.1 Hz, Hig), 5.52 (1H, br s, Hzs), 3.86 (3H, s, Ha),
3.83 (1H, d, J = 14.7 Hz, Ha), 3.69 (1H, d, J = 12.9 Hz, Hu1), 3.56 (1H, d, J = 12.9 Hz, Har’),
3.41 (1H, d, J = 14.8 Hz, Hy’), 3.00 — 2.94 (1H, m, Ha), 2.90 (2H, dd, J = 7.4, 3.3 Hz, Has,
His), 2.77 (1H, ddd, J = 11.6, 2.9, 1.4 Hz, H3), 2.39 (1H, dd, J = 11.5, 3.9 Hz, H3’); 3C NMR
(151 MHz, CDCla): d¢ = 145.5 (Cz1), 145.0 (Cao), 138.9 (C12), 138.8 (Cs), 135.2 (Cio), 134.5
(C17), 129.5 (C13), 128.8 (Cs), 128.4 (C4), 127.2 (C1s), 126.6 (Cs), 126.3 (C7), 125.9 (Cs), 121.0
(Cis), 115.4 (C22), 110.6 (Cis), 63.2 (C11), 56.8 (C1), 56.1 (C24), 53.4 (C3), 42.3 (Ci6), 41.5 (Ca);
IR (neat) cmt: 1591, 1510, 1454, 1274, 1238, 1130, 1029, 910, 784, 734, 701; HRMS (ESI*)

m/z calc. for C2sH26NO2 [M+H]" 360.1958; found at 360.1949 A -2.50 ppm.
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5-(Isoquinolin-4-ylmethyl)-2-methoxyphenol (203):

14

O. 19
Me

The title compound was prepared according to General Procedure D with 5-((2-benzyl-
1,2,3,4-tetrahydroisoquinolin-4-yl)methyl)-2-methoxyphenol 180 (78 mg, 0.25 mmol, 1.0
equiv.). Flash column chromatography (40% - 60% EtOAc in pentane) afforded 203 as a beige

solid (31 mg, 52%).

IH NMR (500 MHz, CDCla): 8n = 9.12 (1H, s, H1), 8.37 (1H, s, H3), 7.99 — 7.89 (2H, m, He,
Ho), 7.66 (1H, ddd, J = 8.4, 6.9, 1.4 Hz, H7), 7.58 (1H, ddd, J = 8.1, 6.8, 1.1 Hz, Hs), 6.76 (1H,
d, J = 6.3 Hz, Hu), 6.75 (1H, s, H17), 6.68 (1H, dd, J = 8.1, 2.1 Hz, H13), 4.29 (2H, s, H11), 3.84
(3H, s, Hig); 3C NMR (126 MHz, CDCls): 8¢ = 151.4 (C1), 146.1 (C1s), 145.5 (C1s), 142.8
(Cs), 135.2 (Cs), 132.9 (C12), 130.9 (C7), 130.6 (C4), 128.7 (Cu10), 128.5 (Cg), 127.3 (Cs), 123.8
(Ce), 119.9 (C13), 115.1 (C17), 111.0 (C14), 56.1 (Cu), 35.8 (C11); IR (neat) cm™: 2931, 1625,
1531, 1434, 1391, 1283, 1268, 1247, 1224, 1133, 1109, 1033, 864, 787, 750, 714, HRMS
(ESI) m/z calc. for C17H16NO2 [M+H]" 266.1176; found at 266.1172 A -1.50 ppm; m.p. =

108-109 °C.
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(RS)-2-Benzyl-4-(2-bromo-4-methoxybenzyl)-1,2,3,4-tetrahydroisoquinoline (181):

6
Cl

5 |
The title compound was prepared according to General Procedure C using 4-methoxy-2-
bromo benzaldehyde (108 mg, 0.500 mmol, 1.00 equiv.) as the electrophile. Purification by

flash column chromatography (2% EtOAc in pentane) afforded 181 as an orange solid (150 mg,

71%).

IH NMR (500 MHz, CDClg): 81 = 7.47 — 7.42 (2H, m, H1s), 7.42 — 7.37 (3H, m, Hs, H14), 7.37
—7.33 (1H, m, His), 7.19 (1H, td, J = 7.5, 1.5 Hz, H7), 7.15 (1H, td, J = 7.4, 1.5 Hz, Hg), 7.10
(1H, d, J = 2.6 Hz, H1g), 7.03 (1H, dd, J = 7.5, 1.5 Hz, Hg), 6.53 (1H, dd, J = 8.4, 2.6 Hz, Hz1),
6.45 (1H, d, J = 8.5 Hz, H22), 3.94 (1H, d, J = 14.8 Hz, H1), 3.83 — 3.69 (4H, m, H11, H23), 3.52
(1H, d, J = 12.7 Hz, H11’), 3.45 (1H, d, J = 14.8 Hz, H1’), 3.15 — 3.06 (1H, m, Ha), 3.06 — 2.96
(2H, m, His, Hig"), 2.84 — 2.76 (1H, m, Hs), 2.30 (1H, dd, J = 11.8, 3.8 Hz, H3’); 3C NMR
(126 MHz, CDCl3): 8¢ = 158.5 (C20), 138.8 (2C, Cs, C12), 135.1 (Cio), 132.5 (C22), 132.2 (C17),
129.8 (Ca3), 129.0 (Ce), 128.5 (C14), 127.3 (C1s), 126.4 (Cg), 126.4 (C7), 126.0 (Cs), 125.0 (C1s),
118.0 (C1g), 113.4 (C21), 63.1 (C11), 57.2 (C1), 55.6 (C23), 52.3 (Cs), 42.2 (C16), 39.0 (Cu);
IR (neat) cm™: 1653, 1493, 1454, 1440, 1281, 1242, 1093, 1030, 911, 864, 842, 796, 751, 701,
639; HRMS (ESI*) m/z calc. for CasHzs""BrNO [M+H]* 422.1114; found at 422.1108

A -1.43 ppm; m.p. = 56-58 °C.
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4-(2-Bromo-4-methoxybenzyl)isoquinoline (204):

The title compound was prepared according to General Procedure D with 2-benzyl-4-(2-
bromo-4-methoxybenzyl)-1,2,3,4-tetrahydroisoquinoline 181 (106 mg, 0.250 mmol,
1.00 equiv.). Flash column chromatography (30% EtOAc in pentane) afforded 204 as a viscous

brown oil (48.6 mg, 59%).

IH NMR (600 MHz, CDCls): 5n = 9.19 (1H, s, H1), 8.28 (1H, s, H3), 7.99 (1H, dd, J = 8.1, 1.3
Hz, Ho), 7.84 (1H, d, J = 8.5 Hz, Hs), 7.67 (1H, ddd, J = 8.3, 6.8, 1.3 Hz, H), 7.59 (1H, ddd, J
=8.0,6.8, 1.1 Hz, Hg), 7.19 (1H, d, J = 2.6 Hz, H1s), 6.76 (1H, d, J = 8.6 Hz, Haz), 6.67 (1H,
dd, J = 8.6, 2.6 Hz, Hia), 4.40 (2H, s, H11), 3.75 (3H, 5, H1g); 3C NMR (151 MHz, CDCls): 8¢
= 158.8 (C1s), 152.0 (C1), 143.7 (Cs), 134.9 (Cs), 130.8 (C13), 130.8 (C12), 130.7 (C7), 129.1
(C4), 128.6 (C1o0), 128.4 (Co), 127.2 (Cs), 124.8 (C17), 123.4 (Cs), 118.2 (C1s), 113.7 (C14), 55.6
(Ci0), 35.4 (C12); IR (neat) cm™: 1605, 1568, 1493, 1461, 1439, 1390, 1317, 1285, 1235, 1184,
1148, 1037, 908, 861, 842, 791, 779, 747, 647, 629; HRMS (ESI*) m/z calc. for C17H15"°BINO

[M+H]" 328.0332; found at 328.0338 A -2.30 ppm;
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(RS)-2-Benzyl-4-((3,5-bis(trifluoromethyl)cyclohexyl)methyl)-1,2,3,4-

tetrahydroisoquinoline (182):

The title compound was prepared according to General Procedure C using 3,5-bis CFs
benzaldehyde (121 mg, 0.500 mmol, 1.00 equiv.) as the electrophile. Purification by flash
column chromatography (10% EtOAc in pentane) afforded 182 as a pale-orange oil (130 mg,

57%).

IH NMR (600 MHz, CDCla): 8n = 7.71 (1H, d, J = 2.0 Hz, Hz0), 7.51 — 7.48 (2H, m, Hug), 7.41
— 7.38 (2H, m, His), 7.38 — 7.33 (2H, m, Hua), 7.32 — 7.28 (1H, m, Has), 7.20 — 7.13 (2H, m,
Hy, Hg), 7.08 — 7.01 (2H, m, Hs, Ho), 3.91 (1H, d, J = 14.9 Hz, H1), 3.72 (1H, d, J = 12.9 Hz,
Hi1), 3.56 (1H, d, J = 12.9 Hz, Ha1°), 3.46 (1H, d, J = 14.9 Hz, Hy’), 3.19 (1H, dd, J = 13.7, 9.8
Hz, Hie), 3.11 (1H, dd, J = 13.7, 4.8 Hz, His’), 3.06 — 2.99 (1H, m, Ha), 2.70 (1H, ddd, J =
11.7, 2.6, 1.4 Hz, Hs), 2.45 (1H, dd, J = 11.6, 3.8 Hz, H3"); 3C NMR (151 MHz, CDCls): 3¢
= 143.6 (C17), 138.3 (C12), 137.4 (C1o), 135.2 (Cs), 131.6 (q, J = 33.0 Hz, Cio), 129.6 (¢, J =
3.6 Hz, C1s), 129.2 (C13), 128.8 (Ce), 128.5 (C14), 127.6 (C1s), 126.8 (Co), 126.5 (C7ss), 126.4
(Cus), 1235 (q, J = 272.7 Hz, Cz1), 120.2 (hept, J = 3.9 Hz, Ca0), 63.0 (C11), 56.7 (C1), 53.3
(Cs), 42.6 (Ci6), 41.2 (Ca); 1°F NMR (377 MHz, CDCls): ¢ = -62.68; IR (neat) cm™: 1378,
1279, 1132, 1109, 778, 748, 723, 702, 683; HRMS (ESI*) m/z calc. for CosHzoFsN [M+H]*

450.1651; found at 450.1653 A 0.444 ppm.
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4-(3,5-Bis(trifluoromethyl)benzyl)isoquinoline (205):

The title compound was prepared according to General Procedure D with 2-benzyl-4-((3,5-
bis(trifluoromethyl)cyclohexyl)methyl)-1,2,3,4-tetrahydroisoquinoline 182 (110 mg,
0.25 mmol, 1.0 equiv.). Flash column chromatography (20% EtOAc in pentane) afforded 205

as an off white solid (54 mg, 61%).

IH NMR (500 MHz, CDCls): 81 = 9.24 (1H, s, H1), 8.41 (1H, s, Hs), 8.02 (1H, dd, J = 8.1, 1.2
Hz, Ho), 7.80 (1H, d, J = 8.4 Hz, He), 7.73 (1H, s, His), 7.70 (1H, ddd, J = 8.4, 6.8, 1.4 Hz, H7),
7.65 (2H, s, His), 7.62 (1H, ddd, J = 8.1, 6.9, 1.1 Hz, Hg), 4.50 (2H, s, H11); 3C NMR
(126 MHz, CDCl3): 6c = 152.9 (C1), 143.9 (Cs), 142.3 (C12), 134.5 (Cs), 132.1 (9, J = 33.2 Hz,
Ci4), 131.1 (C7), 128.8 — 128.6 (3C, m, Cq, C1o, C13), 127.7 (C4), 127.5 (Cs), 124.4 (q, J =
273.8 Hz, C16), 122.8 (C¢), 120.8 (hept, J = 3.8 Hz, Cis), 36.0 (C11); °F NMR (377 MHz,
CDCls): 8F = -62.87; IR (neat) cm™: 1623, 1376, 1279, 1172, 1129, 906, 886, 843, 788, 750,
731, 706, 683; HRMS (ESI") m/z calc. for C1sH12FsN [M+H]" 356.0868; found at 356.0863

A -1.37 ppm; m.p. = 90-92 °C.
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(RS)-Methyl 4-((2-benzyl-1,2,3,4-tetrahydroisoquinolin-4-yl)methyl)benzoate (183):

6
Cl

5 1
The title compound was prepared according to General Procedure C using methyl
terephthalaldehyde (74 mg, 0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash

column chromatography (3% EtOAc in pentane) afforded 183 as a colourless solid (99 mg,

53%).

IH NMR (600 MHz, CDClg): 8 = 7.88 — 7.84 (2H, m, Hig), 7.41 (2H, dd, J = 7.9, 1.7 Hz,
His), 7.39 — 7.32 (3H, m, Hua, His), 7.18 — 7.14 (3H, m, He, H7, Hg), 7.06 — 7.01 (3H, m, Ho,
Hig), 3.93 — 3.88 (4H, m, Hi, Ha3), 3.73 (1H, d, J = 12.8 Hz, H11), 3.52 — 3.42 (2H, m, Hy’,
Hi1’), 3.06 (1H, dd, J = 13.8, 11.2 Hz, His), 3.03 — 2.95 (2H, m, Ha, Hie’), 2.72 (1H, dt, J =
11.6, 1.9 Hz, Ha), 2.34 (1H, dd, J = 11.7, 3.8 Hz, H3’); 3C NMR (151 MHz, CDCls): ¢ =
167.3 (C21), 146.7 (C17), 138.7 (C12), 138.3 (Cs), 135.2 (Cuo), 129.7 (Cuo), 129.6 (Cis), 129.5
(C13), 128.8 (Cg), 128.5 (C14), 128.0 (C21), 127.4 (Cas), 126.7 (Cg), 126.3 (C7), 126.1 (Cs), 63.0
(C11), 57.0 (C1), 52.8 (C3), 52.1 (Cz3), 42.9 (C1s), 41.5 (C4); IR (neat) cm™: 1720, 1609, 1435,
1279, 1179, 1103, 760, 701; HRMS (ESI) m/z calc. for C2sH2sNO2 [M+H]* 372.1958; found
at 372.1956 A -0.54 ppm; m.p. = 80-81 °C. Spectroscopic data were consistent with the

literature data for this compound.?®
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Methyl 4-(isoquinolin-4-ylmethyl)benzoate (206):

The title compound was prepared according to General Procedure D with methyl 4-((2-
benzyl-1,2,3,4-tetrahydroisoquinolin-4-yl)methyl)benzoate 183 (93 mg, 0.25 mmol, 1.0
equiv.). Flash column chromatography (30% EtOAc in pentane) afforded 206 as a pale-brown

solid (40 mg, 57%).

IH NMR (500 MHz, CDCl3): 8n = 9.22 (1H, s, H1), 8.42 (1H, s, H3), 8.02 (1H, dt, J = 8.0, 1.1
Hz, Ho), 7.96 — 7.91 (2H, m, H14), 7.87 — 7.82 (1H, m, He), 7.66 (1H, ddd, J = 8.4, 6.9, 1.4 Hz,
H7), 7.61 (1H, ddd, J = 8.0, 6.8, 1.2 Hz, Hs), 7.26 (2H, d, J = 8.3 Hz, H13), 4.44 (2H, s, H11),
3.88 (3H, s, Hig); 1*C NMR (126 MHz, CDCls): 8¢ = 166.9 (Cis), 151.9 (Cy), 145.0 (C12),
143.2 (Cs3), 134.9 (Cs), 130.9 (C7), 130.0 (C13), 129.2 (C4), 128.6 (2C, Cus, C1s), 128.5 (Co),
128.5 (C10), 127.3 (Cg), 123.3 (Ce), 52.1 (Cus), 36.4 (C11); IR (neat) cm™: 1720, 1611, 1436,
1283, 1180, 1110, 1020, 753, 723; HRMS (ESI*) m/z calc. for C1gH1sNO2 [M+H]* 278.1176;
found at 278.1165 A -3.96 ppm; m.p. = 80-82 °C. Spectroscopic data were consistent with the

literature data for this compound.*’
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(RS)-4-((2-Benzyl-1,2,3,4-tetrahydroisoquinolin-4-yl)methyl)benzonitrile (184):

The title compound was prepared according to General Procedure C using 4-CN
benzaldehyde (66 mg, 0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash column

chromatography (7% EtOAc in pentane) afforded 184 as a colourless solid (87 mg, 51%).

IH NMR (600 MHz, CDCls): 81 = 7.46 — 7.42 (2H, m, Hg), 7.42 — 7.34 (5H, m, H13, H14, H1s),
7.22 —7.15 (2H, m, Hy, Hg), 7.14 (1H, d, J = 2.8 Hz, Hs), 7.06 (1H, dd, J = 6.6, 2.3 Hz, Ho),
6.98 (2H, d, J = 7.9 Hz, Hisg), 3.96 (1H, d, J = 14.8 Hz, H1), 3.79 (1H, d, J = 12.7 Hz, H11), 3.49
(1H, d, J=14.9 Hz, Hy’), 3.45 (1H, d, J = 12.7 Hz, H11), 3.06 (1H, dd, J = 12.8, 10.2 Hz, Hs),
3.00-2.92 (2H, m, Ha, His’), 2.69 (1H, dt, J = 11.5, 1.9 Hz, H3), 2.32 (1H, dd, J = 11.6, 3.7 Hz,
Hs’); 3C NMR (151 MHz, CDCls): 8¢ = 146.7 (C17), 138.5 (C12), 137.8 (C1o), 135.1 (Cs),
132.0 (C19), 130.1 (C1s), 129.7 (C13), 128.7 (Ce), 128.4 (C14), 127.3 (C1s), 126.6 (Co), 126.3
(C7), 126.2 (Cs), 119.2 (C21), 109.7 (Cz0), 62.8 (C11), 57.1 (C1), 52.1 (Cs), 42.9 (Cus), 41.3 (Ca);
IR (neat) cm™: 2802, 1606, 1494, 1454, 1092, 1030, 911, 851, 821, 776, 749, 728, 701; HRMS
(ESI") m/z calc. for CasH23N2 [M+H]" 339.1856; found at 339.1853 A -0.88 ppm; m.p. =

91- 93 °C. Spectroscopic data were consistent with the literature data for this compound.?3
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4-(Isoquinolin-4-ylmethyl)benzonitrile (207):

The title compound was prepared according to General Procedure D with 4-((2-benzyl-
1,2,3,4-tetrahydroisoquinolin-4-yl)methyl)benzonitrile 184 (84 mg, 0.25 mmol, 1.0 equiv.).
Flash column chromatography (30-40% EtOAc in pentane) afforded 207 as a pale-orange

powder (37 mg, 61%).

IH NMR (400 MHz, CDCl3): 81 = 9.21 (1H, s, Hi), 8.41 (1H, s, Hs), 8.01 (1H, ddd, J = 8.0,
1.5, 0.8 Hz, Ho), 7.77 (1H, dg, J = 8.4, 0.9 Hz, He), 7.66 (1H, ddd, J = 8.4, 6.9, 1.5 Hz, H7),
7.61 (1H, ddd, J = 8.1, 6.8, 1.3 Hz, Hs), 7.57 — 7.52 (2H, m, Haa), 7.32 — 7.27 (2H, m, Ha3),
4.44 (2H, s, H11); 13C NMR (101 MHz, CDCl3): 8¢ = 152.7 (C1), 145.5 (C16), 144.0 (C3), 134.7
(Cs), 132.6 (C14), 130.9 (C7), 129.4 (C13), 128.8 (C10), 128.6 (Cq), 128.2 (C4), 127.4 (Cs), 123.1
(Ce), 118.9 (C12), 110.5 (C1s), 36.5 (C11); IR (neat) cm’: 2229, 1608, 1584, 1504, 1391, 1230,
1021, 904, 818, 787, 754, 620; HRMS (ESI*) m/z calc. for C17H13N2 [M+H]* 245.1073; found
at 245.1067 A -2.45 ppm; m.p. = 101-103 °C. Spectroscopic data were consistent with the

literature data for this compound.t6°

292



Chapter 8 - Experimental

(RS)-3-((2-Benzyl-1,2,3,4-tetrahydroisoquinolin-4-yl)methyl)quinoline (185):

The title compound was prepared according to General Procedure C using quinoline-3-
carbaldehyde (79 mg, 0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash column

chromatography (20% EtOAc in pentane) afforded 185 as a pale-orange oil (146 mg, 80%).

IH NMR (600 MHz, CDCla): 811 = 8.76 (1H, d, J = 2.2 Hz, Hzs), 8.07 (1H, d, J = 8.4 Hz, H23),
7.70 — 7.59 (2H, m, Hao, Hz2), 7.54 — 7.48 (2H, m, His, Hz1), 7.45 — 7.41 (2H, m, His), 7.40 —
7.34 (3H, M, Hia, His), 7.24 — 7.13 (3H, m, He, H7, Hg), 7.08 — 7.03 (1H, m, Hg), 3.94 (1H, d,
J=14.8 Hz, H1), 3.76 (1H, d, J = 12.9 Hz, H11), 3.54 — 3.45 (2H, m, Hy’, Hit’), 3.25 — 3.18
(1H, m, His), 3.14 (1H, dd, J = 13.7, 4.3 Hz, Hi¢’), 3.10 — 3.04 (1H, m, Ha), 2.79 (1H, dt, J =
11.7, 1.9 Hz, Hs), 2.39 (1H, dd, J = 11.6, 3.9 Hz, H3’); 3C NMR (151 MHz, CDCl3): 8¢ =
152.6 (C2s), 146.9 (Cz4), 138.8 (C12), 138.0 (Cs), 135.5 (C1s), 135.2 (C10), 133.8 (C17), 129.6
(Ci3), 129.3 (Cz3), 128.9 (Ce), 128.8 (C22), 128.5 (Cia), 128.1 (Cis), 127.6 (C1s), 127.5 (Ca0),
126.7 (Co), 126.6 (C21), 126.4 (Cs), 126.3 (C7), 63.0 (C11), 57.0 (Cy), 52.8 (C3), 41.3 (C4), 40.3
(C16); IR (neat) cml: 1494, 1454, 911, 793, 745, 701; HRMS (ESI*) m/z calc. for CasHzsN>

[M+H]" 365.2012; found at 365.2003 A -2.46 ppm.
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3-(Isoquinolin-4-ylmethyl)quinoline (208):

The title compound was prepared according to General Procedure D with 3-((2-Benzyl-
1,2,3,4-tetrahydroisoquinolin-4-yl)methyl)quinoline 185 (91 mg, 0.25 mmol, 1.0 equiv.). Flash
column chromatography (80% - 100% EtOAc in pentane) afforded 208 as a beige solid (39 mg,

66%).

IH NMR (500 MHz, CDCls): 81 = 9.25 (1H, s, H1), 8.93 (1H, d, J = 2.2 Hz, H13), 8.50 (1H, s,
Hs), 8.08 (1H, d, J = 8.4 Hz, He), 8.03 (1H, dt, J = 8.1, 1.1 Hz, Ho), 7.88 (1H, d, J = 8.4 Hz,
His), 7.81 — 7.77 (1H, m, Hz1), 7.68 — 7.63 (3H, m, Hz, Haz, Hio), 7.60 (1H, ddd, J = 8.1, 7.0,
1.2 Hz, Hg), 7.48 (1H, ddd, J = 8.1, 6.9, 1.2 Hz, Hig), 4.57 (2H, s, H11); *C NMR (126 MHz,
CDCls): 8¢ = 152.4 (C1), 151.4 (C13), 147.0 (C1s), 143.6 (C3), 135.0 (Ca1), 134.8 (Cs), 132.6
(C12), 131.1 (Cy), 129.3 (C17), 129.2 (Ce), 128.8 (Ca), 128.7 (2C, Co, Cio), 128.1 (Ca0), 127.6
(C10), 127.5 (Cs), 127.0 (C1s), 123.3 (C1s), 33.8 (C11); IR (neat) cm™: 1653, 1496, 1437, 1420,
1232, 911, 865, 791, 752, 733; HRMS (ESI*) m/z calc. for C1oH1sN2 [M+H]* 271.1230; found

at 271.1223 A -2.58 ppm; m.p. = 133-134 °C.
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(RS)-2-Benzyl-4-(pyridin-2-ylmethyl)-1,2,3,4-tetrahydroisoquinoline (186):

The title compound was prepared according to General Procedure C using 2-
pyridinecarbaldehyde (48 pL, 0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash
column chromatography (20% EtOAc in pentane) afforded 186 as a pale-yellow oil (215 mg,

68%).

IH NMR (600 MHz, CDCls): 1 = 8.56 (1H, dt, J = 4.8, 1.5 Hz, Hio), 7.42 — 7.38 (3H, m, His,
Hz1), 7.37 — 7.32 (2H, m, Hua), 7.32 — 7.28 (1H, m, His), 7.22 — 7.18 (1H, m, Hg), 7.17 — 7.12
(2H, m, Hz, Hg), 7.07 (1H, ddd, J = 7.5, 4.9, 1.2 Hz, Hao), 7.03 (1H, dd, J = 6.8, 2.2 Hz, Hy),
6.69 (1H, d, J = 7.7 Hz, Hz), 3.92 (1H, d, J = 14.8 Hz, H1), 3.74 (1H, d, J = 12.8 Hz, H11),
3.53—3.45 (2H, m, H1’, Hi1*), 3.41 — 3.33 (1H, m, Ha), 3.22 — 3.11 (2H, m, Hie, Hie), 2.71
(1H, ddd, J = 11.6, 2.8, 1.4 Hz, Hs), 2.42 (1H, dd, J = 11.6, 4.0 Hz, Hs’); ¥C NMR
(151 MHz, CDCls): 8¢ = 160.6 (C17), 149.5 (Cu9), 138.7 (C12), 138.5 (Cs), 136.2 (C21), 135.0
(C10), 129.5 (C13), 128.9 (Ce), 128.4 (C14), 127.2 (C15), 126.5 (Cy), 126.3 (C7), 126.0 (Cg), 124.4
(C22), 121.1 (Cz0), 62.9 (C11), 56.9 (C1), 53.4 (Cs), 45.1 (C16), 39.5 (C4); IR (neat) cm™: 1591,
1495, 1473, 1394, 1368, 1146, 1093, 910, 755, 735, 700; HRMS (ESI*) m/z calc. for C22H23N>
[M+H]" 315.1856; found at 315.1845 A -3.41 ppm. Spectroscopic data were consistent with

the literature data for this compound.?
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4-(Pyridin-2-ylmethyl)isoquinoline (209):

The title compound was prepared according to General Procedure D with 2-benzyl-4-
(pyridin-2-ylmethyl)-1,2,3,4-tetrahydroisoquinoline 186 (79 mg, 0.25 mmol, 1.0 equiv.). Flash
column chromatography (20% EtOAc in pentane) afforded 209 as a dark brown solid (23 mg,

42%).

IH NMR (600 MHz, CDCls): 84 = 9.18 (1H, s, H1), 8.58 — 8.54 (1H, m, His), 8.48 (1H, s, Ha),
8.00 (1H, d, J = 8.5 Hz, He), 7.96 (1H, ddd, J = 8.2, 2.1, 1.1 Hz, Hg), 7.64 (1H, ddt, J = 8.3,
7.1, 1.3 Hz, Hy), 7.57 (1H, ddt, J = 8.2, 6.9, 1.3 Hz, Hs), 7.49 (1H, td, J = 7.7, 2.0 Hz, H1a),
7.12 — 7.07 (1H, m, His), 7.00 (1H, dd, J = 7.9, 1.4 Hz, Hi3), 4.55 (2H, s, H11); 3C NMR
(151 MHz, CDCl3): 8¢ = 160.0 (C12), 152.2 (C1), 149.4 (C1s), 143.7 (C3), 136.7 (C14), 135.1
(Cs), 130.7 (C7), 128.9 (Ca), 128.7 (C10), 128.3 (Co), 127.2 (Cs), 123.9 (Cs), 123.0 (C13), 121.6
(Cis), 39.5 (C11); IR (neat) cm™: 1622, 1591, 1569, 1503, 1474, 1433, 1229, 1193, 1050, 994,
903, 797, 785, 776, 751; HRMS (ESI*) m/z calc. for C1sH1sN2 [M+H]* 221.1073; found at

221.1070 A -1.36 ppm; m.p. = 70-74 °C.
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(RS)-2-Benzyl-4-(furan-2-ylmethyl)-1,2,3,4-tetrahydroisoquinoline (187):

The title compound was prepared according to General Procedure C using furfural (42 pL,
0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash column chromatography (3%

EtOAc in pentane) afforded 187 as a pale-orange oil (136 mg, 90%).

IH NMR (600 MHz, CDCls): 8n = 7.41 (2H, d, J = 7.5 Hz, Hi3), 7.35 (2H, t, J = 7.6 Hz, H1a),
7.31—7.27 (2H, m, His, Hzo), 7.18 — 7.08 (3H, m, He, H7, Hs), 7.01 (1H, dd, J = 7.0, 1.9 Hz,
Ho), 6.21 (1H, dd, J = 3.1, 1.9 Hz, Hig), 5.69 (1H, d, J = 3.1 Hz, H1s), 3.85 (1H, d, J = 14.8 Hz,
Hi), 3.73 (1H, d, J = 13.0 Hz, H11), 3.57 (1H, d, J = 12.9 Hz, H11’), 3.45 (1H, d, J = 14.8 Hz,
H1’), 3.16 — 3.06 (2H, m, Ha, Hig), 2.99 — 2.92 (1H, m, His), 2.79 (1H, d, J = 11.5 Hz, H3), 2.50
—2.45 (1H, m, Hz’); 13C NMR (151 MHz, CDCls): 8¢ = 154.8 (C17), 141.1 (C20), 138.9 (C12),
138.1 (Ci0), 135.3 (Cs), 129.4 (C13), 128.8 (Cs), 128.4 (C1s), 127.2 (Cis), 126.6 (Cs), 126.3
(C7), 126.1 (Cs), 110.2 (C19), 106.7 (C1g), 63.0 (C11), 56.8 (C1), 53.9 (Cs), 38.6 (Ca), 35.1 (Cu6);
IR (neat) cm™: 1493, 1454, 1146, 1095, 1029, 1010, 923, 728, 699; HRMS (ESI*) m/z calc.
for C21H22NO [M+H]* 304.1696; found at 304.1689 A -2.30 ppm. Spectroscopic data were

consistent with the literature data for this compound.?
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4-(Furan-2-ylmethyl)isoquinoline (210):

The title compound was prepared according to General Procedure D with 2-benzyl-4-(furan-
2-ylmethyl)-1,2,3,4-tetrahydroisoquinoline 187 (76 mg, 0.25 mmol, 1.0 equiv.). Flash column

chromatography (15% EtOAc in pentane) afforded 210 as an orange oil (21 mg, 41%).

IH NMR (400 MHz, CDCl3): 81 = 9.19 (1H, s, H1), 8.42 (1H, s, H3), 7.96 — 7.87 (2H, m, He,
Ho), 7.71 (1H, ddd, J = 8.3, 6.9, 1.4 Hz, H7), 7.61 (1H, ddd, J = 8.1, 6.9, 1.1 Hz, Hs), 7.33 (1H,
dd, J = 1.9, 0.8 Hz, His), 6.26 (1H, dd, J = 3.3, 1.9 Hz, H14), 5.93 (1H, dq, J = 3.1, 1.0 Hz, H13),
4.36 (2H, s, H11); 3C NMR (101 MHz, CDCls): 8¢ = 153.4 (C12), 152.3 (C1), 143.5 (Cs), 141.6
(C1s), 134.9 (Cs), 130.6 (C7), 128.6 (C10), 128.4 (Co), 127.5 (Ca), 127.2 (Cs), 123.3 (Cs), 110.6
(C14), 106.9 (C13), 29.3 (C11); IR (neat) cm™: 1624, 1586, 1505, 1391, 1228, 1148, 1073, 1011,
876, 790, 753, 658, HRMS (ESI*) m/z calc. for Ci4H12NO [M+H]* 210.0913; found at
210.0916 A -1.43 ppm. Spectroscopic data were consistent with the literature data for this

compound.?*
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(RS)-4-((1H-Indol-3-yl)methyl)-2-benzyl-1,2,3,4-tetrahydroisoquinoline (188):

The title compound was prepared according to General Procedure C using indole-3-
carbaldehyde (73 mg, 0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash column
chromatography (5% EtOAc in pentane) afforded 188 as a fluffy, colourless solid (112 mg,

64%).

'H NMR (600 MHz, CDCls): 81 = 7.86 (1H, s, Hig), 7.78 (1H, d, J = 7.8 Hz, H24), 7.48 (2H,
d, J = 7.0 Hz, Hig), 7.43 — 7.38 (3H, m, He, Hi4), 7.38 — 7.34 (2H, m, His, Ha1), 7.29 — 7.16
(4H, m, H7, Hs, H22, H23), 7.09 (1H, d, J = 7.6 Hz, Ho), 6.44 (1H, d, J = 2.2 Hz, Hssg), 3.95 (1H,
d, J = 14.7 Hz, H1), 3.79 (1H, d, J = 12.9 Hz, Hi1), 3.58 — 3.49 (2H, m, H1’, Hi1*), 3.23 (1H,
dd, J = 15.2, 11.9 Hz, Hie), 3.19 — 3.12 (2H, m, Ha, H1s"), 2.90 (1H, dt, J = 11.5, 1.9 Hz, Hs),
2.41 (1H, dd, J = 11.4, 3.8 Hz, H3); 13C NMR (151 MHz, CDCl3): 8¢ = 139.2 (Cs), 139.1 (C12),
136.4 (Cz0), 135.2 (C10), 129.6 (C13), 129.0 (Cs), 128.4 (C1a), 127.7 (C17), 127.2 (C1s), 126.5
(Co), 126.3 (C7), 125.9 (Cs), 122.8 (C1g), 121.9 (C22), 119.3 (Cz3), 119.0 (C24), 115.0 (Czs),
111.2 (C21), 63.0 (C11), 57.1 (C1), 53.3 (C3), 39.8 (C4), 32.3 (C16); IR (neat) cm™: 3422, 1493,
1455, 1342, 1093, 740, 700; HRMS (ESI™) m/z calc. for CasH2sN2 [M+H]" 353.2012; found at

353.2007 A -1.42 ppm; m.p. = 46-47 °C.
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4-((1H-Indol-3-yl)methyl)isoquinoline (211):

The title compound was prepared according to General Procedure D with 4-((1H-indol-3-
yl)methyl)-2-benzyl-1,2,3,4-tetrahydroisoquinoline 188 (88 mg, 0.25 mmol, 1.0 equiv.). Flash

column chromatography (20% EtOAc in pentane) afforded 211 as a brown solid (17 mg, 26%).

IH NMR (500 MHz, CDCl3): 81 = 9.19 (1H, s, H1), 8.47 (1H, s, Hg), 8.29 (1H, s, Hi4), 8.04
(1H, d, J = 8.4 Hz, He), 7.99 (1H, dd, J = 8.4, 1.3 Hz, Hg), 7.70 — 7.63 (2H, m, Hy, Hie), 7.59
(1H, ddd, J = 8.0, 6.8, 1.2 Hz, Hg), 7.36 (1H, dd, J = 8.1, 1.0 Hz, H1g), 7.21 (1H, ddd, J = 8.2,
7.0, 1.2 Hz, Hag), 7.14 (1H, ddd, J = 8.0, 7.0, 1.1 Hz, Hi7), 6.67 (1H, dd, J = 2.4, 1.2 Hz, Hi3),
450 (2H, s, H11); 3C NMR (126 MHz, CDCls): 8¢ = 151.3 (C1), 142.6 (Cs), 136.5 (C1s), 135.3
(Cs), 130.7 (C7), 130.5 (C4), 128.6 (C10), 128.4 (Cs), 127.3 (C12), 127.2 (Cs), 123.8 (Cs), 122.9
(Ci3), 122.4 (Cag), 119.7 (C17), 118.9 (Cis), 114.5 (Ca0), 111.4 (Cao), 26.4 (C12); IR (neat) cm™:
1623, 1457, 1228, 909, 739; HRMS (ESI*) m/z calc. for C1sH1sN2 [M+2H]?* 260.1263; found

at 260.1259 A -1.54 ppm; m.p. = 125-129 °C.
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(RS)-2-Benzyl-4-(4-ethynylbenzyl)-1,2,3,4-tetrahydroisoquinoline (189):

The title compound was prepared according to General Procedure C using
4-ethynylbenzaldehyde (65 mg, 0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash
column chromatography (2% EtOAc in pentane) afforded 189 as an orange gum (109 mg,

65%).

IH NMR (600 MHz, CDCls): 81 = 7.48 — 7.45 (2H, m, Hi3), 7.45 — 7.41 (2H, m, Hia), 7.41 —
7.35 (3H, m, His, Hig), 7.24 — 7.18 (3H, m, Hs, H7, Hg), 7.11 — 7.06 (1H, m, He), 6.96 (2H, d,
J=1.4 Hz, Hig), 3.95 (1H, d, J = 14.8 Hz, H1), 3.78 (1H, d, J = 12.8 Hz, H11), 3.54 (1H, d, J =
12.8 Hz, Hi1), 3.50 (1H, d, J = 14.8 Hz, H1’), 3.10 (1H, s, H22), 3.06 (1H, dd, J = 13.6, 11.2
Hz, Hie), 3.03 — 2.97 (2H, m, Ha, His’), 2.79 (1H, dt, J = 11.5, 1.7 Hz, H3), 2.39 (1H, dd, J =
11.6, 3.7 Hz, H3’); 3C NMR (151 MHz, CDCls): 5c = 142.2 (C17), 138.7 (C12), 138.4 (Cs),
135.2 (C10), 132.1 (Cus), 129.6 (C13), 129.5 (Cus), 128.8 (Cs), 128.5 (C14), 127.3 (C1s), 126.6
(Co), 126.3 (C7), 126.0 (Cs), 119.6 (C20), 84.0 (C21), 76.8 (C22), 63.0 (C11), 57.0 (C1), 52.8 (Ca),
42.8 (C16), 41.5 (Ca); IR (neat) cm™: 3291, 1505, 1494, 1454, 1093, 1058, 967, 946, 849, 821,
748, 729, 700; HRMS (ESI™) m/z calc. for C2sH24N [M+H]" 338.1903; found at 338.1900 A -

0.887 ppm.
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(RS)-2-Benzyl-4-(2-(diphenylphosphaneyl)benzyl)-1,2,3,4-tetrahydroisoquinoline (190):

27
26

25

The title compound was prepared according to General Procedure C using 2-PPh;
benzaldehyde (145 mg, 0.500 mmol, 1.00 equiv.) as the electrophile. Purification by flash
column chromatography (5% EtOAc in pentane) afforded 190 as a colourless powder (104 mg,

42%).

IH NMR (600 MHz, CDCl3): 81 = 7.48 — 7.42 (3H, m, He, Hi3), 7.41 — 7.35 (2H, m, Hus), 7.35
~7.30 (4H, m, His, Has, H27), 7.30 — 7.26 (2H, m, Hzs), 7.15 (1H, t, J = 7.5 Hz, Hy), 7.12 — 7.04
(3H, m, Hg, Ho, H20), 6.97 (1H, d, J = 7.6 Hz, Ho), 6.93 (1H, ddt, J = 7.0, 3.0, 1.3 Hz, Hz1),
6.75 — 6.69 (1H, m, Has), 3.87 (1H, d, J = 14.8 Hz, Hy), 3.67 (1H, d, J = 12.8 Hz, Hi1), 3.57
(1H, d, J = 12.8 Hz, H11"), 3.42 — 3.36 (2H, m, H1’, His), 3.20 — 3.09 (2H, m, Ha, His’), 2.85
(1H, dd, J = 11.6, 2.1 Hz, Hs), 2.28 (1H, dd, J = 11.7, 3.8 Hz, H3’); 3C NMR (151 MHz,
CDCls): 8¢ = 145.9 (d, J = 25.8 Hz, C22), 139.2 (Cs), 139.0 (C12), 137.4 (dd, J = 34.4, 10.9 Hz,
Ca4), 135.9 (d, J = 13.6 Hz, C17), 135.0 (Ci0), 134.4 (C21), 133.9 (dd, J = 40.1, 19.5 Hz, Czs),
131.3 (d, J = 5.5 Hz, Cis), 129.7 (C13), 129.1 (d, J = 4.0 Hz, Ci0), 128.9 (Cs), 128.8 — 128.6 (m,
Cas, Ca7), 128.5 (C14), 127.3 (C15), 126.5 (Cs), 126.3 (C20), 126.3 (C7), 125.8 (Cs), 63.2 (C11),
57.0 (C1), 52.8 (Cs), 41.8 (d, J = 17.0 Hz, C1s), 40.3 (d, J = 4.2 Hz, Ca); 3P NMR (162 MHz,

CDCls): & = -16.25; IR (neat) cm™: 1510, 1281, 1249, 1224, 1133, 1023, 787, 744, 698;
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HRMS (ESI*) m/z calc. for C3sHasNP [M+H]* 498.2345; found at 498.2351 A 1.20 ppm; m.p.

=65-67 °C.

(RS, RS) and (RS, SR)-2-Benzyl-4-(2-nitro-1-phenylethyl)-1,2,3,4-tetrahydroisoquinoline

(191a and 191b):

The title compound was prepared according to General Procedure C using S-nitrostyrene
(75 mg, 0.5 mmol, 1.0 equiv.) as the electrophile. Flash column chromatography (2-3% EtOAc

in pentane) afforded 191 as two separable diastereomers in a 1:3 ratio:
Minor diastereomer 191a:
Pale-orange solid (20 mg, 11%).

IH NMR (600 MHz, CDCls): 81 = 7.48 (2H, t, J = 7.0 Hz, Haa), 7.46 — 7.41 (3H, m, Hus, His),
7.37-7.32 (1H, m, Hg), 7.28 — 7.23 (1H, m, Hg), 7.22 (1H, td, J = 7.5, 1.5 Hz, H7), 7.19 - 7.14
(3H, m, Hao, Hz1), 7.09 (1H, d, J = 7.4 Hz, He), 6.79 (2H, dd, J = 7.5, 1.9 Hz, Hio), 5.20 (1H,
dd, J = 14.1, 12.1 Hz, Hi7), 4.20 (1H, dd, J = 14.1, 3.7 Hz, H17"), 4.06 — 3.99 (2H, m, H, Hie),
3.84 (1H, d, J = 12.2 Hz, Hu1), 3.42 (1H, d, J = 14.8 Hz, Hy’), 3.32 (1H, d, J = 12.1 Hz, Har),
3.04 — 3.00 (1H, m, Ha), 2.92 (1H, d, J = 12.3 Hz, Hs), 2.08 (1H, dd, J = 12.4, 4.4 Hz, H3");
13C NMR (151 MHz, CDCls): 8¢ = 138.9 (Cis), 138.0 (C12), 135.8 (Cio), 135.1 (Cs), 130.2
(C13), 128.9 (Ca0), 128.8 (C1s), 128.6 (Ce), 127.8 (C1g), 127.8 (Cis), 127.2 (Cz1), 127.0 (Cs),
127.0 (C7), 126.7 (Cs), 75.4 (C17), 63.1 (C11), 57.4 (C1), 50.4 (C1s), 49.2 (Cs), 43.8 (Ca); IR
(neat) cm™: 1548, 1496, 1454, 1383, 1089, 911, 778, 756, 737, 702; HRMS (ESI*) m/z calc.
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for CasHzsN,02 [M+H]* 373.1911; found at 373.1911 A 0.12 ppm; m.p. = 78-79 °C.

Spectroscopic data were consistent with the literature data for this compound.?®
Major diastereomer 191b:
Yellow solid (66 mg, 36%).

IH NMR (600 MHz, CDCls): 81 = 7.43 — 7.38 (4H, m, His, Hua), 7.37 — 7.33 (1H, m, His),
7.28 (2H, dd, J = 8.1, 6.3 Hz, Hzo), 7.26 — 7.20 (2H, m, Hg, Hz1), 7.19 — 7.14 (3H, m, H7, Hio),
7.08 (1H, d, J = 7.6 Hz, Hg), 7.00 (1H, d, J = 7.6 Hz, He), 4.74 — 4.69 (2H, m, H17), 4.13 (1H,
td, J = 9.7, 6.1 Hz, His), 4.03 (1H, d, J = 15.4 Hz, Hy), 3.57 (2H, s, H1), 3.36 (1H, d, J = 15.4
Hz, H1), 3.03 (1H, d, J = 9.2 Hz, Ha), 2.77 (1H, d, J = 11.5 Hz, H3), 2.41 (1H, dd, J = 11.5,
3.2 Hz, Hy); C NMR (151 MHz, CDCls): 8¢ = 139.6 (C1s), 138.2 (C12), 135.9 (C10), 134.3
(Cs), 129.8 (Cs), 129.4 (C13), 128.9 (Ca0), 128.6 (Cia), 128.2 (Cuo), 127.5 (Cz1), 127.5 (C1s),
127.4 (Co), 127.2 (Cs), 125.8 (C7), 80.0 (C17), 63.1 (Cu1), 56.0 (C1), 53.5 (C3), 48.4 (C16), 43.9
(C4); IR (neat) cm™: 1552, 1494, 1455, 1379, 911, 735, 702, 649; HRMS (ESI*) m/z calc. for
CaaH2sN202 [M+H]* 373.1911; found at 373.1908 A -0.80 ppm; m.p. = 92-94 °C.

Spectroscopic data were consistent with the literature data for this compound.?®

The relative stereochemistry of the two isomers was challenging to assign based on

spectroscopic data and was therefore left unassigned.

(RS, RS, SR)-N-Benzyl-3-methyl-1,2,3,4,4a,5,6,10b-octahydrophenanthridine (17):

304



Chapter 8 - Experimental

The title compound was prepared according to a literature procedure reported by Donohoe and
co-workers: 2-Benzyl-3-methylisoquinolin-2-ium iodide 15(181 mg, 0.50 mmol, 1.00 equiv.)
was placed in a microwave vial with MVK (41.0 pL, 0.50 mmol, 1.0 equiv.), formic acid
triethylamine complex 5:2 (168 pL, 2.00 mmol, 4.00 equiv.), and an aliquot of a premade
solution of (RhCp*Cl2)2 in MeCN (0.400 mL, 0.0100 mol%, 3.86 mg in 50.0 mL). The mixture
was stirred at 80 °C for 18 h, then cooled to r.t. and diluted with CH2Cl.. The solution was
washed with sat. aq. Na,COg, the layers partitioned and the aqueous phase extracted twice with
CH2Cl2. The combined organic layers were dried over MgSOs, filtered under gravity and
concentrated in vacuo. Purification by flash column chromatography (2% EtOAc in pentane)

afforded 17 as a colourless oil as a single diastereomer (61 mg, 42%).

IH NMR (600 MHz, CDCls): 81 = 7.48 (2H, dd, J = 7.1, 1.9 Hz, Hi3), 7.38 (2H, td, J = 7.7,
2.5 Hz, Hia), 7.33 — 7.28 (1H, m, His), 7.19 — 7.12 (2H, m, He, H7), 7.10 (1H, td, J = 7.4, 3.9
Hz, Hs), 6.91 (1H, d, J = 7.6 Hz, Hg), 4.38 (1H, dd, J = 13.0, 2.5 Hz, H11), 3.85 (1H, dd, J =
15.5, 2.6 Hz, Hi), 3.28 (1H, dd, J = 15.4, 2.4 Hz, Hy’), 3.11 (1H, dd, J = 13.1, 2.3 Hz, H11"),
2.88 (1H, g, J = 3.1 Hz, H3), 2.72 (1H, dt, J = 11.8, 3.4 Hz, H4), 2.31 (1H, dq, J = 14.7, 2.9 Hz,
Hie), 2.20 (1H, dddd, J = 16.2, 13.0, 8.2, 3.4 Hz, H1s), 1.96 — 1.84 (2H, m, Hi7, His), 1.79 (1H,
dp, J = 13.5, 3.4 Hz, Hie), 1.34 (1H, ddt, J = 14.8, 11.9, 2.7 Hz, H1¢’), 1.28 — 1.18 (1H, m,
Hi7’), 0.96 (3H, dd, J = 6.6, 2.5 Hz, Hz0); *C NMR (151 MHz, CDCl3): 8¢ = 140.8 (Cs), 140.4
(C12), 134.6 (C1o), 128.7 (C13), 128.4 (C14), 128.1 (Cs), 126.9 (Cis), 126.1 (Co), 126.0 (C7),
125.6 (Cg), 58.3 (Cz3), 56.8 (C11), 56.1 (C1), 42.5 (C4), 37.5 (Cug), 35.6 (C17), 32.4 (C16), 26.0
(C1s), 22.7 (C0); IR (neat) cm™: 2924, 1494, 1455, 1379, 1188, 1069, 1029, 910, 738, 699;
HRMS (ESI*) m/z calc. for CaiHasN [M+H]" 292.2060; found at 292.2049 A -3.80 ppm.

Spectroscopic data were consistent with the literature data for this compound.?®
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(RS)-3-Methyl-1,2,3,4-tetrahydrophenanthridine (215):

12 14
13_Me

The title compound was prepared according to General Procedure D with N-benzyl-3-methyl-
1,2,3,4,4a,5,6,10b-octahydrophenanthridine 17 (78 mg, 0.25 mmol, 1.0 equiv.). Flash column

chromatography (20% EtOAc in pentane) afforded 215 as a brown oil (32 mg, 65%).

IH NMR (500 MHz, CDCls): 4 = 9.04 (1H, s, H1), 7.91 — 7.84 (2H, m, He, H), 7.66 (1H, ddt,
J=8.2,6.9, 1.3 Hz, Hy), 7.50 (1H, ddd, J = 8.2, 6.9, 1.2 Hz, Hg), 3.25 — 3.10 (2H, m, Hu1, Has),
3.03—2.91 (1H, m, H11"), 2.70 (1H, ddt, J = 17.2, 10.0, 1.8 Hz, His"), 2.11 — 1.94 (2H, m, Hu,,
His), 1.50 (1H, dddd, J = 12.7, 9.6, 6.1, 4.9 Hz, H1»"), 1.14 (3H, d, J = 6.5 Hz, H14); *C NMR
(126 MHz, CDCls): 8¢ = 150.2 (Cy), 149.8 (C3), 135.3 (Cs), 130.2 (C7), 128.2 (Co), 127.0 (C10),
125.9 (Cs), 124.2 (C4), 122.1 (Cs), 41.2 (C1s), 30.8 (C12), 29.2 (C1s), 24.6 (Ci11), 21.7 (Cua);
IR (neat) cmt: 2950, 2922, 1623, 1582, 1500, 14554, 1430, 1381, 1361, 1228, 1155, 774, 751;

HRMS (ESI*) m/z calc. for C14H16N [M+H]" 198.1277; found at 198.1273 A -2.17 ppm.

(E)-1-Phenylpenta-2,4-dien-1-one (S192):

The title compound was synthesised according to a procedure published by Jgrgensen and co-
workers:1”® Fresh LDA was prepared by adding nBuLi (11.2 mL, 2.50 M in hexanes,

28.0 mmol, 1.10 equiv.) dropwise so a stirred solution of diisopropylamine (4.05 mL,
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28.0 mmol, 1.10 equiv.) in anhydrous THF (30 mL) at -78 °C. Acetophenone (2.92 mL,
25.0 mmol, 1.00 equiv.) dissolved in anhydrous THF (5.0 mL) was added dropwise, and the
solution stirred for 1 h. Acrolein (1.87 mL, 28.0 mmol, 1.10 equiv.) dissolved in anhydrous
THF (5.0 mL) was added dropwise and the solution stirred for 5 min, after which the reaction
was quenched with sat. ag. NH4Cl, poured onto Et,O and the layers partitioned. The aqueous
layer was extracted twice with Et2O and the combined organic layers washed with brine, dried
over MgSOs, filtered under gravity and concentrated in vacuo. The crude mixture was
dissolved in CH2Cl> (25 mL) and TsOH (2.40 g, 14.2 mmol, 0.570 equiv.) was added, after
which the mixture was heated to reflux for 3 h. The reaction was cooled to r.t., diluted with
CHCl>, washed with water and the layers partitioned. The aqueous layer was extracted twice
with CH2Cl, then the combined organic layers were dried over MgSOys, filtered under gravity
and concentrated in vacuo. Flash column chromatography (1-5% EtOAc in pentane) afforded

S192 as a pale-yellow oil (1.05 g, 27%).

IH NMR (400 MHz, CDCl3): 81 = 7.97 — 7.93 (2H, m, H), 7.61 — 7.52 (1H, m, Ho), 7.51 —
7.45 (2H, m, Hg), 7.40 (1H, ddt, J = 15.2, 11.0, 0.8 Hz, Hs), 6.99 (1H, dd, J = 15.1, 0.8 Hz, Ha),
6.60 (1H, dddd, J = 16.9, 10.8, 10.0, 0.7 Hz, H2), 5.72 (1H, ddt, J = 16.9, 1.5, 0.8 Hz, H1), 5.59
(1H, ddt, J = 10.0, 1.4, 0.7 Hz, H1’); $3C NMR (101 MHz, CDCls): 5c = 190.9 (Cs), 144.9 (C3),
138.1 (Ce), 135.5 (C2), 132.9 (Cy), 128.7 (Cs), 128.6 (C7), 127.0 (C1), 126.4 (C4); IR (neat)
cmt: 1665, 1614, 1598, 1276, 1221, 1018, 785, 707, 688, 664. Spectroscopic data were

consistent with the literature data for this compound.'’
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(RS, RS, RS)-2-(N-Benzyl-1,2,3,4,4a,5,6,10b-octahydrophenanthridin-3-yl)-1-

phenylethan-1-one (192):

The title compound was prepared according to General Procedure C using 2-benzyl-3-
methylisoquinolin-2-ium iodide 15 (180 mg, 0.50 mmol, 1.0 equiv.), and (E)-1-phenylpenta-
2,4-dien-1-one S192 (80 mg, 0.50 mmol, 1.0 equiv.) as the electrophile. Purification by flash
column chromatography (2% EtOAc in pentane) afforded 192 as a pale-orange solid as a single

diastereomer (39 mg, 20%).

IH NMR (500 MHz, CDCls): 81 = 8.00 — 7.93 (2H, m, Hzs), 7.57 — 7.50 (1H, m, Has), 7.48 —
7.41 (4H, m, His, Hzq), 7.37 — 7.32 (2H, m, Hus), 7.29 (1H, ddt, J = 7.4, 6.2, 1.5 Hz, His), 7.19
—7.06 (3H, m, He, H7, Hg), 6.90 (1H, d, J = 7.5 Hz, Ho), 4.50 (1H, d, J = 12.7 Hz, H11), 3.83
(1H, d, J = 15.4 Hz, H1), 3.27 (1H, d, J = 15.4 Hz, Hy’), 3.06 (1H, d, J = 12.7 Hz, Hi1), 2.99
(1H, dd, J = 16.2, 5.5 Hz, Hao), 2.95 — 2.85 (2H, m, Hs, Hz0"), 2.79 — 2.72 (1H, m, Ha), 2.58
(1H, ddtg, J = 11.6, 8.5, 5.9, 3.2 Hz, Hig), 2.51 — 2.44 (1H, m, Hag), 2.25 (1H, qd, J = 13.0, 3.4
Hz, Hig), 2.01 — 1.92 (1H, m, Hi7), 1.82 (1H, dg, J = 13.4, 3.7 Hz, His’), 1.48 — 1.34 (2H, m,
Hi7’, Hio’); 2C NMR (126 MHz, CDCls): 8¢ = 199.9 (C21), 140.4 (Cs), 140.2 (C12), 137.3
(C22), 134.6 (Cio), 133.0 (Czs), 128.9 (Ci3), 128.7 (Cz4), 128.3 (Cia), 128.1 (C23), 128.0 (Cs),
126.8 (C1s), 126.2 (Co), 126.0 (C7), 125.7 (Cs), 58.0 (C3), 56.8 (C11), 55.9 (C1), 45.9 (Ca0), 42.5
(C4), 35.3 (C1), 33.7 (C17), 32.2 (Ci6), 27.8 (C1s); IR (neat) cm™: 1683, 1494, 1449, 910, 739,
700, 691; HRMS (ESI*) m/z calc. for CzsHaoNO [M+H]* 396.2322; found at 396.2322
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A 0.00 ppm; m.p. = 113-114 °C. Spectroscopic data were consistent with the literature data for

this compound.?®

(RS)-1-Phenyl-2-(1,2,3,4-tetrahydrophenanthridin-3-yl)ethan-1-one (216):

The title compound was prepared according to General Procedure D (0.090 mmol scale), with
2-(N-benzyl-1,2,3,4,4a,5,6,10b-octahydrophenanthridin-3-yl)-1-phenylethan-1-one 192
(36 mg, 0.09 mmol, 1.0 equiv.). Flash column chromatography (40% EtOAc in pentane)

afforded 216 as a pale-orange solid (21 mg, 75%).

IH NMR (600 MHz, CDCls): &1 = 9.06 (1H, s, Hz), 8.04 — 7.98 (1H, m, Hig), 7.92 (1H, dd, J
=8.1, 1.2 Hz, Hg), 7.90 (1H, dd, J = 8.5, 1.2 Hz, Hs), 7.70 (1H, ddd, J = 8.4, 6.9, 1.3 Hz, Hy),
7.59 — 7.52 (2H, m, Hg, Hz0), 7.47 (1H, dd, J = 8.3, 7.1 Hz, Hig), 3.32 — 3.20 (2H, m, Hu1, His),
3.17 (1H, dd, J = 16.2, 5.8 Hz, Hia), 3.12 — 3.03 (2H, m, Hu1’, His), 2.89 (1H, ddt, J = 17.0,
10.0, 1.7 Hz, His’), 2.73 — 2.61 (1H, m, Hig), 2.23 (1H, dit, J = 12.6, 5.8, 2.4 Hz, H1,), 1.65
(1H, dtd, J = 13.0, 10.7, 5.6 Hz, H12’); 3C NMR (151 MHz, CDCls): 8¢ = 199.5 (Ci6), 150.3
(Cy), 148.8 (Ca), 137.4 (C17), 135.4 (Cs), 133.2 (Cz0), 130.6 (C7), 128.8 (C19), 128.3 (Cy), 128.3
(Cis), 127.1 (C1o), 126.2 (Cs), 124.5 (Cs), 122.2 (Ce), 44.6 (Cua), 39.2 (Cis), 30.7 (C13), 28.6
(C12), 24.3 (C1a); IR (neat) cm: 2922, 1684, 1623, 1597, 1581, 1449, 1431, 1358, 1303, 1261,
1212, 1001, 775, 753, 738, 691; HRMS (ESI*) m/z calc. for C21HxoNO [M+H]* 302.1539;

found at 302.1530 A -2.98 ppm; m.p. = 133-135 °C.
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2-Benzyl-3-phenylisoquinolin-2-ium iodide (193):

3-Phenyl isoquinoline (226 mg, 1.10 mmol, 1.00 equiv.) was dissolved in acetone (20 mL) with
benzyl iodide (288 mg, 1.30 mmol, 1.20 equiv.) and stirred at 60 °C overnight. Precipitate was
filtered in vacuo, washed with cold EtO and dried to afford 193 as a pale-yellow powder

(250 mg, 54%).

IH NMR (600 MHz, CDCls): 84 = 11.17 (1H, s, H1), 8.81 (1H, dt, J = 8.3, 1.0 Hz, Hy), 8.14
(1H, ddd, J = 8.2, 7.0, 1.2 Hz, Hy), 8.09 — 8.04 (2H, m, Ha, He), 7.96 (1H, ddd, J = 8.2, 7.0,
1.1 Hz, Hs), 7.64 — 7.58 (1H, m, Hio), 7.57 — 7.51 (2H, m, Has), 7.46 — 7.41 (2H, m, Hi17), 7.29
—7.25 (1H, m, His), 7.24 — 7.20 (2H, m, Hua), 7.04 — 6.99 (2H, m, His), 6.15 (2H, s, H11);
13C NMR (151 MHz, CDCls): 8¢ = 152.2 (C1), 146.1 (Cs), 138.0 (Cs), 137.8 (Cs), 133.2 (C12),
131.8 (C1s), 131.7 (Co), 131.4 (Cs), 131.1 (C19), 130.0 (Cu17), 129.5 (2C, Cus, Cis), 129.3 (C1s),
128.6 (C13), 127.4 (C1o), 127.3 (C4), 126.8 (Cs), 61.9 (C11); IR (neat) cm™: 1641, 1495, 918,
764, 734, 703; HRMS (ESI*) m/z calc. for C2;HisN [M]" 296.1434; found at 296.1444

A 3.45 ppm; m.p. = 150 °C.
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(RS, RS)-4-(2-Benzyl-3-phenyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one (194):

2-Benzyl-3-phenylisoquinolin-2-ium iodide 193 (210 mg, 0.50 mmol, 1.0 equiv.) was
dissolved in MeCN (0.40 mL) with MVK (42 pL, 0.50 mmol, 1.0 equiv.) and 5:2 HCO2H:NEt3
(0.17 mL, 2.0 mmol, 4.0 equiv.) then stirred at 80 °C for 18 h. The crude mixture was cooled
to r.t., diluted with sat. ag. Na2COz then extracted three times with CH2Cl>. The combined
organic extracts were dried over MgSOs, filtered under gravity and concentrated in vacuo.
Flash column chromatography (3-10% EtOAc in pentane) afforded 194 as a pale-orange oil as

a single diastereomer (67 mg, 36%).

IH NMR (500 MHz, CDCls): 81 = 7.43 (2H, d, J = 7.6 Hz, Hus), 7.37 (2H, td, J = 7.6, 1.8 Hz,
Hus), 7.34 — 7.15 (9H, m, He, Hz, Hs, His, H17, His, Hag), 7.03 (1H, d, J = 7.3 Hz, Hg), 4.09 (1H,
d, J = 4.6 Hz, Hs), 3.87 — 3.78 (2H, m, Hy, H11), 3.68 (1H, d, J = 15.8 Hz, Hy"), 3.48 (1H, d,
J=13.9 Hz, Hu1’), 3.24 (1H, q, J = 6.4 Hz, Ha), 2.44 (1H, ddd, J = 14.5, 9.7, 4.8 Hz, Ha1), 2.33
—2.19 (2H, m, Hao, H21"), 1.99 (3H, s, Ha3), 1.75 — 1.63 (1H, m, Hz0’); 3C NMR (126 MHz,
CDCls): 8¢ = 208.8 (C22), 139.3 (C12), 138.1 (Cs), 137.7 (C1s), 135.3 (Cio), 129.4 (C17), 128.6
(Ci3), 128.5 (Cia), 128.2 (C1s), 127.4 (Cao), 127.0 (Cis), 126.7 (Cs), 126.4 (Co), 126.4 (C7),

126.1 (Cg), 65.7 (C3), 59.9 (C11), 52.4 (Cy), 42.7 (C4), 41.6 (C21), 29.9 (C23), 23.9 (C20); IR
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(neat) cm™: 1715, 1494, 1454, 1361, 911, 735, 702; HRMS (ESI*) m/z calc. for C2sH2sNO

[M+H]" 370.2165; found at 370.2181 A 4.20 ppm.

Stereochemistry assigned based on size of J-coupling between Hs and H4 (J = 4.6 Hz), which
indicates a large dihedral angle close to 120 °, consistent with a trans geometry. NOESY
correlations were unrevealing in this case. Attempts to further confirm this relationship through

NOESY correlations were unsuccessful.

4-(3-Phenylisoquinolin-4-yl)butan-2-one (217):

0J7.Me'®

4-(2-Benzyl-3-phenyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one 194 (67 mg, 0.18 mmol,
1.0 equiv.) was placed in a microwave vial with pyridine-N-oxide (26 mg, 0.27 mmol,
1.5 equiv.) and camphor (0.20 g), then heated to 250 °C for 40 min. Purification by flash
column chromatography (20-40% EtOAc in pentane) afforded 217 as a pale-brown oil (23 mg,

46%).

IH NMR (600 MHz, CDCls): 81 = 9.20 (1H, s, H1), 8.04 — 8.01 (1H, m, Hg), 8.00 (1H, dd, J =
8.6, 1.0 Hz, Hg), 7.77 (1H, ddd, J = 8.4, 6.9, 1.3 Hz, H7), 7.63 (1H, ddd, J = 8.0, 6.8, 1.0 Hz,
Hs), 7.50 — 7.45 (4H, m, Hz, His), 7.44 — 7.39 (1H, m, Ha), 3.37 — 3.31 (2H, m, Has), 2.73 —
2.67 (2H, m, Has), 2.07 (3H, s, Hig); 3C NMR (151 MHz, CDCls): 8¢ = 207.4 (C17), 152.4
(C3), 150.6 (C1), 141.1 (Ci1), 135.2 (Cs), 131.1 (C7), 129.2 (C12), 128.7 (Co), 128.5 (C13), 128.0

(C14), 127.9 (C1o), 127.6 (C4), 127.0 (Cg), 123.2 (Cs), 44.5 (C16), 29.9 (Cig), 22.5 (C1s);
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IR (neat) cm™: 3434, 1776, 1713, 1620, 1575, 1498, 1446, 1422, 1364, 1235, 1164, 768, 703;

HRMS (ESI*) m/z calc. for C19HgNO [M+H]" 276.1383; found at 276.1388 A 1.83 ppm.

(RS)-4-(1-Benzyl-1,2,3,4-tetrahydroquinolin-3-yl)butan-2-one (196):

13 15
14

The title compound was prepared according to General Procedure C using 1-benzylquinolin-
1-ium iodide 195 (347 mg, 1.00 mmol, 1.00 equiv.) and MVK (82 pL, 1.0 mmol, 1.0 equiv.)
as the electrophile. Purification by flash column chromatography (10-50% EtOAc in pentane)

afforded 196 as a pale-yellow oil (12 mg, 4%).

IH NMR (600 MHz, CDCls): 8n = 7.34 — 7.29 (2H, m, Hu4), 7.27 — 7.22 (3H, m, Has, His),
7.01 - 6.95 (2H, m, He, Hs), 6.59 (1H, td, J = 7.3, 1.1 Hz, Hy), 6.55 — 6.50 (1H, m, H), 4.52 —
4.42 (2H, m, Hu1), 3.32 (1H, ddd, J = 11.3, 3.9, 2.0 Hz, H>), 3.07 (1H, dd, J = 11.3, 9.2 Hz,
H2’), 2.92 — 2.84 (1H, m, Ha), 2.59 — 2.44 (3H, m, Ha’, Ha7, H17°), 2.14 (3H, s, H1o), 2.06 — 1.96
(1H, m, Hs), 1.73 — 1.57 (2H, m, Has, H16’); 3C NMR (151 MHz, CDCl3): 8¢ = 208.7 (C1s),
145.4 (Cio), 139.0 (C12), 129.4 (Cs), 128.7 (Cu4), 127.4 (Cs), 127.0 (C1s), 126.8 (Ci3), 121.3
(Cs), 116.2 (Cv7), 111.0 (Cy), 55.3 (C11), 55.0 (C2), 41.2 (C17), 34.4 (C4), 32.1 (Ca3), 30.1 (C1o),
27.4 (C1s); IR (neat) cm™: 2922, 1715, 1603, 1507, 1452, 1357, 1294, 1245, 1169, 745, 698;
HRMS (ESI") m/z calc. for C2o0H24NO [M+H]" 294.1852; Molecule could not be observed by

ESI MS.
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4-(Quinolin-3-yl)butan-2-one (218):

The title compound was prepared according to General Procedure D with 4-(1-benzyl-
1,2,3,4-tetrahydroquinolin-3-yl)butan-2-one 196 (14 mg, 0.050 mmol, 1.0 equiv.). Flash
column chromatography (60% EtOAc in pentane) afforded 218 as a dark brown oil (2.0 mg,

20%).

IH NMR (600 MHz, CDCls): 1= 8.82 (1H, d, J = 2.2 Hz, Hy), 8.22 (1H, d, J = 8.5 Hz, Ho),
8.11 (1H, d, J = 2.2 Hz, Ha), 7.82 (1H. dd, J = 8.2, 1.4 Hz, He), 7.73 (1H, ddd, J = 8.5, 6.9, 1.4
Hz, Hg), 7.59 (1H, ddd, J = 8.2, 6.8, 1.1 Hz, H7), 3.12 (2H, t, J = 7.2 Hz, H11), 2.90 (2H, t, J =
7.3 Hz, Hiz), 2.17 (3H, s, Hia); 3C NMR (151 MHz, CDCl3): 8¢ = 206.9 (Ci3), 150.2 (C),
145.0 (C10), 136.8 (Ca), 134.2 (C2), 130.1 (Cs), 128.3 (Cs), 127.8 (Co), 127.6 (C7), 127.6 (Co),
44.4 (Ci12), 30.2 (C14), 26.9 (C11); IR (neat) cm™:1715, 1496, 1367, 1164, 913, 788, 757;
HRMS (ESI") m/z calc. for C13H14NO [M+H]* 200.1070; found at 200.1065 A -2.65 ppm.

Spectroscopic data were consistent with the literature data for this compound.t?’

(RS)-4-(2-Benzyl-4-methyl-1,2,3,4-tetrahydroisoquinolin-4-yl)butan-2-one (219):

The title compound was prepared according to General Procedure C on 0.25 mmol scale,

using 4-Me isoquinolinium iodide (90 mg, 0.25 mmol, 1.0 equiv.) as the substrate and MVK
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(41 pL, 0.50 mmol, 2.0 equiv.) as the electrophile. Purification with flash column

chromatography (5% EtOAc in pentane) afforded 219 as a pale-orange oil (67 mg, 87%).

'H NMR (700 MHz, CDCl3): 81 =7.38 (2H, d, J = 7.2 Hz, Hi3), 7.34 (2H, dd, J = 8.3, 6.8 Hz,
Hia), 7.30 — 7.26 (1H, m, His), 7.24 (1H, dd, J = 7.8, 1.3 Hz, He), 7.21 — 7.16 (1H, m, H7), 7.11
(1H, td, J = 7.4, 1.3 Hz, Hg), 7.00 (1H, d, J = 7.6 Hz, Ho), 3.70 (1H, d, J = 14.6 Hz, H1), 3.65
(1H, d, J = 12.9 Hz, H11), 3.58 (1H, d, J = 13.0 Hz, H11’), 3.54 (1H, d, J = 14.6 Hz, Hy’), 2.57
(1H, d, J = 11.4 Hz, Hs), 2.46 (1H, ddd, J = 16.6, 12.1, 4.8 Hz, H1s), 2.30 (1H, d, J = 11.5 Hz,
Hs’), 2.11 — 2.04 (2H, m, Hi7, His), 2.03 (3H, s, Hao), 1.79 (1H, ddd, J = 15.4, 12.1, 4.9 Hz,
Hi7), 1.24 (3H, s, Hie); 3C NMR (176 MHz, CDCls): dc = 209.5 (Cs), 142.2 (C12), 138.6
(C10), 134.9 (C13), 129.2 (C14), 128.4 (C1s), 127.3 (C7), 126.7 (Co), 126.5 (Ce), 126.2 (Cg), 125.8
(C11), 62.9 (Cs), 61.7 (C3), 57.6 (C1), 39.7 (Cus), 37.7 (C4), 35.9 (C17), 30.1 (C20), 27.8 (C1e);
IR (neat) cm™: 1715, 1493, 1453, 1365, 1162, 1097, 1075, 1029, 761, 700; HRMS (ESI*) m/z
calc. for C21H26NO [M+H]* 308.2009; found at 308.2000 A -2.92 ppm. Spectroscopic data

were consistent with the literature data for this compound.?
(RS)-4-(1-Benzyl-3-methyl-1,2,3,4-tetrahydroquinolin-3-yl)butan-2-one (222):

16 48 %
6 5 4 Me/—(m
7 20
~
8 10 N 2

13 15
14

The title compound was prepared according to General Procedure C on 0.25 mmol scale,

using 3-Me quinolinium iodide (90 mg, 0.25 mmol, 1.0 equiv.) as the substrate and MVK
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(100 pL, 1.3 mmol, 5.0 equiv.) as the electrophile. Purification with flash column

chromatography (5% EtOAc in pentane) afforded 222 as a pale-orange oil (60 mg, 78%).

IH NMR (700 MHz, CDCls): &1 = 7.31 (2H, dd, J = 8.2, 6.8 Hz, H14), 7.28 — 7.22 (3H, m, His.
Hais), 7.01 — 6.98 (1H, m, Hg), 6.98 — 6.95 (1H, m, He), 6.60 (1H, tt, J = 7.3, 1.0 Hz, H7), 6.55
(1H, d, J = 8.2 Hz, Ho), 4.52 — 4.43 (2H, m, H11), 3.02 (2H, q, J = 11.4 Hz, H2), 2.59 (2H, s,
Hs), 2.48 — 2.34 (2H, m, Hig), 2.11 (3H, s, Hao), 1.62 (2H, dddd, J = 41.3, 14.0, 11.2, 5.2 Hz,
Hi7), 0.97 (3H, s, Hie); 3C NMR (176 MHz, CDCl3): 8c = 209.1 (Cio), 144.6 (C1o), 139.1
(C12), 129.8 (Cs), 128.6 (C14), 127.2 (Cs), 126.9 (C15), 126.7 (C13), 120.4 (Cs), 116.3 (C7), 110.8
(Co), 59.7 (C2), 55.4 (Cu1), 40.5 (C4), 38.3 (C17), 32.3 (Cas), 30.7 (C20), 30.0 (Cs), 23.3 (C16);
IR (neat) cm™: 1716, 1603, 1505, 1452, 1355, 1284, 1249, 1167, 745, 698, 651; HRMS (ESI*)
m/z calc. for C21H26NO [M+H]" 308.2009; found at 308.2004 A -1.62 ppm. Spectroscopic data

were consistent with the literature data for this compound.?
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8.5 Experimental data for Chapter 4

4-lodo-3-methylisoquinoline (360):

3-Methyl isoquinoline (1.43 g, 10.0 mmol, 1.00 equiv.) was dissolved in glacial acetic acid
(50.0 mL) with NIS (2.48 g, 11.0 mmol, 1.10 equiv.) and heated to 80 °C with stirring for 16 h.
Upon cooling the mixture was quenched with solid Na,COs at 0 °C, then extracted three times
with CH2Cl>. The combined organic extracts were washed once each with sat. ag. Na>S>03 and
brine, dried over MgSQsa, filtered under gravity and concentrated in vacuo. Flash column

chromatography (15-25% EtOAc in pentane) afforded 360 as a pale-yellow solid (1.43 g, 53%).

IH NMR (400 MHz, CDCls): 81 = 9.02 (1H, s, H1), 8.06 (1H, dg, J = 8.5, 0.8 Hz, Hs), 7.86
(1H, dt, J = 8.1, 1.0 Hz, Hg), 7.73 (1H, ddd, J = 8.4, 6.9, 1.3 Hz, H7), 7.57 (1H, ddd, J = 8.1,
6.9, 1.1 Hz, Hg), 2.98 (3H, s, H11); **C NMR (101 MHz, CDCls): 8¢ = 154.8 (C3), 151.7 (Ca),
138.4 (Cs), 132.1 (Cs), 131.1 (Cs), 128.0 (Co), 127.6 (C10), 127.3 (C7), 99.4 (C4), 30.3 (C11);
IR (neat) cm™: 1620, 1572, 1553, 1480, 1438, 1413, 1370, 1330, 1307, 1257, 1238, 1200,
1139, 1031, 1014, 952, 921, 890, 855, 822, 770, 748, 731, 651, 640; HRMS (ESI*) m/z calc.
for CioHoIN [M+H]" 269.9774; found at 269.9766 A -2.98 ppm; m.p. = 60-62 °C.

Spectroscopic data were consistent with the literature data for this compound.*’

3,4-Dimethylisoquinoline (361):
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4-lodo-3-methylisoquinoline 360 (2.17 g, 8.10 mmol, 1.00 equiv.) was dissolved in a 2:1 v/iv
mixture of 1,4-dioxane and H2O (80 mL) with MeB(OH). (0.97 g, 16.2 mmol, 2.00 equiv.),
K3POj4 (6.90 g, 32.4 mmol, 4.0 equiv.), and SPhos (33 mg, 81 pumol, 1.0 mol%). The solution
was sparged with argon for 30 min, then Pd(dba)s (37.0 mg, 40.5 pmol, 0.50 mol%) was added
and the resultant suspension stirred at 110 °C overnight. The mixture was then cooled, diluted
with H>O and extracted three times with EtOAc. The combined organic extracts were dried
over MgSOyg, filtered under gravity and concentrated in vacuo. Flash column chromatography

(10-40% EtOAc in pentane) afforded 361 as a pale-orange oil (1.05 g, 83%).

IH NMR (400 MHz, CDCls): &1 = 9.04 (1H, s, H1), 7.95 (1H, dg, J = 8.6, 1.0 Hz, He), 7.90
(1H, dt, J = 8.1, 1.1 Hz, Ho), 7.68 (LH, ddd, J = 8.4, 6.8, 1.2 Hz, Hy), 7.51 (1H, ddd, J = 8.1,
6.9, 1.0 Hz, Hg), 2.71 (3H, s, H11), 2.57 (3H, 5, H12); 13C NMR (101 MHz, CDCla): 5¢ = 149.6
(C1), 149.2 (C3), 135.9 (Cs), 130.2 (C7), 128.2 (Cs), 127.1 (C10), 125.8 (Cs), 124.1 (Ca), 122.8
(Cé), 22.8 (C11), 14.0 (C12); IR (neat) cm: 1624, 1580, 1501, 1448, 1385, 1246, 977, 917, 880,

779, 750. Spectroscopic data were consistent with the literature data for this compound.1’

2-Benzyl-3,4-dimethylisoquinolin-2-ium iodide (245):

The title compound was synthesised according to General Procedure E with 3,4-
dimethylisoquinoline 361 (1.1 g, 6.7 mmol, 1.0 equiv.) to afford 245 as a pale-yellow powder

(2.2 g, 86%).

1H NMR (600 MHz, CDCls): 8 = 10.96 (1H, s, H1), 8.71 (1H, d, J = 8.2 Hz, Ho), 8.17 (1H, d,

J = 8.6 Hz, He), 8.11 (1H, ddd, J = 8.5, 6.8, 1.3 Hz, H7), 7.87 (1H, dd, J = 8.3, 6.8 Hz, Hs),
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7.35 - 7.28 (3H, m, His, H17), 7.27 — 7.22 (2H, m, His), 6.36 (2H, s, H13), 2.82 (3H, s, H11),
2.74 (3H, s, H12); 3C NMR (151 MHz, CDCla): 8¢ = 150.0 (C1), 141.9 (Cs), 138.1 (Cs), 137.2
(C7), 133.4 (Cs), 132.7 (C14), 131.9 (Cs), 130.3 (Cg), 129.6 (C15), 129.3 (C17) 127.7 (C1s), 126.2
(C10), 123.7 (Ce), 62.8 (C13), 17.5 (C11), 15.6 (C12); IR (neat) cm: 1633, 1604, 1497, 1382,
1184,917,776, 761, 745, 711, 696; HRMS (ESI*) m/z calc. for C1gH1sN [M]* 248.1434; found

at 248.1441 A 2.82 ppm; m.p. = 225-226 °C.
S-(p-Tolyl) prop-2-enethioate (244):

9

Me
%s 5 7
6

2

NaOH (4.1 g, 100 mmol, 1.7 equiv.) was dissolved in H>O (25 mL) then thiocresol (7.4 g,
60 mmol, 1.0 equiv.) and NaBH4 (68 mg, 1.8 mmol, 3.0 mol%) were added and the mixture
stirred for 3 h. BHT (200 mg, 0.90 mmol, 1.5 mol%) and acryloyl chloride (7.3 mL, 90 mmol,
1.5 equiv.) dissolved in cyclohexane (30 mL) was added dropwise, then the mixture stirred for
2 h at 55 °C. The reaction was then cooled, diluted with Et>O and the layers partitioned. The
aqueous layer was extracted twice more with Et,O then the combined organic layers were
washed with sat. ag. NaHCOs, brine, dried over MgSOyg, filtered under gravity and concentrated
in vacuo. Purification by column chromatography afforded 244 as a pale-yellow oil (3.3 g,

31%).

IH NMR (400 MHz, CDCl3): 8n = 7.36 — 7.31 (2H, m, He), 7.27 — 7.22 (2H, m, H7), 6.46 (1H,
dd, J = 17.2, 9.6 Hz, Hy), 6.38 (1H, dd, J = 17.2, 1.6 Hz, H1), 5.76 (1H, dd, J = 9.6, 1.6 Hz,
H1), 2.39 (3H, s, Ho); 3C NMR (101 MHz, CDCls): 8¢ = 189.1 (Cs), 139.9 (Cs), 134.7 (Cs),
134.5 (Cz), 130.2 (C7), 127.3 (C1), 123.8 (Cg), 21.5 (Co); IR (neat) cm'’: 1684, 1613, 1494,

1395, 1162, 1116, 989, 941, 808, 723; HRMS (ESI*) m/z calc. for C1oH1:0S [M+H]*
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179.0525; found at 179.0525 A 0.00 ppm. Spectroscopic data were consistent with the literature

data for this compound.*’®

(RS)-5-Benzyl-10b-methyl-1,5,6,10b-tetrahydrophenanthridin-3(2H)-one (247):

2-Benzyl-3,4-dimethylisoquinolin-2-ium iodide 245 (94 mg, 0.25 mmol, 1.0 equiv.) was
dissolved in MeCN (3.6 mL) with 1-(4-chloro-1H-pyrazol-1-yl)prop-2-en-1-one 244 (78 mg,
0.5 mmol, 2.0 equiv.), 5:2 HCO2H:NEt; (0.17 mL, 2.0 mmol, 8.0 equiv.) and an aliquot of a
premade solution of (RhCp*Cl). in MeCN (0.40 mL, 0.020 mol%, 3.9 mg in 50 mL) was added.
The mixture was stirred at 80 °C for 8 h, then cooled, diluted with EtOAc, washed with sat. ag.
Na.COs and the layers partitioned. The aqueous layer was washed twice more with EtOAc, the
organic layers combined, dried over MgSOsu, filtered under gravity and concentrated in vacuo.
Purification by flash column chromatography (3-8% EtOH in EtOAc) afforded 247 as a

colourless solid (65 mg, 86%).

IH NMR (500 MHz, CDCls): 81 = 7.45 (1H, dd, J = 7.9, 1.2 Hz, He), 7.41 — 7.34 (1H, m, Hy),
7.33— 7.19 (4H, m, Hs, Hua, His), 7.14 — 7.07 (3H, m, Ho, His), 5.30 (1H, s, Hao), 4.74 (1H, d,
J =16.2 Hz, H1), 4.70 — 457 (2H, m, Hu), 4.34 (1H, d, J = 16.2 Hz, H1’), 2.67 (1H, ddd,
J=17.1, 14.2, 5.1 Hz, His), 2.63 — 2.56 (1H, m, Hu7), 2.50 (1H, ddd, J = 17.1, 4.9, 2.0 Hz,
Hig), 2.36 (1H, td, J = 13.5, 4.9 Hz, Hi17), 1.46 (3H, s, His); *C NMR (126 MHz, CDCls):
8¢ = 195.6 (C19), 167.5 (Cs), 140.9 (Cs), 135.2 (C12), 131.5 (C10), 129.1 (C14), 128.6 (C7), 127.7
(Cis), 126.8 (Cg), 126.5 (Cu3), 125.6 (Cs), 123.5 (Cs), 97.7 (C20), 55.8 (Cu1), 52.1 (C1), 38.7

(Cs), 33.1 (C17), 32.3 (Cis), 24.9 (C16); IR (neat) cm™: 1710, 1588, 1552, 1496, 1454, 1361,
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1331, 1297, 1270, 1232, 1212, 814, 765, 735, 707; HRMS (ESI*) m/z calc. for C2:H22NO

[M+H]" 304.1696; found at 304.1705 A 2.93 ppm; m.p. = 142-143 °C.

N-(4-Nitrophenyl)acrylamide (249):

K2COs3 (2.8 g, 20 mmol, 1.0 equiv.) was dissolved in acetone (20 mL) and H20 (5.0 mL), the
flask purged with Ar and cooled to 0 °C. Acryloyl chloride (1.6 mL, 20 mmol, 2.0 equiv) was
added dropwise, the 4-nitroaniline (1.4 g, 10 mmol, 1.0 equiv) was added in a single portion.
The reaction was stirred for 1 h, then filtered in vacuo. The precipitate was washed with ice

cold Et20 then dried under vacuum for 1 h to give 249 as a beige solid (1.2 g, 63%).

'H NMR (400 MHz, DMSO): & = 8.28 — 8.18 (2H, m, H7), 7.96 — 7.88 (2H, m, H), 6.49 (1H,
ddd, J = 17.0, 10.1, 2.4 Hz, H2), 6.34 (1H, dd, J = 17.0, 2.0 Hz, H1), 5.85 (1H, dt, J = 9.9,
2.2 Hz, H1’); 13C NMR (101 MHz, DMSO): 8¢ = 163.9 (C3), 145.3 (Cs), 142.4 (Cs), 131.3
(C2), 128.6 (C1), 125.0 (C7), 119.1 (Ce); IR (neat) cm™: 1672, 1614, 1566, 1502, 1413, 1344,
1257, 1199, 1180, 1117, 1071, 852, 833, 811, 794, 752, 723, 704; HRMS (ESI*) m/z calc. for
CoHoN203 [M+H]" 193.0608; found at 193.0613 A 2.75 ppm; m.p. = 180-182 °C.

Spectroscopic data were consistent with the literature data for this compound.t’’

1-(1H-Pyrazol-1-yl)prop-2-en-1-one (251):
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The title compound was prepared according to a literature procedure published by Lattanzi and
co-workers:1® Pyrazole (680 mg, 10 mmol, 1.0 equiv.) was dissolved in CH2Cl, (50 mL) with
acrylic acid (0.82 mL, 12 mmol, 1.2 equiv.), DMAP (61 mg, 0.5 mmol, 5.0 mol%) and EDC
HCI (2.3 g, 12 mmol, 1.2 equiv.). The solution was stirred for 1h, then concentrated in vacuo.
The crude oil was purified by column chromatography (5-25% EtOAc in pentane) to afford

251 as a colourless oil (330 mg, 27%).

'H NMR (400 MHz, CDCls): 64 =8.34 (1H, ddd, J=2.9, 1.5,0.7 Hz, Hs), 7.75 (1H,d, J = 1.7
Hz, Hy), 7.56 (1H, ddd, J = 17.3, 10.5, 1.3 Hz, H2), 6.75 (1H, dt, J = 17.3, 1.6 Hz, H1), 6.48
(1H, dt, J = 3.0, 1.5 Hz, He), 6.09 (1H, dt, J = 10.5, 1.6 Hz, H1’); 3C NMR (101 MHz,
CDCls): 8¢ = 163.2 (Cs), 144.3 (C7), 133.7 (Cy), 128.9 (Cs), 126.5 (C2), 110.2 (Cs); IR (neat)
cml: 1718, 1623, 1422, 1401, 1384, 1342, 1246, 1203, 1162, 1094, 1035, 987, 919, 769;
HRMS (ESI) m/z calc. for CeH7N2O [M+H]" 123.0553; Molecule could not be observed by

ESI MS. Spectroscopic data were consistent with the literature data for this compound.t”

1-(4-Chloro-1H-pyrazol-1-yl)prop-2-en-1-one (252):

S-Bromo propionyl chloride (0.50 mL, 5.0 mmol, 1.0 equiv.) was added dropwise to a mixture
of 4-chloro pyrazole (520 mg, 5.0 mmol, 1.0 equiv.) and K>COs (1.4 g, 10 mmol, 2.0 equiv.)
in THF (20 mL) at 0 °C, then stirred at r.t. for 2 h. NEts (2.8 mL, 20 mmol, 4.0 equiv.) was
added dropwise at 0 °C, then the mixture stirred at r.t. for 30 min. Solvent was removed in
vacuo, then purification by flash column chromatography (2-8% EtOAc in pentane) afforded

252 as a colourless fluffy solid (650 mg, 83%).
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IH NMR (400 MHz, CDCls): 8x = 8.29 (1H, d, J = 0.8 Hz, Hy), 7.70 — 7.64 (1H, m, Hs), 7.50
(1H, dd, J = 17.3, 10.5 Hz, Hy), 6.76 (1H, dd, J = 17.3, 1.5 Hz, Hy), 6.12 (1H, dd, J = 10.5, 1.5
Hz, H1’); 3C NMR (101 MHz, CDCls): 8¢ = 162.4 (C3), 142.9 (Cs), 134.5 (C1), 126.4 (C7),
125.4 (C,), 116.1 (Cs); IR (neat) cm™: 3129, 1718, 1619, 1557, 1418, 1393, 1343, 1300, 1246,
1192, 1173, 986, 977, 963, 926, 879, 826, 790, 735, 649; HRMS (ESI*) m/z calc. for

CsHsCIN20O [M+H]" 157.0163; Molecule could not be observed by ESI MS; m.p. = 61-62 °C.

1-(1H-1Indol-1-yl)prop-2-en-1-one (254):

The title compound was prepared according to a literature procedure published by Kerr and co-
workers:*® Indoline (1.2 g, 10 mmol, 1.0 equiv.) was dissolved in THF (25 mL) with K,COs
(2.8 g, 20 mmol, 2.0 equiv.) and cooled to 0 °C. Acryloyl chloride (0.89 mL, 11 mmol, 1.1
equiv.) was added dropwise, and the reaction stirred at 0 °C for 20 min. The mixture was then
poured onto ice water and stirred for 1 h. The suspension was diluted with EtOAc, shaken and
the layers partitioned. The aqueous layer was extracted twice more with EtOAc, the combined
organic layers dried over MgSQyg, filtered under gravity and concentrated in vacuo. The residue
was dissolved in dry PhMe (50 mL), DDQ (3.0 g, 13 mmol, 1.3 equiv.) was added and the
mixture heated to reflux under an Ar atmosphere for 6 h. The mixture was then cooled, diluted
with EtOAc and washed twice with H>O and once with brine. The organic phase was then dried
over MgSQO4 and concentrated in vacuo. Purification by flash column chromatography (5%

EtOAcC in pentane) afforded 254 as a red solid (1.2 g, 72%).

IH NMR (400 MHz, CDCls): 81 = 8.52 (1H, dd, J = 8.2, 1.0 Hz, Hu1), 7.59 (1H, dt, J = 7.5,
1.1 Hz, Hg), 7.52 (1H, d, J = 3.8 Hz, Hs), 7.38 (1H, ddd, J = 8.4, 7.2, 1.4 Hz, Hao), 7.31 (1H,
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td, J = 7.5, 1.1 Hz, Ho), 6.97 (1H, dd, J = 16.8, 10.4 Hz, H2), 6.74 — 6.64 (2H, m, Hy, Hs), 6.05
(1H, dd, J = 10.4, 1.5 Hz, H1’); 13C NMR (101 MHz, CDCl3): 8¢ = 164.0 (C3), 135.9 (C12),
132.2 (C1), 130.7 (C7), 128.0 (C2), 125.3 (C10), 124.7 (Cs), 124.1 (Cs), 121.0 (Cs), 117.0 (C11),
109.5 (Cs); IR (neat) cm'’: 1694, 1619, 1539, 1473, 1454, 1411, 1339, 1291, 1227, 1207, 1158,
1143, 1110, 1090, 1057, 1017, 976, 931, 791, 768, 752, 729; m.p. = 43-44 °C. Spectroscopic

data were consistent with the literature data for this compound.*8!
1-(2,5-Dimethyl-1H-pyrrol-1-yl)prop-2-en-1-one (253):

1\ﬂJ\N {

2
6

Me" 5 7

The title compound was prepared according to a literature procedure published by McErlean
and Law:'®? Acrylamide (2.1 g, 30 mmol, 3.0 equiv.) was dissolved in PhMe (150 mL) with
2,5-hexanedione (1.2 mL, 10 mmol, 1.0 equiv.) and p-TSA (170 mg, 1.0 mmol, 0.1 equiv.)
then the mixture heated to reflux for 24 h. The mixture was cooled, diluted with EtOAc, washed
three times with H2O, dried over MgSQOg, filtered under gravity and concentrated in vacuo.
Purification by flash column chromatography (4-6% EtOAc in pentane) afforded 253 as a

bright yellow oil (160 mg, 11%).

IH NMR (400 MHz, CDCls): 814 = 6.69 (1H, dd, J = 17.0, 10.3 Hz, H2), 6.47 (1H, dd, J = 17.0,
1.4 Hz, H1), 5.95 (1H, dd, J = 10.3, 1.4 Hz, H1"), 5.85 (2H, s, H7), 2.35 (6H, s, He); 2*C NMR
(101 MHz, CDClg): 8¢ = 167.2 (Cs), 132.2 (C3), 131.5 (C1), 130.2 (Cs), 111.2 (C7), 15.8 (Cs);
IR (neat) cm™: 1699, 1620, 1540, 1406, 1390, 1367, 1325, 1302, 1264, 1074, 1045, 997, 978,
799, 777, HRMS (ESI") m/z calc. for CoH12NO [M+H]" 150.0913; found at 150.0910

A -2.45 ppm. Spectroscopic data were consistent with the literature data for this compound.83
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2-(2-(Benzyloxy)ethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (362):

1

8
2©'\/O\/\B/O Me

3 5 7 | Me
O—(11

12 Me Me
The title compound was prepared according to a literature procedure published by Molander
and co-workers:!84 B,Pin (3.8 g, 15 mmol, 1.5 equiv.), LiOMe (760 mg, 20 mmol, 2.0 equiv.),
Cul (190 mg, 1.0 mmol, 10 mol%) and polymer mounted PPhz (340 mg, 1.3 mmol, 13 mol%)
was added to a flask which was subsequently evacuated and backfilled with N three times.
DMF (50 mL) and ((2-bromoethoxy)methyl)benzene (2.2 g, 10 mmol, 1.0 equiv.) were added,
then the mixture was stirred vigorously at r.t. for 20 h, diluted with CH2Cl; and filtered through
a celite pad. The filtrate was concentrated, diluted with sat. aq. NH4Cl, shaken and the layers
partitioned. The aqueous phase was extracted twice more with EtOAc, then the combined
organic layers were washed once each with HO, brine, dried over MgSOs., filtered under

gravity and concentrated in vacuo to afford 362 as a pale-orange oil (2.4 g, 93%).

IH NMR (400 MHz, CDCls): 8 = 7.38 — 7.24 (5H, m, H1, Ha, H3), 4.51 (2H, s, Hs), 3.63 (2H,
t, J = 7.9 Hz, H7), 1.30 — 1.19 (14H, m, Hs, H12); 3C NMR (101 MHz, CDCls): &c = 139.0
(Ca), 128.4 (C2), 127.7 (C3), 127.5 (Cy), 83.3 (C11), 72.7 (Cs), 67.2 (C7), 25.0 (C12); IR (neat)
cm™t: 2978, 1372, 1323, 1259, 1215, 1168, 1147, 1114, 1097, 968; HRMS (ESI*) m/z calc. for
CisH24BO3 [M+H]* 263.1813; found at 263.1822 A 3.40 ppm; Spectroscopic data were

consistent with the literature data for this compound.'8
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Potassium (2-(benzyloxy)ethyltrifluoroborate (363):

®
1 K
0.9
2
3 ‘ 5 7 BF3

The title compound was prepared according to a literature procedure published by Molander
and co-workers:'®  2-(2-(Benzyloxy)ethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 362
(2.4 g, 9.3 mmol, 1.0 equiv.) was dissolved in THF (40 mL) and H20 (5.0 mL) with KHF>
(3.1 g, 40 mmol, 4.3 equiv.). The mixture was stirred at r.t. for 2 h, then concentrated to
dryness. The residue was washed with boiling acetone three times, then the washings collected

and concentrated to afford 363 as an off-white solid (2.3 g, Quant).

IH NMR (400 MHz, DMSO): 81 = 7.36 — 7.20 (5H, m, H1, Ha, Hs), 4.35 (2H, s, Hs), 3.44 —
3.32 (2H, m, Hy), 0.49 — 0.35 (2H, m, Hs); 1*C NMR (101 MHz, DMSO): &¢c = 139.8 (Ca),
128.1 (Cs), 127.4 (C2), 127.0 (C1), 71.1 (Cs), 70.8 (C7), 25.0 (Cs); °F NMR (377 MHz,
DMSO): ¢ = -136.04; IR (neat) cm™: 2981, 1609, 1526, 1516, 1399, 1345, 1257, 1187, 1115,
1094, 1075, 1055, 1032, 1004, 976, 922, 880, 855, 834, 811, 757, 739, 723, 701; HRMS (ESI")
m/z calc. for CoH11BF3O [M]" 203.0860; found at 203.0861 A 0.49 ppm; m.p. = 98-102 °C.

Spectroscopic data were consistent with the literature data for this compound.8

4-(2-(Benzyloxy)ethyl)-3-methylisoquinoline (S242):
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The title compound was prepared according to a literature procedure published by Molander
and co-workers:'# 4-lodo-3-methylisoquinoline 360 (1.4 g, 5.3 mmol, 1.0 equiv.) was placed
in a round bottomed flask with potassium (2-(benzyloxy)ethyhtrifluoroborate 363 (1.4 g,
5.8 mmol, 1.1 equiv.), Cs2CO3z (5.1 g, 16 mmol, 3.0 equiv.) and PdCl>,(Amphos). (190 mg,
0.26 mmol, 5.0 mol%) then the flask was evacuated and backfilled with an inert atmosphere
three times. Degassed PhMe (20 mL) and deionised H2O (5.0 mL) were added then the solution
stirred at 100 °C for 24 h. After cooling, the solution was diluted with H>O and extracted three
times with EtOAc. The combined organic phases were dried over MgSOs, filtered under
gravity, concentrated in vacuo then purified by flash column chromatography (10-40% EtOAc

in pentane) to afford S242 as a pale-orange oil (340 mg, 24%).

IH NMR (700 MHz, CDCl3): 81 = 9.07 (1H, s, H1), 7.99 (1H, d, J = 8.7 Hz, Hg), 7.93 (1H, d,
J=8.1 Hz, Ho), 7.69 (LH, ddd, J = 8.4, 6.7, 1.4 Hz, Hy), 7.53 (1H, ddd, J = 8.0, 6.8, 1.0 Hz,
Hg), 7.37 — 7.25 (5H, m, Ha7, His, Hig), 4.53 (2H, s, His), 3.73 (2H, t, J = 7.6 Hz, His), 3.41
(2H,t,J=7.6 Hz, H12), 2.75 (3H, s, H11); 3C NMR (176 MHz, CDCls): 8¢ = 150.3 (C1), 149.9
(Cs), 138.3 (C1s), 135.8 (Cs), 130.7 (C7), 128.5 (C1g), 128.4 (Co), 127.8 (C19), 127.7 (C17), 127.3
(C10), 126.1 (Cs), 125.0 (C4), 122.8 (Cs), 73.3 (C1s), 69.4 (C13), 28.9 (C12), 22.3 (C11); IR (neat)
cm: 2860, 1624, 1578, 1497, 1454, 1362, 1247, 1103, 1028, 788, 750, 735, 698; HRMS

(ESI*) m/z calc. for C1gH20NO [M+H]" 278.1539; found at 278.1537 A -0.88 ppm.

2-Benzyl-4-(2-(benzyloxy)ethyl)-3-methylisoquinolin-2-ium iodide (242):
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The title compound was synthesised according to General Procedure E with 4-(2-
(benzyloxy)ethyl)-3-methylisoquinoline S242 (383 mg, 1.40 mmol, 1.00 equiv.) to afford 242

as a pale-yellow powder (453 mg, 65%).

IH NMR (500 MHz, CDCls): 84 = 11.02 (1H, s, Hi), 8.71 (1H, dd, J = 8.3, 1.3 Hz, Ho),
8.16 (1H, d, J = 8.7 Hz, He), 8.07 (1H, ddd, J = 8.5, 6.9, 1.3 Hz, H7), 7.84 (1H, ddd, J = 8.0,
6.8, 0.9 Hz, Hg), 7.31 — 7.26 (3H, m, Hag, Ha3), 7.25 — 7.17 (5H, m, Hig, Haz, Hz4), 7.10 — 7.03
(2H, m, H17), 6.33 (2H, s, Hao, H20"), 4.38 (2H, s, His), 3.78 (2H, t, J = 6.4 Hz, Hi3), 3.47 (2H,
t, J =6.4 Hz, H1), 2.82 (3H, s, H11); 3C NMR (126 MHz, CDCls): 8¢ = 150.4 (C1), 143.0
(Cs), 138.0 (Cs), 137.5 (C1s), 137.2 (C7), 134.7 (Ca), 132.6 (C21), 131.9 (Co), 130.2 (Cs), 129.5
(C23), 129.2 (C1g), 128.5 (Cus), 127.9 (Caa), 127.5 (C17122), 127.5 (Cuzizz), 126.4 (C1o), 123.8
(Ce), 73.4 (C1s), 68.7 (C13), 62.5 (Ca0), 29.7 (C12), 17.4 (C11); IR (neat) cm™: 3452 (br), 1633,
1496, 1455, 1362, 1101, 918, 783, 735, 708, 638; HRMS (ESI*) m/z calc. for C2sH2sNO [M]*

368.2009; found at 368.2020 A 3.00 ppm; m.p. = 178-180 °C.

(RS)-5-Benzyl-10b-(2-(benzyloxy)ethyl)-1,5,6,10b-tetrahydrophenanthridin-3(2H)-one

(255):

2-Benzyl-4-(2-(benzyloxy)ethyl)-3-methylisoquinolin-2-ium iodide 242 (124 mg, 0.25 mmol,
1.0 equiv.) was dissolved in MeCN (3.6 mL) with 1-(4-chloro-1H-pyrazol-1-yl)prop-2-en-1-
one 252 (78 mg, 0.5 mmol, 2.0 equiv.), 5:2 HCO2H:NEts (0.17 mL, 2.0 mmol, 8.0 equiv.) and
an aliquot of a premade solution of (RhCp*Cl)2 in MeCN (0.40 mL, 0.020 mol%, 3.9 mg in

50 mL) was added. The mixture was stirred at 80 °C for 8 h, then cooled, diluted with EtOAc,
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washed with sat. ag. Na.COs and the layers partitioned. The aqueous layer was washed twice
more with EtOAc, the organic layers combined, dried over MgSOyg, filtered under gravity and
concentrated in vacuo. Purification by flash column chromatography (3-8% EtOH in EtOAc)

afforded 255 as a brown oil (103 mg, 98%).

IH NMR (500 MHz, CDCls): 8n = 7.37 — 7.11 (11H, m, He, Hz, Hg, Hua, His, Hos, Has, Hz7),
7.09 — 6.99 (3H, m, Ho, Hi3), 5.28 (1H, s, His), 4.66 — 4.58 (1H, m, H1), 4.58 — 4.43 (2H, m,
Hi1, Hir’), 4.38 — 4.19 (3H, m, Hy’, Has, Hz3"), 3.33 — 3.23 (1H, m, Ha1), 3.22 — 3.14 (1H, m,
Ha1), 2.86 — 2.78 (1H, m, Hag), 2.73 — 2.61 (1H, m, Has), 2.46 — 2.37 (1H, m, Has’), 2.30 —
2.21 (1H, m, Hao), 2.15 — 2.02 (1H, m, H1’), 1.92 (1H, dt, J = 15.2, 5.8 Hz, Hao’); *C NMR
(126 MHz, CDCls): 8¢ = 195.5 (C17), 167.0 (Cs), 137.7 (Car, quat), 137.5 (Cs), 134.9 (C12), 131.4
(C10), 128.6 (Car, 2c), 128.1 (Car, 2cH), 127.6 (Car, ch), 127.3 (Car, cr), 127.3 (Car, c), 127.3
(Car, 2ch), 126.7 (Car, ch), 126.2 (C13), 125.4 (Co), 125.0 (Ce), 97.7 (C1s), 72.7 (C23), 66.2 (Cz1),
55.3 (C11), 51.8 (Cy), 41.1 (Ca), 33.4 (Cz0), 32.1 (C1s), 29.5 (Cag); IR (neat) cm™: 1608, 1552,
1454, 1331, 1232, 1104, 909, 814, 729, 698, 645; HRMS (ESI*) m/z calc. for CasHzoNO;

[M+H]"424.2271; found at 424.2276 A 1.16 ppm.

(RS, RS)-5-Benzyl-10b-methyl-1,4,4a,5,6,10b-hexahydrophenanthridin-3(2H)-one (257):

5-Benzyl-10b-methyl-1,5,6,10b-tetrahydrophenanthridin-3(2H)-one 247 (76 mg, 0.25 mmol,
1.0 equiv.) was dissolved in anhydrous THF (5 mL), LiAlH4 (10 mg, 0.25 mmol, 1.0 equiv.) was added
and the mixture stirred at r.t. for 15 min. The reaction was then quenched by addition of NH4Cl, after

which the mixture was filtered under gravity, dried with MgSQs, filtered under gravity again then
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concentrated in vacuo. Purification by flash column chromatography (2-10% EtOAc in pentane)

afforded 257 as a pale-yellow oil (21 mg, 28%).

IH NMR (500 MHz, CDCls): 81 = 7.39 (2H, d, J = 7.5 Hz, Hi3), 7.35 — 7.28 (3H, m, He, H1a),
7.28—7.23 (1H, m, His), 7.18 (1H, t, J = 7.8 Hz, H7), 7.13 - 7.08 (1H, m, Hg), 6.92 (1H, d, J =
7.6 Hz, Ho), 4.08 (1H, d, J = 13.2 Hz, Hi1), 3.87 (1H, d, J = 15,5 Hz, H1), 3.45 (1H, d,
J=15.4Hz, Hr’), 3.24 (1H, d, J = 13.2 Hz, Hu1’), 2.85 — 2.77 (3H, m, Hs, Ha), 2.65 — 2.56
(1H, m, Hig), 2.54 — 2.42 (3H, m, Hu7, Hig’, Hao'), 1.73 (1H, td, J = 13.8, 5.6 Hz, H17"), 1.52
(3H, s, Hie); 3C NMR (126 MHz, CDCla): 8¢ = 209.9 (Cio), 143.9 (Cs), 139.9 (C12), 133.7
(C10), 128.5 (C13), 128.5 (C1s), 127.1 (C1s), 126.6 (Co), 126.6 (C7), 126.2 (Cs), 125.1 (Cs), 65.3
(Cs), 57.4 (C1), 57.1 (C11), 42.6 (Cz0), 38.6 (Ca), 37.6 (C1s), 33.5 (C17), 21.8 (C1); IR (neat)
cm: 2962, 1715, 1494, 1454, 1372, 1261, 1124, 1077, 911, 762, 732, 701, 644, 610; HRMS

(ESI*) m/z calc. for C21H24NO [M+H]" 306.1852; found at 306.1855 A 0.83 ppm.

Stereochemistry was assigned based on NOESY peaks observed between Hs and Hi7” but a lack of any

NOESY peaks between Hs and His.
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(RS)-5-Benzyl-3-((tert-butyldimethylsilyl)oxy)-10b-methyl-1,2,6,10b-

tetrahydrophenanthridin-5-ium trifluoromethanesulfonate (258):

o. 0
2¢O
F,.C"~ 0

5-Benzyl-10b-methyl-1,5,6,10b-tetrahydrophenanthridin-3(2H)-one 247 (76 mg, 0.25 mmol,
1.0 equiv.) was dissolved in CH2Cl, (5.0 mL) and cooled to 0 °C. TBSOTf (0.15 mL,
0.50 mmol, 2.0 equiv.) was added dropwise, and the reaction stirred at 0 °C for 1 h then at r.t.
for 1 h. The crude mixture was quenched by dropwise addition of H>O, then diluted with

CH2Cl,, the mixture shaken and the layers partitioned. The aqueous layer was extracted twice

331



Chapter 8 - Experimental

more with CH2Cl», then the organic layers were combined, dried over MgSOs, filtered under
gravity and concentrated in vacuo to afford a crude orange oil (49 mg, impure). Crystals of the
monohydrate of 258 formed from the oil upon standing, which were characterised by single

crystal X-Ray analysis.

IH NMR (600 MHz, CDCls): & = 7.43 — 7.37 (2H, m, He, His), 7.30 — 7.26 (2H, m, Hg, H1a),
7.26 — 7.22 (1H, m, H7), 7.19 (1H, d, J = 7.6 Hz, H), 7.17 — 7.13 (2H, m, Hi3), 6.01 (1H, s,
Haz0), 5.00 —4.90 (3H, m, Ha, H11, Hu1’), 4.67 (1H, d, J = 17.5 Hz, H1), 2.81 (1H, ddd, J = 18.8,
13.3, 5.3 Hz, Hasg), 2.72 — 2.63 (2H, m, Ha7, Hig’), 2.25 (1H, td, J = 13.3, 5.3 Hz, H17"), 1.40
(3H, s, Hig); *C NMR (151 MHz, CDCl3): 8¢ = 189.8 (Cu19), 175.8 (Cs), 138.0 (Cs), 133.1
(C12), 129.4 (C10), 129.3 (2C, C1a, Cis), 128.6 (C7), 127.7 (Cs), 127.1 (C13), 125.9 (Cy), 123.2
(Ce), 120.5 (q, J = 319.6 Hz, Cz1), 95.6 (C20), 57.2 (C11), 53.5 (C1), 39.5 (C4), 31.7 (C17), 27.6
(Cis), 23.7 (C16); IR (neat) cm™: 2956, 1567, 1472, 1256, 1164, 1076, 1030, 910, 838, 782,
736, 638; HRMS (ESI*) m/z calc. for Cx1H22NO [M]" 304.1696; found at 304.1700

A 1.33 ppm.

(RS, RS, RS)-5-Benzyl-10b-methyl-1,2,3,4,4a,5,6,10b-octahydrophenanthridin-3-ol (259):

5-Benzyl-10b-methyl-1,5,6,10b-tetrahydrophenanthridin-3(2H)-one 247 (76 mg, 0.25 mmol,
1.0 equiv.) was dissolved in anhydrous THF (5.0 mL) and cooled to 0 °C. LiAlH4 (11 mg,
0.28 mmol, 1.1 equiv.) was added and the mixture stirred for 30 min. MeOH (5.0 mL) was
added dropwise, then NaBH4 (19 mg, 0.5 mmol, 2.0 equiv.) was added in one portion and the

mixture stirred for 20 min. 2.0 M ag. HCI was added dropwise, then the mixture was diluted
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with EtOAc and H,0O, shaken and the layers partitioned. The aqueous layer was extracted twice
more with EtOAc then the organic layers were combined, dried over MgSQOg, filtered under
gravity and concentrated in vacuo. Purification by flash column chromatography (20-30%

EtOAc in pentane) afforded 259 as a pale-brown oil (49 mg, 64%).

IH NMR (500 MHz, CDCls): &1 = 7.43 — 7.39 (2H, m, Ha), 7.35 — 7.30 (2H, m, Hia), 7.30 —
7.23 (2H, m, He, His), 7.17 (1H, td, J = 7.6, 1.4 Hz, Hy), 7.13 — 7.05 (1H, m, Hs), 6.90 (1H, dd,
J=7.7,1.3 Hz, Hg), 4.22 (1H, d, J = 13.1 Hz, Hu1), 3.85 (1H, d, J = 15.4 Hz, H1), 3.72 (1H, tt,
J=11.2, 48 Hz, Hig), 3.41 (1H, d, J = 15.4 Hz, H1’), 3.25 (1H, d, J = 13.1 Hz, H11°), 2.48 (1H,
dd, J = 12.7, 3.4 Hz, H3), 2.35 — 2.22 (2H, m, Hi7, Hzo), 2.00 — 1.91 (1H, m, Hig), 1.66 (1H,
dddt, J = 15.0, 12.9, 7.7, 3.9 Hz, H’), 1.57 — 1.40 (2H, m, Hi7’, Hx’), 1.38 (3H, s, Hie);
13C NMR (126 MHz, CDCls): 6¢c = 145.7 (Cs), 140.5 (C12), 133.9 (C10), 128.5 (C13), 128.4
(C14), 126.9 (Cis), 126.4 (Co), 126.2 (C7), 125.6 (Cs), 124.9 (Cs), 70.7 (Cio), 64.4 (C3), 57.4
(C1), 57.1 (C11), 38.6 (Ca), 34.7 (Ca0), 33.2 (C17), 30.9 (C1s), 22.8 (Cis); IR (neat) cm™: 3393
(br), 2939, 1493, 1452, 1370, 1129, 1043, 910, 731, 700; HRMS (ESI*) m/z calc. for Cz1H2sNO

[M+H]" 308.2009; found at 308.2002 A -2.25 ppm.

Stereochemistry assigned by NOESY peaks observed between Hig and Hs with a lack of any

NOESY peak between His and either Hz or Hio.
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8.6 Experimental data for Chapter 5

6-(Prop-1-yn-1-yl)benzo[d][1,3]dioxole-5-carbaldehyde (289):

0 O,Me
H o) _Me
< — < T ¥
O Br O Br

6-Bromo piperonal (2.29 g, 10.0 mmol, 1.00 equiv.) was dissolved in MeOH (20 mL) with
trimethyl orthoformate (2.2 mL, 20 mmol, 2.0 equiv.) and TsOH (17 mg, 0.10 mmol,
1.0 mol%). The resultant solution was stirred at r.t. for 1 h, then quenched by addition of
NaHCO:s (aqg). The solution was extracted three times with EtOAc, then the combined organic

extracts were dried over MgSQyg, filtered under gravity and concentrated in vacuo.

The residue was then dissolved in DMSO (30 mL) with butynoic acid (1.05 g, 12.5 mmol,
1.25 equiv.), dppb (86 mg, 0.20 mmol, 2.0 mol%) and Pd(PPhs)2Cl> (70 mg, 0.10 mmol,
1.0 mol%). The flask containing the resultant suspension was evacuated and backfilled with
Ar three times, after which DBU (4.5 mL, 30 mmol, 3.0 equiv.) was added. The suspension
was stirred at 110 °C overnight, then cooled to r.t. and quenched by addition of excess 2M aq.
HCI and diluted with EtOAc. The mixture was shaken, the layers partitioned and the aqueous
layer extracted twice with EtOAc. The combined organic extracts were washed three times
with 1 wt% aq. LiCl, dried over MgSOs, filtered under gravity and concentrated in vacuo.

Recrystallisation from EtOH afforded 289 as a pale-brown solid (1.17 g, 62%).

IH NMR (500 MHz, CDCls): 84 = 10.34 (1H, s, H1), 7.29 (1H, s, Hs), 6.88 (1H, s, Ho), 6.04
(2H, s, He), 2.10 (3H, s, H13); 13C NMR (101 MHz, CDCls): 8¢ = 190.7 (C1), 152.5 (Cs), 148.2
(C4), 132.3 (C2), 124.8 (C1g), 112.3 (Cs), 106.0 (Cs), 102.4 (Ce), 92.3 (C12), 75.4 (C1a), 4.6

(C13); IR (neat) cm™: 1680, 1611, 1504, 1487, 1436, 1407, 1359, 1272, 1230, 1191, 1119,
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1083, 1038, 928, 892, 854, 789, 737; HRMS (ESI™) m/z calc. for C11HyO3 [M+H]* 189.0546;

found at 189.0543 A -1.72 ppm; m.p. = 108-109 °C.

6-(Prop-1-yn-1-yl)benzo[d][1,3]dioxole-5-carbaldehyde oxime (286):

6-(Prop-1-yn-1-yl)benzo[d][1,3]dioxole-5-carbaldehyde 289 (1.24 g, 6.61 mmol, 1.00 equiv.)
was dissolved in EtOH (20 mL) with NH.OH HCI (920 mg, 13.2 mmol, 2.00 equiv.) and
pyridine (1.10 mL, 13.7 mmol, 2.10 equiv.). The solution was heated to reflux for 1 h, then
cooled to r.t. and concentrated to dryness. The residue was dissolved in EtOAc, quenched with
H>0 and the layers partitioned. The aqueous layer was extracted twice with EtOAc, washed
three times with 10 wt% ag. CuSQO4 then the combined organic extracts were dried over MgSOa,
filtered under gravity and concentrated in vacuo to afford 286 as a pale-brown solid (1.05 g,

78%).

IH NMR (600 MHz, Acetone): o = 8.46 (1H, s, H1), 7.22 (1H, s, Hs), 6.83 (1H, s, Ho), 6.05
(2H, s, He), 2.08 (3H, s, Hi3); 3C NMR (151 MHz, Acetone): 5c = 149.6 (Cs), 148.9 (Ca),
147.6 (C1), 129.9 (C2), 118.6 (C10), 111.9 (Co), 104.5 (Cs), 102.9 (Cs), 91.0 (C12), 77.2 (C1a),
4.0 (C13); IR (neat) cm™: 3313 (br), 1702, 1503, 1482, 1436, 1365, 1330, 1260, 1196, 1088,
1038, 968, 950, 936, 874; HRMS (ESI™) m/z calc. for C11H10NOs [M+H]* 204.0655; found at

204.0660 A 2.33 ppm; m.p. =138 °C.
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6-(1,2-Dibromoprop-1-en-1-yl)benzo[d][1,3]dioxole-5-carbaldehyde oxime (294):

6-(Prop-1-yn-1-yl)benzo[d][1,3]dioxole-5-carbaldehyde oxime 286 (2.88 g, 14.2 mmol,
1.00 equiv.) was dissolved in CH2Cl> (100 mL) and Br2 (1.50 mL, 28.4 mmol, 2.0 equiv.) added
dropwise at 0 °C. After 15 min, the mixture was diluted with CH2Cl, and quenched with sat.
aq. NaxS20s3. The mixture was shaken, the layers partitioned, then the aqueous layer was
extracted twice with CH.Cl,. The combined organic extracts were dried over MgSOs, filtered
under gravity and concentrated in vacuo. Purification by flash column chromatography (5-20%

EtOAc in pentane) afforded 294 as a pale orange solid as a single diastereomer (2.54 g, 49%).

The stereochemistry of the alkene was not determined and therefore undefined stereochemistry

is depicted.

IH NMR (500 MHz, CDCls): 81 = 8.14 (1H, s, H1), 7.30 (1H, s, Ha), 6.67 (1H, s, Hg), 6.03 —
5.98 (2H, m, He), 2.60 (3H, s, H13); 13C NMR (126 MHz, CDCls): 8¢ = 149.3 (Cs), 148.6 (Ca),
147.5 (C1), 135.4 (C10), 123.9 (C2), 121.2 (C12), 113.6 (C11), 108.9 (Co), 105.1 (C3), 102.0 (Cs),
28.8 (Cu3); IR (neat) cm't: 3331 (br), 1706, 1503, 1482, 1427, 1363, 1256, 1074, 1039, 968,
936, 911, 874, 813, 735, 692; HRMS (ESI*) m/z calc. for C11H10"°BroNOs [M+H]* 361.9022;

found at 361.9009 A -3.58 ppm; m.p. =116-118 °C.

337



Chapter 8 - Experimental

Piperonal (295):

3,4-Dihydroxybenzaldehyde (2.8 g, 20 mmol, 1.0 equiv.) was dissolved in DMF (150 mL) with
CH2Cl2 (21 mL, 320 mmol, 16 equiv.) and K2COz (3.9 g, 28 mmol, 1.4 equiv.) then heated
with stirring at 120 °C for 2 h. The reaction was cooled to r.t., diluted with H,O and EtOAc,
shaken and the layers partitioned. The aqueous layer was extracted twice with EtOAc, then the
combined organic extracts dried over MgSQyg, filtered under gravity and concentrated in vacuo.
Purification by flash column chromatography (20-30% EtOAc in pentane) afforded 295 as a

pale-yellow solid (2.4 g, 79%).

IH NMR (500 MHz, CDCla): 81 = 9.80 (1H, s, H1), 7.40 (1H, dd, J = 7.9, 1.6 Hz, Hio), 7.32
(1H, d, J = 1.6 Hz, H3), 6.92 (1H, d, J = 7.9 Hz, Hy), 6.06 (2H, s, He); 13C NMR (126 MHz,
CDCls): 6¢c =190.4 (Cy), 153.2 (C4), 148.8 (Cs), 132.0 (C2), 128.8 (C10), 108.5 (Co), 107.0 (Cs),
102.2 (Ce); IR (neat) cm™: 1672, 1601, 1494, 1450, 1260, 1097, 1038, 929, 865, 815, 787;
HRMS (ESI") m/z calc. for CgH703 [M+H]"™ 151.0390; found at 151.0392 A 1.49 ppm;
m.p. = 30-32 °C. Spectroscopic data were consistent with the literature data for this

compound.18
(RS)-1,1-Dimethoxypropan-2-amine (296):

o. _0O 5 0.3 0.

Oo._ O. -
Me” Me Me” “Me Me Me
NH,
+ — — 2
0~ "Me ©/\H Me H,N™ "Me'

4
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Benzylamine (4.4 mL, 40 mmol, 1.0 equiv.) was dissolved in MeOH (20 mL) with
dimethylpyruvate acetal (4.8 mL, 40 mmol, 1.0 equiv.) and stirred at r.t. overnight. The solution
was then cooled to 0 °C and NaBH4 (1.5 g, 40 mmol, 1.0 equiv.) was added portionwise. After
stirring for 90 min at 0 °C, the reaction was quenched with H2O, diluted with EtOAc, shaken
and the layers partitioned. The aqueous layer was extracted twice with EtOAc, then the
combined organic extracts were dried over MgSOg, filtered under gravity and concentrated in
vacuo. The residue was dissolved in MeOH (20 mL) and 6 drops of ag. HCI (2M) were added.
The solution was degassed using successive pump/fill cycles, backfilling with Ar. Palladium
on carbon (10 wt%, 420 mg, 0.04 mmol, 1.00 mol%) was added, the reaction vessel partially
evacuated and then backfilled with Hz. The reaction was stirred at 60 °C for 2 h, then cooled,

filtered through celite and concentrated in vacuo to afford 296 as an orange oil (3.4 g, 71%).

IH NMR (200 MHz, CDCls): 81 = 4.00 (1H, d, J = 5.9 Hz, H3), 3.42 (3H, s, Ha), 3.39 (3H, s,
Hs), 3.12 — 2.90 (1H, m, Hy), 1.09 (3H, d, J = 6.6 Hz, H1); 3C NMR (101 MHz, CDCla): 8¢ =
109.0 (C3), 55.3 (Cs), 54.9 (Ca), 48.5 (C2), 18.0 (C1); IR (neat) cm™: 3413 (br), 2989, 1710,
1497, 1466, 1193, 1112, 1076, 978, 702, 647; HRMS (ESI*) Molecule could not be observed

by ESI MS. Spectroscopic data were consistent with the literature data for this compound.*8®
(RS)-N-(Benzo[d][1,3]dioxol-5-ylmethyl)-1,1-dimethoxypropan-2-amine (297):

14

13 Me
Me.

s 90 ”
oV 5 3_Me
4
12<O 8 NH
o 107

Piperonyl amine (5.0 mL, 40 mmol, 1.0 equiv.) was dissolved in EtOH (150 mL) with 1,1-

dimethoxypropan-2-one (4.8 mL, 40 mmol, 1.0 equiv.) and stirred at r.t. overnight. The
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reaction was cooled to 0 °C, then NaBH4 (1.5 g, 40 mmol, 1.0 equiv.) was added portionwise,
and the mixture stirred for 30 min. The reaction was quenched by slow addition of excess H20,
then the mixture was diluted with EtOAc, shaken and layers partitioned. The aqueous layer
was extracted twice with EtOAc, then the combined organic extracts were dried over MgSQOg,
filtered under gravity and concentrated in vacuo. The residue was passed through a short silica
plug, eluting with EtOAc, then the filtrate was again concentrated in vacuo to afford 297 as an

orange oil (8.1 g, 80%).

IH NMR (500 MHz, CDCls): 81 = 6.84 (1H, d, J = 1.5 Hz, H), 6.79 — 6.72 (2H, m, Hs, He),
5.93 (2H, s, H12), 4.14 (1H, d, J = 6.3 Hz, Ha), 3.80 (1H, d, J = 13.0 Hz, Hy), 3.62 (1H, d,
J=13.0 Hz, H1"), 3.39 (3H, s, His), 3.36 (3H, s, Hs), 2.82 (1H, p, J = 6.4 Hz, Hs), 1.09 (3H,
d, J = 6.4 Hz, H11); 3C NMR (126 MHz, CDCls): 8¢ = 147.8 (Cs), 146.7 (C7), 134.3 (Cio),
121.4 (Cs), 108.9 (Cs), 108.3 (Cs), 108.0 (C4), 101.0 (C12), 54.9 (Ci3), 54.8 (C14), 53.6 (C3),
51.0 (C1), 15.0 (C1a); IR (neat) cm™: 2985, 2891, 2834, 1504, 1491, 1444, 1252, 1112, 1073,
1042, 937, 811; HRMS (ESI*) m/z calc. for C13HxoNO4 [M+H]* 254.1387; found at 254.1388

A 0.44 ppm.

Ethyl 2-(7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate (280):

N-(Benzo[d][1,3]dioxol-5-yImethyl)-1,1-dimethoxypropan-2-amine 297 (7.72 g, 30.5 mmol,
1.00 equiv.) was dissolved in EtOH (80 mL), then 12 M HCI (80 mL) was added and the

solution was stirred at r.t. for 5 min. Ethyl glyoxylate (12.4 g, 61.0 mmol, 2.00 equiv., 50 wt%
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solution in PhMe) was added and the solution stirred at 100 °C for 18 h. After cooling to 0 °C,
the reaction was neutralised with solid K2CO3 and the mixture extracted three times with
EtOAc. The combined organic extracts were dried over MgSOs, filtered under gravity and

concentrated in vacuo to afford 280 as a pale-yellow solid (3.92 g, 47%).

8-(Carboxymethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium chloride 304 (245 mg,
0.872 mmol, 1.00 equiv.) was suspended in EtOH (3 mL) and SOCI, (145 pL, 2.00 mmol,
2.29 equiv.) was added dropwise. The mixture was heated to reflux for 3 h, cooled to r.t. then
diluted with EtOAc and sat. ag. Na,COs. The mixture was shaken and the layers partitioned.
The aqueous layer was extracted twice with EtOAc, then the combined organic extracts were
dried over MgSOs, filtered under gravity and concentrated in vacuo to afford 280 as a

colourless solid (188 mg, 79%).

IH NMR (600 MHz, CDCls): 81 = 8.85 (1H, s, H1), 7.26 (1H, s, He), 7.17 (1H, s, Hg), 6.10
(2H, s, H12), 4.15 (2H, g, J = 7.1 Hz, Has), 3.95 (2H, s, H13), 2.73 (3H, 5, H11), 1.23 (3H, t, J =
7.1 Hz, Hi7); 3C NMR (151 MHz, CDCls): 8¢ = 170.7 (C14), 152.2 (C7), 149.3 (C3), 148.3
(C1), 147.9 (Cs), 134.8 (Cs), 124.7 (Cio), 121.6 (C4), 103.8 (Cg), 101.9 (C12), 99.6 (Cs), 61.4
(Ci6), 34.9 (C13), 22.3 (C11), 14.3 (C17); IR (neat) cm™: 1732, 1496, 1469, 1256, 1233, 1185,
1039, 944, 847, 737; HRMS (ESI*) m/z calc. for CisHisNOs [M+H]* 274.1074; found at

274.1067 A -2.52 ppm; m.p. = 108-110 °C.

8-(Carboxymethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium chloride (304):
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(R, S)-N-(Benzo[d][1,3]dioxol-5-ylmethyl)-1,1-dimethoxypropan-2-amine 297 (7.72 g,
28.2 mmol, 1.00 equiv.) was dissolved in EtOH (75 mL), then 12M HCI (75 mL) was added
and the solution was stirred at r.t. for 5 min. Ethyl glyoxylate (11.5 g, 56.4 mmol, 2.00 equiv.,
50 wt% solution in PhMe) was added and the solution stirred at 100 °C for 18 h. After cooling
to 0 °C, the reaction was neutralised with solid K2COs and the mixture extracted three times
with EtOAc. The aqueous layer was transferred to a crystallisation dish, and stirred at 40 °C
under a stream of nitrogen until precipitation was observed. The precipitate was filtered under
reduced pressure, then suspended in H.O and 2M ag. HCI added dropwise. With dropwise HCI
addition, the suspension dissolved, then a precipitate was observed. The precipitate was filtered

under reduced pressure and dried in vacuo to afford 304 as a pale-brown solid (1.44 g, 18%).

IH NMR (600 MHz, DMSO): &1 = 9.30 (1H, s, H1), 7.76 (1H, s, Hg), 7.70 (1H, s, He), 6.39
(2H, s, H11), 4.18 (2H, s, Hus), 2.74 (3H, s, H12); 13C NMR (151 MHz, DMSO): 3¢ = 170.8
(C14), 156.2 (C7), 149.8 (Cg), 140.9 (C1), 140.7 (C3), 138.4 (Cs), 127.2 (Ca), 123.9 (C10), 104.4
(Co), 103.8 (C11), 100.3 (Cs), 33.4 (C13), 16.9 (C12); IR (neat) cm™: 2624 (br), 1712, 1485,
1460, 1302, 1285, 1232, 1202, 1160, 1026, 926, 905, 880, 856; HRMS (ESI*) m/z calc. for
Ci13H11NO4 [M]* 246.0761; found at 246.0757 A -1.69 ppm; m.p. = melted with decomposition

at 227 °C

6-Benzyl-8-(2-ethoxy-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium (281):

@)
16
14
o~ 1T
13 O~ "Me
6 11
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The title compound was prepared according to General Procedure E with ethyl 2-(7-methyl-
[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate 280 (2.71 g, 9.93 mmol, 1.00 equiv.) to afford 281

as a pale-yellow solid (4.2 g, 86%).

IH NMR (600 MHz, CDClg): 81 = 10.68 (1H, s, H1), 7.93 (1H, s, Ho), 7.40 — 7.31 (3H, m, H,
Ha1), 7.24 — 7.19 (2H, m, Hz0), 6.30 (2H, s, H12), 6.20 (2H, s, Hig), 4.17 (2H, q, J = 7.1 Hz,
Has), 4.06 (2H, s, Hi3), 2.76 (3H, s, Hi1), 1.23 (3H, t, J = 7.1 Hz, Hi17); 3C NMR (151 MHz,
CDCls): 8¢ = 168.7 (C14), 157.8 (Cy), 150.9 (Cs), 147.7 (C1), 142.5 (C3), 138.6 (Cs), 132.8
(C19), 129.7 (C21), 129.3 (C22), 128.1 (Ca), 127.4 (C20), 124.8 (C10), 106.4 (Cq), 103.9 (C12),
100.3 (Ce), 62.3 (C16), 63.2 (C18), 35.5 (C13), 17.3 (C11), 14.3 (C17); IR (neat) cm™: 1734, 1468,
1218, 1033, 735; HRMS (ESI*) m/z calc. for C22H22NO4 [M]* 364.1543; found at 364.1551

A 2.09 ppm; LRMS (ESI*) m/z calc. for | [I]" 126.9; found at 126.9; m.p. = 152 °C.

(RS)-Ethyl 2-(5-benzyl-3-0x0-2,3,5,6-tetrahydro-[1,3]dioxolo[4,5-j]phenanthridin-

11b(1H)-yl)acetate (282):

The title compound was synthesised according to General Procedure | with 6-benzyl-8-(2-
ethoxy-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide 281 (123 mg,
0.250 mmol, 1.00 equiv.). Purification by flash column chromatography (3-5% EtOH in

EtOAc) afforded 282 as an orange oil (84 mg, 80%).

6-Benzyl-8-(2-ethoxy-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide 281

(5.20 g, 10.6 mmol, 1.00 equiv.) was dissolved in 1,4-dioxane (160 mL) with 1-(4-chloro-1H-
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pyrazol-1-yl)prop-2-en-1-one 252 (3.30 g, 21.2 mmol, 2.00 equiv.), 5:2 HCO2H:NEts
(7.10 mL, 84.8 mmol, 8.00 equiv.) and an aliquot of a premade solution of (RhCp*Cl) in 1,4-
dioxane (10.6 mL, 0.0200 mol%, 3.10 mg in 25.0 mL) was added. The mixture was stirred at
80 °C for 18 h, then cooled, diluted with EtOAc and sat. ag. Na2COs, shaken and the layers
partitioned. The aqueous layer was washed twice with EtOAc, the organic layers combined,
dried over MgSQOsg, filtered under gravity and concentrated in vacuo. Purification by flash
column chromatography (3-5% EtOH in EtOAc) afforded 282 as a pale-orange solid (3.78 g,

85%).

The title compound was synthesised according to General Procedure J with 6-benzyl-8-(2-
ethoxy-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide 281 (123 mg,
0.100 mmol, 1.00 equiv.) with the reaction performed at 40 °C. Purification by flash column
chromatography (3-5% EtOH in EtOAc) afforded 282 as a pale-orange solid (7 mg, 7%, 84:16

e.r.).

IH NMR (700 MHz, CDCl): 8w = 7.30 — 7.25 (2H, m, His), 7.25 — 7.19 (1H, m, Hie), 7.09 —
7.05 (2H, m, Hi4), 6.87 (1H, s, Hs), 6.54 (1H, s, Ho), 5.93 (1H, d, J = 3.1 Hz, Hi1), 5.91 (1H,
d, J=3.1Hz, Hi1’), 5.26 (1H, s, Hi7), 4.64 (1H, d, J = 2.5 Hz, H1), 4.56 (2H, s, H12), 4.23 (1H,
d, J = 2.4 Hz, H1*), 3.92 (2H, q, J = 2.1 Hz, Ha4), 2.98 (1H, ddd, J = 13.3, 5.0, 2.5 Hz, H20),
2.78 (1H, d, J = 15.1 Hz, Hz1), 2.67 — 2.60 (2H, m, Hio, H21’), 2.47 (1H, ddd, J = 17.7, 4.9,
2.6 Hz, Hi9), 2.21 — 2.11 (1H, m, Hzo’), 1.05 (3H, t, J = 1.9 Hz, Has); 2*C NMR (176 MHz,
CDCl3): 8¢ = 195.4 (Cusg), 169.4 (C22), 165.1 (Cs), 147.7 (C7), 146.8 (Cg), 134.9 (C13), 130.4
(Cs), 129.0 (C15), 127.7 (C16), 126.4 (C14), 125.4 (C10), 106.0 (Cs), 105.6 (Co), 101.4 (C11), 98.3
(C17), 60.7 (C2s), 55.7 (C12), 52.0 (C1), 40.7 (C4), 39.1 (C21), 32.2 (C19), 29.9 (C20), 14.0 (Czs);
IR (neat) cm™: 1728, 1613, 1558, 1488, 1327, 1246, 1150, 1039, 913, 732; HRMS (ESI*) m/z
calc. for CasHasNOs [M+H]* 420.1806; found at 420.1813 A 1.77 ppm; m.p. = 65-67 °C; SFC
Chiralpak 1A; 1500 psi; 30 °C; flow 1.5 mL/min; from 0% to 50% 'PrOH in 7 min; 68% e.e.
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(major enantiomer tr = 3.45 min; minor enantiomer tr = 4.45 min); [a]o?® = -101.2

(c = 0.00340 gmL%, CHCls).
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R&mt&'l“ Purty! | Purty! | PDA/FLR Matchi | PDAFLR Matchi | PDAFFLR Match | PDA/FLRMatcht | Area [,
— Angle |Threshold Spect. Name Angle Threshold Lib. Mame (pW*sec)
}
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4314 35048 | 16.16

(RS, RS)-Ethyl 2-(5-benzyl-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-]]phenanthridin-

11b(1H)-ylacetate (307):

(RS)-Ethyl  2-(5-benzyl-3-0x0-2,3,5,6-tetrahydro-[1,3]dioxolo[4,5-j]phenanthridin-11b(1H)-
yl)acetate 282 (105 mg, 0.25 mmol, 1.0 equiv.) was dissolved in CH2Cl> (2.5 mL) with Vaska’s
complex (2.0 mg, 2.5 pmol, 1.0 mol%) then TMDS (130 pL, 0.75 mmol, 3.0 equiv.) was added
dropwise at r.t. and the solution stirred for 10 min. MeOH (2.5 mL) was added dropwise, then
NaBH3CN (8.0 mg, 0.13 mmol, 0.50 equiv.) and AcOH (15 pL, 0.26 mmol, 1.1 equiv.) were
added sequentially. The mixture was stirred at r.t. for 12 h, then diluted with CH>Cl> and sat.
aq. Na2COg, shaken and the layers partitioned. The aqueous layer was extracted twice with
CH:Cly, then the combined organic extracts were dried over MgSOs, filtered under gravity and
concentrated in vacuo. Purification by flash column chromatography (3-8% EtOAc in pentane)

afforded 307 as a pale-yellow oil that solidified upon standing (51 mg, 50%).

IH NMR (600 MHz, CDCls): 81 = 7.36 (2H, d, J = 7.6 Hz, Hu), 7.31 (2H, t, J = 7.5 Hz, His),
7.24 (1H, m, His), 6.70 (1H, s, He), 6.33 (1H, s, Ho), 5.85 (1H, d, J = 1.5 Hz, Ha1), 5.83 (1H,
d, J = 1.5 Hz, Hi1), 4.17 (1H, d, J = 13.0 Hz, H12), 3.96 (2H, qt, J = 6.9, 3.5 Hz, H4), 3.72
(1H, d, J = 15.2 Hz, H1), 3.30 (1H, d, J = 15.1 Hz, H1*), 3.17 (1H, d, J = 12.9 Hz, H12"), 3.06
(1H, d, J = 13.0 Hz, Hz1), 2.68 (1H, d, J = 13.0 Hz, H21*), 2.60 (1H, dg, J = 13.4, 2.9 Hz, Hio),
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2.46 (1H, dd, J = 11.9, 3.7 Hz, Hs), 2.04 — 1.98 (1H, m, Hy7), 1.94 — 1.87 (1H, m, Hag), 1.70 -
1.63 (2H, m, Hao), 1.46 — 1.23 (3H, m, H17’, Hig’, H19’), 1.08 (3H, t, J = 7.2 Hz, H2s); 13C NMR
(151 MHz, CDCls): 8¢ = 173.2 (Cz2), 145.9 (C7 ors), 145.7 (C7 ors), 140.4 (C1s), 135.7 (Cs),
128.8 (Cu4), 128.4 (Css), 127.8 (C10), 127.0 (C1s6), 106.1 (Cé or9), 106.0 (Cs or9), 100.7 (C11),
67.2 (Ca), 60.0 (C24), 57.1 (C10r12), 57.0 (C10r12), 41.8 (Cs), 39.0 (C21), 33.4 (C19), 25.5 (C170r
18), 25.3 (C170r18), 21.2 (Cz0), 14.3 (Cz5): IR (neat) cm: 2962, 1725, 1504, 1487, 1262, 1240,
1096, 1041, 913, 808; HRMS (ESI*) m/z calc. for C2sH3oNO4 [M+H]* 408.2169; found at

408.2190 A 4.07 ppm; m.p. = 84-85 °C.

Stereochemistry assigned by NOESY due to enhancement observed between Hs and Hy, and a

lack of any enhancement between Hz and Hzz.
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H; to Hs

44 43 42 41 40 39 38 37 3.6 3.5 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 1.6 1.5 14 13 12 11 1.0 09 0.£
2 (ppm)

(RS, RS)-2-(5-Benzyl-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridin-11b(1H)-

yl)ethan-1-ol (308):

(RS, RS)-Ethyl 2-(5-benzyl-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridin-
11b(1H)-yl)acetate 307 (136 mg, 0.333 mmol, 1.00 equiv.) was dissolved in THF (3.0 mL)
then LiAIH4 (25 mg, 0.666 mmol, 2.0 equiv.) was added in one portion. The suspension was
stirred at 40 °C for 20 min, then cooled to r.t. and MeOH was added dropwise. The suspension
was diluted with EtOAc and sat. aq. NH4Cl, shaken and the layers partitioned. The aqueous

layer was extracted twice with EtOAc, then the combined organic extracts were dried over
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MgSOs, filtered under gravity and concentrated in vacuo. Purification by flash column

chromatography (30-50% EtOAc in pentane) afforded 308 as a colourless solid (54 mg, 45%).
Relative stereochemistry assigned by induction assuming retention from compound 307.

IH NMR (500 MHz, CDCls): &n = 7.41 — 7.27 (5H, m, Hua, His, Hig), 6.64 (1H, s, He), 6.31
(1H, s, Ho), 5.87 (1H, d, J = 1.5 Hz, Hu1), 5.86 (1H, d, J = 1.5 Hz, H’), 4.36 (1H, d, J =
11.8 Hz, Hi2), 3.60 (1H, d, J = 14.9 Hz, H1), 3.39 — 3.30 (1H, m, Hz2), 3.19 (1H, dd, J = 15.0,
1.1 Hz, Hr*), 3.07 (1H, d, J = 11.8 Hz, H12’), 2.89 (1H, td, J = 11.6, 1.2 Hz, H2"), 2.61 (1H,
ddd, J = 14.9, 11.6, 3.1 Hz, Ha1), 2.44 (1H, dd, J = 12.5, 3.4 Hz, H3), 2.15 (1H, dd, J = 13.2,
3.6 Hz, H17), 2.11 — 2.05 (1H, m, Hao), 2.03 — 1.97 (1H, m, Hig), 1.86 (1H, qd, J = 12.8, 4.1 Hz,
Hi7’), 1.80 — 1.67 (1H, m, Hag), 1.65 — 1.60 (1H, m, Hio%), 1.52 (1H, td, J = 13.4, 4.1 Hz, Hz"),
1.47 - 1.38 (1H, m, Hig’), 1.35 (1H, dd, J = 15.2, 3.4 Hz, H21”); 3C NMR (126 MHz, CDCls):
dc = 146.9 (C7), 145.9 (Cs), 137.0 (C13), 134.6 (Cs), 129.9 (C14), 128.9 (C1s), 127.7 (C16), 126.9
(C10), 106.2 (Cg), 105.0 (Ce), 100.9 (C11), 67.6 (C3), 58.6 (C22), 58.1 (C12), 56.6 (C1), 43.3 (Ca),
40.1 (C0), 39.3 (Cz1), 26.0 (Cis), 23.9 (C17), 20.8 (C19); IR (neat) cm: 2945, 1673, 1503,
1487, 1364, 1240, 1113, 1069, 1038, 933, 869, 748, 703; HRMS (ESI*) m/z calc. for
CasH2sNOs [M+H]* 366.2064; found at 366.2064 A 0.07 ppm; m.p. = 158-160 °C.

Spectroscopic data were consistent with the literature data for this compound.8’

(RS, RS)-2-(2,3,4,4a,5,6-Hexahydro-[1,3]dioxolo[4,5-j]phenanthridin-11b(1H)-yl)ethan-

1-ol (309):
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(RS, RS)-2-(5-Benzyl-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridin-11b(1H)-
ylethan-1-ol 308 (55.5 mg, 0.152 mmol, 1.00 equiv.) was dissolved in MeOH (3 mL) and the
vessel evacuated and backfilled with N2. Pd(OH)2 on carbon (21 mg, 20 mol%, 20 wt%) was
added, and an atmosphere of H> was introduced. The reaction was stirred at 65 °C for 3 h, then
diluted with MeOH, eluted through a short plug of celite with excess MeOH and concentrated

in vacuo to afford 309 as a colourless oil (36 mg, 85%).
Relative stereochemistry assigned by induction assuming retention from compound 308.

IH NMR (500 MHz, CDCl3): 81 = 6.63 (1H, s, He), 6.46 (1H, s, Ho), 5.89 (1H, d, J = 2.0 Hz,
Hi1), 5.88 (1H, d, J = 2.0 Hz, H11’), 4.15 (1H, d, J = 14.8 Hz, H1), 4.00 (1H, d, J = 14.8 Hz,
H1%), 3.34 (1H, dt, J=12.0, 3.5 Hz, H17), 2.87 (1H,t,J = 11.5 Hz, H17"), 2.71 (1H, dd, J = 12.1,
3.4 Hz, Hs), 2.47 (1H, ddd, J = 14.8, 11.4, 2.7 Hz, Hie), 1.99 (1H, dt, J = 13.2, 3.3 Hz, H1s),
1.90 — 1.79 (2H, m, Hiz, Hi3), 1.68 (1H, tt, J = 13.8, 3.9 Hz, Hus), 1.64 — 1.55 (2H, m, Ha2’,
Hia’), 1.49 —1.34 (2H, m, H13’, His’), 1.34 — 1.28 (1H, m, His’); 13C NMR (126 MHz, CDCly):
8c = 146.9 (C7), 146.0 (Cg), 135.0 (Cs), 126.7 (C10), 106.1 (Cg), 105.1 (Cs), 101.0 (C11), 60.5
(Cs), 58.1 (C17), 48.6 (C1), 42.1 (C4), 38.7 (C16), 38.6 (C15), 27.5 (C12), 25.3 (C13), 21.4 (Cu14);
IR (neat) cm™: 2934, 1504, 1486, 1237, 1041, 937, 911, 734; HRMS (ESI*) m/z calc. for
Ci6H22NOs [M+H]" 276.1594; found at 276.1608 A 4.98 ppm. Spectroscopic data were

consistent with the literature data for this compound.*®’

(RS, RS)-(2,3,4,4a-Tetrahydro-1H,6H-5,11b-ethano[1,3]dioxolo[4,5-j]phenanthridine

(273):
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(RS, RS)-2-(2,3,4,4a,5,6-Hexahydro-[1,3]dioxolo[4,5-j]phenanthridin-11b(1H)-yl)ethan-1-ol
309 (35.7 mg, 0.130 mmol, 1.00 equiv.) was dissolved in anhydrous THF (1.0 mL) with PhsP
(41 mg, 0.16 mmol, 1.2 equiv.) and DIAD (31 pL, 0.16 mmol, 1.2 equiv.) then stirred at 50 °C
overnight. The mixture was then diluted with CH2Cl, and 2 M ag. NaOH, shaken and the layers
partitioned. The aqueous layer was extracted twice with CH2Cl,, then the combined organic
extracts were dried over MgSOa, filtered under gravity and concentrated in vacuo. Purification
by flash column chromatography (2-10% MeOH in CH.Cl,) afforded 273 as a pale-brown oil

(21 mg, 63%).

Relative stereochemistry assigned by induction assuming retention from compound 309 and

re-enforced by single crystal X-ray analysis (see Appendix I).

IH NMR (400 MHz, CDCl3): 1 = 6.69 (1H, s, He), 6.44 (1H, s, Ho), 5.87 (2H, s, H11), 4.33
(1H, d, J = 16.7 Hz, H1), 3.73 (1H, d, J = 16.7 Hz, H1’), 3.32 (1H, ddd, J = 13.5, 10.3, 3.9 Hz,
Hie), 2.79 (1H, ddd, J = 13.0, 10.8, 6.2 Hz, Hs, H16"), 2.33 (1H, ddt, J = 13.1, 3.9, 1.9 Hz, Hs),
2.24-2.17 (1H, m, H17), 1.82 — 1.66 (4H, m, Hiz, Hiz, Hia, H17°), 1.61 (1H, td, J = 13.0, 3.9 Hz,
His’), 1.49 (1H, qt, J = 11.8, 2.1 Hz, His), 1.31 — 1.14 (2H, m, Hi2’, Hi3’); 3C NMR
(151 MHz, CDCls): 6¢c = 146.3 (C7), 145.6 (Cs), 142.4 (Cs), 126.2 (Ca0), 106.3 (Co), 103.4 (Ce),
100.8 (C11), 67.5 (C3), 62.3 (C1), 52.1 (Cis), 42.9 (Cs), 38.0 (C17), 29.1 (Cus), 27.7 (C12), 24.5
(C13), 21.9 (C14); IR (neat) cm™: 2934, 1504, 1482, 1233, 1041, 937, 912, 735; HRMS (ESI*)
m/z calc. for C16H20NO2 [M+H]* 258.1489; found at 258.1477 A -4.48 ppm. Spectroscopic

data were consistent with the literature data for this compound.'8
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Data Collected (CDCls)
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Literature Data (CDCls)

A ppm from

Literature Data

6.69 (s)

6.44 (s)

5.87 (s)
4.33(d, J=16.7 Hz)
3.73(d, J = 16.7 Hz)

3.32 (ddd, J = 13.5, 10.3, 3.9 Hz)
2.79 (ddd, J = 13.0, 10.8, 6.2 Hz)
2.33 (ddt, J = 13.1, 3.9, 1.9 Hz)
2.24-2.17 (m)

1.82 - 1.66 (m)

1.61 (td, J = 13.0, 3.9 Hz)
1.49 (qt, J = 11.8, 2.1 Hz)

1.31-1.14 (m)

6.71 ()
6.46 (s)
5.89 (d, J = 1.8 Hz)
4.36 (d, J = 16.7 Hz)
3.76 (d, J = 16.7 Hz)
3.36 (ddd, J = 13.4, 10.4, 3.9 Hz)
2.91 - 2.67 (m)

2.34 (ddd, J=11.8, 4.2, 1.9 Hz)
2.22 (ddd, J=12.210.4 6.2 Hz)
1.85-1.70 (m)

1.62 (td, J = 13.1, 4.2 Hz)
1.50 (tdd, J = 13.1, 9.6, 3.6 Hz)

1.30-1.18 (m)

-0.02

-0.02

-0.02

-0.03

-0.03

-0.04

-0.01

-0.01

-0.01

Table 8.1: Comparison of literature *H NMR data with data collected for Crinane 273.188

Comparison of 3C NMR data:

Data Collected (CDCls)

Literature Data (CDCls)

A ppm from Literature Data

146.3

145.6

142.4

126.2

106.3

103.4

100.8

67.5

62.3

146.4
145.7
142.3
126.0
106.4
103.4
100.8
67.5

62.2
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-0.1

0.0

0.0

0.0
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52.1 52.1 0.0
42.9 43.0 -0.1
38.0 37.9 +0.1
29.1 29.1 0.0
21.7 27.6 +0.1
245 24.5 0.0
21.9 21.9 0.0

Table 8.2: Comparison of literature 3C NMR data with data collected for Crinane 273.1¢8

(RS)-Ethyl  2-(5-benzyl-4-ox0-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridin-

11b(1H)-yl)acetate (313):

16

According to a literature procedure published by Dixon and co-workers:1%2 (RS)-Ethyl 2-(5-
benzyl-3-0x0-2,3,5,6-tetrahydro-[1,3]dioxolo[4,5-j]phenanthridin-11b(1H)-yl)acetate 282
(105 mg, 0.25 mmol, 1.00 equiv.) was placed in a Schlenk flask which was then evacuated and
backfilled with argon three times. In a separate vial, Vaska’s complex (3.0 mg, 3.8 pumol,
1.5 mol%) was dissolved in anhydrous CH2Cl2 (3.0 mL) with Hiinig’s base (52 pL, 0.3 mmol,
1.2 equiv.), then the mixture was added dropwise to the Schlenk tube. TMDS (66.0 L,
0.375 mmol, 1.50 equiv.) was added dropwise, then the solution was stirred at r.t. for 15 min,

after which time it was cooled to -78 °C. Purified m-CPBA (vide infra) (48.0 mg, 0.275 mmol,
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1.10 equiv.) was dissolved in anhydrous CH:Clz (3.0 mL) then added to the Schlenk flask
dropwise, after which the reaction was stirred for 5 min at -78 °C, then allowed to warm to r.t.
overnight. The reaction was then diluted with EtOAc and sat. ag. NaHCO3, shaken and the
layers partitioned. The aqueous layer was extracted twice with EtOAc, then the combined
organic extracts were dried over MgSOs, filtered under gravity and concentrated in vacuo.
Purification by flash column chromatography (20-50% EtOAc in pentane) afforded 313 as a

pale-yellow oil as a single diastereomer (9.0 mg, 9%).

m-CPBA was purified by dissolving commercial m-CPBA (5.0 g) in EtO (30 mL), then
washing the solution with a buffer solution of pH 7.5 (NaOH (412 mg, 10.3 mmol) and KH2PO4
(1.71 g, 12.6 mmol) in H20 (250 mL)) three times. The solution was then dried over MgSQOg,
filtered under gravity and concentrated in vacuo. The purified m-CPBA was stored under argon

at 4 °C until usage.
Relative stereochemistry at C3 and C4 was left unassigned.

IH NMR (600 MHz, CDCls): 8n = 7.38 — 7.34 (2H, m, His), 7.32 — 7.28 (2H, m, His), 7.24
(1H, m, Hig), 6.67 (1H, s, Hg), 6.40 (1H, s, He), 5.92 — 5.83 (2H, m, Hu1), 4.24 — 4.18 (2H, m,
Ha, Hiz), 4.08 (2H, g, J = 7.1 Hz, Has), 4.02 (1H, d, J = 13.4 Hz, H12’), 3.81 (1H, s, Hs), 3.70
(1H, d, J = 15.5 Hz, H1*), 3.08 (1H, d, J = 14.6 Hz, Hz1), 2.61 (1H, d, J = 14.6 Hz, Ha1’), 2.52
(1H, dg, J = 14.5, 2.9 Hz, Ha), 2.33 — 2.21 (2H, m, His, His’), 2.19 — 2.10 (1H, m, Hx), 1.80
(1H, ddg, J = 13.0, 6.3, 3.3 Hz, H1e), 1.50 (1H, qdd, J = 13.4, 5.1, 3.1 Hz, Hyg), 1.21 (3H, t, J
= 7.1 Hz, Has); 3C NMR (151 MHz, CDCls): 8¢ = 211.4 (C17), 171.8 (Cz2), 146.6 (C7 or s),
146.5 (C7ors), 139.8 (C13), 130.0 (Cs0r10), 129.9 (Cs0r10), 129.1 (C14), 128.4 (C15), 127.1 (Cag),
106.9 (Cg), 104.7 (Cs), 101.0 (C11), 70.1 (Ca), 60.3 (C12), 60.3 (C24), 50.5 (C1), 46.9 (C4), 46.7

(C21), 41.9 (C1g), 32.7 (Ca0), 21.3 (Cio), 14.4 (C25); IR (neat) cm't: 1716, 1505, 1487, 1262,
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1235, 1096, 1040, 911, 861, 806, 735, 701; HRMS (ESI*) m/z calc. for C2sH2sNOs [M+H]*

422.1962; found at 422.1969 A 1.65 ppm.

8-Methoxyquinoline (364):

8-Quinolinol (1.45 g, 10.0 mmol, 1.00 equiv.) was dissolved in acetone (20 mL) with Mel
(0.75 mL, 12 mmol, 1.2 equiv.) and K>COs (2.1 g, 15 mmol, 1.5 equiv.), then stirred at r.t. for
72 h. The mixture was filtered with a celite plug, which was washed with acetone. The
combined filtrates were concentrated in vacuo, then purification by flash column

chromatography (80-100% EtOAc in pentane) afforded 364 as a yellow solid (1.29 g, 81%).

IH NMR (500 MHz, CDCl3): 81 = 8.92 (1H, dd, J = 4.2, 1.7 Hz, Hy), 8.12 (1H, dd, J = 8.3,
1.7 Hz, Ha), 7.49 — 7.35 (3H, m, Hs, H7, Hs), 7.05 (1H, dd, J = 7.6, 1.3 Hz, He), 4.09 (3H, s,
H12); 13C NMR (126 MHz, CDCl3): 5¢ = 155.5 (Cg), 149.4 (C»), 140.4 (C10), 136.0 (C4), 129.5
(Cs), 126.8 (C7), 121.8 (C3), 119.7 (Cg), 107.6 (Cs), 56.1 (C12); IR (neat) cm™: 1501, 1473,
1377, 1217, 1263, 1110, 994, 823, 792, 753, 710; HRMS (ESI*) m/z calc. for C10H10NO
[M+H]" 159.0684; compound could not be observed by ESI MS; m.p. = 36-37 °C.

Spectroscopic data were consistent with the literature data for this compound.8
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(RS, RS)-2-(5-Benzyl-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridin-11b(1H)-

yl)-N-methoxyacetamide (317):

25

H
Me\O/N 22_0 19

(RS, RS)-Ethyl 2-(5-benzyl-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-]]phenanthridin-
11b(1H)-yl)acetate 307 (1.49 g, 3.66 mmol, 1.00 equiv.) was dissolved in EtOH (20 mL) with
NaOH (1.46 g, 3.66 mmol, 10.0 equiv.) and heated to reflux for 5 h. The mixture was diluted
with EtOAc and H,0O, shaken and the layers partitioned. The aqueous layer was extracted twice
with EtOAc, then the combined organic extracts were dried over MgSOys, filtered under gravity

and concentrated in vacuo.

The residue was dissolved in CH2Cl, (20 mL) with EDC HCI (1.55 g, 8.05 mmol, 2.20 equiv.),
HOBt H2O (1.09 g, 8.05 mmol, 2.20 equiv.), methoxyamine HCI (672 mg, 8.05 mmol,
2.20 equiv.) and NEts (2.2 mL, 16 mmol, 4.4 equiv.) and stirred at r.t. overnight. The reaction
was then diluted with CH>Cl, and H20, shaken and the layers partitioned. The aqueous layer
was extracted twice with CH2Cl>, then the combined organic extracts were dried over MgSQOg,
filtered under gravity and concentrated in vacuo. Purification by flash column chromatography
(10-80% EtOAC in 40-60 pet ether) afforded 317 as an off-white solid (222 mg, 15% over two

steps).
Relative stereochemistry assigned by induction assuming retention from compound 307.

IH NMR (600 MHz, CDCls): 8 = 7.40 — 7.34 (4H, m, Hua, His), 7.32 (1H, td, J = 6.6, 1.9 Hz,

Hie), 6.80 (1H, s, He), 6.29 (1H, s, Ho), 5.84 (2H, dd, J = 12.1, 1.4 Hz, H11), 4.31 (1H,d, J =
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12.1 Hz, Hi), 3.61 (1H, d, J = 15.1 Hz, H1), 3.30 — 3.26 (4H, m, H1’, Hzs), 3.14 — 3.06 (2H, m,
Hi2’, Ha1), 2.53 (1H, d, J = 12.3 Hz, H3), 2.35 (1H, d, J = 14.8 Hz, Ha1’), 2.30 (1H, d, J =
7.4 Hz, Ha0), 2.22 — 2.14 (1H, m, H17), 1.96 (1H, d, J = 13.5 Hz, Hig), 1.75 — 1.50 (3H, m, Hi17’,
Hio, H1o?), 1.45 — 1.32 (2H, m, Hig’, Hzo"); 3C NMR (151 MHz, CDCl3): 8¢ = 170.1 (C22),
146.7 (C7), 146.4 (Cs), 138.1 (C13), 133.6 (Cs), 129.4 (Cis), 128.9 (Cia), 127.8 (C1s), 126.4
(C10), 106.2 (Cs), 105.8 (Cg), 101.0 (C11), 68.3 (Cs), 63.7 (Czs), 57.5 (C12), 56.9 (C1), 41.1 (2C,
Ca, C21), 38.9 (Ca0), 25.5 (C1s), 24.8 (C17), 20.8 (C19); IR (neat) cm™: 2935, 1654, 1503, 1486,
1453, 1365, 1238, 1040, 935, 912, 732, 701; HRMS (ESI*) m/z calc. for CasH2oN204 [M+H]*

409.2122; found at 409.2130 A 1.99 ppm; m.p. = 145 °C.

(RS, RS)-5-Benzyl-14-methoxy-1,2,3,4,5,6-hexahydro-4a,11b-

(epiminoethano)[1,3]dioxolo[4,5-j]phenanthridin-13-one (318):

16 16

Following a literature procedure by Yu and co-workers:% (RS, RS)-2-(5-Benzyl-2,3,4,4a,5,6-
hexahydro-[1,3]dioxolo[4,5-]]phenanthridin-11b(1H)-yl)-N-methoxyacetamide 317 (41 mg,
0.10 mmol, 1.0 equiv.) was dissolved in 1,4-dioxane (0.5 mL) with CuF2 (1.0 mg, 0.010 mmol,
0.10 equiv.), 8-methoxy quinoline (3.0 mg, 0.020 mmol, 0.2 equiv.) and AcOH (45 pL,
0.79 mmol, 7.9 equiv.). The mixture was heated to 125 °C for 2 h, then passed through a short

silica plug, eluting with EtOAc. The solution was concentrated in vacuo, then purified by flash

357



Chapter 8 - Experimental

column chromatography (40-80% EtOAc in pentane) to afford 318 as a colourless oil (12 mg,

30%).
Relative stereochemistry assigned by induction assuming retention from compound 317.

IH NMR (600 MHz, CDCls): 81 = 7.33 — 7.27 (4H, m, Haa, His), 7.25 — 7.21 (1H, m, Hie),
6.68 (LH, s, Hs), 6.33 (LH, s, Ho), 5.91 — 5.85 (2H, m, H11), 4.11 (1H, d, J = 14.1 Hz, H1,), 4.02
(1H, d, J = 14.2 Hz, H12"), 3.96 (3H, s, Hzs), 3.67 (1H, d, J = 15.7 Hz, H1), 3.59 (1H, d, J =
15.7 Hz, Hy’), 2.66 (1H, d, J = 16.6 Hz, Hz1), 2.54 (1H, d, J = 16.6 Hz, Ha1’), 2.39 — 2.31 (1H,
m, Hi7), 2.07 (1H, ddd, J = 14.3, 8.9, 3.8 Hz, Hz), 1.88 (1H, ddd, J = 10.7, 7.8, 3.9 Hz, Hx"),
1.86 — 1.79 (1H, m, H17"), 1.66 — 1.47 (3H, m, Has, Hig’, Hig), 1.45 — 1.36 (1H, m, Hio’);
13C NMR (151 MHz, CDCla): 8¢ = 172.8 (C22), 147.0 (C7), 146.1 (Cs), 139.9 (C13), 132.8 (Cs),
128.6 (C1s), 128.1 (C1a), 127.1 (C1s), 126.1 (C10), 106.2 (Cs), 105.7 (Cs), 101.0 (C11), 82.1 (C3),
63.5 (C25), 53.8 (C12), 50.3 (C1), 42.3 (Ca), 42.2 (C21), 35.6 (C20), 24.8 (Cu17), 22.2 (Cio), 21.4
(C1s); IR (neat) cm™: 1716, 1504, 1487, 1232, 1038, 911, 731, 700; HRMS (ESI*) m/z calc.

for C24H27N204 [M+H]* 407.1965; found at 407.1968 A 0.65 ppm.
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8.7 Experimental data for Chapter 6
(RS)-(1-1odoethyl)benzene (325):

(1-Bromoethyl)benzene (1.4 mL, 10 mmol, 1.0 equiv.) was dissolved in acetone (20 mL) with
Nal (1.8 g, 12 mmol, 1.2 equiv.) and stirred overnight at r.t. in the dark. The reaction was then
quenched with H20, diluted with EtOAc, shaken and the layers partitioned. The aqueous layer
was extracted twice more with EtOAc. The combined organic layers were then washed once
each with H20 and sat. ag. N2S»>03, dried over MgSQOyg, filtered under gravity and concentrated

in vacuo to afford 325 as a pale-brown oil.

IH NMR (400 MHz, CDCl3): 81 = 7.48 — 7.41 (2H, m, Ha), 7.34 — 7.27 (2H, m, Hs), 7.27 —
7.22 (1H, m, Hg), 5.41 (1H, q, J = 7.1 Hz, Hp), 2.22 (1H, d, J = 7.2 Hz, H1); 3C NMR
(101 MHz, CDCl3): 8¢ = 145.5 (Cs), 128.8 (Cs), 128.1 (Cs), 126.7 (C4), 29.1 (C1), 26.2 (C2);
IR (neat) cm™: 3029, 1494, 1454, 1376, 1206, 1145, 1085, 1047, 1025, 762, 694; LRMS (ESI*)
Molecule could not be observed by ESI MS. Spectroscopic data were consistent with the

literature data for this compound.*®
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(R)-3-Acryloyl-4-benzyloxazolidin-2-one (330):

O01o

~

The title compound was prepared according to General Procedure F at the 7.3 mmol scale
with (R)-4-benzyl oxazolidinone (1.3 g, 7.3 mmol, 1.0 equiv.) as the chiral auxiliary.
Purification by flash column chromatography (10-40% EtOAc in pentane) afforded 330 as an

off white solid (827 mg, 49%).

'H NMR (400 MHz, CDCls): 81 =7.52 (1H, dd, J = 17.0, 10.4 Hz, Hy), 7.34 (2H, dd, J = 8.0,
6.4 Hz, H12), 7.31 - 7.25 (1H, m, Hi3), 7.25—7.19 (2H, m, H11), 6.61 (1H, dd, J = 16.9, 1.8 Hz,
Ha), 5.94 (1H, dd, J = 10.5, 1.8 Hz, H1’), 4.80 — 4.69 (1H, m, Hs), 4.28 — 4.16 (2H, m, H7), 3.35
(1H, dd, J = 13.4, 3.4 Hz, Ho), 2.81 (1H, dd, J = 13.5, 9.5 Hz, Ho’); 13C NMR (101 MHz,
CDCls): 8¢ = 165.0 (Cs), 153.5 (C3), 135.4 (C10), 132.1 (C1), 129.6 (C11), 129.1 (C12), 127.5
(2C, C2, C13), 66.4 (Cg), 55.5 (Cs), 38.0 (C7); IR (neat) cm'’: 1781, 1687, 1620, 1410, 1391,
1354, 1317, 1250, 1214, 1115, 987, 704; HRMS (ESI) m/z calc. for C13H1aNO3 [M+H]*
231.0895; molecule could not be observed by ESI MS; m.p. = 57-58 °C; [a]p®® = -94.6
(c =0.01 gmL™t, CHCIs). Spectroscopic data were consistent with the literature data for this

compound.t®
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(S)-3-Acryloyl-4-phenyloxazolidin-2-one (331):
O O
1 3 5
\{[LNJ(O
g/

10 \\‘
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12

The title compound was prepared according to General Procedure F at the 5.0 mmol scale
with (S)-4-phenyloxazolidin-2-one (815 mg, 5.00 mmol, 1.00 equiv.) as the chiral auxiliary.
Purification by flash column chromatography (15-20% EtOAc in pentane) afforded 331 as an

off white solid (482 mg, 44%).

IH NMR (400 MHz, CDCls): 81 = 7.52 (1H, dd, J = 17.0, 10.5 Hz, Hy), 7.42 — 7.29 (5H, m,
Hio, Hi1, H12), 6.49 (1H, dd, J = 17.1, 1.7 Hz, H1), 5.88 (1H, dd, J = 10.5, 1.7 Hz, H1"), 5.49
(1H, dd, J = 8.7, 3.9 Hz, Hs), 4.72 (1H, td, J = 8.8, 1.7 Hz, H7), 4.31 (1H, ddd, J = 8.8, 3.7, 2.0
Hz, H7’); 3C NMR (101 MHz, CDCls): 8¢ = 164.6 (Cs), 153.7 (Cs), 139.0 (Co), 132.3 (C1),
129.4 (C11), 128.9 (C12), 127.4 (C2), 126.1 (C1o0), 70.2 (Cv), 57.9 (Cs); IR (neat) cm™: 1776,
1690, 1409, 1386, 1327, 1248, 1201, 1117, 1071, 1046, 989, 798, 755, 701; HRMS (ESI") m/z
calc. for C12H12NO3z [M+H]" 218.0812; found at 218.0804 A -3.53 ppm; m.p. = 66-67 °C,
[o]p?° = +145.6 (c = 0.01 gmL™, CHCIs). Spectroscopic data were consistent with the literature
data for this compound.*®?
(R)-4-Benzyl-5,5-dimethyloxazolidin-2-one (S332):

O

M

"HN” "0

6 5 Men
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D-Phenyl alanine methyl ester hydrochloride salt (2.16 g, 10.0 mmol, 1.00 equiv.) was
dissolved in anhydrous Et20 (20 mL) and cooled to 0 °C. MeMgBr (22 ml, 65 mmol, 3.0 M in
Et,O, 6.5 equiv.) was added dropwise, then the mixture was heated at reflux for 3 h. After
cooling to 0 °C, the reaction was quenched by dropwise addition of sat. ag. NH4Cl, basified
with 2 M ag. NaOH, then diluted with H20 and Et,O. The mixture was shaken, the layers
partitioned, then the aqueous layer extracted twice more with Et,O. The combined organic

layers were dried over MgSQOyg, filtered under gravity and concentrated in vacuo.

The residue was dissolved in THF (50 mL) with CDI (1.62 g, 10.0 mmol, 1.00 equiv.) and
stirred at r.t. overnight. The mixture was then diluted with H,O and EtOAc, shaken and the
layers partitioned. The aqueous layer was extracted twice more with EtOAc, then the combined
organic layers were dried over MgSQsg, filtered under gravity and concentrated in vacuo.
Purification by flash column chromatography (20-40% EtOAc in pentane) afforded S332 as a

pale-yellow solid (332 mg, 16% across two steps).

IH NMR (400 MHz, CDCls): 81 = 7.34 (2H, ddd, J = 7.8, 6.5, 1.7 Hz, Hsg), 7.30 — 7.26 (1H,
m, Ho), 7.22 — 7.15 (2H, m, H7), 4.84 (1H, br s, Hi2), 3.69 (1H, dd, J = 10.9, 3.7 Hz, Ha), 2.84
(1H, dd, J = 13.3, 3.6 Hz, Hs), 2.67 (1H, dd, J = 13.3, 10.9 Hz, Hs"), 1.49 (3H, s, Hior11), 1.46
(3H, s, Hioor11); ®°C NMR (101 MHz, CDCls): 8¢ = 158.0 (C1), 137.0 (Cs), 129.3 (Cs), 129.0
(C7), 127.4 (Co), 83.3 (C3), 63.2 (Ca), 37.3 (Cs), 27.7 (C100r11), 22.1 (Cao0or 12); IR (neat) cm™:
1747, 1373, 1301, 996, 744, 701; HRMS (ESI*) m/z calc. for C12H1sNO, [M+H]* 206.1176;
found at 206.1180 A 2.16 ppm; m.p. = 38-40 °C. Spectroscopic data were consistent with the

literature data for this compound.t%
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(R)-3-Acryloyl-4-benzyl-5,5-dimethyloxazolidin-2-one (332):

The title compound was prepared according to General Procedure F at the 1.62 mmol scale
with (R)-4-benzyl-5,5-dimethyloxazolidin-2-one S332 (332 mg, 1.62 mmol, 1.00 equiv.) as the
chiral auxiliary. Purification by flash column chromatography (15-20% EtOAc in pentane)

afforded 332 as a colourless oil (71 mg, 17%).

IH NMR (600 MHz, CDCls): 8¢ = 7.47 (1H, dd, J = 17.0, 10.4 Hz, Ha4), 7.30 — 7.23 (4H, m,
Hz, Hg), 7.19 (1H, td, J = 6.3, 2.8 Hz, Ho), 6.49 (1H, dd, J = 17.0, 1.8 Hz, H1s), 5.85 (1H, dd, J
= 10.4, 1.8 Hz, His’), 4.54 (1H, dd, J = 9.7, 3.7 Hz, Ha), 3.20 (1H, dd, J = 14.4, 3.7 Hz, Hs),
2.87 (1H, dd, J = 14.4, 9.7 Hz, Hs"), 1.35 (3H, s, Hi0or12), 1.33 (3H, s, Hioor 11); 3C NMR
(151 MHz, CDCl3): 8¢ = 165.2 (C13), 152.5 (Cy), 137.0 (Ce), 131.5 (C1s), 129.1 (C7), 128.7
(Cs), 127.8 (C14), 126.8 (Co), 82.4 (C3), 63.8 (Cs), 35.2 (Cs), 28.6 (C100r11), 22.4 (C100r12); IR
(neat) cm™: 1773, 1685, 1407, 1393, 1356, 1317, 1277, 1248, 1210, 1182, 1160, 1106, 1066,
1031, 1004, 732, 701; HRMS (ESI*) m/z calc. for CisH1sNOs [M+H]* 260.1281; found at

260.1285 A 1.46 ppm; ap not recorded due to product decomposition.

Stereochemistry of 332 was assigned by induction assuming retention from S332.
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(R)-4-(tert-Butyl)oxazolidin-2-one (S333):

1
HN)J\O

3
Me— 4
Me Me

(R)-tert-Butyl leucenol (585 mg, 5.00 mmol, 1.00 equiv.) was dissolved in THF (50 mL) and
cooled to 0 °C. Ethyl chloroformate (0.6 mL, 6.0 mmol, 1.2 equiv.) was added dropwise, the
mixture was stirred for 30 min, then diluted with sat. ag. Na2CO3 and EtOAc, shaken and the
layers partitioned. The aqueous layer was extracted twice more with EtOAc, then the combined
organic layers were dried over Mg>SOu, filtered under gravity and concentrated in vacuo. The
residue was dissolved in anhydrous THF (30 mL), then cooled to 0 °C. NaH (600 mg, 15 mmol,
3.0 equiv.) was added in one portion, the mixture was stirred at 0 °C for 40 min, then at r.t. for
a further 3 h. The mixture was quenched with dropwise addition of H;O, then diluted with
further H20 and EtOAc, shaken and the layers partitioned. The aqueous layer was extracted
twice more with EtOAc, then the combined organic layers were dried over Mg2SQg, filtered
under gravity and concentrated in vacuo. Purification by flash column chromatography (30-

60% EtOAc in pentane) afforded S333 as a colourless solid (215 mg, 30%).

'H NMR (400 MHz, CDCls): 81 = 4.36 (1H, tt, J = 9.1, 1.5 Hz, H3), 4.18 (1H, ddd, J = 9.0,
5.9, 1.5 Hz, H3), 3.59 (1H, dd, J = 9.0, 5.7 Hz, Hs), 0.90 (9H, s, H); 13C NMR (101 MHz,
CDCls): 8¢ = 160.6 (C1), 66.7 (C3), 61.6 (Ca), 33.5 (Cs), 24.9 (Ce); IR (neat) cm™: 3296, 2958,
1742, 1717, 1480, 1402, 1368, 1311, 1238, 1217, 1102, 1052, 1024, 986, 926, 805, 768, 714,
674; HRMS (ESI*) m/z calc. for C7H1aNO, [M+H]* 144.1019; found at 144.1014 A -3.51 ppm;
m.p. = 92-94 °C. Spectroscopic data were consistent with the literature data for this

compound.t
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(R)-3-Acryloyl-4-(tert-butyl)oxazolidin-2-one (333):

Me Me

The title compound was prepared according to General Procedure F at the 1.5 mmol scale
with (R)-4-(tert-butyl)oxazolidin-2-one S333 (215 mg, 1.50 mmol, 1.00 equiv.) as the chiral
auxiliary. Purification by flash column chromatography (20-40% EtOAc in pentane) afforded

333 as a colourless solid (21.9 mg, 7%).

IH NMR (500 MHz, CDCl3): n = 7.53 (1H, dd, J = 16.9, 10.4 Hz, Hg), 6.54 (1H, dd, J = 16.9,
1.8 Hz, Hg), 5.90 (1H, dd, J = 10.5, 1.8 Hz, Ho), 4.52 (1H, dd, J = 7.5, 1.8 Hz, Hs), 4.34 — 4.23
(2H, m, Hs), 0.95 (9H, s, He); 13C NMR (126 MHz, CDCl3): 8¢ = 165.4 (C7), 154.7 (C1), 131.9
(Ce), 127.6 (Cs), 65.5 (C3), 61.1 (Cu), 36.1 (Cs), 25.8 (Cs); IR (neat) cm™: 1776, 1693, 1407,
1385, 1326, 1237, 1187, 1115, 1059, 970, 793, 762, 701; HRMS (ESI*) m/z calc. for
C10H16NOs [M+H]* 198.1125; found at 198.1118 A -3.38 ppm; m.p. = 35-36 °C; [a]p?’ = +82.4

(c=0.01 gmL™, CHCIy).

Stereochemistry of 333 was assigned by induction assuming retention from S333.
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(3aS,8aR)-3,3a,8,8a-Tetrahydro-2H-indeno[1,2-d]oxazol-2-one (S334):

(1S, 2R)-Cis-1-amino-2-indanol (746 mg, 5.00 mmol, 1.00 equiv.) was dissolved in THF
(50 mL) with CDI (811 mg, 5.00 mmol, 1.00 equiv.) and heated at reflux for 2 h. The reaction
was cooled to r.t., diluted with EtOAc and sat. ag. Na2COs, shaken and the layers partitioned.
The aqueous layer was extracted twice more with EtOAc, then the combined organic layers
were dried over MgSOs, filtered under gravity and concentrated in vacuo. Purification by flash
column chromatography (80-100% EtOAc in pentane) afforded S334 as a colourless solid

(592 mg, 68%).

IH NMR (400 MHz, CDCls): 84 = 7.35 — 7.27 (4H, m, Hs, He, Hz, Hs), 6.20 (1H, br s, H2),
5.42 (1H, ddd, J = 8.1, 6.3, 2.1 Hz, H11), 5.18 (1H, d, J = 7.3 Hz, Hs), 3.42 (1H, dd, J = 18.0,
6.2 Hz, Hio), 3.35 (1H, dd, J = 17.9, 2.0 Hz, H10’); 3C NMR (151 MHz, CDCls): §c = 159.4
(C1), 140.3 (C4), 140.0 (Co), 129.6 (C7), 128.1 (Cs), 125.8 (Cg), 124.8 (Cs), 80.7 (Cu1), 61.3
(Cs), 39.0 (C1o); IR (neat) cm'': 3522, 1743, 1705, 1394, 1233, 1204, 1182, 1107, 1081, 1052,
1034, 961, 751, 694; HRMS (ESI*) m/z calc. for C1o0H10NO, [M+H]" 176.0706; found at
176.0709 A 1.67 ppm; m.p. = 175-176 °C. Spectroscopic data were consistent with the

literature data for this compound.t%
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(3aS,8aR)-3-Acryloyl-3,3a,8,8a-tetrahydro-2H-indeno[1,2-d]oxazol-2-one (334):

The title compound was prepared according to General Procedure F at the 3.38 mmol scale
with  (3aS,8aR)-3,3a,8,8a-tetrahydro-2H-indeno[1,2-d]Joxazol-2-one  S334 (592 mg,
3.38 mmol, 1.00 equiv.) as the chiral auxiliary. Purification by flash column chromatography

(15-20% EtOAc in pentane) afforded 334 as an off white solid (280 mg, 36%).

1H NMR (400 MHz, CDCls): 8n = 7.68 (1H, d, J = 7.5 Hz, Hs), 7.51 (1H, dd, J = 17.0, 10.4 Hz,
His), 7.35 (1H, t, J = 7.4 Hz, H7), 7.32 — 7.23 (2H, m, He, Hs), 6.63 (1H, dd, J = 17.0, 1.8 Hz,
His), 6.01 (1H, d, J = 6.9 Hz, H3), 5.93 (1H, dd, J = 10.5, 1.8 Hz, H14’), 5.32 (1H, ddd, J = 7.1,
4.4, 2.8 Hz, Hu1), 3.47 — 3.35 (2H, m, Hio, H10’); *C NMR (101 MHz, CDCls): ¢ = 165.4
(C12), 153.0 (C1), 139.6 (Co), 139.1 (C4), 132.0 (C14), 130.1 (C7), 128.3 (Cs), 127.6 (C13), 127.5
(Cs), 125.3 (Cg), 78.4 (C11), 63.3 (Cs), 38.1 (C1o); IR (neat) cm™’: 1776, 1686, 1407, 1362,
1325, 1274, 1252, 1187, 1126, 1089, 1064, 1042, 1004, 794, 756, 725, 690; HRMS (ESI") m/z
calc. for C13H12NO3 [M+H]* 230.0812; found at 230.0812 A 0.13 ppm; m.p. = 110-111 °C;
[o]p?° = +427 (c = 0.01 gmL™, CHCIs). Spectroscopic data were consistent with the literature

data for this compound.®

Stereochemistry of 334 was assigned by induction assuming retention from S334.
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1-((3aS,6R,7aR)-8,8-Dimethyl-2,2-dioxidotetrahydro-3H-3a,6-

methanobenzo[c]isothiazol-1(4H)-yl)prop-2-en-1-one (335):

14 13
Me 12 Me

2

N
910\  /
1n %

The title compound was prepared according to General Procedure F at the 5.0 mmol scale
with (1S)-(-)-2,10-camphorsultam (1.08 g, 5.00 mmol, 1.00 equiv.) as the chiral auxiliary.
Purification by flash column chromatography (15-20% EtOAc in pentane) afforded 335 as an

off white solid (581 mg, 43%).

'H NMR (400 MHz, CDCls): 61 = 6.87 (1H, dd, J=16.7, 10.4 Hz, H), 6.50 (1H, dd, J = 16.6,
1.5 Hz, H1), 5.86 (1H, dd, J = 10.4, 1.6 Hz, H1’), 3.94 (1H, dd, J = 7.6, 5.1 Hz, Hs), 3.52 (1H,
d, J = 13.8 Hz, Hu1), 3.45 (1H, d, J = 13.8 Hz, H11*), 2.22 — 2.06 (2H, m, He, He’), 2.00 — 1.83
(3H, m, H7, Hg, Ho), 1.48 — 1.32 (2H, m, Hg’, Ho’), 1.18 (3H, s, H130r14), 0.98 (3H, S, H13or 14);
13C NMR (101 MHz, CDCls): 8¢ = 164.0 (C3), 131.5 (C1), 127.9 (C2), 65.3 (Cs), 53.3 (C11),
48.7 (C12), 48.0 (C10), 44.8 (C7), 38.6 (Cs), 33.0 (Co), 26.6 (Cs), 21.0 (C130r14), 20.0 (C130r 14);
IR (neat) cm™: 1674, 1415, 1330, 1317, 1280, 1280, 1239, 1224, 1166, 1133, 1115, 1061,
1034, 990, 978, 802, 771, 735; HRMS (ESI*) m/z calc. for C13H20NO3S [M+H]* 270.1158;

found at 270.1159 A 0.21 ppm; m.p. = 165-168 °C; [a]o?’ = -55.6 (¢ = 0.00493 gmL%, CHClIs).
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(3aS,6S,7S,7aS)-7-Bromo-8,8-dimethylhexahydro-3H-3a,6-methanobenzo[c]isothiazole

2,2-dioxide (S336):

14 13
Me 12 Me

According to a literature procedure published by Chen and co-workers:!®’

Camphorsulfonylimine (4.26 g, 20.0 mmol, 1.00 equiv.) was dissolved in anhydrous THF
(140 mL) and cooled to 0 °C. NaHMDS (22 mL, 44 mmol, 2 M in THF, 2.2 equiv.) was added
dropwise, then the mixture was stirred for 15 min. The solution was then transferred by cannula
to a second flask at 0 °C containing NBS (9.0 g, 50 mmol, 2.5 equiv.) with vigorous stirring.
The mixture was stirred for a further 1 h, quenched by dilution with H.O and allowed to warm
to r.t. after which it was concentrated in vacuo. The residue was dissolved in CH.Cl then
washed once with 2 M HCI, thrice with H>O and once with brine. The organic phase was then

dried over MgSOs, filtered under gravity and concentrated in vacuo.

The residue was dissolved in anhydrous THF (40 mL) and added dropwise to a suspension of
LiAlH4 (760 mg, 20 mmol, 1.0 equiv.) in anhydrous THF (10 mL) under a nitrogen atmosphere.
The suspension was refluxed overnight, then cooled to 0 °C and quenched by dropwise addition
of 2M ag. HCI. The mixture was then diluted with EtOAc, shaken and the layers partitioned.
The aqueous layer was extracted twice more with EtOAc, then the combined organic layers
were dried over MgSOs, filtered under gravity and concentrated in vacuo. Purification by flash
column chromatography (15% EtOAc in pentane) afforded S336 as a colourless solid as a

single diastereomer (584 mg, 10%).
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IH NMR (600 MHz, CDCls): 81 = 4.61 (1H, td, J = 4.0, 2.2 Hz, He), 4.51 (1H, br s, Hs), 3.60
(1H,t,J = 4.6 Hz, Hs), 3.19 — 3.09 (2H, m, Ha1, H11"), 2.15 — 2.07 (2H, m, Hy, Hg), 1.95 (1H,
td, J = 11.6, 4.4 Hz, Ho), 1.92 — 1.84 (1H, m, Hs), 1.60 (1H, ddd, J = 11.8, 9.2, 3.0 Hz, Ho),
1.24 (3H, s, Hiz), 1.04 (3H, s, Hia); 3C NMR (151 MHz, CDCls): 8¢ = 72.0 (Cs), 55.8 (Ce),
54.3 (Cio), 52.6 (C7), 50.0 (C11), 47.9 (C12), 32.5 (Co), 22.6 (Csg), 21.2 (C14), 20.4 (C13); IR
(neat) cm™: 3231, 2969, 1344, 1309, 1260, 1236, 1218, 1148, 1125, 1075, 913, 851, 810, 771,
743; HRMS (ESI*) m/z calc. for CioH17°BrNO2S [M+H]* 294.1058, found at 294.0154

A -1.39 ppm; m.p. =120-121 °C.

Stereochemistry was assigned by NOESY, which showed correlations between Hs and Ho,
confirming the down stereochemistry of Hs, and between Hes and Haiz, confirming the up

stereochemistry of He.

H H
Me H13
He
II\IH
Hy BH, 50
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1-((3aS,6S,7S,7aS)-7-Bromo-8,8-dimethyl-2,2-dioxidotetrahydro-3H-3a,6-

methanobenzo[c]isothiazol-1(4H)-yl)prop-2-en-1-one (336):

(3aS,6S,7S,7aS)-7-Bromo-8,8-dimethylhexahydro-3H-3a,6-methanobenzo|c]isothiazole 2,2-
dioxide S336 (584 mg, 1.99 mmol, 1.00 equiv.) was dissolved in PhMe (2.0 mL) with NaH
(119 mg, 2.98 mmol, 1.50 equiv.) under a nitrogen atmosphere, and stirred at r.t. for 30 min.
Acryloyl chloride (0.33 mL, 4.0 mmol, 2.0 equiv.) was added dropwise, then the mixture stirred
for a further 2 h, after which it was cooled to 0 °C and quenched by dropwise addition of H20.

The suspension was then diluted further with H.O and EtOAc, shaken and the layers
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partitioned. The aqueous layer was extracted twice more with EtOAc, then the combined
organic layers were dried over MgSQg, filtered under gravity and concentrated in vacuo.
Purification by flash column chromatography (15-30% EtOAc in pentane) afforded 336 as a

colourless solid as a single diastereomer (253 mg, 36%).

IH NMR (600 MHz, CDCls): 8w = 6.89 (1H, dd, J = 16.6, 10.4 Hz, H1), 6.60 (1H, dd, J = 16.6,
1.5 Hz, Hz), 5.91 (1H, dd, J = 10.4, 1.5 Hz, Hy’), 4.73 (1H, td, J = 3.9, 2.2 Hz, He), 4.02 (1H,
d, J = 3.8 Hz, Hs), 3.49 (1H, d, J = 13.8 Hz, H11), 3.43 (1H, d, J = 13.9 Hz, Hi1"), 2.29 (1H,
ddd, J = 13.7, 9.3, 4.3 Hz, Hg), 2.15 (1H, t, J = 4.3 Hz, H7), 1.98 (1H, td, J = 12.1, 4.4 Hz, Ho),
1.91 (1H, tddd, J = 12.0, 6.9, 3.9, 2.2 Hz, Hg’), 1.57 (1H, ddd, J = 12.5, 9.3, 3.8 Hz, Hy’), 1.24
(3H, s, Hi3), 1.09 (3H, s, H14); 3C NMR (151 MHz, CDCls): 8¢ = 164.0 (Cs), 132.5 (C2), 127.4
(C1), 73.9 (Cs), 56.3 (Cs), 52.9 (C7), 52.3 (C11), 49.9 (C12), 48.0 (C10), 32.6 (Cs), 23.0 (Cs), 20.8
(Ci3), 20.8 (C1a); IR (neat) cm: 2981, 1683, 1625, 1411, 1328, 1280, 1268, 1250, 1237, 1215,
1178, 1142, 1091, 1058, 1046, 978, 932, 913, 856, 816, 785, 739; HRMS (ESI*) m/z calc. for
C1sH10™BrNOsS [M+H]* 348.0264; found at 348.0247 A -4.75 ppm; m.p. = 164-166 °C; ap

not recorded due to product decomposition.

Stereochemistry of 336 was assigned by induction assuming retention from S336.

1,3-Di-tert-butyl-5-(iodomethyl)benzene (S343):

Me
Me

Di-tert-butyl benzyl bromide (1.13 g, 4.00 mmol, 1.00 equiv.) was dissolved in acetone

(20 mL) with Nal (1.2 g, 8.0 mmol, 2.0 equiv.) and stirred for 18 h in the dark. The mixture

372



Chapter 8 - Experimental

was then diluted with EtOAc and H.O, shaken and the layers partitioned. The aqueous layer
was extracted twice more with EtOAc, then the combined organic layers were dried over
MgSOs, filtered under gravity and concentrated in vacuo to afford S343 as an orange solid

(1.09 g, 83%).

IH NMR (400 MHz, CDCls): 8 = 7.31 (1H, t, J = 1.9 Hz, Hs), 7.22 (2H, d, J = 1.8 Hz, Ha),
4.48 (2H, s, H1), 1.32 (18H, s, H7); 3C NMR (101 MHz, CDCls): ¢ = 151.4 (C4), 138.3 (C>),
123.2 (C3), 122.3 (Cs), 35.0 (Cs), 31.5 (C7), 7.5 (C1); IR (neat) cm™: 2963, 1699, 1598, 1477,
1393, 1363, 1249, 1203, 1159, 900, 875, 707; HRMS (ESI*) m/z calc. for CisHa4l [M+H]*
330.0844, molecule could not be observed by ESI MS; m.p. = 34 °C. Spectroscopic data were

consistent with the literature data for this compound.'®®

6-(3,5-Di-tert-butylbenzyl)-8-(2-ethoxy-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-

gJisoquinolin-6-ium iodide (343):

The title compound was synthesised according to General Procedure G with 1,3-di-tert-butyl-
5-(iodomethyl)benzene S343 (1.09 g, 3.30 mmol, 1.65 equiv.) to afford 343 as a pale-brown

solid (654 mg, 54%).

IH NMR (600 MHz, CDCls): 1 = 10.58 (1H, s, H1), 7.92 (1H, s, Ho), 7.38 (1H, t, J = 1.8 Hz,
Has), 7.37 (1H, s, Hs), 6.98 (2H, d, J = 1.7 Hz, Hao), 6.29 (2H, s, Hu1), 6.13 (2H, 5, Hig), 4.16
(2H, q, J = 7.1 Hz, Hie), 4.07 (2H, s, H1z), 2.78 (3H, s, H12), 1.24 (18H, s, Has), 1.25 — 1.20
(3H, m, Hi7); *C NMR (151 MHz, CDCl3): 8¢ = 168.7 (C4), 157.7 (C7), 152.5 (Ca1), 150.8
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(Cs), 147.4 (C1), 142.6 (Cs), 138.5 (Cs), 132.0 (Cag), 128.0 (Ca), 124.6 (C10), 123.2 (C24), 121.3
(C20), 106.2 (Cy), 103.9 (C11), 100.3 (Cs), 62.8 (C1s), 62.2 (C16), 35.4 (C22), 35.1 (C13), 31.5
(C23), 17.3 (C12), 14.3 (C17); IR (neat) cmt: 2965, 1733, 1465, 1289, 1250, 1214, 1033, 917,
731; HRMS (ESI*) m/z calc. for C3oH3sNO4 [M]* 476.2795; found at 476.2809 A 2.87 ppm;

m.p. = 106-108 °C

(RS)-Ethyl 2-(5-(3,5-di-tert-butylbenzyl)-3-oxo-2,3,5,6-tetrahydro-[1,3]dioxolo[4,5-

j]lphenanthridin-11b(1H)-yl)acetate (346):

The title compound was synthesised according to General Procedure | with 6-(3,5-di-tert-
butylbenzyl)-8-(2-ethoxy-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide
343 (151 mg, 0.25 mmol, 1.0 equiv.). Purification by flash column chromatography (3-5%

EtOH in EtOAcC) afforded 346 as a colourless solid (95 mg, 72%).

The title compound was synthesised according to General Procedure J with 6-(3,5-di-tert-
butylbenzyl)-8-(2-ethoxy-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide
343 (151 mg, 0.25 mmol, 1.0 equiv.) Purification by flash column chromatography (3-5%

EtOH in EtOAC) afforded 346 as a colourless solid (95 mg, 72%, 78:22 e.r.).

IH NMR (600 MHz, CDCls): 8 = 7.30 (1H, d, J = 1.8 Hz, Has), 6.91 (1H, s, He), 6.88 (2H, d,
J=1.8 Hz, Ha), 6.56 (1H, s, H), 5.97 (1H, d, J = 1.5 Hz, H1), 5.95 (1H, d, J = 1.5 Hz, H1"),
5.34 (1H, s, H12), 4.69 — 4.55 (3H, m, H1, His, His’), 4.24 (1H, d, J = 16.3 Hz, Hy"), 3.95 (2H,
g, J = 7.1 Hz, His), 3.02 (1H, ddd, J = 13.2, 5.0, 2.3 Hz, Hz7), 2.82 (1H, d, J = 13.6 Hz, Hi3),

374



Chapter 8 - Experimental

2.75—2.64 (2H, m, Hi3’, Has), 2.53 (1H, ddd, J = 17.8, 4.9, 2.3 Hz, H’), 2.25 — 2.17 (1H, m,
Hz7’), 1.23 (18H, s, H23), 1.08 (3H, t, J = 7.2 Hz, H17); 3C NMR (151 MHz, CDCl): ¢ =
195.4 (Czs), 169.5 (C1s), 165.6 (C3), 151.7 (Cz1), 147.8 (C7), 146.9 (Cs), 133.7 (C1o), 130.6
(Cs), 125.9 (C1o), 121.8 (C24), 120.5 (C20), 106.3 (Cs), 105.6 (Cg), 101.5 (C11), 98.3 (C12), 60.8
(C1s), 56.1 (Cus), 52.3 (C1), 40.9 (C4), 38.9 (C13), 34.9 (C22), 32.2 (C26), 31.5 (C23), 30.2 (C27),
14.2 (C17); IR (neat) cm™: 2964, 1730, 1603, 1556, 1487, 1325, 1247, 1150, 1038, 927, 813,
732; HRMS (ESI*) m/z calc. for C33sHs2NOs [M+H]* 532.3058; found at 532.3056 A -0.28
ppm; m.p. = 147-148 °C; SFC Chiralpak IA; 1500 psi; 30 °C; flow 1.5 mL/min; from 0% to
50% 'PrOH in 7 min; 56% e.e. (major enantiomer tr = 2.39 min; minor enantiomer tg =

2.46 min); [a]p?° = -2.60 (c = 0.01 gmL™, CHClI3).
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RE;?;E”" Purityl | Purty! | PDAIFLR Match1 | PDAFLR Matchi | PDAFLR Match | PDAFLR Matcht | Area [
(min) Angle |Threshold Spect. Name Angle Threshold Lik. Name (uv=saec)
1}
2,381 3507231 | 7817
2.451 979389 | 21.83

6-(3,5-Bis(trifluoromethyl)benzyl)-8-(2-ethoxy-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-

glisoquinolin-6-ium iodide (344):

N 22
21
T @481 2 CF3

The title compound was synthesised according to General Procedure G with 1-(iodomethyl)-
3,5-bis(trifluoromethyl)benzene (1.06 g, 3.00 mmol, 1.50 equiv.) to afford 344 as a pale-brown

solid (168 mg, 13%).

IH NMR (600 MHz, CDCls): 1 = 10.80 (1H, s, H1), 7.89 (1H, s, Ha3), 7.85 (1H, s, He), 7.63

(2H, s, H20), 7.43 (1H, s, Hs), 6.57 (2H, s, H1s), 6.34 (2H, s, H11), 4.18 (2H, q, J = 7.2 Hz, Hzs),
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4.10 (2H, s, H13), 2.74 (3H, s, H12), 1.23 (3H, t, J = 7.1 Hz, H17); 3C NMR (151 MHz, CDCl3):
8¢ = 168.4 (Cy4), 158.4 (C7), 151.4 (Cs), 148.4 (Cy1), 142.1 (C3), 139.0 (Cs), 136.2 (C19), 133.1
(0, J = 34.1 Hz, Cz1), 128.8 (C4), 127.1 (d, J = 4.0 Hz, Cz0), 125.1 (Ci0), 123.5 — 123.2 (m, Cz3),
121.9 (g, J = 273.6 Hz, C2), 106.5 (Co), 104.1 (Ci1), 100.6 (Ce), 62.4 (Ci6), 61.2 (C1s), 35.6
(C13), 17.5 (C12), 14.2 (C17); 1°F NMR (565 MHz, CDCls): 8¢ = -62.86; IR (neat) cm%: 1731,
1617, 1467, 1379, 1281, 1217, 1176, 1136, 1034, 934; HRMS (ESI*) m/z calc. for

C24H20FsNO4 [M]* 500.1291; found at 500.1273 A -3.61 ppm; m.p. = 174-176 °C.

(RS)-Ethyl 2-(5-(3,5-bis(trifluoromethyl)benzyl)-3-oxo-2,3,5,6-tetrahydro-

[1,3]dioxolo[4,5-j]phenanthridin-11b(1H)-yl)acetate (347):

17

Me 0Jl4. 0

~~ e
24 CF5

O 23
11<

O~ s 21 202F

o 107 181 % 3

The title compound was synthesised according to General Procedure | with 6-(3,5-
bis(trifluoromethyl)benzyl)-8-(2-ethoxy-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-
glisoquinolin-6-ium iodide 344 (63 mg, 0.10 mmol, 1.0 equiv.). Purification by flash column

chromatography (3-5% EtOH in EtOAc) afforded 347 as an orange oil (39 mg, 69%).

The title compound was synthesised according to General Procedure J with 6-(3,5-
bis(trifluoromethyl)benzyl)-8-(2-ethoxy-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-

gJisoquinolin-6-ium iodide 344 (63 mg, 0.10 mmol, 1.0 equiv.). Purification by flash column
chromatography (3-5% EtOH in EtOAc) afforded 347 as an orange oil (11 mg, 20%, 75:25

er.).
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IH NMR (600 MHz, CDCls): 81 = 7.78 (1H, s, Hz3), 7.54 (2H, d, J = 1.7 Hz, Hz0), 6.90 (1H,
s, Hs), 6.57 (1H, s, H), 5.98 (1H, d, J = 1.4 Hz, H11), 5.96 (1H, d, J = 1.4 Hz, H11’), 5.12 (1H,
s, Hi2), 4.77 (1H, d, J = 15.9 Hz, H1), 4.71 (2H, s, His), 4.21 (1H, d, J = 16.0 Hz, H1’), 3.95
(2H, qd, J = 7.1, 1.1 Hz, H1e), 2.99 (1H, ddd, J = 13.3, 5.1, 2.3 Hz, Has), 2.79 (1H, d, J = 13.6
Hz, Hiz), 2.71 (1H, dd, J = 13.7, 1.2 Hz, H13’), 2.66 (1H, ddd, J = 17.9, 14.1, 5.0 Hz, Hzs), 2.51
(1H, ddd, J = 18.0, 5.0, 2.3 Hz, Hzs’), 2.28 — 2.18 (1H, m, Ha¢’), 1.07 (3H, t, J = 7.2 Hz, H17);
13C NMR (151 MHz, CDCls): 8¢ = 195.8 (C24), 169.4 (C14), 165.0 (C3), 148.1 (C7), 147.1 (Cs),
138.1 (Ci), 132.6 (q, J = 33.5 Hz, C1), 130.2 (Cs), 126.4 (t, J = 3.8 Hz, Cx0), 124.9 (C1o),
123.1 (q, J = 272.8 Hz, C2), 122.0 (g, J = 3.8 Hz, C23), 106.2 (Cs), 105.6 (Cg), 101.6 (C11),
99.0 (C12), 60.9 (Cis), 55.3 (Cus), 52.7 (C1), 40.8 (Ca), 39.9 (C13), 32.4 (C25), 30.5 (Cz2s), 14.1
(C17); °F NMR (565 MHz, CDCls): 8¢ = -62.95; IR (neat) cm™: 1729, 1619, 1558, 1488, 1377,
1327, 1279, 1247, 1173, 1133, 1039, 732, 683; HRMS (ESI*) m/z calc. for C27H24FsNOs [M]*
556.1553; found at 556.1551 A -0.39 ppm; SFC Chiralpak IA; 1500 psi; 30 °C; flow
1.5 mL/min; from 0% to 50% 'PrOH in 7 min; 50% e.e. (major enantiomer tr = 1.96 min; minor

enantiomer tr = 2.23 min); [a]o® = -29.8 (¢ = 0.01 gmL™, CHCls).
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1-(lodomethyl)-2-nitrobenzene (S345):

2-Nitrobenzyl bromide (864 mg, 4.00 mmol, 1.00 equiv.) was dissolved in acetone (20 mL)

with Nal (1.2 g, 8.0 mmol, 2.0 equiv.) and stirred for 18 h in the dark. The mixture was then

diluted with EtOAc and H»O, shaken and the layers partitioned. The aqueous layer was

extracted twice more with EtOAc, then the combined organic layers were dried over MgSQOs,
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filtered under gravity and concentrated in vacuo to afford S345 as a brown solid (932 mg,

89%).

IH NMR (400 MHz, CDCls): 81 = 8.04 (1H, dd, J = 8.1, 1.4 Hz, Ha), 7.57 (1H, dd, J = 7.6,
1.3 Hz, He), 7.52 (1H, td, J = 8.2, 1.5 Hz, H7), 7.44 (1H, ddd, J = 8.6, 7.1, 1.7 Hz, Hs), 4.79
(2H, s, H1); 3C NMR (101 MHz, CDCl3): 8¢ = 147.6 (Cs), 135.1 (C2), 133.9 (Ce), 132.4 (C7),
129.2 (Cs), 125.9 (Ca), -0.1 (C1); IR (neat) cm™: 1520, 133, 1169, 867, 793, 748, 696.

Spectroscopic data were consistent with the literature data for this compound.t%

8-(2-Ethoxy-2-oxoethyl)-7-methyl-6-(2-nitrobenzyl)-[1,3]dioxolo[4,5-g]isoquinolin-6-ium

iodide (345):

22

The title compound was synthesised according to General Procedure G with 1-(iodomethyl)-
2-nitrobenzene S345 (932 mg, 3.54 mmol, 1.77 equiv.) to afford 345 as a yellow solid (383 mg,

36%).

IH NMR (600 MHz, CDCls): 8n = 10.11 (1H, s, Ha), 8.26 — 8.17 (1H, m, Hazs), 7.74 (1H, s,
Ho), 7.72 (1H, td, J = 7.6, 1.4 Hz, Hz1), 7.64 — 7.60 (1H, m, Hz2), 7.41 (1H, s, He), 7.28 — 7.25
(1H, m, H), 6.52 (2H, s, His, H1s"), 6.30 (2H, s, H11), 4.39 — 4.01 (4H, m, His, His’ His), 2.79
(3H, s, H2), 1.30 — 1.23 (3H, m, H17); 3C NMR (151 MHz, CDCls): 8c = 168.8 (C14), 158.0

(C7), 151.0 (Cs), 147.1 (C19), 146.4 (C1), 142.7 (C3), 138.9 (Cs), 135.7 (C21), 130.8 (C22), 130.6
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(C20), 128.6 (C4), 128.2 (C24), 126.4 (C23), 124.8 (C10), 106.0 (Cg), 104.1 (C11), 100.6 (Cs), 62.3
(C16), 58.9 (Cis), 35.8 (C13), 17.4 (C12), 14.3 (C17); IR (neat) cm't: 1731, 1614, 1530, 1466,
1341, 1218, 1033, 731; HRMS (ESI*) m/z calc. for Co2H2:N20s [M]* 409.1394; found at

409.1397 A 0.70 ppm; m.p. = 138-140 °C.

(RS)-Ethyl 2-(5-(2-nitrobenzyl)-3-oxo0-2,3,5,6-tetrahydro-[1,3]dioxolo[4,5-

j]lphenanthridin-11b(1H)-yl)acetate (348):

The title compound was synthesised according to General Procedure | with 8-(2-ethoxy-2-
oxoethyl)-7-methyl-6-(2-nitrobenzyl)-[1,3]dioxolo[4,5-g]isoquinolin-6-ium  iodide 345
(54 mg, 0.10 mmol, 1.0 equiv.). Purification by flash column chromatography (0-5% EtOH in

EtOAcC) afforded 348 as an orange oil (27 mg, 53%).

The title compound was synthesised according to General Procedure J with 6-benzyl-8-(2-
(benzyloxy)-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide 345 (54 mg,
0.10 mmol, 1.0 equiv.). Purification by flash column chromatography (0-5% EtOH in EtOAc)

afforded 348 as an orange oil (9.5 mg, 20%, 62:38 er).

IH NMR (600 MHz, CDCl3): 81 = 8.19 (1H, dd, J = 8.2, 1.3 Hz, His), 7.51 (1H, td, J = 7.5,
1.4 Hz, Hi7), 7.44 (1H, td, J = 7.7, 1.3 Hz, His), 7.00 (1H, dd, J = 7.7, 1.4 Hz, Has), 6.92 (1H,
s, He), 6.58 (1H, 5, Hg), 5.98 (1H, d, J = 1.4 Hz, Hi1), 5.96 (1H, d, J = 1.4 Hz, H11"), 5.06 (1H,
d, J = 18.4 Hz, Hu2), 4.96 (1H, s, Hig), 4.93 (1H, d, J = 18.5 Hz, H12), 4.78 (1H, d, J = 16.1 Hz,
Hy), 4.22 (1H, d, J = 16.3 Hz, H1), 3.95 (2H, g, J = 7.1 Hz, Hzs), 3.02 (1H, ddd, J = 13.4, 5.0,
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2.3 Hz, Ha), 2.82 (1H, d, J = 13.5 Hz, Hz3), 2.72 (1H, dd, J = 13.6, 1.3 Hz, H23"), 2.64 (1H,
ddd, J = 17.4, 14.0, 4.7 Hz, Hz1), 2.48 (1H, ddd, J = 17.8, 5.0, 2.7 Hz, Ha1’), 2.26 — 2.18 (1H,
m, Hz2’), 1.08 (3H, t, J = 7.2 Hz, Hz7); 13C NMR (151 MHz, CDCls): 6¢ = 195.7 (Cz), 169.4
(C24), 165.0 (Cs), 148.0 (C7), 147.7 (C14), 147.0 (Cs), 134.6 (C17), 131.0 (C13), 130.6 (Cs), 128.7
(Ci6), 127.2 (C1s), 126.2 (C1s), 125.1 (C10), 106.2 (Ce), 105.7 (Cs), 101.6 (C11), 99.0 (C19), 60.9
(C26), 54.9 (C12), 52.3 (C1), 40.8 (C4), 39.4 (Cas), 32.4 (C21), 30.2 (C22), 14.1 (C27); IR (neat)
cm™: 1727, 1615, 1559, 1525, 1487, 1328, 1248, 1115, 1038, 728; HRMS (ESI*) m/z calc. for
C2sH2sN207 [M+H]* 465.1656; found at 465.1655 A -0.28 ppm; SFC Chiralpak 1A; 1500 psi;
30 °C; flow 1.5 mL/min; from 0% to 50% 'PrOH in 7 min; 24% e.e. (major enantiomer tg =

3.11 min; minor enantiomer tr = 4.36 min); [a]o® = -15.7 (c = 0.00280 gmL™, CHCl5).
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R&mt:” Purityt | Purityl | PDAFFLR Match1 | PDAFLR Match1 | PDAFLR Matchi | PDAFLR Mateht | Area |, .
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Benzyl 2-(7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate (S337):

The title compound was synthesised according to General Procedure H with benzyl alcohol

(2.1 ml, 20 mmol, 10 equiv.). Purification by flash column chromatography (80-100% EtOAc

in pentane) afforded S337 as a pale brown solid (119 mg, 18%).

1H NMR (600 MHz, CDCls): & = 8.85 (1H, s, H1), 7.34 — 7.29 (3H, m, Hio, Hz0), 7.27 — 7.25

(2H, m, Hig), 7.24 (1H, s, He), 7.17 (1H, s, Ho), 6.10 (2H, s, H11), 5.13 (2H, s, H1g), 4.01 (2H,

s, Hi3), 2.71 (3H, s, H12); 3C NMR (151 MHz, CDCl3): 8¢ = 170.6 (C14), 152.2 (Cs), 149.3
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(Cs), 148.4 (C1), 147.9 (C7), 135.7 (C17), 134.7 (Cs), 128.7 (Cio), 128.5 (C20), 128.2 (C1s), 124.7
(C10), 121.4 (C4), 103.7 (Cs), 101.9 (C11), 99.6 (Cs), 67.1 (C1s), 34.8 (C13), 22.3 (C12); IR (neat)
el 1731, 1495, 1465, 1254, 1230, 1154, 1038, 943, 838, 739, 700; HRMS (ESI*) m/z calc.

for C20H1sNO4 [M+H]" 336.1230; found at 336.1226 A -1.30 ppm; m.p. = 100-101 °C.

6-Benzyl-8-(2-(benzyloxy)-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium

iodide (337):

25

The title compound was synthesised according to General Procedure E with benzyl 2-(7-
methyl-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate S337 (119 mg, 0.360 mmol, 1.00 equiv.) to

afford 337 as a pale brown solid (121 mg, 61%).

IH NMR (600 MHz, CDCls): 811 = 10.58 (1H, s, H1), 7.90 (1H, s, Hg), 7.39 — 7.29 (7H, m, H,
Hio, Hoo, Haa, Has), 7.25 — 7.22 (2H, m, His), 7.22 — 7.16 (2H, m, Ha3), 6.29 (2H, s, Hi1), 6.16
(2H, s, Hz1), 5.13 (2H, s, Hie), 4.10 (2H, s, Hiz), 2.71 (3H, s, Hi2); C NMR (151 MHz,
CDCl): 8¢ = 168.5 (C14), 157.8 (C7), 150.9 (Cs), 147.8 (C1), 142.5 (Cs), 138.5 (Cs), 135.0
(C17), 132.8 (C22), 129.7 (Cas), 129.3 (C25), 128.9 (2C, Cio, Ca0), 128.6 (C1s), 128.0 (C4), 127.4
(C23), 124.8 (Cao), 106.3 (Cg), 103.9 (C11), 100.3 (Ce), 68.0 (Cis), 62.3 (C21), 35.5 (Ci3), 17.3

(C12): IR (neat) cm't: 1733, 1616, 1496, 1465, 1290, 1217, 1034, 935, 733, 701, 649, 627;
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HRMS (ESI") m/z calc. for C27H24NO4 [M]" 426.1700; found at 426.1704 A 0.97 ppm; m.p.

= 164-165 °C.

(RS)-Benzyl 2-(5-benzyl-3-o0x0-2,3,5,6-tetrahydro-[1,3]dioxolo[4,5-j]phenanthridin-

11b(1H)-ylacetate (340):

The title compound was synthesised according to General Procedure | with 6-benzyl-8-(2-
(benzyloxy)-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide 337 (55 mg,
0.10 mmol, 1.0 equiv.). Purification by flash column chromatography (0-5% EtOH in EtOAc)

afforded 340 as an orange oil (44 mg, 91%).

The title compound was synthesised according to General Procedure J with 6-benzyl-8-(2-
(benzyloxy)-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide 337 (55 mg,
0.10 mmol, 1.0 equiv.). Purification by flash column chromatography (0-5% EtOH in EtOAc)

afforded 340 as an orange oil (14 mg, 30%, 75:25 e.r.).

IH NMR (600 MHz, CDCls): 81 = 7.32 — 7.29 (3H, m, Hz7, Hazs), 7.29 — 7.26 (2H, m, His),
7.26 — 7.21 (1H, m, Hig), 7.16 — 7.10 (2H, m, Has), 7.09 — 7.05 (2H, m, His), 6.80 (1H, s, He),
6.52 (1H, s, Ho), 5.93 (1H, t, J = 1.7 Hz, H11), 5.90 (1H, t, J = 1.7 Hz, Hu1’), 5.27 (1H, s, Hi7),
4.96 — 4.85 (2H, m, Has), 4.61 (1H, d, J = 16.2 Hz, H1), 4.58 — 4.50 (2H, m, H12), 4.21 (1H, d,
J=16.3 Hz, Hy’), 2.95 (1H, ddd, J = 13.4, 5.0, 2.3 Hz, Hao), 2.85 (1H, d, J = 13.6 Hz, Ha1),

2.72 (1H, dd, J =13.5, 1.3 Hz, H21’), 2.65 (1H, ddd, J = 18.5, 14.1, 4.9 Hz, H19), 2.47 (1H, ddd,
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J =178, 5.1, 2.2 Hz, H1o’), 2.20 — 2.11 (1H, m, Ha’); 3C NMR (151 MHz, CDCls): 8¢ =
195.4 (C1s), 169.2 (C22), 165.1 (Cs), 147.8 (C7), 146.9 (Cs), 135.3 (Czs), 134.9 (C13), 130.3
(Cs), 129.1 (C1s), 128.6 (C27), 128.4 (Cag), 128.3 (C26), 127.8 (C1s6), 126.5 (C14), 125.4 (Cao),
106.0 (Cs), 105.6 (Cg), 101.4 (C11), 98.4 (C17), 66.6 (C24), 55.7 (C12), 52.0 (C1), 40.8 (Cs), 39.2
(C21), 32.3 (C1g), 30.0 (C20); IR (neat) cm'’: 1730, 1613, 1556, 1487, 1326, 1245, 1148, 1039,
730, 697; HRMS (ESI*) m/z calc. for CaoH2sNOs [M+H]* 482.1962; found at 482.1961 A -
0.21 ppm; SFC Chiralpak 1A; 1500 psi; 30 °C; flow 1.5 mL/min; from 0% to 50% 'PrOH in
7 min; 50% e.e. (major enantiomer tr = 3.78 min; minor enantiomer tr = 4.75 min); [a]o®

= -65.5 (¢ = 0.00586 gmL"L, CHClI5).

008 p N\ | \\ |
A o A A\
0.0 e T e N A N = “AoA A Mon N
. x WASAY
3I2Q 340 3%0 G‘Bﬂ 4'03 -IIZO [ 4:1: =‘50 480 5'13 EIZO
Retention . .
Time Purity1 Purity1 PDASFLR Match1 | PDAJFLR Match1 | PDASFLR Match1 | PDAJFLR Matchi Area 9 Area
T Angle |Threshold Spect. Name Angle Threshold Lik. Name (pv==ec)
)
77T 1428095 | 51.60
4753 1335760 4840
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0.45-
0.44]
0.424
0.404
0.8
0.384
0.344

0.224

0.28-
0.284
0244
022
0.20]

5 018]
0184
0.1
0.12
0.10
0.084
0.0
0.04]
0.02]
0.004

-0.02]
-0.04]
-0.064
-0.084

0109

0.1

R&_tr?;g”” Purty! | Puriyl | PDASFLR Matchi | PDAFLR Match1 | PDAIFLR Match | PDAFLR Matcht | Area |,
— Angle |Threshold Spect. Name Angle Threshold Lib. Name (uv==ec)
3.764 2081917 | 7496
4755 695446 | 25.04
Ethyl 2-(5-(2-nitrobenzyl)-3-oxo0-2,3,5,6-tetrahydro-[1,3]dioxolo[4,5-j]phenanthridin-

[1,1'-Biphenyl]-4-ylmethyl

(S338):

2-(7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate

The title compound was synthesised according to General Procedure H with biphenyl-4-

methanol (3.7 g, 20 mmol, 10 equiv.). Purification by flash column chromatography (40-80%

EtOAc in pentane) afforded S338 as a colourless solid (148 mg, 18%).

387



Chapter 8 - Experimental

1H NMR (600 MHz, CDCls): 81 = 8.86 (1H, s, H1), 7.60 — 7.56 (2H, m, Hz2), 7.56 — 7.53 (2H,
m, Hio), 7.44 (2H, t, J = 7.7 Hz, H23), 7.38 — 7.34 (1H, m, Hz4), 7.33 (2H, d, J = 8.0 Hz, Hasg),
7.23 (IH, s, He), 7.17 (1H, s, Ho), 6.06 (2H, s, H11), 5.17 (2H, s, His), 4.02 (2H, s, His), 2.74
(3H, s, Hiz); ®C NMR (151 MHz, CDCls): 3¢ = 170.6 (Cy4), 152.3 (Cs), 149.2 (Cs), 148.4
(C1), 147.9 (C7), 141.4 (Czo), 140.7 (Cz1), 134.8 (Cs), 134.7 (Ci17), 129.0 (Cas), 128.8 (Cis),
127.7 (Cas), 127.4 (Cis), 127.2 (C22), 124.7 (C10), 121.4 (Ca), 103.8 (Cs), 101.9 (C11), 99.6 (C),
66.8 (Cis), 34.9 (C13), 22.3 (C12); IR (neat) cm™: 1730, 1491, 1464, 1253, 1230, 1153, 1039,
945, 836, 763, 735, 699, 624; HRMS (ESI*) m/z calc. for C26H22NO4 [M+H]* 412.1543; found

at 412.1557 A -4.21 ppm; m.p. = 138-139 °C.

8-(2-([1,1'-Biphenyl]-4-ylmethoxy)-2-oxoethyl)-6-benzyl-7-methyl-[1,3]dioxolo[4,5-

glisoquinolin-6-ium iodide (338):

29

The title compound was synthesised according to General Procedure E with [1,1'-biphenyl]-
4-ylmethyl 2-(7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate S338 (148 mg, 0.360

mmol, 1.00 equiv.) to afford 338 as a pale brown solid (132 mg, 58%).

IH NMR (600 MHz, CDCls): 81 = 10.61 (1H, s, H1), 7.90 (1H, s, Ho), 7.58 — 7.55 (2H, m,
Ha), 7.54 (2H, d, J = 8.1 Hz, Hio), 7.45 (2H, dd, J = 8.4, 7.0 Hz, Has), 7.39 — 7.35 (1H, m,

Haa), 7.34 — 7.29 (6H, m, He, His, Has, Hz0), 7.22 — 7.17 (2H, m, Hz7), 6.21 (2H, s, Hi1), 6.16
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(2H, s, Hzs), 5.16 (2H, s, His), 4.11 (2H, s, Hig), 2.74 (3H, s, H12); BC NMR (151 MHz,
CDCls): 5c = 168.6 (C1a), 157.8 (C7), 150.8 (Cs), 147.5 (C1), 142.6 (Cs), 141.7 (Cz0), 140.4
(C21), 138.5 (Cs), 133.9 (C17), 132.7 (C26), 129.6 (C2g), 129.2 (C29), 129.1 (C1s), 129.0 (C23),
128.0 (C4), 127.8 (Cza), 127.5 (Cuo), 127.4 (C27), 127.2 (C22), 124.7 (Cao), 106.1 (Co), 103.9
(C11), 100.3 (Cs), 67.7 (C16), 62.2 (Ca5), 35.5 (C13), 17.4 (C12); IR (neat) cm'’: 1733, 1614,
1465, 1290, 1217, 1035, 732; HRMS (ESI*) m/z calc. for C3sH2sNO4 [M]" 502.2013; molecule

could not be observed by ESI MS; m.p. = 124-126 °C.

(RS)-[1,1'-Biphenyl]-4-ylmethyl  2-(5-benzyl-3-0x0-2,3,5,6-tetrahydro-[1,3]dioxolo[4,5-

j]Jphenanthridin-11b(1H)-yl)acetate (341):

The title compound was synthesised according to General Procedure | with 8-(2-([1,1'-
biphenyl]-4-ylmethoxy)-2-oxoethyl)-6-benzyl-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-
ium iodide 338 (63 mg, 0.10 mmol, 1.0 equiv.). Purification by flash column chromatography

(0-5% EtOH in EtOAC) afforded 341 as a pale-yellow solid (39 mg, 69%).

The title compound was synthesised according to General Procedure J with 8-(2-([1,1'-
biphenyl]-4-ylmethoxy)-2-oxoethyl)-6-benzyl-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-
ium iodide 338 (63 mg, 0.10 mmol, 1.0 equiv.). Purification by flash column chromatography

(0-5% EtOH in EtOAC) afforded 341 as a pale-yellow solid (18 mg, 31%, 74:26 e.r.).
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IH NMR (600 MHz, CDCls): 8n = 7.60 — 7.57 (2H, m, Hao), 7.57 — 7.53 (2H, m, Hz7), 7.45
(2H, dd, J = 8.4, 7.0 Hz, Ha1), 7.40 — 7.34 (1H, m, Hsp), 7.30 (2H, dd, J = 8.2, 6.4 Hz, H1s),
7.28 —7.23 (1H, m, Hig), 7.23 — 7.19 (2H, m, Hzs), 7.11 — 7.06 (2H, m, Hus), 6.82 (1H, s, He),
6.54 (1H, s, Hg), 5.90 (1H, d, J = 1.5 Hz, H11), 5.84 (1H, d, J = 1.5 Hz, H11’), 5.32 (1H, s, H17),
4.97 (2H, s, Ha4), 4.64 (1H, d, J = 16.2 Hz, H1), 4.61 — 4.53 (2H, m, H1), 4.23 (1H, d, J =
16.3 Hz, H1%), 2.99 (1H, ddd, J = 13.2, 5.0, 2.3 Hz, Hx), 2.87 (1H, d, J = 13.5 Hz, Hz1), 2.75
(1H, dd, J = 13.6, 1.3 Hz, Hz1’), 2.68 (1H, ddd, J = 18.6, 14.1, 5.0 Hz, Hig), 2.51 (1H, ddd, J =
17.7, 4.9, 2.3 Hz, H1y’), 2.24 — 2.14 (1H, m, H’); 13C NMR (151 MHz, CDCls): 8¢ = 195.4
(Cis), 169.3 (C22), 165.3 (C3), 147.9 (C7), 147.0 (Cs), 141.4 (Czs), 140.6 (Cz0), 134.9 (C13),
134.3 (Czs), 130.3 (Cs), 129.2 (C1s), 129.0 (Cs1), 128.9 (Czs), 127.9 (Cus), 127.7 (Cs2), 127.3
(C27), 127.2 (C20), 126.6 (C14), 125.4 (C10), 106.1 (Ce), 105.7 (Co), 101.5 (C11), 98.4 (C17), 66.5
(Ca4), 55.9 (C12), 52.2 (C1), 40.9 (Ca), 39.3 (Caz), 32.3 (C19), 30.1 (Cz0); IR (neat) cm™: 1730,
1613, 1556, 1487, 1326, 1245, 1148, 1039, 763, 731, 698; HRMS (ESI") m/z calc. for
CssH2NOs [M+H]* 558.2275; found at 558.2288 A 2.33 ppm; m.p. = 73-75°C; SFC
Chiralpak 1A; 1500 psi; 30 °C; flow 1.5 mL/min; from 0% to 50% 'PrOH in 7 min; 48% e.e.
(major enantiomer tr = 4.99 min; minor enantiomer tr = 6.32 min; [a]o?®® = -63.2

(c = 0.00586 gmL%, CHCls).
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6.345 5050844 | 2524
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2-(Dibenzylamino)ethyl 2-(7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate (S339):

The title compound was synthesised according to General Procedure H with N, N-dibenzyl
amino ethanol (4.5 mL, 20 mmol, 10 equiv.). Purification by flash column chromatography

(40-80% EtOAC in pentane) afforded S339 as a dark-orange oil (333 mg, 36%).

IH NMR (600 MHz, CDCls): 81 = 8.82 (1H, s, H1), 7.31 — 7.24 (8H, m, Ha1, Hz2), 7.24 — 7.20
(3H, m, He, Has), 7.12 (1H, s, Ho), 6.05 (2H, s, Hi1), 4.21 — 4.12 (2H, m, Hae), 3.92 (2H, s, Hi3),
3.51 (4H, s, Hig), 2.76 — 2.64 (5H, m, Hiz, Hi7); 3C NMR (151 MHz, CDCls): 8¢ = 170.7
(C14), 152.1 (C7), 149.5 (C3), 148.6 (C1), 147.7 (Cs), 139.3 (C20), 134.6 (Cs), 128.8 (C21), 128.4
(C22), 127.1 (C23), 124.7 (C10), 121.3 (C4), 103.7 (Co), 101.9 (Ci1), 99.5 (Ce), 63.5 (C16), 58.7
(C19), 52.0 (C17), 34.9 (C13), 22.5 (C12); IR (neat) cm™: 1731, 1494, 1464, 1252, 1230, 1038,
945, 846, 836, 747, 700; HRMS (ESI*) m/z calc. for CagH20N204 [M+H]* 469.2122; found at

469.2114 A -1.67 ppm.
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6-Benzyl-8-(2-(2-(dibenzylamino)ethoxy)-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-

glisoquinolin-6-ium iodide (339):

27
28

The title compound was synthesised according to General Procedure E with 2-
(dibenzylamino)ethyl  2-(7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate (333 mg,

0.710 mmol, 1.00 equiv.) to afford 339 as a pale-yellow solid (370 mg, 76%).

IH NMR (600 MHz, CDCls): 84 = 10.65 (1H, s, H1), 7.90 (1H, s, He), 7.36 — 7.32 (3H, m, Hz7,
Has), 7.30 — 7.27 (8H, m, Ha1, Hz2), 7.26 (1H, s, He), 7.26 — 7.22 (2H, m, Hz3), 7.22 — 7.19 (1H,
m, Hae), 6.24 (2H, s, Hi1), 6.15 (2H, S, H24), 4.18 (2H, t, J = 5.6 Hz, Hie), 3.97 (2H, s, His),
3.55 (4H, s, Hig), 2.69 (2H, t, J = 5.7 Hz, H17), 2.67 (3H, 5, H12); 3C NMR (151 MHz, CDCl3):
8¢ = 168.6 (C1a), 157.7 (C7), 150.8 (Cs), 147.6 (C1), 142.5 (C3), 139.2 (Ca0), 138.5 (Cs), 132.8
(C25), 129.7 (C27), 129.3 (Cag), 128.9 (C21), 128.5 (C22), 128.0 (C4), 127.5 (Cos), 127.3 (C23),
124.7 (C1o), 106.3 (Co), 103.9 (C11), 100.2 (C¢), 64.4 (C1s), 62.1 (C24), 59.0 (Cu9), 52.1 (C17),
35.3 (C13), 17.2 (C12); IR (neat) cm™: 1733, 1497, 1465, 1291, 1217, 1033, 732, 700; HRMS
(ESI") m/z calc. for C3sHzaN204 [M]" 559.2591; found at 559.2596 A 0.83 ppm; m.p. = 95-

98 °C.
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(RS)-2-(Dibenzylamino)ethyl 2-(5-benzyl-3-0x0-2,3,5,6-tetrahydro-[1,3]dioxolo[4,5-

j]lphenanthridin-11b(1H)-yl)acetate (342):

29

30 28
31

The title compound was synthesised according to General Procedure | with 6-benzyl-8-(2-
(2-(dibenzylamino)ethoxy)-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium
iodide 339 (69 mg, 0.10 mmol, 1.0 equiv.). Purification by flash column chromatography (O-

5% EtOH in EtOAc) afforded 342 as a yellow oil (41 mg, 66%).

The title compound was synthesised according to General Procedure J with 6-benzyl-8-(2-
(2-(dibenzylamino)ethoxy)-2-oxoethyl)-7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium
iodide 339 (69 mg, 0.10 mmol, 1.0 equiv.). Purification by flash column chromatography (O-

5% EtOH in EtOACc) afforded 342 as a yellow oil (18 mg, 29%, 75:25 e.r.).

IH NMR (600 MHz, CDCls): 8 = 7.33 — 7.27 (11H, m, Has, His, Hae, Hao), 7.25 — 7.22 (2H,
m, Ha1), 7.09 (2H, dd, J = 7.1, 1.8 Hz, Hua), 6.86 (1H, 5, He), 6.49 (1H, s, Hg), 5.93 (1H, d, J =
1.4 Hz, Hi1), 5.88 (1H, d, J = 1.4 Hz, H11"), 5.28 (1H, s, H17), 4.65 — 4.50 (3H, m, Hi, Ha,
Hi2), 4.19 (1H, d, J = 16.3 Hz, H1"), 4.01 (1H, dt, J = 11.9, 6.0 Hz, Has), 3.91 (1H, dt, J = 11.6,
6.0 Hz, Hz4"), 3.54 (4H, s, Hz7), 2.98 (1H, ddd, J = 13.3, 5.0, 2.4 Hz, Hz), 2.78 (1H, d, J =
13.7 Hz, Ha1), 2.66 — 2.44 (5H, m, Hio, Hio’, Har’, Has, Hos’), 2.20 — 2.11 (1H, m, Hz’); 13C
NMR (151 MHz, CDCls): 8¢ = 195.6 (C1s), 169.3 (C22), 165.0 (C3), 147.8 (C7), 146.8 (Cs),
139.2 (Czs), 135.0 (C13), 130.4 (Cs), 129.1 (Cis), 128.8 (Cao), 128.4 (Cao), 127.8 (Cis), 127.2
(Ca1), 126.5 (C14), 125.5 (C10), 106.1 (Cs), 105.7 (Co), 101.4 (C11), 98.4 (C17), 62.8 (C24), 58.7
(C27), 55.8 (C12), 52.1 (C1), 51.6 (Czs), 40.8 (Ca), 39.0 (C21), 32.3 (Ci9), 30.0 (Ca0); IR (neat)
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cm™: 1729, 1614, 1557, 1487, 1326, 1245, 1149, 1039, 911, 732, 699; HRMS (ESI*) m/z calc.

for CagHssN20s [M+H]* 615.2853; found at 615.2851 A -0.41 ppm; SFC Chiralpak IA;

1500 psi; 30 °C; flow 1.5 mL/min; from 0% to 50% 'PrOH in 7 min; 50% e.e. (major

enantiomer tg = 4.34 min; minor enantiomer tg = 5.19 min); [a]o?° = -49.9 (¢ = 0.00806 gmL™,

CHCls).
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Retention . .
Time Purity1 Purity1 PDAJFLR Match1 | PDAFLR Match1 | PDAJFLR Match1 | PDAJSFLR Match Area o Area
(min) Angle |Threshold Spect. Name Angle Threshold Litr. Name (uv*sec)
4341 29088533 | 4990
5.192 3010301 50.10
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Reﬁnr:g”” Purtyl | Purity! | PDAFFLRMatch1 | PDA/FLR Matchi | PDAFLR Match! | PDAFFLR Maten1 | Area |, .
(min) Angle |Threshold Spect. Name Angle Threshold Lik. Name (W™ zec)
g
4336 7082424 | 7454
5.198 2726820 | 2545

N-(Benzo[d][1,3]dioxol-5-ylmethyl)-2,2-dimethoxyethan-1-amine (365):

15 14
‘ \0130,Me
03 1\%12
5< NH
[T

Piperonyl amine (5.0 mL, 40 mmol, 1.0 equiv.) was dissolved in EtOH (150 mL) with 2,2-

dimethoxyacetaldehyde (6.9 g, 40 mmol, 60 wt% in H2O, 1.0 equiv.) and Na2SO4 (22.0 g,

154 mmol, 3.9 equiv.), then stirred at r.t. overnight. The solution was filtered under gravity,

and cooled to 0 °C then NaBH4 was added portionwise (1.5 g, 40 mmol, 1.0 equiv.) and the

mixture stirred for 1 h. The reaction was then quenched with H.O, diluted with EtOAc, shaken

and the layers partitioned. The aqueous layer was extracted twice more with EtOAc, then the

combined organic layers were dried over MgSOs, filtered under gravity and concentrated in
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vacuo. Purification by flash column chromatography (0-20% EtOH in EtOAc) afforded 365 as

a pale orange oil (2.94 g, 28%).

1H NMR (200 MHz, CDCls): 84 = 6.78 (1H, d, J = 1.1 Hz, Hg), 6.73 — 6.64 (2H, m, H1, H2),
5.87 (2H, s, Hs), 4.43 (1H, t, J = 5.5 Hz, Has), 3.65 (2H, s, H10), 3.32 (6H, s, H1a, His), 2.67
(2H, d, J = 5.5 Hz, H1,); 23C NMR (101 MHz, CDCls): 8¢ = 147.7 (C7), 146.5 (C3), 134.1 (Co),
121.2 (C1), 108.6 (Cs), 108.0 (Cz), 103.9 (C13), 100.8 (Cs), 53.9 (2C, Cu4, C15), 53.6 (C10), 50.3
(C12); IR (neat) cm™: 1503, 1489, 1442, 1247, 1191, 1130, 1068, 1039, 966, 927, 861, 809,
775, 732; HRMS (ESI*) m/z calc. for C12H1gNO4 [M+H]* 240.1230, found at 240.1219

A -4.73 ppm. Spectroscopic data were consistent with the literature data for this compound.?®

Ethyl 2-([1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate (S349):

@)
15
1273507 Me
6 4
<o 7 5 N3
11
O s ~N
9 10 1

N-(Benzo[d][1,3]dioxol-5-yImethyl)-2,2-dimethoxyethan-1-amine 365 (2.94 g, 11.4 mmol,
1.00 equiv.) was dissolved in EtOH (30 mL) with 12 M HCI (30 mL) and ethyl glyoxylate
solution (4.70 g, 22.8 mmol, 50 wt% in PhMe, 2.0 equiv.), then heated to 100 °C for 2 h. The
mixture was cooled to 0 °C, diluted with H-O, basified by slow addition of solid KoCOg, then
diluted with EtOAc, shaken and the layers partitioned. The aqueous layer was extracted twice
more with EtOAc, then the combined organic extracts were dried over MgSQOa, filtered under
gravity and concentrated in vacuo. Purification by flash column chromatography (100%

EtOAc) afforded S349 as a pale brown solid (730 mg, 24%).
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IH NMR (600 MHz, CDCla): 81 = 8.92 (1H, s, H1), 8.28 (1H, s, H3), 7.23 (1H, s, He), 7.20
(1H, s, Ho), 6.10 (2H, s, H11), 4.15 (2H, g, J = 7.1 Hz, His), 3.89 (2H, s, H12), 1.23 (3H, t, J =
7.1 Hz, Hig); 3C NMR (151 MHz, CDCl3): 8¢ = 171.0 (Ca3), 151.6 (C7), 150.4 (C1), 148.4
(Ce), 143.7 (C3), 133.5 (Cs), 126.1 (C1o), 124.0 (Cs), 103.8 (Co), 101.7 (C11), 99.8 (Cs), 61.4
(Cis), 36.9 (C12), 14.3 (Ci6); IR (neat) cm™: 1731, 1501, 1468, 1430, 1245, 1036, 952, 935,
900, 879, 846, 832; HRMS (ESI") m/z calc. for C14H1aNO4 [M+H]" 260.0917; found at

260.0906 A -4.37 ppm; m.p. = 65-67 °C.

6-Benzyl-8-(2-ethoxy-2-oxoethyl)-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide (349):

Ethyl 2-([1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate S349 (1.10 g, 4.24 mmol, 1.00 equiv.)
was dissolved in acetone (20 mL) with Bnl (1.1 g, 5.1 mmol, 1.2 equiv.) and stirred at r.t. for
60 h. The solution was triturated with Et2O and the resultant precipitate filtered under reduced
pressure. The solid was washed with Et,O and dried in vacuo to afford 349 as a yellow solid

(885 mg, 44%).

IH NMR (600 MHz, CDCls): 8n = 10.51 (1H, d, J = 1.5 Hz, H1), 8.73 (1H, d, J = 1.5 Hz, Ha),
7.84 (1H, s, Ho), 7.72 — 7.66 (2H, m, Hag), 7.37 — 7.29 (3H, m, Hao, Hz1), 7.24 (1H, s, Hs), 6.29
(2H, s, H11), 6.02 (2H, s, H17), 4.11 (2H, g, J = 7.1 Hz, His), 4.07 (2H, s, H1), 1.19 (3H, 1, J =
7.1 Hz, Hie); 3C NMR (151 MHz, CDCls): 8¢ = 168.9 (C13), 157.3 (C7), 151.4 (Cg), 145.0
(C1), 137.7 (Cs), 134.1 (Cs), 133.1 (C1s), 129.9 (Ca1), 129.6 (Cis), 129.6 (C20), 129.5, (C4) 126.1

(C10), 106.3 (Co), 104.1 (C11), 100.5 (Cs), 63.0 (C17), 62.1 (Cis), 36.1 (C12), 14.2 (C1s); IR
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(neat) cm™: 1731, 1467, 1285, 1222, 1032, 920, 726; HRMS (ESI*) m/z calc. for Co1H20NO4

[M]*350.1387; found at 350.1393 A 1.76 ppm; m.p. 152-153 °C.

(RS)-Ethyl 2-(6-benzyl-8-(3-((3aS,6R,7aR)-8,8-dimethyl-2,2-dioxidotetrahydro-3H-3a,6-
methanobenzo|c]isothiazol-1(4H)-yl)-3-oxopropyl)-5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-

glisoquinolin-8-yl)acetate (351):

33

34
Me 32 Me

21

6-Benzyl-8-(2-ethoxy-2-oxoethyl)-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide 349 (119 mg,
0.250 mmol, 1.00 equiv.) was dissolved in 1,4-dioxane (3.75 mL) with 1-((3aS,6R,7aR)-8,8-
dimethyl-2,2-dioxidotetrahydro-3H-3a,6-methanobenzolc]isothiazol-1(4H)-yl)prop-2-en-1-

one 335 (115 mg, 0.500 mmol, 2.00 equiv.) and 5:2 HCO2H:NEts (0.17 mL, 2.0 mmol,
8.0 equiv.) and an aliquot of a premade solution of (RhCp*Cl)2 in 1,4-dioxane (0.25 mL,
0.020 mol%, 3.1 mg in 25 mL) was added. The mixture was stirred at 80 °C for 18 h, then
cooled, diluted with EtOAc, washed with sat. ag. Na2COs and the layers partitioned. The
aqueous layer was washed twice more with EtOAc, the organic layers combined, dried over

MgSOs, filtered under gravity and concentrated in vacuo. Purification by flash column
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chromatography (20-60% EtOAc in 40-60 pet ether) afforded 351 as a pale-yellow foam as an

inseparable mixture of diastereomers in a 66:34 ratio (57 mg, 36%).
Data for both diastereoisomers:

'H NMR (600 MHz, CDCls): 61 = 7.39 — 7.35 (4H, m, H1g major, H19 minor), 7.32 — 7.28 (4H, m,
H20 major, H20 minor), 7.26 — 7.22 (2H, m, H21 major, H21 minor), 6.72 (1H, S, He major), 6.71 (1H, s, He
minor), 6.39 (1H, S, Hg minor), 6.38 (1H, S, Ho major), 5.88 — 5.85 (4H, m, H11 major, H11 minor), 4.03 —
3.95 (4H, m, His major, H15 minor), 3.85 — 3.77 (2H, m, H26 major, H26 minor), 3.65 — 3.58 (4H, m, Hi7
major, H17 minor), 3.48 — 3.35 (8H, m, H1 major, H1’ major, H1 minor, H1’ minor, H3s major, H35” major, H3s
minor, H3s minor), 2.91 — 2.86 (2H, m, H3 major, H3 minor), 2.87 — 2.79 (2H, m, H23 major, H23 minor),
2.79 — 2.72 (2H, m, H12 major, H12 minor), 2.61 — 2.57 (2H, m, H3’ major, H3’minor) 2.57 — 2.54 (2H,
M, Hi2’ mejor, Hi2 minor), 2.45 (1H, ddd, J = 16.1, 10.7, 5.1 Hz, Hzs’ major), 2.37 (1H, ddd, J =
15.8, 11.5, 4.5 Hz, H23’ minor), 2.33 — 2.24 (2H, m, H22 major, H22 minor), 2.11 — 2.00 (6H, m,
H22 major, H22” minor, H27 major, H27” major, H27 minor, H27” minor), 1.94 — 1.82 (6H, m, H2g major, H28 minor,
H29 major, H29 minor, H30 major, H30 minor), 1.40 — 1.36 (2H, m, H30’ major, H30 minor), 1.36 — 1.30 (2H,
m, H29” major, H29” minor), 1.16 — 1.07 (12H, m, Hze major, H16 minor, H33 major, H33 minor), 0.96 (3H, s,
Haa minor), 0.95 (3H, s, Haa major); C NMR (151 MHz, CDCls): 8¢ = 172.2 (Ca4 minor), 172.1
(C24 major), 171.4 (C13 minor), 171.4 (C13 minor), 146.6 (C7 minor), 146.5 (C7 major), 146.0 (Cg minor),
146.0 (Cs major), 138.5 (2C, C15 major, C1s minor), 131.8 (Cs minor), 131.7 (Cs major), 129.3 (Cis major),
129.3 (C19 minor), 129.2 (C10 major), 129.1 (C10 minor), 128.4 (C20 minor), 128.3 (C20 major), 127.2
(C21 minor), 127.2 (C21 major), 106.5 (2C, Co major, Co minor), 106.4 (Ce major), 106.2 (Cé minor), 100.9
(2C, C11 major, C11 minor), 65.4 (2C, C26 major, C26 minor), 63.0 (C11 minor), 63.0 (C11 major), 60.2 (2C,
C15 major, C15 minor), 59.5 (C3 major), 59.4 (C3 minor), 56.7 (C1 minor), 56.7 (C1 major), 53.1 (2C, C35 major,
C35 minor), 48.5 (C31 minor), 48.5 (C31 major), 47.9 (C32 minor), 47.9 (C32 major), 45.9 (C12 major), 45.8
(C12 minor), 44.8 (C2s major), 44.8 (C2s minor), 41.0 (Ca major), 41.0 (Ca minor), 38.7 (2C, C27 major,
C27 minor), 34.6 (C22 minor), 34.1 (C22 major), 33.0 (2C, C3z0 major, C30 minor), 31.7 (C23 minor), 31.6
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(C23 major), 26.6 (2C, C29 major, C29 minor), 21.1 (C33 minor), 21.0 (C33 major), 20.0 (2C, Cas major,
Ca4 minor), 14.3 (2C, C16 major, C16 minor); IR (neat) cm™: 1727, 1694, 1505, 1487, 1329, 1237,
1215, 1167, 1134, 1039, 913, 732, 701; HRMS (ESI*) m/z calc. for C3sH42N207S [M+H]*
623.2786; found at 623.2805 A -0.08 ppm; m.p. = 49-50 °C; [a]p®® = -38.6 (c = 0.01 gmL™,

CHCls).

(RS)-Ethyl 2-(6-benzyl-8-(3-0x0-3-((3aS,8aR)-2-0x0-8,8a-dihydro-2H-indeno[ 1,2-
d]oxazol-3(3aH)-yl)propyl)-5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-8-

yl)acetate (350):

16

The title compound was synthesised according to General Procedure J with 6-benzyl-8-(2-
ethoxy-2-oxoethyl)-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide 349 (119 mg, 0.25 mmol,
1.0 equiv.). Purification by flash column chromatography (20-40% EtOAc in pentane) afforded
350 as an off-white solid as an inseparable mixture of diastereomers in a 52:48 ratio (52 mg,

36%).

Due to the approximately 1:1 ratio of the two diastereomers in the inseparable mixture, it was
impossible to accurately assign peaks as belonging to either diastereomer. Therefore, the two
signals corresponding to the same environment have been grouped to minimise ambiguity.

Carbons 15 and 33 were insufficiently separated to be able to distinguish between their
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environments at the resolution of the 2D spectral data collected and are therefore presented as

both possibilities.

IH NMR (600 MHz, CDCls): 8 = 7.62 — 7.58 (1H, m, Haa), 7.41 — 7.32 (3H, m, Hua, Ha),
7.31 — 7.24 (4H, m, His, Ha1, Ha3), 7.24 — 7.20 (1H, m, Hie), 6.74 and 6.73 (1H, s, Hs), 6.41
and 6.39 (1H, s, Ho), 5.90 — 5.83 (3H, m, Hu1, Has), 5.21 (1H, m, Hae), 4.06 — 3.94 (2H, m, Hzo),
3.66 — 3.54 (2H, m, Hiz, H12*), 3.45 (2H, s, H1, H1’), 3.35 (1H, s, Has, Hao’), 3.11 — 2.98 (1H,
m, Haz), 2.91—2.86 (1H, m, Ha), 2.81 — 2.74 (1H, m, Hi7), 2.67 — 2.53 (3H, m, Ha’, Hi7’, H23"),
2.36 — 2.26 (1H, m, Hz2), 2.16 — 2.05 (1H, m, Hz2"), 1.12 (3H, m, Hz1); *C NMR (151 MHz,
CDCls): 8¢ = 173.7 and 173.6 (Cas), 171.4 and 171.4 (Cis), 152.9 and 152.9 (C26), 146.4 and
146.4 (C7), 145.9 and 145.9 (Cg), 139.6 and 139.5 (Cz0), 139.3 and 139.3 (Css), 138.4 and 138.4
(C13), 131.9 and 131.9 (Cs), 129.9 (C32) 129.2 and 129.1 (Cus), 129.0 (C10), 128.3 and 128.3
(Cis0or33), 128.2 and 128.2 (Cisor33), 127.4 and 127.4 (Cas), 127.2 (Ci6), 125.3 and 125.3 (Cs1),
106.5 and 106.5 (Co), 106.1 and 106.1 (Cs), 100.8 (C11), 78.1 and 78.1 (Czs), 63.1 and 63.1
(Cs6), 62.8 and 62.7 (C12), 60.1 and 60.1 (Co), 59.3 and 59.1 (Cs), 56.8 and 56.8 (C1), 45.6 and
45.5 (C17), 40.9 (C4), 38.1 and 38.1 (Cy9), 33.8 and 33.8 (C22), 31.3 and 31.2 (C23); IR (neat)
cm: 1779, 1725, 1700, 1486, 1364, 1191, 1040, 910, 730; HRMS (ESI*) m/z calc. for
Ca4H3sN207 [M+H]* 583.2439; found at 583.2420 A -3.22 ppm; m.p. = 48-50 °C; [a]o® =

+79.6 (c = 0.01 gmLL, CHCls).
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(RS)-Ethyl 2-(6-benzyl-8-(3-((3aS,6S,7S,7aS)-7-bromo-8,8-dimethyl-2,2-
dioxidotetrahydro-3H-3a,6-methanobenzo[c]isothiazol-1(4H)-yl)-3-oxopropyl)-5,6,7,8-

tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate (352):

34 33
Me 32 Me

16

6-Benzyl-8-(2-ethoxy-2-oxoethyl)-[1,3]dioxolo[4,5-g]isoquinolin-6-ium iodide 349 (119 mg,
0.25 mmol, 1.0 equiv.) was dissolved in 1,4-dioxane (3.75 mL) with 1-((3aS,6S,7S,7aS)-7-
bromo-8,8-dimethyl-2,2-dioxidotetrahydro-3H-3a,6-methanobenzo[c]isothiazol-1(4H)-

yl)prop-2-en-1-one 336 (98 mg, 0.28 mmol, 1.1equiv.), 5:2 HCOH:NEt; (0.17 mL,
0.80 mmol, 8.0 equiv.) and an aliquot of a premade solution of (RhCp*Cl)2 in 1,4-dioxane
(0.25 mL, 0.020 mol%, 3.1 mg in 25 mL) was added. The mixture was stirred at 80 °C for 18 h,
then cooled, diluted with EtOAc, washed with sat. ag. Na2CO3 and the layers partitioned. The
aqueous layer was washed twice more with EtOAc, the organic layers combined, dried over
MgSOs, filtered under gravity and concentrated in vacuo. Purification by flash column
chromatography (20-40% EtOAc in pentane) afforded 352 as a pale-yellow oil as an

inseparable mixture of diastereomers in a 63:37 ratio (30 mg, 17%).

Data for both diastereoisomers:
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IH NMR (600 MHz, CDCls): 8y = 7.40 — 7.34 (4H, M, H14 major, Hia minor), 7.33 — 7.28 (4H, m,
H15 major, H15 minor), 7.25 — 7.21 (2H, m, Hie major, H16 minor), 6.72 (1H, S, He major), 6.70 (1H, s,
Hé minor), 6.38 (1H, s, Ho minor), 6.37 (1H, s, Ho major), 5.87 (2H, dd, J = 6.5, 1.5 Hz, H11 minor),
5.85 (2H, t, J = 1.5 HZ, Hi1 major), 4.65 (L1H, td, J = 3.9, 2.1 Hz, Has minor), 4.59 (1H, td, J = 3.8,
2.1 Hz, H26 major), 4.04 — 3.93 (4H, m, H2o major, H20 minor), 3.88 (1H, d, J = 3.7 Hz, Has minor), 3.87
(1H, d, J =3.8 Hz, H25 major), 3.60 (4H, S, H12 major, H12 minor), 3.44 — 3.34 (8H, m, H1 major, H1’ major,
H1 minor, H1’minor, Ha1 major, H31 major, H31 minor, Ha1’minor), 2.94 — 2.82 (4H, m, H3 major, H3 minor,
H23 major, H23 minor), 2.79 — 2.70 (2H, m, H17 major, H17 minor), 2.66 — 2.58 (2H, m, H3’major, H3’minor),
2.58—2.53 (2H, M, H17’major, H17’minor), 2.50 (1H, td, = 10.7, 5.2 Hz, Hoz'major), 2.43 (LH, ddd,
3=16.1, 11.7, 4.3 Hz, Hoz'minor), 2.37 — 2.28 (2H, M, Hoz major, Hzz minor), 2.27 — 2.20 (2H, m,
H28 major, H28 minor), 2.14 — 2.05 (4H, m, H22"major, H22"minor, H27 major, H27 minor), 1.97 — 1.90 (2H,
m, H2g major, H29 minor), 1.90 — 1.82 (2H, m, H28’major, H28’minor), 1.54 — 1.47 (2H, m, H29’major,
H29’minor), 1.20 (3H, s, Ha3 minor), 1.13 (3H, S, H33 major), 1.13 — 1.08 (6H, m, H21 major, H21 minor),
1.06 (3H, s, Has minor), 1.05 (3H, S, Has major); 22C NMR (151 MHz, CDCly): 8¢ = 172.1
(C24minor), 172.1 (C24 major), 171.3 (C18 minor), 171.3 (C18 major), 146.6 (C7 minor), 146.4 (C7 major),
146.0 (Cs minor), 146.0 (Cs major), 138.4 (2C, C13 major, C13 minor), 131.6 (Cs minor), 131.5 (Cs major),
129.3 (Cu4 major), 129.3 (C14 minor), 129.2 (C10 major), 129.1 (C10 minor), 128.3 (C15 minor), 128.3
(C15 major), 127.2 (2C, C16 major, C16 minor), 106.5 (2C, Co major, Co minor), 106.3 (Cé major), 106.1
(Cé minor), 100.9 (2C, C11 major, C11 minor), 74.0 (C25 minor), 74.0 (C25 major), 63.0 (C12 minor), 62.9
(C12 major), 60.5 (C20 minor), 60.2 (C20 major), 59.6 (C3 major), 59.5 (C3 minor), 56.6 (C1 minor), 56.6
(C1 major), 56.4 (2C, C26major, C26 minor), 52.9 (C27 major), 52.8 (C27 minor), 52.1 (2C, C31 major,
Ca1 minor), 49.7 (C32 minor), 49.7 (C32 major), 47.9 (C30 minor), 47.9 (C30 major), 45.9 (C17 major), 45.8
(C17 minor), 40.9 (2C, C4 major, Ca minor), 34.4 (C22 minor), 34.3 (C22 major), 32.5 (2C, C29 major,
C29 minor), 31.7 (C23 minor), 31.6 (C23 major), 23.0 (2C, C28 major, C28 minor), 20.8 (C33 minor), 20.8 (Cas3

major), 207 (C34 minor), 207 (C34 major), 143 (C21 minor), 142 (C21 major); IR (neat) Cm_l: 1724, 1486,
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1333, 1235, 1206, 1142, 1039, 912, 731; HRMS (ESI*) m/z calc. for CzsHa2"°BrN.OS [M+H]*

701.1891; found at 701.1906 A 2.19 ppm; [¢]o® = +17.0 (c = 0.01 gmL", CHClI5).

405



Chapter 9 — References

Chapter 9 — References

1Franck, H. G. Industrial and Engineering Chemistry, 1963, 55 (5), 38-44

2Hosmane, R. S. Liebman, J. F. Structural Chemistry, 2009, 20, 693-697

3Yang, X. Miao, X. Dai, L. Guo, X. Jenis, J. Zhang, J. Shang, X. Nat. Prod. Rep. 2024, 41, 1652-1722
“Plazas, E. Avila, M. C. Mufioz, D. R. Cuca, L. E. Pharmacological Research, 2022, 177, 106126
®Birch, A. J. Jackson, A. H. Shannon, P. V. R. J. Chem. Soc. Perkin Trans. 1, 1974, 2185-2190

8 Ingallina, C. D’Acquarica, 1. Delle Monache, G. Ghirga, F. Quaglio, D. Ghirga, P. Beradozzi, S. Markovic, V.
Botta, B. Current Pharmaceutical Design, 2016, 22 (12), 1808-1850

"Heravi, M. M. Khaghaninejad, S. Nazari, N. Advances in Heterocyclic Chemistry, 2014, 112, 183-234
8Huang, Q. Larock, R. C. J. Org. Chem. 2002, 68 (3), 980-988
9Gao, M. Nie, C. Li, J. Song, B. Cheng, X. Sun, E. Yan, L. Qian, H. Bioorganic Chemistry, 2019, 82, 100-108

10 Brindisi, M. Ulivieri, C. Alfano, G. Gemma, S. de Asis Balaguer, F. Khan, T. Grillo, A. Chemi, G. Menchon,
G. Prota, A. E. Olieric, N. Lucena-Agell, D. Barasoain, |. Diaz, J. F. Nebbioso, A. Conte, M. Lopresti, L.
Magnano, S. Amet, R. Kinsella, P. Zisterer, D. M. Ibrahim, O. O’Sullivan, J. Morbidelli, L. Spaccapelo, R.
Baldari, C. Butini, S. Novellino, E. Campiani, G. Altucci, L. Steinmetz, M. O. Brogi, S. European Journal of
Medicinal Chemistry, 2019, 162, 290-320

1 Horvath, D. V. Domonyi, F. Palko, R. Lomoschitz, A. Soos, T. Synthesis, 2018, 50 (11), 2181-2190

12 Makhija, M. T. Kasliwal, R. T. Kulkarni, V. M. Neamati, N. Bioorganic & Medicinal Chemistry, 2004, 12 (9),
2317-2333

13 Chen, Y. Huang, T. L. Chen, M. Tedrow, J. S. Farrell, R. P. Bio, M. M. Cui, S. Org. Lett. 2015, 17 (12), 2948-
2951

14 Peng, S. Song, Y. X. He, J. Y. Tang, S. S. Tan, J. X. Cao, Z. Lin, Y. W. He, W. M. Chinese Chemical Letters,
2019, 30 (12), 2287-2290

15 Londregan, A. T. Burford, K. Conn, E. L. Hesp, K. D. Org. Lett. 2014, 16 (12), 3336-3339
16 Guo, T. Liu, Y. Zhao, Y. H. Zhang, P. K. Han, S. L. Liu, H. M. Tet. Lett. 2016, 57 (35), 3920-3923

17 Meanwell, M. Adluri, B. S. Yuan, Z. Newton, J. Prevost, P. Nodwell, M. B. Friesen, C. M. Schaffer, P. Martin,
R. E. Britton, R. Chem. Sci. 2018, 9, 5608-5613

18 Dyson, P. Hammick, D. LI. J. Chem. Soc., 1937, 1724-1725
19 Kratena, N. Marinic, B. Donohoe, T. J. Chem. Sci. 2022, 13, 14213-14225

2Yang, J. Zhao, H. Tan, Z. Cao, L. Jiang, H. Ci, C. Dixneuf, P. H. Zhang, M. ACS Catal. 2021, 11 (15), 9271-
9278

21 Mao, W. Zhao, H. Zhang, M. Chem. Commun. 2022, 58, 4380-4383

2 Grozavu, A. Hepburn, H. B. Smith, P. J. Potukuchi, H. K. Lindsay-Scott, P. J. Donohoe, T. J. Nature Chemistry,
2019, 11, 242-247

2 Kischkewitz, M. Marinic, B. Kratena, N. Lai, Y. Hepburn, H. B. Dow, M. Christensen, K. E. Donohoe, T. J.
Angew. Chem. Int. Ed. 2022, 61 (2), 202204682

2 Minter, D. E. Re, M. A. Journal of Organic Chemistry, 1988, 53 (11), 2653-5
% Black, L. A. Abbvie INC, 2013, US2013343993A1

2% |_ouerat, F. Fort, Y. Mamane, V. Tet. Let. 2009, 50 (41), 5716-5718

27 Cao, H. Cheng, Q. Studer, A. Science, 2022, 378 (6621), 779-785

406



Chapter 9 — References

2 Cao, H. Cheng, Q. Studer, A. Science, 2022, 378 (6621), 779-785

P Guo, S. M. Xu, P. Studer, A. Angew. Chem. Int. Ed. 2024, 136 (26), 202405385

30 Xu, P. Wang, Z. Guo, S. M. Studer, A. Nature Communications, 2024, 15, 4121

31 Haring, M. Balanna, K. Cheng, Q. Lammert, J. Studer, A. J. Am. Chem. Soc. 2024, 146 (45), 30758-30763
%2 Balanna, K. Studer, A. J. Am. Chem. Soc. 2025, 147 (9), 7485-7495

33 Bhattacherya, D. Studer, A. Angew. Chem. Int. Ed. 2025, 64 (11), €202423512

34 Song, B. Cai, J. Yuan, D. Xiang, F. Zhou, J. Han, X. J. Org. Chem. 2025, 90 (25), 8570-8577

% Brenna, E., Cosi, S. L., Ferrandi, E. E., Gatti, F. G., Monti, D., Parmeggiani, F., Sacchetti, A., Org. Biomol,
Chem, 2013, 11, 2988-2996

3% Criegee, R. Metz, K. Chemische Berichte, 1956, 89 (7), 1714-1718

37 Cauquil-Caubeére, 1., Kamenka, J. M., Eur. J. Med. Chem. 1998, 33, 867-877

% Liang, Y. F., Wu, K., Song, S., Li, X., Huang, X., Jiao, N., Org. Lett. 2015, 17, 4, 876-879
39 Zimdars, P. Bohlig, K. Metz, P. Eur. JOC, 2019, 36, 6163-6167

40 Molinaro, C. Guilbault, A. A. Kosjek, B. Org. Lett. 2010, 12 (17), 3772-3775

4 Gudla, V. Balamurugan, R. Tet. Lett. 2012, 53 (39), 5243-5347

“2Ranu, B. C. Jana, U. J. Org. Chem. 1998, 63 (23), 8212-8216

3 Lovering, D. Bikker, J. Humblet, C. J. Med. Chem. 2009, 52 (21), 6752-6756

4 Churcher, I. Newbold, S. Murray, C. W. Nature Reviews Chemistry 2025, 9, 140-141

4 Adkins, H. Lundsted, L. G. J. Am. Chem. Soc. 1949, 71, 2964-2965

46 Han, Q. Wang, Y. Sun, M. Sun, C. Zhu, S. Wang, X. Su, Z. Chem. Eur. J. 2018, 24, 15089-15095
47 Nagarjun, N. Dhakshinamoorthy, A. New J. Chem. 2019, 43, 18702-18712

48 Abinaya, R. Rahulan, K. M. Srinath, S. Rahman, A. Divya, P. Balasubramaniam, K. K. Sridhar, R. Baskar, B.
Green Chem. 2021, 23, 5990-6007

49 Wang, S. Huang, H. Bruneau, C. Fischmeister, C. ChemSusChem, 2019, 12, 2350-2354

%0Yao, W. Zhang, Y. Jia, X. Huang, Z. Angew. Chem. Int. Ed. 2014, 53, 1390-1394

51 Prostakov. N. S. Varlamov, A. V. Vasil’ev, G. A. Khimiya Geterotsiklicheskikh, 1977, 6, 787-789

52 Unpublished work by Donohoe, Battiti and co-workers

8 Liu, T. Wu, K. Wang, L. Yu, Z. Advanced Synthesis & Catalysis, 2019, 361 (17), 3958-3964

5 Nammalwar, B. Fortenberry, C. Bunce, R. A. Lageshetty, K. Ausman, K. D. Tet. Lett. 2013, 54 (15), 2010-2013
%5 Zheng, B. Trieu, T. H. Li, F. L. Zhu, X. L. He, Y. G. Fan, Q. Q. Shi, X. X. ACS Omega, 2018, 3 (7), 8243-8252
%6 Badea, I. Cotelle, P. Catteau, J. P. Synth. Commun. 1995, 25 (17), 2591-2598

5" Bintein S, Devillers J, Chemosphere 28, 1994, 1171-88

%8 Riddick, J. A., Bunger, W. B. Sakano T. K. Techniques of Chemistry 4th ed., Volume 1I. Organic Solvents. New
York, NY, John Wiley and Sons., 1985., p. 638

% Saenz, L. R. Carreto-Vazquez, V. H. Rogers, W. J. Papadaki, M. Mannan, M. S. Catalysis Communications,
2011, 12 (14), 1370-1373¢

80 Ripoll, J. L. Vallée, Y. Synthesis, 1993, 7, 659-677

407



Chapter 9 — References

51 Oppolzer, W. Snieckus, V. Angew. Chem. Int. Ed. 1978, 17 (7), 476-486
2 Riedi, G. Laikov, D. N. Hansen, H. J. Helvetica Chimica Acta, 2004, 87 (8), 1990-2021
8 Oppolzer, W. Mahalanabis, K. K. Bittig, K. Helvetica, Chimica, Acta, 1977, 60 (7), 2109-2497

% Ding, Y. Qu, D. Zhang, K. M. Cang, X. X. Kou, Z. N. Xiao, W. Zhu, J. B. Journal of Asian Natural Products
Research, 2017, 19 (1), 53-100

% Falck, J. R. Manna, S. J. Am. Chem. Soc. 1983, 105, 631-633
% Hanaoka, M. Yoshida, S. Mukai, C. Tet. Lett. 1988, 29 (50), 6621-6623
57 Dr. B. Marinic DPhil thesis: ‘Dearomative Reductive Functionalisation Reactions of Azaarenes’, 2023

% Flammang, R. Abdelouahab, F. B. B. Munkengeshayi, K. Boulanger, P. Bulletin des Sociétés Chimiques Belges,
1992, 101 (3), 215-225

8 Electrophile kindly provided by Mr. A. Tinkler
Fang, Z. Cao, C. Chen, G. Journal of Physical Organic Chemistry, 2013, 25 (12), 1343-1350
M Hasan, M. U. Organic Magnetic Resonance, 1980, 14 (6), 447-450

2 Kibou, Z. Aissaoui, N. Daoud, I. Seijas, J. A. Vazquez-Tato, M. P. Khelil, N. K. Choukchou-Braham, N.
Molecules, 2022, 27(11), 3439

3 Aebi, J. Binggeli, A. Green, L. Hartmann, G. Maerki, H. P. Mattei, P. Hoffmann La Roche, US2011092698A1,
2011

8 Robertson, J. M. Jones, I. W. Kayne, K. M. Contreras, C. G. Witter, D. J. Bates, R. B. Hall, H. K. Tet. Lett.
2011, 52 (46), 6080-6081 — Pd on C

4 Donohoe, T. J. Thomas, R. E. Nature Protocols, 2007, 2, 1888-1895
SLi, Y. Li, W. D. Z. Tetrahedron, 2024, 152, 133817
6 Broggi, J. Terme, T. Vanelle, P. Angew. Chem. Int. Ed. 2013, 53 (2), 384-413

7 Bergeron, P. Burford, K. Chowdhury, S. Dehnhardt, C. M. Focken, T. Grimwood, M. E. Hasan, A. Lai, K. W.
Liu, Z. McKerrell, S. Nguyen, T. P. Safina, B. Sutherlin, D. Tan, W. T. Genentech Inc. WO1027058821A1, pg
286

8\Winter-Holt, J. J. Mciver, E. G. Ambler, M. Lewis, S. Osborne, J. Webb-Smith, K. Medical Res Council Tech,
WO02017085484A1

®Shima, Y. Matsuo, J. I. Tet. Lett. 2016, 57 (36), 4066-4069

8 Thomas, J. B. Brieaddy, L. E. Boldt, K. G. Perretta, C. Carroll, I. Synthesis, 2007, 10, 1481-1484
81Jin, Z. Yao, G. Nat. Prod. Rep. 2019, 36, 1462-1488

82Hu, N. White, L. V. Lan, P. Banwell, M. G. Molecules, 2021, 26 (2), 765

8 Hu, N. White, L. V. Lan, P. Banwell, M. G. Molecules, 2021, 26 (3), 765-821
8 Stevens, R. V. DuPree, L. E. Chem. Commun. 1970, 23, 1585-1586

8 Evans, D. A. Tet. Lett. 1969, 20, 1573-1576

8 Nishimata, T. Sato, Y. Mori, M. J. Org. Chem. 2004, 69, 1837-1843

87 pearson, W. H. Lovering, F. E. Tet. Lett. 1994, 35 (49), 9173-9176

8 Pupo, G. Properzi, R. List, B. Angew. Chem. Int. Ed. 2016, 55 (20), 6099-6102
8 Jiang, G. List, B. Angew. Chem. Int. Ed. 2011, 50 (40), 9471-9474

% Schwartz, M. A. Holton, R. A. J. Am. Chem. Soc. 1970, 92 (4), 1090-1092

408



Chapter 9 — References

lYang, L. Wang, X. Pan, Z. Zhou, M. Chen, W. Yang, X. Synlett. 2011, 2, 207-210

92 Hu, N. White, L. V. Lan, P. Banwell, M. G. Molecules, 2021, 26 (2), 765

% Ding, Q. Wu, J. Adv. Synth. Catal. 2008, 350, 1850-1854

%Wu, J. Wang, C. Wang, Z. Li, H. Liu, R. Wang, Y. Zhou, P. Li, D. Yang, J. Synthesis, 2022, 54 (13), 3055-3068

%Wu, J. Wang, C. Wang, Z. Li, H. Liu, H. Liu, R. Wang, Y. Zhou, P. Li, D. Yang, J. Synthesis, 2022, 54 (13),
3055-3068

% Ding, Q. Wu, J. Adv. Synth. Catal. 2008, 350, 1850-1854
% Bobbit, J. M. Winter, D. P. Kiely, J. M. The Journal of Organic Chemistry, 1965, 30 (7), 2459-2460
% Kumpaty, H. J. Bhattacharyya, S. Rehr, E. W. Gonalez, A. M. Synthesis, 2003, 14, 2206-2210

% Matheau-Raven, D. Gabriel, P. Leitch, J. A. Almehmadi, Y. A. Yamazaki, K. Dixon, D. J. ACS Catalysis, 2020,
10 (15), 8880-8897

10 Zhang, J. Yan, Y. Hu, R. Li, T. Bai, W. J. Yang, Y. Angew. Chem. Int. Ed. 2020, 59 (7), 2860-2866
101 Yamagata A. D. G. Dixon, D. J. Org. Lett. 2017, 19 (7), 1894-1897

1925hennan, B. D. A. Sanchez-Alonso, S. Rossini, G. Dixon, D. J. J. Am. Chem. Soc. 2023, 145 (40), 21745-21751
103 Zhou, S. Zhang, Z. J. Yu, J. Q. Nature, 2024, 629, 363-369

104 Rossiter, B. E. Swingle, N. M. Chem. Rev. 1992, 92, 771-806

105 Christoffers, J. Koripelly, G. Rosiak, A. Rossle, M. Synthesis, 2007, 9, 1279-1300

16 Almasi, D. Alonso, D. A. Najera, C. Tetrahedron: Asymmetry, 2007, 18 (3), 299-365

197 Gnas, Y, Glorius, F. Synthesis, 2006, 12, 1899-1930

108 Heravi, M. M. Zadsirjan, V. Tetrahedron: Asymmetry, 2014, 25 (15), 1061-1090

109 Chen, L. Y. Huang, P. Q. European Journal of Organic Chemistry, 2023, 27 (4), 202301131
10Whitesell, J. K. Chem. Rev. 1992, 92 (953-954)

11 Byrd, K. M. Beilstein J. Org. Chem. 2015, 11, 530-562

12 Nicolas, E. Russell, K. C. Hruby, V. J. J. Org. Chem. 1993, 58, 766-770

113 Austin, J. F. Kim, S. G. Sinz, C. J. Xiao, W. J. MacMillan, D. W. C. Proceedings of the National Academy of
Sciences, 2004, 101 (15), 5482-5487

114 Barbier, D. Marazano, C. Das, B. C. Potier, P. J. Org. Chem. 1996, 61 (26), 9596-9598

15 pKa  values measured in DMSO taken from the Bordwell pKa table,
https://organicchemistrydata.org/hansreich/resources/pka/

116 Davies, S. G. Fletcher, A. M. Roberts, P. M. Thomson, J. E. Org. Biomol. Chem. 2019, 17, 1322-1335

117 Zheng, X. Z. Chen, K. Xiao, J. A. Li, J. Wang, S. S. Zhao, Q. L. Xiang, H. Y. Chen, X. Q. Yang, H. Org.
Chem. Front. 2021, 8, 5058-5063

118 Xu, Wei, Zhang, J. Org. Chem. 2003, 68 (26), 10146-10151

19 R6llig, R. Pail, C. E. Duquesne, K. Kara, S. Alphand, V. ChemBioChem, 2022, 23 (15), e202200293
120y, Z. Li, T. Mudshinge, S. R. Xu, B. Hammond, G. B. Chem. Rev. 2021, 121 (14), 8452-8477

21 Chang, C. C. Liao, B. S. Liu, S. T. Synlett. 2007, 2, 283-287

122 Cosier, J. Glazer, A. M. J. Appl. Cryst. 1986, 19, 105-107

123 palatinus, L. Chapuis, G. J. Appl. Cryst. 2007, 40, 786-790

409


https://organicchemistrydata.org/hansreich/resources/pka/

Chapter 9 — References

124 parois, P. Cooper, R. I. Thompson, A. L. Chem. Cent. J. 2015, 9, 30
125 Cooper, R. I. Thompson, A. L. Watkin, D. J. J. Appl. Cryst. 2010, 43, 1100-1107

126 Erdbrink, H. Peuser, I. Gerling, U. | M. Lentz, D. Koksch, B. Czekelius C. Org. Biomol. Chem. 2012, 10, 8583-
8586

127 Sauza, A. Morales-Serna, J. A. Garcia-Molina, M. Gavino, R. Cérdenas, J. Synthesis, 2012, 2, 272-282
128 Cauquil-Caubeére, 1. Kamenka, J. M. European Journal of Medicinal Chemistry 1998, 33 (11), 867-877
129 Chen, D. Xu, G. Zhou, Q. Chung, L. W. Tang, W. J. Am. Chem. Soc. 2017, 139 (29), 9767-9770

130 Molinaro, C. Guilbault, A. A. Kosjek, B. Org. Lett. 2010, 12 (17), 3772-3775

1381 Matziari, M. Nasapoulou, M. Yiotakis, A. Org. Lett. 2006, 8 (11), 2317-2319

132 Jiang, Q. Tenglong, G. Wang, Q. Wu, P. Zhengkun, Y. Adv. Synth. Catal. 2013, 355 (9), 1874-1880
133 Austin, K. A. B. Elsworth, J. D. Banwell, M. G. Willis, A. C. Org. Biomol. Chem. 2010, 8, 751-754

134 Firth, J. D. Craven, P. G. E. Lilburn, M. Pahl, A. Marsden, S. P. Nelson, A. Chem. Commum 2016, 51, 9837-
9840

135 Jammula, S. R. Anna, V. R. Tatina, S. Krishna, T. Sreenivas, B. Y. Pal, M. Tet. Lett. 2016, 57 (35), 3924-3928
136 Lju, Y. F.Ji, P. Y. Xu, J. W. Hu, Y. Q. Liu, Q. Luo, W. P. Guo, C. C. J. Org. Chem. 2017, 82 (14), 7159-7164
137 Yedage, S. L. Bhanage, B. M. Synthesis 2015, 47 (4), 526-532

138 Wu, C. Bao, Z. Dou, B. Wang, J. Chem. Eur. J. 2020, 27 (7), 2294-2298

139 Sai, M. Eur. J. Org. Chem. 2022, 2022 (10), €202200052

140 Molander, G. A. Jean-Gérard, L. J. Org. Chem. 2009, 74 (3), 1297-1303

141 Guo, S. H. Xing, S. Z. Mao, S. Gao, Y. R. Chen, W. L. Wang, Y. Q. Tet. Lett. 2014, 55 (49), 6718-6720

142 Cai, M. Zheng, G. Ding, G. Green Chem. 2009, 11, 1687-1693

143 Wallace, D. J. Gibb, A. D. Cottrell, I. F. Kennedy, D. J. Brands, K. M. J. Dolling, U. H. Synthesis 2001, 52,
1784-1789

144 pilathottathil, F. Kumar, D. V. Kaliyamoorthy, A. Synth. Commun. 2020, 50 (11), 1622-1632
145 Stephan, M. Panther, J. Wilbert, F. Ozog, P. Mller, T. J. J. Eur. J. Org. Chem. 2020, 2020 (14), 2086-2092

146 yang, J. Liu, J. Ge, Y. Huang, W. Neumann, H. Jackstell, R. Beller, M. Angew. Chem. Int. Ed. 2020, 59 (46),
20394-20398

147 Kikuchi, K. Hibi, S. Yoshimura, H. Tokuhara, N. Tai, K., Hida, T. Yamauchi, T. Nagai, M. J. Med. Chem.
2000, 43 (3), 409-419

148 Walker, J. C. L. Werrel, S. Donohoe, T. J. Chem. Eur. J. 2019, 25 (57), 13114-13118

149 Dale, H. J. A. Nottingham, C. Poree, C. Lloyd-Jones, G. C. J. Am. Chem. Soc. 2021, 143 (4), 2097-2107
150 Zhang, N. Zhang, C. Hu, X. Xie, X. Liu, Y. Org. Lett. 2021, 23 (15), 6004-6009

51 Niu, T. Wang, K. H. Huang, D. Xu, C. Su, Y. Hu, Y. Fu, Y. Synthesis 2014, 46 (3), 320-330

152 Bugarin, A. Jones, K. D. Connell, B. T. Chem. Commun. 2010, 46, 1715-1717

158 Duan, Y. Zhou, B. Lin, J. H. Xiao, J. C. Chem. Commun. 2015, 51 (66), 13127-13130

154 pandey, G. Vaitla, J. Org. Lett. 2015, 17 (19), 4890-4893

155 Rassadin, V. A. Zimin, D. P. Raskil’dina, G. Z. Ivanov, A. Y. Boyarskiy, V. P. Zlotskii, S. S. Kukushkin, V.
Y. Green Chem. 2016, 18, 6630-6636

410



Chapter 9 — References

156 Hopkin, M. D. Baxendale, I. R. Ley, S. V Synthesis, 2008, 11, 1688-1702
157 Fang, Z. Wang, Y. Wang, Y. Org. Lett. 2019, 21 (2), 434-438
188 Xu, J. H. Zheng, S. C. Zhang, J. W. Liu, X. Y. Tan, B. Angew. Chem. Int. Ed. 2016, 55 (39), 11834-11839

19 pan, S. Hu, B. Liu, D. Kuvarega, A. T. Mamba, B. B. Gui, J. European Journal of Organic Chemistry, 2024,
27 (33), 202400518

160 Espejo-Roman, J. M. Rubio-Ruiz, B. Chayah-Ghaddab, M. Vega-Gutierrez, C. Garcia-Garcia, G. Muguruza-
Montero, A. Domene, C. Sanchez-Martin, R. M. Cruz-Lépez, O. Conejo-Garcia, A. European Journal of
Medicinal Chemistry, 2023, 258, 115570

181 An, J. H. Kim, K. D. Lee, J. H. J. Org. Chem. 2021, 86, 2876-2894
162 | y, C. Su, Z. Jing, D. Jin, S. Xie, L. Li, L. Zheng, K. Org. Lett. 2019, 21 (5), 1438-1443

163 Dutta, S. Kim, J. H. Bhatt, K. Rickertsen, D. R. L. Abboud, K. A. Ghivirga, I. Seidel, D. Angew. Chem. Int.
Ed. 2023, 63, €202313247

164 Wu, J. Liao, J. Zhu, J. Deng, J. Synlett, 2006, 13, 2059-2062

165 Xu, J. H. Zheng, S. C. Zhang, J. W. Liu X. Y. Tan, B. Angew. Chem. Int. Ed. 2016, 55 (39), 11834-11839
1%6Wang, G. Hu, W. Hu, Z. Zhang, Y. Yao, W. Li, L. Fu, Z. Huang, W. Green Chem. 2018, 20, 3302-3307
167 Granato, A. S. Amarante, G. W. Adrio, J. J. Org. Chem. 2021, 86(19), 13817-13823

188 Konno, S. Shiraiwa, M. Yamanaka, H. Chem. Pharm. Bull. 1981, 29 (12), 3554-3560

169 Yamato, M. Ishikawa, T. Kobayashi, T. Chem. Pharm. Bull. 1981, 29 (3), 720-725

10 Huang, J. R. Bolm, C. Angew. Chem. Int. Ed. 2017, 56 (50), 15921-15925

171 Xu, X. Feng, H. Van der Eycken, E. V. Org. Lett. 2021, 23 (16), 6578-6582

172 Gibson, H. W. Rasco, M. L. Niu, Z. Polymer Chemistry 2011, 49 (17), 3842-3851

173 Bernardi, L. Lopez-Cantarero, J. Niess, B. Jargensen, K. A. J. Am. Chem. Soc. 2007, 129 (17), 5772-5778

174 Dekkers, S. Caspar, B. Goulding, J. Kindon, N. Kilpatrick, L. E. Stoddart, L. A. Briddon, S. J. Kellam, B. Hill,
S. J. Stocks, M. J. J. Med. Chem. 2023, 66 (7), 5208-5222

1% Yi, Z. Q. Chen, F. He, Y. M. Fan, Q. H. Tetrahedron, 2023, 149, 133736.
176 Maddocks, C. J. Ermanis, K. Clarke, P. A. Org. Lett. 2020, 22 (20), 8116-8121

177 Németh, A. G. Szabo, R. Németh, K. Keseril, G. M. Abréanyi-Balogh, P. Org. Biomol. Chem. 2022, 20, 4361-
4368

178 Franco, F. Meninno, S. Overgaard, J. Rossi, S. Benaglia, M. Lattanzi, A. Org. Lett. 2022, 24 (24), 4371-4376

1% Ye, C. X. Chem, S. Han, F. Xie, X. lvlev, S. Houk, K. N. Meggers, E. Angew. Chem. Int. Ed. 2020, 59 (32),
13552-13556

180 Magolan, J. Carson, C. A. Kerr, M. A. Org. Lett. 2008, 10 (7), 1437-1440

181 Nomura, D. K. Zoncu, R. Roberts, A. M. Cho, K. F. Chung, Y. S. C. Shin, H. Croze, B. Univ. of California,
2019, US2019112268A1

182 aw, K. R. McErlean, C. S. P. Tet. Lett. 2016, 57 (29), 3113-3116

183 Goémez-Palomino, A. Pellicena, M. Kramer, K. Romea, P. Urpi, F. Aullén, G. Padrén, J. M. Org. Biomol.
Chem. 2017, 15, 1842-1862

183 Fleury-Brégeot, N. Presset, M. Beaumard, F. Colombel, V. Oehlrich, D. Rombouts, F. Molander, G. A. J. Org.
Chem. 2012, 77 (22), 10399-10408

411



Chapter 9 — References

185 Gangar, M. Chouhan, M. Goyal, S. Harikrishnan, M. Chandran, R. Ittuveetil, A. Nair, V. A. Tet. Lett. 2016,
57 (52), 5931-5934

186 Atwood, C. Natalie, D. Brian, H. T. Novartis AG, 2015, WO2015017589A1

187 Grigg, R. Santhakumar, V. Sridharan, V. Thornton-Pett, M. Bridge, A. W. Tetrahedron, 1993, 49 (23), 5177-
5188

188 Hgthker, S. Plato, A. Grimme, S. Qu, Z. W. Gansauer, A. Angew. Chem. Int. Ed. 2024, 63 (29), e202405911
189 Mondal, S. Phukan, K. P. Basumatary, J. Roy, B. G. Chemistry-An Asian Journal, 2024, 19 (11), e202400147

1% Banchini, F. Leroux, B. Le Gall, E. Presset, M. Jackowski, O. Chemla, F. Perez-Luna, A. Chemistry — A
European Journal, 2023, 29 (36), €202301084

191 Seki, C. Hirama, M. Hutabarat, N. D. M. R. Takada, J. Suttibut, C. Takahashi, H. Takaguchi, T. Kohari, Y.
Nakano, H. Uwai, K. Takano, N. Yasui, M. Okuyama, Y. Takashita, M. Matsuyama, H. Tetrahedron, 2012, 68
(6), 1774-1781

192 Fang, Y. Yang, Z. Park, H. Synthetic Communications, 2014, 44 (9), 1212-1217

193 Herrmann, A. T. Smith, L. L. Zakarian, A. J. Am. Chem. Soc. 2012, 134 (16), 61976-6979
194 3pino, C. Tremblay, M. C. Gobdout, C. Org. Lett. 2004, 6 (16), 2801-2804

195 Suzuki, M. Nagasawa, C. Sugai, T. Tetrahedron, 2001, 57 (23), 4841-4848

196 Murakami, Y. Takeda, Y. Minakata, S. J. Org. Chem. 2011, 76 (15), 6277-6285

197 Davis, F. A. Weismiller, M. C. Murphy, C. K. Reddy, R. T. Chen, B. C. J. Org. Chem. 1992, 57 (26), 7274-
7285

198 Salamanca-Perdigon, K. Hurtado-Rodriguez, D. Portilla, J. Iriepa, I. Rojas, H. Becerra, D. Castillo, J. C.
ChemPlusChem, 2024, 89 (9), €202400172

19| ee, J. C. Park, J. Y. Yoo, E. S. Synthetic Communications, 2004, 34 (11), 2095-2099
200 Guillemard, L. Colobert, F. Wencel-Delord, J. Advanced Synthesis & Catalysis, 2018, 360 (21), 4184-4190

412



Appendix | — Single crystal X-ray diffraction data

Appendix | — Single crystal X-ray diffraction data

Unless otherwise stated, all single crystal X-ray analysis detailed herein was conducted by T. C. Jenkins.

(RS)-4-(3,3-Dihydroperoxybutyl)-3-methylisoquinoline (122):
Single crystal X-ray analysis for this compound was conducted by Dr K. E. Christensen.

HOJ

H O,O i Me
X Me
=N
122
Formula C14 H17 N1 O4 Recrystallised from CDCls by slow evaporation
Crystal Class  monoclinic Space Group C 2/c
a 18.6148(8) alpha 90
b 8.3647(3) beta 92.092(4)
c 19.4083(7) gamma 90
Volume 3020.0(2) Z 8
Radiation type Cu K\a Wavelength  1.541800
Dx 1.158 Mr 263.29
Mu 7.04 Temperature (K) 150
Size 0.10x 0.15x0.20
Cell from 1120 Reflections Theta range 4to0 76
Standard Interval 0 Standard Count 0
Diffractometer type multi-scan Scantype OMEGA
Absorption type  multi-scan Transmission range 0.81 0.93
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Appendix | — Single crystal X-ray diffraction data

Reflections measured 10839 Independent reflections 3140
Rint 0.028 Theta max 76.303
Hmin, Hmax -23 22

Kmin, Kmax -7 10

Lmin, Lmax -23 24

Refinement on Fsqd

R-factor 0.0451 Weighted R-factor 0.1122
Delta Rho min -0.49 Delta Rho max 0.34
Reflections used 3140 sigma(l) limit -3.00
Number of parameters 172 Goodness of fit 1.0048

I .". \ /.. _J"'\.!:' 4 _5
[ F
c14 7 Q17

i ra

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data

(RS)-2-Benzyl-4-(3-oxobutyl)-1,2,3,4-tetrahydroisoquinoline 2-oxide monohydrate

(162):
Formula C20 H25 N1 O3 Recrystallised from EtOAc/heptane by slow evaporation
Crystal Class  orthorhombic Space Group Pna2l
a 5.08650(10) alpha 90
b 25.8569(3) beta 90
c 13.4629(2) gamma 90
Volume 1770.66(5) 4 4
Radiation type Cu K\a Wavelength ~ 1.541800
Dx 1.23 Mr 327.42
Mu 0.655 Temperature (K) 150
Size 0.05x 0.05x 0.20
Colour clear light colourless Shape needle
Cell from 18292 Reflections Theta range 3to 76
Standard Interval 0 Standard Count 0
Diffractometer type multi-scan Scantype OMEGA
Absorption type  multi-scan Transmission range 0.74 0.97
Reflections measured 38018 Independent reflections 3555
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Appendix | — Single crystal X-ray diffraction data

Rint 0.0004 Theta max 76.18
Hmin, Hmax 6 6

Kmin, Kmax -32 32

Lmin, Lmax -16 13

Refinement on Fsqd

R-factor 0.030 Weighted R-factor 0.080
Max shift/su 0.0006

Delta Rho min -0.13 Delta Rho max 0.11
Reflections used 3555 sigma(l) limit -3.00
Number of parameters 225 Goodness of fit 1.021

Flack parameter -0.01(6)

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data

(RS)-2,4-Dibenzyl-1,2,3,4-tetrahydroisoquinoline (178):

CCDC deposition number 2347994, 178 is a previously reported structure, see Xu, L. Zhu, H. Long, G. Zhao, J.

Li, D. Ganguly, R. Li, Y. X, Q. H. Zhang, Q. J. Mater. Chem. 2015, 3, 9191.

178
Formula C23 H23 N1 Recrystallised from acetone by slow evaporation
Crystal Class orthorhombic ~ Space Group Pccn
a 24.1315(3) alpha 90
b 20.9517(2) beta 90
c 6.92850(10) gamma 90
Volume 3503.02(7) Z 8
Radiation type Cu K\a Wavelength 1.541840
Dx 1.19 Mr 313.44
Mu 0.515 Temperature (K) 150
Size 0.20x 0.20x 0.20
Colour clear pale colourless Shape prism
Cell from 18114 Reflections Theta range 4to 76
Diffractometer type multi-scan Scan type OMEGA
Absorption type  multi-scan Transmission range 0.830.90
Reflections measured 36816 Independent reflections 3669
Rint 0.0004 Theta max 76.34
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Appendix | — Single crystal X-ray diffraction data

Hmin, Hmax -30 30
Kmin, Kmax -25 18
Lmin, Lmax -8 8

Refinement on Fsqd

R-factor 0.041 Weighted R-factor 0.100
Max shift/su 0.0127

Delta Rho min -0.22 Delta Rho max 0.26
Reflections used 3668 sigma(l) limit -3.00
Number of parameters 309 Goodness of fit 0.962

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data
4-Benzylisoquinoline (201):

CCDC deposition number 2347992

X
N

201
Formula C16 H13 N1 Recrystallised from acetone by slow evaporation
Crystal Class monoclinic Space Group P21/n
a 6.4852(2) alpha 90
b 8.1394(2) beta 92.424(3)
c 21.9972(7) gamma 90
Volume 1160.10(6) Z 4
Radiation type Cu K\a Wavelength 1.541840
Dx 1.26 Mr 219.29
Mu 0.559 Temperature (K) 150
Size 0.01x 0.20x 0.30
Colour clear light colourless Shape plate
Cell from 3514 Reflections Theta range 4to0 76
Diffractometer type multi-scan Scan type OMEGA
Absorption type  multi-scan Transmission range 0.920.99
Reflections measured 5629 Independent reflections 2389
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Appendix | — Single crystal X-ray diffraction data

Rint 0.0002 Theta max 76.10
Hmin, Hmax 6 8
Kmin, Kmax -10 9
Lmin, Lmax =27 27

Refinement on Fsqd

R-factor 0.042 Weighted R-factor 0.104
Max shift/su 0.0104

Delta Rho min -0.26 Delta Rho max 0.21
Reflections used 2389 sigma(l) limit -3.00
Number of parameters 154 Goodness of fit 0.974

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data

4-(Naphthalen-1-ylmethyl)isoquinoline (202):

CCDC deposition number 2347993

202
Formula C20 H15 N1 Recrystallised from acetone by slow evaporation
Crystal Class monoclinic Space Group P 21/n
a 15.7726(2) alpha 90
b 8.89510(10) beta 109.5290(11)
c 21.2757(2) gamma 90
Volume 2813.24(6) Z 8
Radiation type CuK\a Wavelength 1.541840
Dx 1.27 Mr 538.69
Mu 0.563 Temperature (K) 150
Size 0.20x 0.20x 0.20
Colour clear colourless Shape shapeless
Cell from 32408 Reflections Theta range 4to0 76
Reflections measured 71442 Independent reflections 5872
Rint 0.0004 Theta max 76.30
Hmin, Hmax -17 19
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Appendix | — Single crystal X-ray diffraction data

Kmin, Kmax -11 11
Lmin, Lmax -26 26

Refinement on Fsqd

R-factor 0.038 Weighted R-factor 0.095
Max shift/su 0.0008

Delta Rho min -0.17  Delta Rho max 0.25

Reflections used 5872  sigma(l) limit -3.00

Number of parameters 379 Goodness of fit  0.970

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data

4-(Pyridin-2-ylmethyl)isoquinoline (209):

CCDC deposition number 2347995

A
N
209
Formula C15 H12 N2
Crystal Class monoclinic
a 6.4010(2)
b 8.1364(2)
c 21.7622(7)
Volume 1132.81(6)
Radiation type CuK\a
Dx 1.29
Mu 0.601
Size 0.10x 0.10x 0.20
Colour translucent light bronze
Cell from 3969 Reflections

Diffractometer type multi-scan

Absorption type  multi-scan

Reflections measured 9273

Rint 0.0003

Recrystallised from acetone by slow evaporation

Space Group

alpha

beta

gamma

z

Wavelength

Mr

Temperature (K)

Shape

Theta range

Scan type

Transmission range

Independent reflections

Theta max

423

P 21/n

90

91.842(3)

90

1.541840

220.27

150

block

4to 76

OMEGA

0.850.94

2338

76.25



Appendix | — Single crystal X-ray diffraction data

Hmin, Hmax 77
Kmin, Kmax -7 10
Lmin, Lmax 27 27

Refinement on Fsqd

R-factor 0.048 Weighted R-factor 0.106
Max shift/su 0.0003

Delta Rho min -0.22 Delta Rho max 0.23
Reflections used 2338 sigma(l) limit -3.00
Number of parameters 155 Goodness of fit 0.994

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data

2-Benzyl-3,4-dimethylisoquinolin-2-ium iodide chloroform mono-solvate (245):

£ X

Me CHCls

N Me

Z N\/@ ;@

@
245

Formula C19 H19 CI3 11 N1 Recrystallised from chloroform by slow evaporation
Crystal Class triclinic Space Group P -1
a 10.7398(2) alpha 75.0797(14)
b 11.4511(2) beta 89.7666(12)
c 17.0842(2) gamma 82.9145(14)
Volume 2013.88(6) z 4
Radiation type Cu K\a Wavelength  1.541800
Dx 1.63 Mr 989.26
Mu 16.151 Temperature (K) 150
Size 0.20x 0.20x 0.20
Colour clear light colourless Shape  block
Cell from 30505 Reflections Theta range 4t0 76
Standard Interval 0 Standard Count 0
Diffractometer type multi-scan Scantype OMEGA
Absorption type  multi-scan Transmission range 0.02 0.04
Reflections measured 39783 Independent reflections 8367
Rint 0.0005 Theta max 76.30
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Appendix | — Single crystal X-ray diffraction data

Hmin, Hmax -13 13
Kmin, Kmax -14 14
Lmin, Lmax -20 21

Refinement on Fsqd

R-factor 0.032 Weighted R-factor 0.084
Max shift/su 0.0041

Delta Rho min -1.17 Delta Rho max 0.98
Reflections used 8367 sigma(l) limit -3.00
Number of parameters 433 Goodness of fit 1.002

ci

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data

(RS)-5-Benzyl-10b-methyl-1,5,6,10b-tetrahydrophenanthridin-3(2H)-one (247):

247

Formula C21 H21 N1 O1

Crystal Class  monoclinic
a 10.5618(4)
b 17.0539(7)
c 9.044(3)
Volume 1579.42(11)

Radiation type Cu K\a

Dx 1.28
Mu 6.02
Size 0.10 x 0.10 x 0.10

Colour translucent pale colourless
Cell from 2391 Reflections
Standard Interval 0

Diffractometer type multi-scan
Absorption type  multi-scan
Reflections measured 4881

Rint 0.032

Hmin, Hmax -13 13

Recrystallised from acetone by slow evaporation

Space Group 1lal

alpha 90

beta 104.178(4)
gamma 90

4 4
Wavelength 1.541800
Mr 303.40

Temperature (K) 150

Shape  prism
Theta range 5to 75
Standard Count 0
Scantype OMEGA
Transmission range 0.93 0.94

Independent reflections 2117

Theta max 75.42
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Appendix | — Single crystal X-ray diffraction data

Kmin, Kmax 21 21
Lmin, Lmax -11 8

Refinement on Fsqd

R-factor 0.0398 Weighted R-factor 0.0919
Max shift/su 0.0005483

Delta Rho min -0.17 Delta Rho max 0.14
Reflections used 2117 sigma(l) limit -3.00
Number of parameters 209 Goodness of fit 1.0066

Flack parameter -0. 1(5)

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data

(RS)-5-Benzyl-1,5,6,10b-tetrahydrophenanthridin-3(2H)-one (256):

Mo

256

Formula C20 H19 N1 O1

Crystal Class  monoclinic

a 11.1926(1)
b 13.6162(1)
c 11.0720(1)

Volume 1515.90(2)

Radiation type Cu K\a

Dx 1.27
Mu 6.04
Size 0.05x 0.10x 0.10

Colour translucent pale colourless

Cell from 41888 Reflections

Standard Interval 0

Diffractometer type multi-scan

Absorption type  multi-scan

Reflections measured 58838

Rint 0.022

o

I

v N

Recrystallised from chloroform by slow evaporation

Space Group P 21/c

alpha 90

beta 116.0549(8)
gamma 90

Z 4

Wavelength  1.54184

Mr 289.38

Temperature (K) 100

Shape lath

Theta range 3to 75

Standard Count 0

Scantype OMEGA

Transmission range 0.91 0.97

Independent reflections 3107

Theta max 75.41
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Appendix | — Single crystal X-ray diffraction data

Hmin, Hmax -14 13
Kmin, Kmax -14 16
Lmin, Lmax -13 13

Refinement on Fsqd

R-factor 0.0385 Weighted R-factor ~ 0.0999
Max shift/su 0.0003425

Delta Rho min -0.21 Delta Rho max 0.39
Reflections used 3107 sigma(l) limit -3.00
Number of parameters 199 Goodness of fit 0.9671

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data

(RS)-5-Benzyl-3-hydroxy-10b-methyl-1,2,6,10b-tetrahydrophenanthridin-5-ium

trifluoromethanesulfonate monohydrate (258):

sede

®
258

Formula C22 H24 F3 N1 O5 S1

Crystal Class  monoclinic
a 11.4345(1)

b 16.5127(2)

c 11.8761(1)
Volume 2111.76(4)

Radiation type Cu K\a

Dx 1.48

Mu 19.23

Size 0.02x 0.10x 0.10
Colour clear pale colourless

Cell from 13022 Reflections
Standard Interval 0
Diffractometer type multi-scan
multi-scan

Absorption type

Reflections measured 23191

Recrystallised from chloroform by slow evaporation

Space Group P 21/c

alpha 90

beta 109.6524(13)
gamma 90

Z 4
Wavelength 1.541800
Mr 471.50

Temperature (K) 100
Shape plate
Theta range 5to 76
Standard Count 0

Scantype OMEGA

Transmission range 0.73 0.96

Independent reflections 4361
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Appendix | — Single crystal X-ray diffraction data

Rint 0.0003 Theta max 75.96
Hmin, Hmax -14 14
Kmin, Kmax -20 20
Lmin, Lmax -14 13

Refinement on Fsqd

R-factor 0.039 Weighted R-factor ~ 0.103
Max shift/su 0.0006

Delta Rho min -0.55 Delta Rho max 0.26

Reflections used 4361 sigma(l) limit -3.00

Number of parameters 289 Goodness of fit 0.980

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data

Ethyl 2-(7-methyl-[1,3]dioxolo[4,5-g]isoquinolin-8-yl)acetate (280):

280

Formula C15 H15 N1 O4

Crystal Class triclinic

a 4.4575(4)
b 8.8401(9)
c 17.1177(15)

Volume 656.22(11)

Radiation type Cu K\a

Dx 1.38
Mu 8.37
Size 0.01x 0.10x 0.80

Colour translucent pale colourless

Cell from 3161 Reflections

Standard Interval 0

Diffractometer type multi-scan

Absorption type  multi-scan

Reflections measured 9636

Rint 0.067

Recrystallised from acetone by slow evaporation

Space Group P-1

alpha 98.731(8)
beta 92.383(8)
gamma 99.394(8)
4 2

Wavelength 1.54184

Mr 273.29

Temperature (K) 150

Shape lath
Theta range 5to 76
Standard Count 0
Scan type OMEGA

Transmission range 0.44 0.99

Independent reflections 2696

Theta max 76.843
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Appendix | — Single crystal X-ray diffraction data

Hmin, Hmax 5 5
Kmin, Kmax 9 11
Lmin, Lmax 21 21

Refinement on Fsqd

R-factor 0.0885 Weighted R-factor ~ 0.2139
Max shift/su 0.0000971

Delta Rho min -0.37 Delta Rho max 0.46
Reflections used 2696 sigma(l) limit -3.00
Number of parameters 181 Goodness of fit 1.0019

Thermal ellipsoids are drawn at the 50% probability level.

434



Appendix | — Single crystal X-ray diffraction data

(RS, RS)-Ethyl 2-(5-benzyl-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridin-

11b(1H)-yl)acetate (307):

Me_ O O )’\ \’/\{
OO0 Sy
o} Q
307

Formula C25 H29 N1 O4 Recrystallised from EtOAc by slow evaporation
Crystal Class triclinic Space Group P-1
a 7.5106(1) alpha 104.0095(19)
b 11.9895(2) beta 105.5155(19)
c 12.2796(3) gamma 93.0676(16)
Volume 1025.46(4) z 2
Radiation type Cu K\a Wavelength  1.541840
Dx 1.32 Mr 407.51
Mu 0.713 Temperature (K) 150
Size 0.20x 0.30x 0.30
Colour translucent pale yellow Shape block
Cell from 14637 Reflections Theta range 4to 76
Standard Interval 0 Standard Count 0
Diffractometer type multi-scan Scantype OMEGA
Absorption type  multi-scan Transmission range 0.78 0.87
Reflections measured 18816 Independent reflections 4261
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Appendix | — Single crystal X-ray diffraction data

Rint 0.0002 Theta max 76.23
Hmin, Hmax 9 9

Kmin, Kmax -15 14

Lmin, Lmax -15 15

Refinement on Fsqd

R-factor 0.035 Weighted R-factor 0.095
Max shift/su 0.0004

Delta Rho min -0.25 Delta Rho max 0.25
Reflections used 4261 sigma(l) limit -3.00
Number of parameters 271 Goodness of fit 0.974

Thermal ellipsoids are drawn at the 50% probability level.
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Appendix | — Single crystal X-ray diffraction data

(RS, RS)-2,3,4,4a,5,6-Hexahydro-1H-5,11b-ethano[1,3]dioxolo[4,5-jJphenanthridin-5-

ium chloride dihydrate (273):

O y OH,
< L
© ® oH, © -
HCI salt of 273 r
Formula C16 H23.50 CI1 N1 O4 Recrystallised from EtOAc/heptane by slow evaporation
Crystal Class  monoclinic Space Group P 21/c
a 10.3738(2) alpha 90
b 21.7216(4) beta 91.7695(17)
c 6.9925(1) gamma 90
Volume 1574.91(5) Z 4
Radiation type Cu K\a Wavelength ~ 1.541800
Dx 1.39 Mr 329.32
Mu 23.07 Temperature (K) 150
Size 0.10 x0.10x 0.20
Colour translucent pale colourless Shape shapeless
Cell from 6716 Reflections Theta range 4to0 76
Standard Interval 0 Standard Count 0
Diffractometer type multi-scan Scantype OMEGA
Absorption type  multi-scan Transmission range 0.63 0.79
Reflections measured 12110 Independent reflections 3283
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Appendix | — Single crystal X-ray diffraction data

Rint 0.032 Theta max 76.35
Hmin, Hmax -12 13

Kmin, Kmax -27 26

Lmin, Lmax -7 8

Refinement on Fsqd

R-factor 0.0423 Weighted R-factor 0.0982
Max shift/su 0.0011920

Delta Rho min -0.44 Delta Rho max 0.42
Reflections used 3283 sigma(l) limit -3.00
Number of parameters 219 Goodness of fit 1.0037

H21 21

Thermal ellipsoids are drawn at the 50% probability level.

438



Appendix | — Single crystal X-ray diffraction data
(RS, RS)-2-(5-benzyl-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridin-11b(1H)-

yl)-N-methoxyacetamide (317):

H
Me\O,N

O
<O
317

Formula C21 H21 N1 O1 Recrystallised from Et,O/heptane by slow evaporation
Crystal Class  hexagonal Space Group P 61
a 16.9860(13) alpha 90
b 16.9860(13) beta 90
c 13.2605(8) gamma 120
Volume 3313.4(5) 4 6
Radiation type Cu K\a Wavelength ~ 1.541800
Dx 1.23 Mr 408.50
Mu 6.77 Temperature (K) 150
Size 0.05x0.05x0.40
Colour translucent pale colourless Shape needle
Cell from 2634 Reflections Theta range 4to0 74
Standard Interval 0 Standard Count 0
Diffractometer type multi-scan Scantype OMEGA
Absorption type  multi-scan Transmission range 0.08 0.97
Reflections measured 24908 Independent reflections 4510
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Appendix | — Single crystal X-ray diffraction data

Rint 0.138 Theta max 73.58
Hmin, Hmax 21 21
Kmin, Kmax 20 21
Lmin, Lmax -16 16

Refinement on Fsqd

R-factor 0.0986 Weighted R-factor 0.1782
Max shift/su 0.0209413

Delta Rho min -0.40 Delta Rho max 0.47
Reflections used 4509 sigma(l) limit -3.00
Number of parameters 336 Goodness of fit 0.9873
Flack parameter -0. 10(19)

Thermal ellipsoids are drawn at the 50% probability level.
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