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Abstract

This thesis details investigations and the optitiroseof N-arylation reactions using precious-
metal-free conditions. It is an important motif several pharmaceutical and agrochemical
molecules. In 1965 Boclet aldescribed the use of concentrated sulfuric aciteeetic acid
as the solvent in a modified version of the Hofmawffler-Freytag to carry out direct

amination of aromatics vis-haloamines.

The first section looks at the UV irradiation chetry where we utilisetl-halo species which
under photolytic conditions form the aminium radica Several examples of

tetrahydroquinolines being synthesised in flow hlagen carried out

Investigations into amination of electron-deficidr@terocycles such as pyridines were also

investigated. Unfortunately, mé-arylation was observed under the various conditioalled.

Similar investigations have been carried out ihtoghotolysis oN-chloroamides with varying
degrees of chain length and position of the anmibheler neutral conditions in the presence of

a Lewis acid some successNrarylation reactions has been observed.

In the second section the use of iron(ll) salts Ix@sn investigated towards tNearylation
reaction via the aminium radial generated from Khbalo species. A variety of substrates
containing electron-poor and electron-rich arométigs have been synthesised under these

conditions.

This methodology has been expanded to includeocarsialt variant of the work with examples

of intramolecular and intermolecular dirddtarylation described. Using our methodology
some simple aromatics and the drug naproxen hawebeen aminated successfully. The use
of hydroxylamines as alternative precursors toatménium radical has also been investigated

with some success in the synthesis of various matbst
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Abbreviations

°C- degrees Celsius

A - heat

0 — chemical shift

Ar — aryl

Acac- acetylacetone

Bn- benzyl

Bu- butyl

Br — broad

Cat,- catalytic

Conc — concentrated

COSY - correlation spectroscopy

d- doublet

DCM - dichloromethane

dd - doublet of doublets

DEPT - distortionless enchancement by polarizatiamsfer
dFppy-2(4,6-difluorophenyl)pyridine
DIPEA-diisopropylethylamine

Dppf- 1,1-bis(diphenylphosphino)ferrocene
eqg — equivalents

ESI- electrospray ionisation

FEP- fluoroethylene propylene

FR- flow rate

FT-IR- fourier transform infrared

HLF- Hoffmann-Loffler-Freytag

HRMS- high resolution mass spectrometry

Hz- Hertz



|.D.- internal diameter

J — coupling constant

LiAIH 4- lithium aluminium hydride
LC-MS - Liquid chromatography mass spectrometry
M- molar

m- multiplet

Me - Methyl

mmol - millimole

M.p- melting point

MHz — megahertz

MTBE- methyltert-butyl ether
NCS-N-chlorosuccinimide

NIS- N-iodosuccinimide

NMR- Nuclear Magnetic Resonance
NOSEY- nuclear overhauser effect spectroscopy
ppm- parts per million
PTFE-polytetrafluoroethylene

g- quartet

r- radius

RT- room temperature

R.V.- reactor volume

s- singlet

SET- single electron transfer

STAB- sodium triacetoxyborohydride
STY- Space Time Yield

t- triplet

t — tertiary

'Bu —tert-butyl



TBTU- O-(benxotriazol-1-ylN,N,N’,N”-tetramethyluronium tetrafluoroborate
THF-tetrahydrofuran

THQ-tetrahydroquinoline

TLC — thin layer chromatography

tr- residence time

UV — ultraviolet

V-volume

W - Watt

wt- weight
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Chapter 1 Introduction

1.1 Importance of Aryl C-N Bond Formation in the Prarmaceutical Industry

Within the pharmaceutical industry there are matgngples of drug molecules which contain
an aryl C-N bond. A few examples of important draglecules that contain this motif are

shown in Figure 1.1. This makes research into iffiereint ways this bond can be formed vital.

Vanilloid receptor-1 antagonist Androgen receptor agonist

N N Z 4
H H
0~ N N
1 H H
2

Figure 1.1

A study carried out in 2011 by Roughly and Joréaml showed thaiN-arylation reactions
made up 6.3% of the total reactions carried outlegicinal chemists in AstraZeneca, Pfizer
and GlaxoSmithKline over the course of a year. iffost common ways of carrying out this
transformation were \r and Pd catalysed Buchwald-Hartwig cross couptieactions. A
similar review was also carried out by Carey, \ittis and Laffaret alin 2006 who showed
that in process chemistry 19% of the total reasticarried out were heteroaromatic alkylations
and arylations, of whicN-substitution made up 57%l-arylation reactions made up 17% of
these reactions with more examples of this beingiezh out due to the development of

Buchwald and Hartwig'$-arylation methodologs.



1.2 Methods of C-N bond formation

There are different methods that can be undertaiiiorm an aryl C-N bond one of the
traditional methods is nitration to install theraigroup then reduction of the nitro to afford the
amine. This can then be alkylated as desired. Aanattethod of C-N aryl bond formation is
SvAr although this has limitations as it requirescaien-withdrawing groups in thertho or
para positions and a fluorine as a leaving group fa shbstitution, More modern methods
involve the use of precious metals such as palladiomplexes, require prefunctionalised
aromatic rings such as a halogen and boronic agidsore desirable method would be direct
amination of the aromatic ring and developmentghis area will be the focus of this

discussion.

» Nitration/reduction:3 ﬂ SyAr:3 \

HNR,

NO, NH, HN”
© Nitration Reduction _L_ Alkylation & N F O NR, O

F R
Q) oj -
Disadvantages
Lengthy synthesis Disadvantages
Regioselectivity issues Limited substrate scope

Harsh conditions \

K Modern Methods : Buchwald-Hartwig \ ¢ Direct amination:
and the Ullmann cross coupling - Aim of this project.
reaction.*>®

/ RESIRY
O« dy —— O :
R R || | - >

Disadvantages
Precious Metal catalysts

W\

Pre-functionalised aromatics /

KBespoke ligands /

Figure 1.2

This chapter will contain a brief review that wdbk into the different reactions that have been
used traditionally for such bond formations, foagsfirstly on the formation of the aryl C-N
bond by several different methods including a aldsek into the applications dfl-centred

radicals in this area.



1.3 Transition Metal Catalysed Aryl C-N Bond Formaion

There are many examples of metals being used alystatand initiators in the formation of

aryl C-N bonds; this section will look at the diéat metals involved.

1.3.1 Ullmann Coupling

In 1901, Ullmanret al first reported the coupling between 2 equivalentryl halide4 using
finely powdered copper which afforded a symmetriatyl 5 (Scheme 1.1).This reaction is

formally known as the Ullmann coupling.

R <200°C iy R
4 5

Scheme 1.1

Modifications to this methodology in subsequentrgdry Ullmann, expanded the scope of the
reaction to allow copper to couple aryl halidesdifierent oxygen, carbon and nitrogen
nucleophiles (Scheme 1.2J.

COOH

[Cu] (1.1 eq)
NH, ) cl PANO,
210°C N
COOH
6 7 8

Scheme 1.2

The Ullmann coupling reaction requires harsh coolét with high temperatures and
stoichiometric amounts of copper being used. In6l9Boldberg demonstrated amide
nucleophiles could be used, and later in the saaewent on to show the first catalytic version

of the reaction (Scheme 13).

cat [Cu],
NaOAc (1 eq.)

0 0
" Br PhNO, /©
2+ 210°C N
9 10 1

Scheme 1.3



The mechanism of the reaction has been widely thspas it has been proposed to proceed
through non-radical and radical pathwdys.proposed catalytic mechanism for amination of
aryl halides is shown in Scheme 1.4. It involvesdbpper halide speci&2 which reacts with
the nucleophile and base to yield the copper-nptig® specied4. Oxidative addition of the
aryl halide generates the copper spedi@sReductive elimination affords the desired aryl

compoundl?7 and regeneration of the cataly/t.

HNu + base
Cu'X 13
Ar Nu 12 base HX
reductive
elimination
Cu'-Nu
14
Ar\C, Il ArX
T oxidative 15
Nu addition
16

Nu = HNRR', HOAc, HSR
Scheme 1.4

Modifications to the Ullmann reaction introduced Bychwaldet al. have shown that aryl
halides (iodide is required in most cases) candupled to amines using catalytic copper(l)

salts at lower temperatures than previously usedg®e 1.5§!

Cul (5 mol%),
L (5-20 mol%),

KsPO, 2 eq), RHN
G )mr R, DM @ L= o
R 90°C, 18-22 h,

R
71-95% EtN® "0

18 19 20 21

Scheme 1.5

Recent developments by M#al have shown the use of aryl chlorides and loweptrature

reactions to carry out transformation (Scheme *.6he synthesis of a new ligand allowed
these changes in conditions to be achieved. Thegreed that more electron-rich anilides and
bulkier ligands gave the best yields. This has tswn to work on electron-rich as well as

electron-poor aromatic rings and on heterocycleb si3 pyridine.

8



5 mol% Cul
5 mol% BTMPO,

cl FaC NHBn | %0 NS
3 n
. . NH,Bn _KaPOs DMSO -
120 °C, 24 h N

BTMPO
25
Scheme 1.6

1.3.2 Buchwald-Hartwig Cross Coupling Reaction

In 1983 Migitaet al showed the first Pd-catalysed formation of aryN(honds using
aminostannanes and palladium cataly$tShis methodology was investigated further by
Buchwald and Hartwig in the 1990s (Scheme 1*#These reactions however did have some
issues due to the instability of some of the antaasanes, thereby reducing the scope of the
reaction. Some of the instability issues observedldt be overcome by forming the

aminostannania situ.'®

R" Bu;SnNRR' R"
Br NRR'
Pd (2.5 mol%)

26 105°C 27

Scheme 1.7

Later both Buchwald and Hartwig went on to showt tdh the addition of an appropriate
base and ligands, amines could be used directly aanithostannanes were not required,
therefore relieving any issues of instability. Tuse of a strong base in these reactions allows
for the formation of the aromatic amines from tloeresponding halides and amines with it
now being one of the most commonly udédrylation reactions. There are many examples of

these throughout the literature (Scheme ¥..8).

OMe
OMe H Pd,(dba)s (0.5 mol% Pd)
_N BINAP (0.75 mol%) N
5 \© NaO#Bu (1.2 eq), neat
80°C, 29 h, 75% @
28 29 30

Scheme 1.8



The proposed mechanism of the reaction is shov@theme 1.9. The first step is the oxidative
addition of the aryl halidd5 to the palladium(0) to form an arylpalladium(lpesies32.
Subsequently the amine gro8p then coordinates to the palladium cerg@fe The base then
deprotonates the coordinated amine after which atedu elimination yields the desired

product36.
Ar-NR, Ar-X
36 15
[Pd°]
31
[Pd"]’NR2 A
Pd
\Ar [ ]\X
35 32
H
B-H i NR2 HNR,
N 33
Ar
B- 34
Scheme 1.9

There are some issues observed with the redudiivénation step when electron-rich aryl
halides are employed (electron-deficient palladgp®cies undergo reductive elimination more
readily). The amide can instead undergo hydrodejealation which yields the reduced arene

41 as a side product of the reaction (Scheme 1'10).

R H
N\K [Pd"{ Ar—H
Pdl, | N\ “Ar \
Ar R 39 41
N~ [Pd]

37 B o

38
Scheme 1.10

In 2016 Macmillian and Buchwalet al demonstrated together that a nickel catalyst cbald
used in conjuction with a photocatalyst to carrytbe amination on an aromatic ring (Scheme
1.11)!8 A variety of aromatic rings could be aminated gsaryl bromides under these
conditions without the need for other ligands oghhitemperatures. The photocatalyst

regenerates the nickel catalyétthrough a single electron transfer.

10



5 mol% NiX,.glyme
0.02 mol% photocatalyst,

X Br -R DABCO, DMA, blue LED
R + HN
= R RT or 55 °C

L Photocatalyst ]
45

Scheme 1.11

1.3.3 Chan-Evans-Lam cross coupling reaction

In 1998 Chan-Evans-Lam cross coupling was descntigidh involves the cross-coupling
between a boronic acid and a heteroatom (Scher2g!4:2-?* The initial reaction conditions
required the use of stoichiometric copper saltsatettiary amine base. It was shown to work
on amines, amides, phenols and nitrogen contalmteyocycles with a variety of arylboronic

acids.

B(OH), 1.5 eq Cu(OAc), XR'
©/ ¥ XHR' 2.0 eq pyridine, DCM Q/

R RT, 18-67 h R
46 47 48

Scheme 1.12

Several groups have investigated the reactiondurihd developed conditions that allow the
use of catalytic copper and have reduced readitioestcompared to the original conditions.
Combset al described the first polymer supported versiorhefrieaction which dramatically
decreased the reaction times through microwaveiatian?2 A variety ofN-heterocyles where

synthesised using this method (Scheme 1.13).

11



1) Cu(OAc)2 (5 eq), 0
o 4MePhB(OH), B eq), N
Q \ pyridine-NMP (1:1), 2 N 0
N S microwave N + N
N 2) TFA-DCM (1:1) e ?
H 56% N
(1:1)

49 50 51

Scheme 1.13

Collmanet al established a catalytic version of Chan-Evans-lraaction which used 10
mol% of a TMEDA complexed copper cataly3fThis was shown to work between several
boronic acids and imidazoles, with air being théart to return the copper to the original

oxidation state (Scheme 1.14).

’ [Cu(OH) TMEDALCl,
B(OH). X N (10 mol%), DCM, O, ‘Q_NAN
[N/> RT, 16 h =

52 53 1% 54

Scheme 1.14

Several probes into the mechanism of the reactawe tbeen made latterly by Watseinal
who used 4-phenyl-phenylboronic acid and piperig®eheme 1.15¥ They propose that the
[Cu(OACc)]22H20 complexs5is denucleated to a mononuclear Cu(ll) compiéwhich then
undergoes transmetallation with the organoborogaetb7 to afford the Cu(ll) speciess.
Oxidation of the Cu(ll) specied0 to the Cu(lll) speciesia disproportionatiorgives complex
62. Reductive elimination then yields the desireddpii63 and a Cu(l)OAc speciég! which
is oxidised by @ and HX to regenerate the Cu(ll) specds Through this study, improved

reaction reliability has been shown due to theaisalditives.

12



[Cu(OAc),]> H,0

55
+ R,NH Cu, ArB(OR),
HO NHR, 57
56
LnCuOAc
64 MeCN_ __OAc
_Cu,
0" 'NHR,
R-NH, RO“"B\Ar
63 RO 58
MeCN___OAc
/Cu‘
Ar 62NR2
MeCN.__OAc HOB(OR),
/Cu, 59
A NHR
LnCu(l)X r o
+HX L,Cu(I)X,
61
Scheme 1.15

1.4 C-H activation amination reactions

In recent years C-H activation methodology has leegranded to include the formation of C-
N aryl bonds under a variety of conditions, a feswaraples of which will be discussed in this
section. There are other examples within the liteeathat heated azides to form nitrenes,
however this is an undesirable method due to satetgerns?® Driver et al. established milder
conditions which utilises rhodium catalysis to smm azides into various heterocycles

focusing mainly on the synthesis of indoles (Sché&mé)?°

ha(OzCC3F7)4 @3 mol%),
CO,Me
A 2 t(lluene mcozl\ﬂ o
Ns 40°C, 16 h MeO N

MeO 98% H

65 66
Scheme 1.16

In 2005 Buchwalakt al first described the C-H activation reaction ttexulted in C-N bond

formation, involving amide precursdg, using palladium as the catalyst towards the ggish

13



of carbazole$8.2’ These reactions utilised Cu(OA®s a stoichiometric co-oxidant in the

reactions (Scheme 1.17).

0 5% Pd(OAc),, O,
)J\ 1 eq Cu(OAc),, toluene o
N

H molecular sieves N‘<
0,
R 120 °C, 12-24 h R
41-98%
67 68
Scheme 1.17

This reaction did have some disadvantages duetatiompatibility of some functional groups
with Cu(OAc). In subsequent years it was found by Buchvaldl that when DMSO was
used as the solvent Cu(OAayas not required as a co-oxidant. The scope ofd¢hetion was
increased due to the increase in the variety aftfanal groups that could be tolerated (Scheme
1.18)%8

(0]
O NJ\ Pd(OAc), (5 mol%), O, O 0
N DMSO N—/<
molecular sieves
120°C, 12-24 h
0,
SMe 82% SMe

69 70
Scheme 1.18

In 2008, Buchwalcakt al. described a copper-mediated amination reactieolving amidines
that proceeded via C-H activation to afford bendmaioles (Scheme 1.19)It was found that
electron-donating and electron-withdrawing groupstiee N-aryl ring were tolerated well
within the reaction. Further investigations eststiid that 2-alkylated instead of arylated
benzimidazoles could also be afforded under theseitons, however, this was limited to
amidines bearing théert-butyl group only. When smaller alkyl groups wersed only
decomposition of the starting material was obseamtino desired product was obtained.
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Cu(OAGC),, (15 mol%), H
§ HOACc (5 eq), DMSO N
©/ 100 °C, O, atmosphere, N/
NH 18 h

89%
71 72

Cu(OAGC),, (15 mol%),
HOAc (5 eq), DMSO

H
N tBu H
\ﬂ/ 100 °C, O, atmosphere, @E />—tBu
NH 18 h N

86%
73 74

Scheme 1.19

1.5 Amination reactions involving Aminyl and Iminyl Radicals

There are different types &-centred radicals that can be formed, exampleslo€lware
shown in Figure 1.3.

S S G R
R™ N R R
75 76 77 78
imidyl iminyl aminyl amidyl

Figure 1.3

1.5.1 The Hofmann-Loffler-Freytag Reaction (HLF)

The HLF reaction was discovered in 1878 by Hofmamo observed that when secondary
chloroamines containing alkyl chains with at lefaatr carbons are treated withy$ and
photolysed the resulting product was a cyclic &ytamine®®3 Following this, further work
was carried out by Loffler and Freytag who dematstt this could be applied to secondary
amines as well. This method could be employedengdneral synthesis of pyrrolidin@8 as

shown in Scheme 1.78.

R i) HySO,, hv |
\/V\N/ ijbase ., R N
ci O
79 80
Scheme 1.20
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The mechanism of the HLF reaction was initially estigated by Wawzoneg&t al. who
proposed that it proceed®&th a radical reaction, which was later investigatestaughly by
Coreyet al(Scheme 1.213334The reaction is initiatedia heating, external radical initiator or
irradiation of the reaction mixture with UV lightvhich generates an aminium radicdd
homolytic cleavage of thH-halo bond of the protonated chloroamBte Following this the
nitrogen-centred radical readily undergoes an mnédecular 1,5-hydrogen atom transfer
resulting in83. The alkyl radical then undergoes radical recomom to form the alkyl-
halogen bondB4. Finally treatment with a base which deprotondbes salt, allowing the
internal nucleophilic substitution reaction to ocgielding the pyrrolidine80, with excellent

regioselectivity observed.

R~y + H H
N hv/A, H R~ R |-
AL N | TN

C
Cl & H
79 81 82
H H R H
R | base R |- NN
N | —— N | —— \
cl
85 84 83

Scheme 1.21

In 1974, Oishet al demonstrated that the chloroamine could be geedirasituand irradiated
directly under UV light to obtain87 under neutral conditions (Scheme 1.22)This
photocyclisation differs from the HLF reaction ihrée main aspects. One is that a six-
membered ring is formed instead of the five-memibeireg which shows that other pathways

are possible even though 1,5- is usually favouiidak formation of the six-membered ring
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might be preferred as it would procead a carbon centred radical which is stabilised gy th
adjacent nitrogen lone pair. No strong acid wassgue in the reaction mixture and the

cyclisation therefore occurred without any treattneith base.

i) NCS, ether
NH _N ii) hv, ether, RT, 5 h N N
30%
86 87
Scheme 1.22

In 1983 Suareet al. published another modified version of the HLF teacthat eliminates
the need to use strongly acidic conditions, whiehret suitable for all functional or protecting
groups (Scheme 1.2%). The alternative method involved reactidrnitroamines, N-
cyanamines oN-phosphoramides with hypervalent iodine speciesumnéutral conditions,

generating the nitrogen centred radicals.

PhIO (2 eq),
i Séﬂ'zceqH)' (IP? OFt
H .PCOEt » Le1o -
—_ 0 fy N
w OEt  rt, W-lamp OEt
88 89
Scheme 1.23

An adapted HLF reaction that utilises an iridiunofatatalyst to access the aminyl radicals,
from N-chlorosulfonamides precurs®® was published in 2015 by Yat al®’ They found that

lower catalyst loadings increased the yield ofdbsired product (Scheme 1.24).

step i) Ir(ppy) »(dtbbpy)PFg (0.1 mol%),
Ph TS Na,HPO,, MeCN D
(IJI white LED strips, RT, 12 h Phi N
Step i) NaOHg), RT, 4 h Ts
90 83% 91

Scheme 1.24

They then went on to apply this methodology to Ist@ge modifications of biologically
important molecules. In one example the matrix-@tgin inhibitor (-)eis-myrtanylamine
derived N-chlorosulfonamide92 was subjected to the newly established methodokuy
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piperidine93 was isolated as one isomer (Scheme 1.25). Dueetoestricted conformation of
the N-chlorosulfonamideé?2 the six-membered ring was formed over the genepakferred

five membered ring.

step i) Ir(ppy)2(dtbbpy)PFg (0.1 mol%),
NazHPO4, MeCN

cl white LED strips, RT, 12 h
Nois  Stepii) NaOH), RT, 4 h Ners
92 86% 93
Scheme 1.25

1.5.2 Arylation of aminyl and iminyl radicals

When attempting the synthesis of indenopyrrolidde Dey et al and Robinsoret al both
reported that instead of the expected hydrogerradtgtn occurring for an HLF reaction,
amination occurred on the aryl ring instead tod/tle tricyclic compoun@6 (Scheme 1.26).

This result showed that amination on aryl ringslddae achieved without the use of transition

metals3® 3°
/N/ hV, HQSO4
cl 10h NS
_N
94 95 96

Not observed 30 - 40%

Scheme 1.26

Interestingly, alternative groups to chlorine hdween investigated. One example Ns
alkyloximes97 that are used to form iminyl radic&l8, in the synthesis of heterocycles shown
by Rodriguezet al (Scheme 1.27% They have shown that this reaction can be cawoigd
under neutral conditions and after a solvent s¢rebatanol was found to be optimal. It has
been shown by Waltost al through studies carried out using EPR spectroscibyat the

reaction proceedda the iminyl radicaft
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hv, 400W Mercury
lamp N
t-butanol O |
58% =N

97 98 99

Scheme 1.27

Rodriguezet al. have expanded on this work to show aminatiorocanr on heterocyclic rings

including pyridine and thiophene rings, again unakutral conditions (Scheme 1.28).

Z "N hv, 400W Mercury =z N
. | Iamp
MeCN

Scheme 1.28

In 2012 Sarpongt al.demonstrated the use of aromatic aminatiaa modified HLF reaction
under basic conditions in the total synthesis bb#orine*3 The acidic conditions using.BOu
that had been successfully demonstrated by Dayranminson (i.v. Scheme 1.26) gave no
desired N-arylation productl103 vyielding starting material only. The reaction walso
attempted under conditions described by Oeslal (c.f. Scheme 1.22), with irradiation of the
chloroamine under neutral conditions, however thgmee the desired product in a low 8%
yield 2® The reaction was then tried with a base and teeatkproduct was afforded, with the

best results seen through the presumed formatitimedi-iodoaminen situ (Scheme 1.29).

NIS (1 eq), PhH;
hv, 10 min; EtsN

N
H (6 eq),
N { — hv,5h
N 7 9
Boc o N 81%
\
102
Scheme 1.29

1.5.3 Amination of Aryl rings by N-centred Radicals Generated by Transition Metals

Minisci et al described intermolecular examples of homolytanaatic amination using Ee

salts as radical initiators in either concentrate&® Qs or a mixture of HSQy and AcOH
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(Scheme 1.30% The reaction was shown to work with benzene amiws amino substrates
with alkyl chains, phenyl groups or primary aminBse yields of these reactions are dependent

on various factors, one of which is the bulk of sstituents on the chloroamine (the bulkier

the group the lower the yield).

FeSO,,
R H,50,/AcOH R
+ C—-N N
R R
104 105 106

/
‘= — Y CI—N CI—NH
CINRR CI—N _pn \

70 % 61% 58%
Scheme 1.30

Minisci et al have also developed an intramolecular variatfahis reaction?® The reaction

of N-methyl-N-(phenylethyl)N-chloroamine107 and FeS® in concentrated +¥$Q; is an
exothermic reaction that is very sensitive to terapge. When the reaction was carried out
without cooling, once above 36 low yields ofN-methylindolinel08were observed, whereas
when the reaction is cooled and kept &iG27% ofN-methylindolinel08is formed, with the

formation of benzyl chloridé09as a side product also (Scheme 1.31).

©/\ FeSO4, H2804 ©E> ©/\C|
_ > +
cir N~ N

\

107 108 109
Temperature: 0-30°C 13% 0%
-5°C 27% 44 %
Scheme 1.31

N-Methylindoline 108 is formed by the intramolecular addition of theimyhradical to the
aromatic ring and then subsequent oxidation byF&té salt. An alternative mechanism that
was proposed was a radical chain addition followgdhe elimination of HCI to yield the
product 114 B-Scission to form the benzyl chloride produd4 is promoted due to the

formation of a benzyl radical (Scheme 1.32)

20



110
Fe?*
Fe3* (Cl)
@ amination @ B-scission N\ -H ©/ Cl ©/\CI
108 111 112 113 114

Scheme 1.32

When this reaction was attempted with methyl-3-ptopyl-N-chloroamine 115 the
tetrahydroquinolinel16 was afforded in much higher yields (81%) as [scission was
observed (Scheme 1.33).

o w

81%

115 116

Scheme 1.33

Minisci et al. also investigated the use of different leavingugrs to generate the protonated
aminyl radical by using either hydroxylamih&8aor hydroxylamineD-sulfonic acidl18bfor
intermoleculamN-arylation reactioné?* “® Either can be used to install an amine group en th
aromatic ring. More electron-rich rings are favaliead higher yields are obtained. A higher
yield is also obtained when using the hydroxylamidsulfonic acid although these are
reportedly unstable (Scheme 1.34). When compahegwo hydroxylamines reacting with
anisole it can been seen that a different ratiortfo andpara substitution is obtained this

could be due to the different counter ions gendratehe reaction.
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/

~N

0

o
FeCl,, MeOH
* NH,OH 2 + NH,
reflux
NH,
119 12

117 118a
0
48 : 52
15%
~
\O FeCl,, MeOH ! \O
+ NH,OSOzH o, Ve + NH;
RT
118b NH,
117
119 66 34 120

38%

Scheme 1.34

In 2016 Morandet al described the use of a different hydroxylaminevdgive with mesylate

on the oxygeri21to install an amine group on the aromatic ringSuoe 1.35f/ A range of
substrates with a variety of substituents have Iskemwn to work again with the electron rich
rings being preferred. The distribution of the ismmsynthesised is again more in preference

of theortho andpara positions.

0 NH
., OTf FeS0, (5 mol%), 2
Mso s+ MeCN/H,0 o:m:p
RT 161 41:1:14.3
’ 5 65%
~ ~
121 117 122

Scheme 1.35

Jiaoet al has also investigated an alternative hydroxylandieevative for the amination of
aromatics (Scheme 1.3®) They carried out investigations into various sitbbshts on the
oxygen where they found the nitrobenzoate to bééiseleaving group. Again slight selectivity
for the para position over tlwetho position was observed. A range of electron-ridnaatics

were shown to work under these conditions alon witew unactivated arenes.
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FeBr, (5 mol%), NH,

o . Off AgNTf, (10 mol%),
oNHa TFE/H,0 (2:1) 0.5 M .
2 h, air, 30 °C NH,
O,N O
123

117 119 120

Scheme 1.36

There have been some examples within the literahateshow the use of photoredox for the
amination of aromatic rings (Scheme 1.37). Nicewical described the amination of a variety
of electron rich aromatics using nitrogen heteréeysuch as pyrazole and triazdlé#t. was
found that increasing the mol% of TEMPO from 10 %adio 20 mol% showed improved
yields.

5 mol% catalyst,
20 mol% TEMPO,

@ R 455 nm LEDs, DCE, O, NR;
R " 2 20-72 h, 33 °C
30-88% R

124 125 126

- catalyst —
127

Scheme 1.37

Leonoriet aldescribed the use @Faryl hydroxylamined.28to form aminium radicals in the
presence of Ru(bpyand visible light through a single electron tran{fSET) mechanism.
Using the conditions established they have sucalgsiminated a variety of aromatic rings

including pyrrole and indole (Scheme 1.38).
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Ru(bpy)sCl, (2 mol%),

(I)Ar PMP  HCIO,4 (2 eq), MeCN, PMP
N . N blue LEDs NN
E/) RT, 15 min D
Q 61% | /
128 129 130
Ru(bpy)sCl, (2 mol%),
OAr N/ HCIO, (2 eq), MeCN, N
N " | blue LEDs N
Q RT, 15 min |
44%
128 131 132
Scheme 1.38

Apart from the examples discussed there have BmerN-arylation reactionwvia aminyl
radicals described within the literature. In regaa aminating aromatic rings with
hydroxylamines this work has been limited to justalling amine groups with no substituents

on the amine present.

1.6 Arylation reactions of imidyl radicals

In 1976 Cadogaet al demonstrated hoW-tosyloxyphthalimided4.33 readily underwent UV
photolysis at room temperature in aromatic solveéatgive N-arylphthalimides134 via a
proposed radical mechanism (Scheme 1339he isomer ratios that were observed when
carrying out the reaction under photolytic or thelytic conditions suggests that it proceeds
via an electrophilic phthalimido radical rather thanitaenium ion (when compared to known

radical reactions), which is supported by previaask carried out by Lidgett et &f.

0] 0]

N-OT hv, arene X
s —>RT N
0] 0]
133 134

When X=H, 18 % yield
= OMe, 100 % yield

Scheme 1.39

This work was later expanded upon by Sletlbl in 1986, who showebll-centred radicals
could be generated from photolysis Mfbromophthalimidel35 (Scheme 1.40% This N-
centred radical could then be used for aminatiaetrens on alkyl chains and aryl groups as
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well. The problem that was encountered was thersigetion involving the bromo radical and
the alkyl chain or aryl group, with bromination acgng on these groups. This was overcome

through the addition of a sacrificial alkene inte reaction mixture.

0 hv, ethene, o
Crps O =% Cr-O)
o 104 O
135 136

Scheme 1.40

Work carried out by Sanforeét al focused on iridium photoredox catalysts beingduse
alongside visible light to activati-oxyphthalimides137.5* This work was based on the
previous research carried out by Skell on arylatisimg phthalimides (Scheme 1.41). A wide
range of mono-, di- and trisubstituted arene speuwiere successfully aminated under the
conditions developed by Sanfoetlal. Some substrates shown to work under these condliti
were unstable under the high temperatures or sogialising conditions that were previously

used. The conditions have also been shown to wotketerocycles.

O Q 5 mol% Ir( O
PPY)s
>_CF3 hv
MeCN, 24 h
b o R }
137 136

Scheme 1.41

The mechanism that was proposed for this reactishdown in Scheme 1.42. Excitation of the
Ir(ppy)s photocatalys140with visible light forms the Ir(ppy) species41*. A single electron

is transferred from the excited catalyst spediéd* to N-acyloxyphthalimidel37 which
generates thdl-phthalimidyl radicall38 which then reacts with the areh@4. The radical
speciesl4?2 is then oxidised by the iridium speci@89 to form 143 and regenerate the
photocatalyst. The trifluoroacetate anion formedirdy the breaking of the N-O bond,
deprotonated43 releasing the produtB6and TFA as a by-produe4.
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PhthN\©

HO™ CFs Ir(ppy)s Ir(ppy)s*
o) 140 141
'OJ\CFs 0 0
N—cr,
PhthN_] N-0
O 137 O

.
INPPY)s o
PhthN 1397 0
NT
\O \ O)J\CF3
0

104

Scheme 1.42

In 2014 Bararet al reported a metal mediated intermolecNiearylation reaction between
heteraromatics andll-succinimidyl derivative$® The first substrate imidé44 underwent
decarboxylation/deformylation to generate the irhidglical which was shown to react with

methoxypyridines (Scheme 1.43).

cat. AgNO3 (0]
Np/\COZH O/OMe . K58:505 OMep
H, . N N
(6]
23°C (j e
41% N
145 146
Scheme 1.43

Unfortunately, the scope of the reaction couldlmincreased with this set of imidyl radical
precursors and so instead Nsuccinimide perester radical precursors were inyated. This
new system was shown to work on electron-rich dadtm®n-poor heteraromatic/ aromatic

systems an example of which is shown in Scheme 1.44
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0 OMe Cp,Fe (5 mol%),
+
A/[(O | 50°C, 5 h B

o BuO N 46% N
Scheme 1.44

1.7 C-N bond formation by amidyl radicals

In section 1.5 the formation of aminyl radicals fse in the formation of C-N bonds has been
looked at in detail. In this section we will focois the use on amidyl radicals in the formation
of C-N bonds. A variety of different methods haeeb utilised for the formation of the amidyl
radical ranging from alternative subunits to difietr initiators which will be described in this

section.

1.7.1 Nitrosoamides

Following on from work by Bartort al and the success of establishing conditions fer th
photolysis of nitrite esters as a useful synthetéthod in the synthesis of the natural product
aldosterone, investigations were carried out inéoghotolysis of nitrosamin@sHowever this

did not lead to any improvement . It was hypothesibhat this was due to the increased strength
in the bond that was being broken, N-O (37 kcaljnbmlan N-N (43 kcal/mol). Kuhet al
went on to show that the N-N bond of a nitrosansd=onsiderably weaker than a nitrosamine

and that these compounds underwent facile photoichéneactions (Scheme 1.4%).

NO  hv, benzene H
//«\V/“\H/N\\ RT //\\V/A\H/N\\
o 66% o)
148 149
Scheme 1.45

They studied how the different structures of thieospamides affected whether the amidyl
radicals abstracted hydrogens intermolecularlyntramolecularly. ThéN-methylvaleramido
radical 150 can only abstract hydrogens intramolecularly whes in thetrans conformer,
whereas the conformation of tNepentylacetamido radicdb1 can be eithetis- ortrans and
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the intramolecular hydrogen abstraction can stillcus (Figure 1.4). To minimise

intermolecular hydrogen abstraction non-polar stivesuch as benzene can be used.

Yy
N-methylvaleramido /EH\N/’/\ HN.

radical R R
150a 150b
Trans cis
N-pentylacetamido ﬂ 0 /Q
radical H’ \f H \ﬂ/
151a 151b ©
Trans cis
Figure 1.4

This work was investigated further and expandedpoPerryet al. in 1972 who established
an effective intramolecular cyclisation through fbemation of an amidyl radic&f. In their
work they reported the successful formation of afmniddicalsvia the homolytic cleavage of
N-N. The photolysis of each compound was carrigdironeutral conditions and the leaving
group was incorporated into the cyclisation produéfhen the nitroso compound underwent
photolysis a mixture of products containing thedexor the hydroxylamine of which both the
syn andanti-geometric isomers were observed due to the incatipm of the N-OH group
(Scheme 1.46).

0
,L hv, benzene N~ Z=0 (21%)
*NO RT = N-OH (63%)

© z
152 153

Scheme 1.46

1.7.2 Halo-amides

Perryet al. not only showed the successful cyclisations wbabamides but also chloroamides.
They observed that when chloroamides underwentopsis, chlorine was incorporated into
the final product in either th&yn or anti- position (Scheme 1.47.
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N/
47%
Cl
| hv, benzene H
N. —
Cl RT 155a

] o
~
154 N
44%
H
Cl
155b
Scheme 1.47

In 1975 Kuehneet al further investigations into whether the formatuafrthe kinetically less
favoured 6-membered ring, over the favoured 5-meetheould be forced were also carried
out Irradiation of theN-chloroamidel56 lead to the %exotrig cyclisation in 35% vyield,
however wherN-chloroamidel58 was irradiated the major product was the aniié@ with

no 6-exocyclisation occurring (Scheme 1.48).

o CHJCI
MN\COCH3 RT,1h N/COCHS
35%
156 157
CHJCI
(IJI hv, benzene COCH §
N N — N’ Za NN
\/\/\/ \COCH3 RT, 1 h COCH3
158 159 160
0% 90%
Scheme 1.48

This methodology for the formation of the 5-memideniags was expanded to include bicyclic
compounds. When thé-chloroamidel61 was subjected to irradiation it could form eitlaer
spirocycle by Sexotrig or fused ring by @&ndotrig, however the only cyclised product
obtained from the reaction was the spiro-laci&i® showing preference for&«ocyclisations
(Scheme 1.49).
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o} N
_ hv, benzene
gl RT. 25 mins
13% Cl
161 162
Scheme 1.49

With the knowledge obtained of the preferenceS@xo cyclisations the synthesis of the
perhydroindole skeleton which is prevalent in saelvelkaloid classes was successfully

demonstrated (Scheme 1.50).

cl
N hv, benzene @)
©/\ff RT, 25 mins N
© 66% Cl

163 164
Scheme 1.50

Glover et al extended the scope of the amidyl radical cysbsato include examples of
amination onto aromatic rings, shown to work witkatyl systems first>®! They achieved
this through photolysis of the iodoamidé6 which was formedn situ. The de-aromatised

compoundl68was isolated in 19% yield alongside the desiredipct167 (Scheme 1.51).

|
O ICI, KOBu, I, O O ,
CCly, hv, . N
RT, 1.5h o
HN" S0 IN" S0 NN
|
167 168

165 166
71% 19%

Scheme 1.51

Only slight success was observed for the thermalpdnotolysis conditions on the single aryl
systeml69 (Scheme 1.52) with isolated yields of the desigrlised product much lower than
for the bi-aryl system. This could be due to thetem being less constrained and therefore not

being held in the correct conformation to promotelisation.
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conditions
HN™ N

N0 N0

169 170

I, -BuOCI, KOBu, t-BuOH, 70 °C, 8.5 h, 24%
I, +-BuOCI, KO'Bu, t-BuOH, hv, 6 h, 17%

Scheme 1.52

The activation ofN-chloroamides can be achieved through methods ttharphotolysis one

of which was described by Waegatlal in 1978 who used dibenzoyl peroxide as a chemical
initiator.52 This has been shown to increase the yields afytbkised product in reactions where
the less favoured 6-membered ring is formed congpareesults obtained under photolytic
conditions (Scheme 1.53)

conditions %
condions. 71

_Cl
o7N SEEA 07N
171 172 173
Photolysis in DCM, RT, 1 h 55% 12%
Dibenzoyl peroxide in dioxane, 80 °C, 29 h 79% 18%

Scheme 1.53

The yields of the desired cyclised product fridralkyl chloroacetamides were a lot lower than
those of similaN-methyl chlorocarboxamidekl-Chloro carboxamidé71when initiated with
dibenzoyl peroxide affords 79% yield of the desicgdised product (Scheme 1.53). However,
when the same reaction is carried out using theespondingN-chloroacetamidé74 none of
the desired product is obtained, and instead 908ecmidel 76is recovered. (Scheme 1.54).
This can be explained in terms of steric interanxgiovhich is expected to be larger Kxalkyl
chloroacetamido radical than for themethylcarboxamido radicals according to the models

that they made.
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Dibenzoyl peroxide,

dioxane W
o’ L

ol 80°C, 29 h N v
N” /\:o NH
o PN
174 175 176
0% 90%

Scheme 1.54

Success was observed with tikehloroacetamidd77in the formation of the more favoured
5-membered rind. 78 (Scheme 1.55). However, the desired product wisdafd in lower
yields than had been observed forMmethyl chlorocarboxamide79with which 92% of the
desired compoun@i80was obtained. This could be due to the greatetiontal freedom that
N-chloroamidel77 experiences as a result of theLgkbup, increasing the chance of hydrogen

abstraction before the cyclisation occurs.

Dibenzoyl peroxide, Cl
dioxane
N/CI 80°C,29h N

50% /EO
o)\
178

177

Dibenzoyl peroxide, Cl
dioxane
.Cl 80°C,29h N
o N 92% KA
179 180
Scheme 1.55

In a subsequent paper by Lessatrdl another way was described to access the amidiglala
from the chloroamides which used chromium(ll) clilef® It showed increased yields in the
formation of the disfavoured 6-membered ring coragdo when the reaction was carried out
under photolytic or chemical initiation with dibent peroxide (Scheme 1.56). The
disadvantage to this method is the long reactimesirequired for some of the substrates and

the use of chromium (I1) chloride.

32



conditions %
I Cl }\ +

Cl

07N " A 07N
171 172 173
hv, DCM, RT, 1 h 55% 12%
dibenzoyl peroxide, dioxane, 80 °C, 29 h 79% 18%
CrCl, (1M in MeOH, 0.9 eq), CHCI;/MeOH, -78 °C, 40h  95% trace

Scheme 1.56

When the chromium(ll) chloride conditions were igéld in the reactions of thi-chloro
acetamided.81 an improvement in the yields was observed. Intergly, reactions that had

failed previously under the dibenzoyl peroxide dtinds, afforded good yields of the desired
product when using chromium(ll) chloride (Schentgr).

A

N/C| conditions N>¢o
N
181 182
dibenzoyl peroxide, dioxane, 80 °C 0%

CrCl, (1M in MeOH), CHCI;/MeOH, -78 °C, 100 h  80%

Scheme 1.57
1.7.3 PTOC (N-hydrozypyridine-2-thione) imidate esters

There has been some work to find alternative methodyenerate the amidyl radical which
would alleviate the limitations of functional graupA class of radical precursors that has been
developed by Newcomét al® is the PTOC imidate estéB4 which are structurally similar

to the PTOC estek83 used by Bartoet al (Figure 1.58°

= S o Z S N,R'
|
N N\O)J\R N N\O)\R
183 184
PTOC ester PTOC imidate ester
Figure 1.5
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The use oft-BuSH with the amidyl radical was effective for thadical cyclisation chain

process rather than a simple amidyl reduction takilace (Scheme 1.58).

t-BuSH, hv, ?U Bu Bu
_benzene | Oy N. Ill Ill
| 0 e
)\/\/ RT,1.5h i/\ @/ @/
X
185 186 187 188
Scheme 1.58

Newcombet al also showed radical cascade reactions could ibatéu to afford bi-cyclic
systems (Scheme 1.5%)The reaction can either proceed through the casgathway or the
radical will be trapped after the first cyclisatidhcan be forced to proceeth the cascade
reaction when the reaction is carried out at admgllution.

\L PhSeSePh, S (\

N benzene, hv o

S ) N.
\/\)lN\ N RT T/\
o N

189 190 191
= 0
N
(0]
192 193
(e}
{L/Dw/SePh
194
96%
Scheme 1.59
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1.7.4 Sulfur amides

Newcombet al established an alternative class of radical pszea,N-(phenylthio)amides, as
suitable sources of amidyl radic&fsThe N-thioamides can be prepared easily through the
reaction of amides with phenylsulfenyl chloride amiéthylamine to yield the desired-
thioamidel96 (Scheme 1.60).

0] O
R L
H 90% SPh
195 196
Scheme 1.60

These compounds have been shown to undergo intaniat cyclisation reactions to form
five-membered rings. When amid87 was treated with Bi$nH whilst heating in benzene it

afforded 77% of the desired compound (Scheme 1.61).

U BuysnH, AIBN, Bu Bu Bu
0 N\Sph Benzene O-N- 0~_N.__:|BusSnH_ 5 N
T = e
= 77% N
197 186 187 188
Scheme 1.61

Using these conditions tandem radical cyclisatioege been shown to occur which form the
bicyclic systems instead of trapping the radicsrathe first cyclisation (Scheme 1.62). The
cyclisation of amidd.98 gave the bi-cyclic amid&99in a 95% yield and a 3:1 mixture of the

diastereoisomers.
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r/:§§ Bu;SnH, r/Q§> 0] O
Og N benzene_ | O _N. |, N/\/__ \
SPh 65 °C I/\ )
95% ™ >

198 190 191 193

Scheme 1.62

In 2004 Zarcet al. published a new method for the formation of amrdgicals which involves
the exclusion of sulfur dioxide from tié¢-amidosulfonimid€’ The first step in the radical
initation involves an addition-fragmentation to @&/l group which produces thé-sulfonyl
radical201la(Scheme 1.63). The initiators used in the reaatiere substiochiometric amounts
of Lauroyl peroxide to generate the radical fromtkate202aor 202b. Xanthate was chosen
as the reversible transfer of the xanthate groupeégoroduct in the last step regenerates the
initial radical (which reacts with the allyl grougs the starting material) and also introduces
useful functionality into the product. The desigdidyl radical201bis then formedria loss

of sulfur dioxide. This last step is slow and couldad to theN-amidosulfonyl radicals
abstracting a hydrogen from the solvent or cyafjsomto the olefin. Careful selection of
solvents with poor hydrogen-donating capabilitias prevent hydrogen abstraction from the
solvent.

(0] (p&\/ SR

(0]
N Lauroyl peroxide
N __oce [} 80, [,
R T Refux \302 L,
| R

200 201b

0 M
S)J\OEt

R’ Ot
M 5
SCSOEt STTS NC”>S” “OCH,CMes
204 202a 202b
Scheme 1.63
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It was observed that when an alkyl group was ptegerthe nitrogen, cyclisation of thé
amidosulfonyl radical onto the alkene occurred, nehe when the ethyl group was changed
for a phenyl group none of tié¢-amidosulfonyl radical cyclisation products weresetved:

only an epimeric mixture of the desired lactam wiaserved (Scheme 1.64).

00 /o xanthate 203, Et\ o
N Lauroyl peroxide ON
.S oV 0 Et
N j\ (0.3-0.5 eq), DCE g . ~N
Et AN reflux, 1.5 h EtOCSS EtOCSS
205 206 207
19% 55%
0]
O o ,0 xanthate 203, 0
g7 Lauroyl peroxide N Ph~N
N j\ (0.3-0.5 eq), DCE Ph-N
Ph X reflux, 1.5 h EtOCSS
EtOCSS
208 209 210
2:3
S "
S” "OEt
203
Scheme 1.64

1.7.5 Hydroxamic acids

In 1978 Hosangadet al. found that when they irradiated hydroxamic a2i® instead of
affording the expected lactapilaor 2-arylsulfinyloenzamid@11b°8 they instead obtained
2-arylthiobenzamide€14 as the product of the reaction which they belieteede formed

through the amidyl radical intermediate (Schem&)1.6
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S\Ph hv, benzene S\Ph S\Ph
V.
NHOH RT.6h \ NH,
(0] 0] (0]

212 213 214
]
NH ~0
NH,
(0]
211a 211b 0
Scheme 1.65

The formation of the amidyl radical upon irradiatiof the hydroxamic acid derivatives was
further explored for the use in cyclisation reaasidy Zarcet al in 1995°%° Instead of forming
the radical by photolysis of th®-benzoyl hydroxamic aci@15 its formation was initiated

using tributyltinhydride and AIBN. This lead to sssful cyclisations of the amidyl radicals

Bu;SnH, cat AIBN, 0
cyclohexane/ toluene
reflux, 12 h

onto olefins (Scheme 1.66).

N
BzON\ 66% /
215 216
Scheme 1.66

The amidyl radical precursors were incorporated warious cyclisation cascade reactions an
example of which is shown in Scheme 1.67, in whicdyclic compound219was afforded.

]
cyclohexane/ toluene N
o reflux, 12 h
73%
= H
2 18 219

17
1:1 mixture of
diastereoisomers

Ph (0]
hig 0 0
BusSnH, cat AIBN,
N ié
N
2

Scheme 1.67

Application of Zard’s conditions was demonstratgddtark et al.in 1998 for the synthesis of

lactams involving a 4xotrig cyclisation of the amidyl radical (Scheme&).68°Although the
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lactam221 was formed in the reaction there were issues wvothpetition reactions, one of
which formed the amid222 (found to be the major product). The issues withformation of

the amide could be addressed through two methogspfowhich was to carry out the reaction
at a higher dilution. The other method was the tamidiof a group which would stabilise the

carbon centred radical formed to form compo@gaa

Bu;SnH, AIBN 0]
Ph 3 ) ) Ph (0]
\/\)J\N/ toluene/cyclohexane Ph
) + Pho~x -t = N/
O\”/Ph RT-reflux, 24 h o N\ H o8B H
z
0 77%
220 221 222 223
1.0 : 1.8 : 1.0
Scheme 1.68

Following on from the success in the cyclisatioh$iydroxamic acid, milder conditions for
the amidyl radical formation were shown by Weinegbal, who usedtert-butylsulfonyl
chloride or diethyl chlorophosphite, Hunig’s basel dow temperatureS. Various radical
trapping agents such as diphenyl diselenide, dyhéisulfide and TEMPO were used to
successfully yield the desired products (Schem®)1.@ith a preference shown for the
formation of the Sendoproducts. These conditions were applied to theh®gis of the key
intermediate for the alkaloid (+/-)-peduncularinesynthesis the key intermedi&25

DIPEA, (PhSe),,
OMe O (EtO),PCl,
\ DCM

(I)H -50°C-RT,2h
70%

224 225
Scheme 1.69

1.8 Summary

There have been many advances in the differenbigoés that are used in the formation of C-
N bonds which has expanded the scope of the reactMany of the reactions unfortunately
use expensive metals such as palladium and iridReactions such as the Buchwald-Hartwig

reaction use expensive ligands in the synthesis.
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There have also been advances in utilising UV asitle light in the formation of C-N bonds,
many of which avoid the use of expensive metals donlt require the addition of other
reagents. Although there have been advances iar#faeof light mediated reactions, there are
only a few examples within the literature, detalithe formation of ring systems such as
tetrahydroquinolines. The same can also be saitiéametal-mediated versions of the reaction.
With regards to amidyl radicals there are a vemjited number of examples bdFarylation

reactions.
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Chapter 2 Intramolecular N-arylation reactions

2.1 Flow chemistry and benefits over batch reaction

Flow chemistry has been commonplace within theggbgmical and bulk chemical industry
for many years, but only recently has it become ftwis for the chemical development
industry. A recent review by Hughes al discussed the benefits gained from the use of flow
in recent syntheses of API's, and includéd:
1) Enables chemistry that is difficult to scale indbesuch as electrochemistry, microwave
heating and photochemistry.
2) Can access extreme conditions such as high anteloyweratures and high pressures
readily.
3) Scale up is more straightforward as mixing and heatsfer are maintained as scale is
increased.
4) Safer execution of hazardous chemistry as only allsmumber of unstable
intermediates are generated at any one time. Theshirface area to volume allows for

excellent control of exothermic chemistry (helptogavoid reaction ‘runaway’).

This demonstrates the appeal for using these sgste®P| synthesis, however there are still
challenges facing the progression of flow chemigtrghemical development. Some of the
issues faced are the lack of knowledge and skiltesguired to implement such methodology
along with chemists being traditionally trainedbatch chemistry and therefore unaware of

when flow chemistry could benefit their process.

2.1.1 Flow chemistry in the synthesis of API's

Within Patents submitted in 2016 and 2017 thereeaaenples of drug molecules which have
a continuous step described within the possibleéhggis. Each of these have described a
benefit of using flow over traditional batch metkoth the synthesis of ingenol mebutate there
was improved regioselectivity reported in the agglaof the G alcohol which also benefitted
from avoiding the need for protection/deprotectteps used in the previous synthesis. In the
optimised flow conditions, a flow of ingenol/LiIHMD®as mixed with angelic anhydride at O

°C this was followed by a continuous quench withiedtflow of 1M HCI at 25°C. This allowed
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isolation of the desired compour®®7 in a 40% yield and the starting material could be
recovered. The previous batch reaction gave a 3ig%d pver three steps and had a very
difficult final deprotection step which had to barefully controlled to prevent isomerisation,

which took 7 days to achieve (Scheme 2.1).

Ingeno
LiIHMDS
2-MeTHF

1M HCI

Angelic
anhydride
2-MeTHF

Scheme 2.1

This demonstrates one of the many advantages lihat dhemistry can achieve over the

corresponding batch reactions.

2.1.2 Continuous photochemistry

On a small-scale, UV-light-mediated reactions ammmonly carried out in immersion well
reactors. Larger scale versions of these batchaesaencounter a major drawback due to the
uneven distribution of photons through the reactibtained. This leads to poor translation of
reactions in scale-up. In 2005, Booker-Milbetral described how a standard immersion well
reactor could be converted into a continuous phwogcal reactor by wrapping UV-
transparent fluorinated ethylene propylene (FEBinty around the outside of the immersion
well.”® This was either done with a mono-layer of tubing driple-layer of the tubing on the
reactor to compare the yields of each reactor &edassociated benefits of each. Several
examples were then shown within the paper to detraiegshe benefits of the continuous flow
system in comparison to the traditional batch mashcespecially upon scale-up of the
reactions. Using the reactor, the authors managexbtiain high yields with high projected
productivities for the reactions of over a 24 higer The intermolecular [2+2] cycloaddition
between hexyne and maleimide afforded high leviegaductivity with the mono-layer FEP
reactor at 0.2 M with a 24 h projection of 363 dgnigeachieved (Table 2.1, Entry 1). By
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switching to the triple-layer FEP reactor and ilmasiag the concentration to 0.3 M a projected
productivity of 408 g was achieved (Table 2.1, ). The authors also demonstrated the
benefits of using a more powerful lamp: by switchto a 600 W lamp from a 400 W lamp,

the productivity increased to 685 g over the 24haa (Table 2.1, Entry 3). The indicates that
an increase in the flux of protons is a more eifectvay to increase the yield of the reaction

over a change in the flow rate.

o o)
nBu hv, MeCN
y DI w0 T
o nBu
228 229 0O 230
Conc Layers of Flowrate Conversion Projected 24 h
Entry Lamp (W) , :
(M) FEP (mL/min) (%) yield of x (g)
1 0.2 400 1 8 88 363
2 0.3 400 3 6 88 408
3 0.4 600 3 8 83 685
Table 2.1

An example that highlights the benefits of flow obatch is the [2+2] cycloaddition shown in
the scheme below. When comparing the batch conditfdable 2.2, Entry 1) with flow we
can see the productivity increases from 6.56 g.%6 § for the triple layer FEP flow reactor
(Table 2.2, Entry 2). For the mono-layer flow reac{Table 2.2, Entry 3) we can see the
productivity is slightly lower than that of the bhtreactiong# The lower yields for the mono-
layer reactor over the triple-layer reactor coudddttributed due to the fact light can escape
between the gap in the tubes whereas in the tiagter- reactor the light would then interact

with another tube, this increase absorption byrélaetion mixture and in turn productivity.
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o) Cl

" % o % hv, MeCN MeN C|CI
o) / Cl ©
231 232 233 Cl
N . Productivity at
Entry Mode Conditions Yield (%)
batch end (g)
1 Batch 0.096 M, 180 min 68 6.56
2 Flow? 0.096 M, 3 mL mirt 68 8.55
3 Flowt] 0.096 M, 2 mL mirt 68 5.70

[a] triple layer FEP reactor, [b] mono layer FEBat®r
Table 2.2

Three trends can be observed from the comparistiresé reactions:

1) Yields for batch and flow reactors in synthetic fmoemistry are essentially the same
at full conversion.

2) Triple-layer FEP reactors have on average 20% higheductivity compared to the
same batch end point.

3) Mono-layer FEP reactors have on average 20% lowaygtivity compared to the

same batch end point.

2.1.3 Space-Time Yield (STY) calculation

The space-time yield (STY) calculation is a usefidy to determine the efficiency of a
continuous reactor as well as allowing for compmarssbetween reactors of differing sizes. It
gives the yield for the process as a unit of sgame- The STY is calculated using equation
[1] and the units are gth."

Mass of product (g)

(1

(Reactor volume (L) x Residence time (h)

The STY for each of the substrates synthesisedén investigatons was calculated to allow

for comparison between them.
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2.1.4 Previous work in the Marsden group

Previous work carried out within the Marsden groougs established a modified HLF
methodology that utilises UV light under acidic ddrons in the formation of C-N bonds. This
method avoids the need to use expensive metalb gmipalladium) and ligands previously
employed. The optimised conditions have been showvork on a range of substrates with a

variety of substitution on the aromatic ring, tieybchain and on the nitrogen (Scheme 292).

R" MeSO,H (10 eq), R
R hv, DCM R
CIN RT,5h N
234 R 2351

Scheme 2.2

This methodology was shown to work in both batctd #ow. A continuous photochemical
reactor was built following the design describedBmopker-Milburnet al with a dual syringe
pump attached to a T-junction to allow both flowesaof the chloroamine and the Me5{o

be equal A reactor volume of 5 mL was chosen. The lengtihefUV-transparent FEP tubing
(with an internal diameter of 2.7 mm) had beenwaled using the equation [2] for the volume

of a cylinder.

V=nrrh [2]

Inputting the values gave 87.4 cm of tubing foma_Seactor volume. An additional 50 cm of
the tubing was added to either end of the reaabburwe to allow the transportation of the
reactants to and from the photochemical reactdr2BW high pressure mecury lamp was used
for these investigations. The FEP tubing was aéddie the immersion well of the reactor
using double-sided tape and Sellotape. One endeafelactor was attached to a T-junction to
which two syringes in a dual syringe pump were eated using PTFE tubing with an I.D of
1/32" of an inch. The photochemical reactor was conthindoil and directly attached to a
water supply to cool the lamp. In the event offtbes of water failing the lamp automatically
turns off. The reactor was additionally containgthim a red box which blocked any stray UV

radiation.
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Figure 2.1

The first flow reactor built as described aboveswased to carry out thid-arylation step
depicted in Figure 2.1. The system was tested atdifferent flow rates to find the optimal
conditions. Based on the overall productivity ttefrate was set at 1 mL mtrfor all future
flow reactions, as there was no substantial ineréayield observed from slowing the flow
rate down. The STY for the faster flow rate wasekited to be 248 g'¥(Table 2.3).

P RV=5mL
N 1
| FR =1 mL min
Cl

Sol. In DCM
0.5M
MeSO,H |

Sol. In DCM
&M 116
Flow rate (mL min-t) Yield (%) Productivity (g h2)
Entry
1 0.33 66 0.45
2 1 62 1.25

Table 2.3

After the success of this methodology in flow itsathen decided to telescope the chlorination

reaction mixture to th&l-arylation step. The chloroamine once formed was ttmixed with
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MeSQGH then flowed into the UV reactor for tiNearylation reaction to occur. An issue with
the dual reactor setup was that the concentrafidhneoreaction had to be lowered due to the
limited solubility of NCS in DCM (maximum concenti@n 0.41 M). This meant that when the
chloroamine was mixed with the solution of MesBEQhe concentration halved again to 0.1 M
which lowers the overall concentration of the reably 2.5 times compared to the single step

reactor.

Two substrates were synthesised using this duelaet show its overall benefits. The yield
of the THQ116 was lower when carried out in the dual reactoo@sosed to the single step
processes, nevertheless the dual flow reactionase rproductive than the batch reactions
(Table 2.4, entry 1). Cyclisations to yield theurat product angustureine did not afford the
desired product cleanly instead a side productotserved, with a mass that was consistent

with that of the chloroamine (Table 2.4, entry 2).

RV =5 mL MeSO,H RV =5 mL
©/\/\N/ FR=05mLmin" SOl InDCM FR=1mLmin"
Sol. In DCI\/IH
0.4M
23€
NCS
Sol. In DCM
0.4M
Substrate Yield (%) Productivity (g h')  STY (gL'h?)
Entry
1 34 0.29 9.6
2 25 0.165 5.5

Table 2.4

The postulated side-product was &hehloroamine, arising from an intramolecular 1,%hhge
abstraction. It was hypothesised that the formatibthis side product might be avoided or

lowered by carrying out the chlorination step amelN-arylation step in flow separately.
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238
Figure 2.2

The work detailed in this section is a continuatidrihis work to investigate other substrates
to find the scope of this process. The investigatiooked at carrying out the chlorination and
the photolysis in separate steps due to the raxuntiyield that was previously observed with

the two-step flow reactor.
2.1.5 Chlorination in flow

Due to the issues with solubility of NCS in DCM whilead to lower concentrations for the
dual flow reactor which in turn lead to lower yigldf the desired cyclised product it was
decided to carry out investigations into a singép chlorination flow reactor. When carried
out in batch the large scale chlorination reactgange relatively poor yields and therefore flow

could be a way around this issue.

A flow reactor was built by connecting a dual sgempump (to allow addition rates to be equal
for both the amine and the NCS) to a T-junctiomg$® TFE tubing with an 1.D of 1/320f an
inch. The other end of the T-junction was connetteti0 m of the same PTFE tubing which
gave a reactor volume of 5 mL. The end of the Pitbiihg fed into a conical flask where the
reactants were collected and the tubing itself @asred in tin foil to exclude light that may

have resulted in product degradation.

The reaction was run at a rate of 0.5 mL fiand after discarding the first reactor volume,
which is just DCM, the rest was collected in a cahiflask. The collected reactor volumes
were concentrated and purified by column chromaioigy to afford the desired chloroamines.
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be booked before use

Figure 2.3

A variety of chloroamines were synthesised usimgflitw reactor as shown in Table 2.5. The
synthesis of the amines used in the process willifaussed in chapter 3. The productivities
and yields are higher than would be expected duratigh reactions as when over ~750mg (5
mmol scale) of the starting material is used tleddyof the chlorination decreases. This could
be due to an exotherm in the reaction mixture wbitla small scale the heat can be dissipated
effectively but affects the chloroamine when thect®n is scaled up as there is a larger build-
up of heat and the surface area:volume ratio istowhe STY was calculated using the
eqguation shown in section 2.1.3. The residence tomthe reactor was 0.17 h and the reactor
volume was 0.005 L, so for the allyl substrate (€&h5, entry 1) which yields 0.153g per
reactor volume a STY of 180 g'ih™. Assuming for the batch reaction a 0.5 g scaleaB8d
hour reaction time, the STY would be 142 mg i, showing the benefits of the flow in
regards to productivity.
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Rll

R RV=5mL
@MH’ FR=0.5mLmin"
R/ ~ Sol.In DCM R"
0.4M R’
236 << < —> N
NCS R// c

Sol. In DCM 115
0.4M
Entry Product \E(i)/eol)d Productivity (g hY) STY (gLth?)
1 73 0.92 180
2 72 1.13 221
3 61 0.97 129
4 61 0.95 100
5 51 0.78 91
Table 2.5

With the successful synthesis of the chloroamirtishion then turned to carrying out tNe

arylation step in flow.

2.1.6N-Arylation in flow

The chloroamines synthesised using the flow reaetoe then subjected to the flow conditions
for the N-arylation step. A reactor matching the one presfipwsed within the group and

described in Section 2.1.4, was built for this msg The mono-layer reactors have previously
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been shown not to be as efficient as triple-lagactors and could contribute to lower yields
(20-30%) than observed in the batch reactfdihe flow reactions however do have a much
higher productivity than the batch reactions whaech limited to production of 0.5 g in 3-5
hours. During the reactions up to 7 column voluif@¢g) were collected though the first two
were discarded. The remaining CV were worked ugviddally and analysed byH NMR,
then these were combined and purified by colummrolatography. The vyields of thé-
arylation reactions are all moderate with the etioemf the bromo compourii6 (Table 2.6,
Entry 4) for which a good yield of 60% was obtain€de natural product angusteriene (Table
2.6, Entry 5) had shown problems previously wite dtompeting formation of the HLF side-
products, this issue was not alleviated by carryng the chlorination and the photolysis
separately with a similar yield overall being obtad (20% over the two steps). For the STY
calculation, the reactor volume is 0.005 L andrésdence time is 0.083 h. In the case of the
allyl substrate (Table 2.6, Entry 1) 0.084 g pexcter volume were isolated giving a STY of
198 g Lht.

51



_R' RV =5mL
| , FR=1mLmin"

R// Sol. In DCM Cl
0.4-05M @\/j\
115 —>
I / / N n
MeSO,H R'

Yield Productivity STY (g

Sol. In DCM
6M
Entry Starting material Product

(%)
1 38
2 43
3 60
4 35
5 40

Table 2.6

(g h?)

1.00

1.29

1.62

0.76

0.65

L1 hY)

198

260

325

152

130

Batch
Yields”’

40

82

72

12

50

The N-arylations vyields in flow were slightly lower thaime batch yields however the

productivity is higher and the yields could alsgloéentially increased with multilayer reactors

as previously described (Section xx) Due to thecssg of the reactions in flow in both the

chlorination and thé\-arylation step it was therefore decided to camy the reaction on a

larger scale.
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2.1.7 Large scale chlorination and flow chemistry

With the success of the chlorination in flow and fiarylation it was decided to see if it was
possible to carry this out on a larger scale asipusly theN-arylation was carried out on

under a gram of material.

The chlorination step was carried out using a ftate of 0.5 ml mirt as before; overall 3 g of
the amine236were used in the reaction which afforded a 45%yéthe desired chloroamine
115which is lower than expected however still bettemt would have been achieved in batch
on such a scale (40% yield obtained in a 1g bagabtion). TheN-arylation was then carried
out using the previously described reactor at & flate of 1 mL mirt. The first two reactor
volumes were discarded and the rest of the reaclames were collected in a conical flask.
The productivity was slightly lower for thid-arylation than had previously been observed
within the group on a smaller scale. The lower patiity of the chlorination step could be
attributed to the issues with the solubility of th€S in DCM and some solid was observed to
have formed in the syringe. This issue could badmtpotentially through a faster flow rate
or using alternative chlorination conditions. Thigtgly lower productivity for theN-arylation
step could be caused by decomposition of the chionee before it entered the photochemical

reactor.
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- RV =5mL
N 1
©/\/\H FR=0.5 mLmin

Sol. In DCM
0.4 M N/
236 ‘ 7 ’ ©/\/\c':|
NCS

Sol. In DCM 115
0.4M

N~ RV=5mL
& FR=1mLmin"

Sol. In DCM
0.4 M
S ~ D
MeSO,H |

Sol. In DCM 116
6M
Entry Reaction Yield (%) Productivity (g h) STY (gLth?Y
1 Chlorination 45 0.498 97
2 N-arylation 58 1.12 224

Table 2.7

A process has been successfully established fasddle up of both the chloroamines and the
N-arylation to synthesis THQs, with the successfultisesis of a variety of substrates with
various substitution problems.

2.2 Investigation of potential heteroaromatid\-arylations

As stated previously the Marsden group has estedis modified HLF methodology that
utilises UV light under acidic conditions for thermation of C-N bonds. These results are
consistent with the proposed reaction mechanisnclwhtates the intermediate involves a
protonated aminyl radical. In contrast to theseltesas shown in Scheme 2.3, Sarpengl.
have shown that aN-arylation of a pyridine can be carried out undasib conditions under
UV irradiation?3
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NIS (1 eq), PhH;

N hv, 10 min; Et;N

H (6 eq),
= hv, 5 h

\ e

81%

Scheme 2.3

However when these basic conditions were appligddsubstrates that worked under acidic

conditions, in our group, no reactions were obs#(@eheme 2.4

©/\/\'?‘/ EtsN (6 eq), DCM, hv ©\/j
Cl RT, 5h N

115 116|

Scheme 2.4

It was decided to investigate whether the basiditimms detailed by Sarporeg al. could be
utilised toN-arylate other heteroaromatic rings. With this imay similar compounds to those
previously shown to work within the group were peed, however this time with a pyridine
ring instead of the phenyl ring, with substitutiarthe 3- and 4- positions of the pyridine being
investigated (Figure 2.4). Once synthesised Ndt@lo amines were irradiated with UV light
under both basic and acidic conditions, to see teagffect the heterocyclic rings would have.

Figure 2.4

2.2.1 Substrate synthesis

The synthetic route used to afford the desiredtsates is shown in Scheme 2.5. The first step
was a Wittig reaction between pyridine carboxald360and the este251 Both the 3- and
the 4- substituted pyridinecarboxaldehydes wereal.ublydrogenation of the alken&b2
afforded the este253in 83-95% yield. Following literature procedures $imilar compounds
theN-methyl amide®254 could be obtained by heating the esters with exibesNH solution,
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achieving 78-86% yield€ LiAIH 4 reduction was used to obtain fdenethylamines, however
due to the polarity of the products, isolation wlé§cult, resulting in low yields (crude yield
50%) and therefore the crude material was telegsttpeugh to the next step. The final step
in the synthesis was the formation of the chloras@b5 Following the conditions used by
De Lucaet al, the crude amine was stirred withachlorosuccinimide in DCM for 3 hours
followed by purification by column chromatograplayremove the succinimide by-produet.
This unfortunately provided low yields over the tateps (20-25 %) but enough material was
obtained to try th&l-arylation reaction under various conditions.

(I) MeCN 0
e
) _ A
| o Y Seeng RT, 48 h W OFt
N/ OEt (a) 3-isomer: 54% N/ 252
251 (b) 4-isomer : 83%
250
H,,Pd/C, EtOH,
RT, 16 h
(a) 3-isomer : 83%
(b) 4-isomer : 95%
0 0]
@\)LH/ MeNH,, MeOH Eﬁ\)\oa
N” 254 95°C, 16 h N 283
(a) 3-isomer : 86%
[ - 789
1) LiAIH,, THF, (b) 4-isomer : 78%
0°C-RT,3h
2) NCS, DCM,
RT,3h

(a) 3-isomer : 25%
(b) 4-isomer : 20%

Scheme 2.5

2.2.2 Intramolecular N-arylation reactions on pyridine substrates

With the successful synthesis of the chloroaminevdives achieved, investigations into the
light-mediated N-arylation under conditions previously detailed Bgrponget al were
attempted? This involved photolysis of the chloroamin@s6aand 256bwith EtN in DCM
(Table 2.8, Entries 1-2) Using a 125W high pressueecury lamp. Unfortunately, when basic
conditions were employed the product was not oleseby LC-MS analysis diH NMR and
only amines259 and 261 was isolated. The reaction was also attempted utihdercidic
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conditions that have previously been shown to wibekbest within the Marsden group (Table
2.8, Entries 3-4). The use of both Me$Oand conc. K5Qy was attempted however, no
product was observed in either reaction and omydéthlorinated amine was recovered (Table
2.8, Entries 3-5).

>N
e X e
| N N conditions m + N + WN
P Cl N~ N | N/ H

| 7

N

N
256a 257 258 259
S N conditions N'(:(j . @MN/
N~ Cl T N~ H
256b 260 261
Entry Substrate Conditions Products
1 3-pyridine256a EtN, DCM, hv, RT,5h Amine 259
2 4-pyridine256b EtN, DCM, hv, RT,5h Amine261
3 3-pyridine256a MeSQH, DCM, hv, RT,5 h Amine 259
4 4-pyridine256b MeSQGH, DCM, hv, RT, 5 h Amine261
5 4-pyridine256b HoSQy, ho, RT, 5 h Amine 261

Table 2.8

Under the acidic conditions the pyridine nitrogeawd be protonated, making the system
more electron-deficient. Therefore, it is likely show decreasing reactivity towards the

electrophilic aminyl radical as it requires a moteleophilic species to react with.

262

Figure 2.5

After a lack of success with the chloroamines isypaoposed that the iodoamine could be

formedin situ then photolysed as detailed by Sarpehgl (Scheme 2.6%2 The reaction was

57



carried out exactly as described in Sarpong’s pdymvever no desired product was observed

by *H NMR or LC-MS analysis and only the amip89was recovered.

“ ~ 1)NIS, DCM, RT 30 min, hv20 min (7 N N N
| N™  2) Et;N, DCM, hv, RT, 5 h P N | '
P H N” N7 ] “ H
N | _ N
259 257 N 259
258

Scheme 2.6

2.2.3 Methoxypyridine substrates

Due to the lack of success with the pyridyl sededer a range of conditions, a new substrate
was proposed. The structure was based on the €arbaflorine103 which was constructed
through metal-fre@N-arylation methodology by Sarpoetal*® The pyridine ring in this case

is more electron rich due to the methoxy group, &gl substituents and the heteroaryl group.

Figure 2.6

A methoxy group was added in the 2-position of plgadine to make a more electron-rich
system than the previous substrates with the hbpeomoting the cyclisation. With the alkyl
chainparato the methoxy this would then allow cyclisatioreither the 4 or 6-position of the

pyridine ring (compoun@63).

Y
|
~0 N/ Cl
263
Figure 2.7
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The synthesis of the methoxypyridine subst2t8 was carried out via the same synthetic
route used for the previous substrates (SchemeTh&)Wittig reaction used to form esB&6
provided higher yields than previously seen ingihedyl series. Hydrogenation afforded ester
267 in 88% yield, which was converted to the ami8in 94% yield. The amid268 was
reduced to the amine using LiA\H~vhich was directly converted to the chloroan268in a
48% yield over 2 steps. The yield over these 2sstegs an improvement on the yields observed
for the previous pyridyl substrates and it allowesl to access enough of the desired
chloroamine263to test varioudN-arylation conditions.

0]
Pd/C, Ha,
_MeCN _ _ EtOH | A OEt
- “P(Ph), _
0 RT 16 h RT 16h S0 N
267

OFt 86% 88%
264 265 ° °

CH3NH,, 0 Step i) LiAIH,, THF,

e
M, SN N/ reflux, 3 hrs | = N
reflux, | H Stepii) NCS, DCM, g~ N7 ci
16 h o7 N RT,3h
94% 268 48% 263
Scheme 2.7

The substrat263 was subjected to conditions already applied twiptes substrates (Table
2.9). Under basic conditions none of the desiredipet was observed by LC-MS analysis or
'H NMR with the amine being the major product of teaction (Table 2.9, Entry 1). The acidic
conditions that have been successful for othertratles within the Marsden group were
applied, however no desired product was observethwhking either $$Qs or MeSQH (Table
2.9, Entries 2-3).

>N
- X -
| \/ C’}I:I Conditions | _~ o N | \/ E
TOTON S
I
263 269 270 271
Entry Conditions Product
1 Et,N (6 eq), DCM, b, RT, 5 h Amine 271
2 MeSQH (10 eq), DCM, b, RT 5 h Amine 271
3 H2SOQw (80% soln. in HO), hv, RT, 5 h Amine 271
Table 2.9
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The last set of conditions that were trialled w8apong’'s (Scheme 2.8) which forms the
iodoaminein situ, again however this did not yield any of the desiproduct and only amine

271was obtained.

~
N
X N~ 1) NIS, DCM, RT 30 min, hv 20 min m N
- | _ b 2) Et;N,DCM, hv,RT,5h o NN |
=
I I 0" °N
269 |

271 270

Scheme 2.8

In summary the intramolecular aromatic aminatiothefpyridine has been unsuccessful using
the substrates that we have proposed both withvétitbut the methoxy group present.
Sarpong’s conditions used in the synthesis of éokiaE were also applied however no desired
products were obtained. These conditions could baea successful in Sarpong’s case due to
the enforced proximity of the reactive aminyl radito the pyridine ring. In the pyridine
substrates that we have investigated there isteehapgree of rotational freedom of the radical
which is not held in close proximity to the pyridiming. This decreases the likelihood of
cyclisations and increasing the possibility of rogin abstraction before the radical can

cyclise.

2.3 Amidyl radicals

To continue our investigations intd-arylation reactions of nitrogen-centred radicaid &
expand the substrate scope, amidyl radicals wetedeinder various conditions.

2.3.1 Synthesis of substrates for tetrahydroquinationes

Due to previous success within the Marsden group similar amine substrates, the amide
276was proposed. The proposed synthesis for the aBlis shown in Scheme 2.9. The first
step was a hydrogenation reaction to reduce thblddoond which afforded the es&f4in a
94% vyield. Initial trials to convert est&¥74 to amide275 in one step by refluxing in
methylamine as had been previously used in thelipygisubstrate synthesis was not successful
and gave a mixture of the starting est@é4, ethyl ester and the ami@&6. Therefore, it was

decided to proceed via saponification of e&e4 to yield the carboxylic aci@75in a 74%
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yield. The acid275was converted via an amide coupling reaction wigdthylamine to afford
the desired amid276in a 72% yield.

(0] 0] (0]
X _ Hy, Pd/C, EtOH _ NaOH, MeOH
WO RT, 16 h 0 reflux, 30 mins OH
94% 74%
273 274 275

TBTU, DIPEA,
MeNH, HCI, DCM,

RT,16h
72%

)
N/
©/\)J\H
276

Scheme 2.9

Due to issues previously encountered within theignehen attempting the chlorination of an
amide using NCS, in which no chlorination was obedy it was decided to proceed with
bromination instead. However, the conditions fouwithin the literature did not yield the
desired product and instead only the starting ar2itfavas recovered (Scheme 2.10).

0 0

Br,, H,0, KOH
N N~
H 0°C,3h )
Br

276 277

Scheme 2.10

With the unsuccessful attempts to brominate thelanalternative conditions were found for
chlorination® This reaction involves tha situ formation oftert-butyl hypochlorite. This
reaction proceeded well using one equivalent oheasagent and afforded the desired

compound278in reasonable yields (Scheme 2.11).
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0 NaOCI, AcOH, %
N BuOH. MTBE N
H 0°C,2h Y
54%

276 278
Scheme 2.11

Different equivalents of the reagents were inveséd to see if the yield could be increased
(Table 2.10). Gratifyingly the yield was shownimoprove with the best results being seen
when using 1.5 equivalents of each reagent; noridlaliton on the aryl ring was observed
(Table 2.10, entry 3).

Yield of chloroamide

Entry Equivalents of reagents 978
1 NaOCI (1.00 eq), AcOH (1.00 edBuOH (1.00 eq) 54 %
2 NaOCI (1.05 eq), AcOH (1.05 edqBuOH (1.05 eq) 66 %
3 NaOCI (1.50 eq), AcOH (1.50 edBuOH (1.50 eq) 83 %
Table 2.10

With the chloroamid@78in hand, the compound was irradiated under UM ligting a 125W
high pressure mercury lamp under a range of camditior theN-aryl cyclisation reaction. The
acidic, basic and Lewis acid conditions were chahgs to previous work carried out within
the Marsden grouf.Neutral conditions which utilise a range of soligeof increasing polarity
were chosen in line with what had been used preWdn literatureé®® When the reaction was
tried under basic conditions or neutral condititimis did not yield any of the desired product
(Table 2.11). A similar result was seen when tlaetion was carried out in the presence of a
Lewis acid (Table 2.11, Entry 9). Only the dechiated amid76 was isolated at the end of
the reactions. An interesting result was observé@énathe reaction was carried out in 10
equivalents of methanesulfonic acid; the benzioide 280 was isolated in a 52% vyield
(Table 2.11, Entry 2). One way in which the berzghloride produc280 could be formed is

if after homolytic cleavage of the N-CI bond theidyh formed abstracts a hydrogen from
another chloroamide. This would generate a benzgdical which could then abstract a
chlorine from another molecule of chloroamide. Tteaction was repeated in the dark to
establish if this reaction was photochemically ragetl. Only the chloroamide was obtained

after 5 hours showing that it is a light mediatedcgess. The same result however was not
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found in the stronger acidic conditions when comegad HSOQ: was used (Table 2.11, Entry
3).

(0} (0} Cl O
~ Conditions ©\/\/\l\ N -, ~
N N N N
Cl | H H

%isM 279 276 280
Entry Conditions Products
1 Et:N (6 eq), DCM, b, RT, 5 h Amide 276(90%)
2 MeSQH (10 eq), DCM, b, RT, 5 h 28052% yield
3 H>SOs (80% soln. in HO), hv, RT, 5 h Amide 276(85%)
4 DCM, hv, RT,5h Amide276(93%)
5 Toluene, b, RT, 5 h Amide 276(84%)
6 CHCN, hv, RT,5h Amide276(89%)
7 t-Butanol, b, RT,5h Amide 276(88%)
8 2-Methyl but-2-ene (1 eq), DCM, RTy b6 h Amide276(86%)
9 BFsOER(5 eq)DCM, hv, RT, 5 h Amide 276(85%)
Table 2.11

The structure o280 was assigned through the NOESY NMR spectrum toiconivhich
carbon the chlorine was on. It showed there wam@g fange correlation betweenr &hd the
amide proton but no correlation betweehard the amide proton. The signal fdrdHowed a

correlation to M but no long range correlation was observed betwemd H (Figure 2.7).
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Figure 2.8

2.3.2 Synthesis of substrates fd¥-acetyltetrahydroquinolinones

Investigations within the literature into amidydreals looked at both the amide both in and
outside of the ring. Therefore, the second sulestiat we investigated for the formation of
the six-membered ringga amidyl radicals, had the inverted amide bond se@#nkeonyl would

be exa to the forming ring. The first step in the syrdiseof the chloroamid@83 was the
acetylation of phenylpropylamir281, which proceeded in quantitative yield (SchemeR.1
The chlorination of the amid2g82was carried out under the previously establistwedlitions

to afford chloroamid@283in 65% yield.

o) (0]
Ac,0, N
NH aOCl, AcOH,
©/\/\ 2 Et;N,DCM HJ\ tBUOH, MTBE I}IJ\
[o]
0 01-(?;),/1% 0°C 2h Cl
281 ° 282 65% 283

Scheme 2.12
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The same conditions for thd-arylation reaction were screened against the chhlorde283
(Table 2.12). Unfortunately, none of the conditi@afforded any of the desired product with
the major product being the amigg2

j L) i
©/\/\'}IJ\ Conditions N . ©/\/\NJ\
o2m © o H
282

283 284
Entry Conditions Products (isolated yields)
1 Et:N (6 eq), DCM, b, RT, 5 h Amide 282(90%)
2 MeSQH (10 eq), DCM, b, RT, 5 h Amide 282 (89%)
3 H>SQw (80% soln. in HO), v, RT, 5 h Amide 282(87%)
4 DCM, hy, RT,5h Amide 282(92%)
5 Toluene, b, RT, 5 h Amide 282(88%)
6 MeCN, hv, RT, 5 h Amide 282(93%)
7 t-Butanol, v, RT,5h Amide 282(88%)
8 2-Methyl but-2-ene, DCM,2h RT, 5 h Amide 282(86%)
9 BFsOEt, DCM, hv, RT, 5 h Amide 282(85%)
Table 2.12

Within the literature a control experiment was eafiout by Kuehnet alto show whether the
amidyl radical would carry out a éxo cyclisation, however this reaction only yielded the
amide16Q°°

ol CH,CI
hv, benzene H
\/\/\/lll\ o N/COCH2 NN NPLN
COCH;4 RT,1h COCH;,
158 159 160
0% 90%
Scheme 2.13

This could explain why the trials to form the tétydroquinolones under our conditions; even
when a 6-membered ring could be formed, have besunagessful and no cyclisation product
was observed. If the same stereoelectronic traéeevat play then preference for the 5-

membered ring formation would lead to the formatdnhe spiro compound85. This might
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not be a facile process due to the inability af totmpound to re-aromatise making this process

e
N
\

Figure 2.9

unfavourable.

2.3.3 Synthesis of substrates for dihydroindolones

Due to the unsuccessful investigations into cytbse to form 6-membered rings studies into
the 5-membered ring formation were initiated. Thaide 287 was constructed from
phenylacetic aci@86and methylamingia an amide coupling reaction in 74% yield. The next
step was the chlorination of amid87 which was carried out under the previously esshield
conditions and afforded the desired chloroanz@@in 84 % yield (Scheme 2.14).

cl
OH TBTU, DIPEA, H NaOCl, AcOH, N
©/\[( MeNH,.HCI, DCM, ~ __ BuOH, MTBE ~
O RT,16 h o) 0°C,4h o)
o 84%
286 4% 287 ’ 288
Scheme 2.14

Applying the neutral and basic conditions previgusted did not yield any of the desired
product (Table 2.13). Also, no product was obseimezbncentrated sulphuric acid, however
when 10 equivalents of methanesulfonic acid wad ys®duc89was observed by4 NMR
and LC-MS analysis. Unfortunately, none of the abkiproduct was isolated with only the
amide287 isolated. The conditions using the BPEt in DCM vyielded 10 % of the desired
product289with the amide287 being the major product.
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Cl

N Conditions mo + W ~
_ Conditions _ N
o] \ o

288 289 287
Entry Conditions Product (isolated yield%)
1 EtsN (6 eq), DCM, b, RT 5 h Amide 287 (88%)
2 MeSQH (10 eq), DCM, kb, RT, 5 h Amide287(80%) + dihydroindolones
289 (trace)
3 H>SQ: (80% soln. in HO), hv, RT, 5 h Amide 287 (85%)
4 Toluene, b, RT,5h Amide287(92%)
5 DCM, hv, RT,5h Amide 287 (95%)
6 t-Butanol, b, RT,5h Amide287 (96%)
7 BFsOE®L (5 eq), DCM, b, RT, 5 h Dihydroindolone89 (10% yield)
Table 2.13

With the initial success seen with the Lewis acdditions in DCM a different Lewis acid was
examined. It was also hoped that less polar sadwsatld force the Lewis acid to interact with
the chloroamid88and promote the cyclisation to form the desirestipct289 (Table 2.14).
Toluene was chosen as the solvent and desired girods isolated in 9% yield, however a
large amount could not be separated from an unfaehside product. Other solvents tried
included anisole and chlorobenzene however theateproduct was not isolated from either
of these reactions. The other investigation that eaaried out looked into changing the Lewis
acid and for this aluminium trichloride was pickéchis did not afford any of the desired
product. The reaction was also carried out in thek das a control) to observe whether the
dichlorination to form the free amide light meddter not. After five hours only the
chloroamide288 was observed bjH NMR and LC-MS analysis showing that the lightis
key factor in the reaction.
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el X
N Conditions @E\FO + ©/\H/ N\
__Conditions _ N
288 289 287
Entry Conditions Products (isolated yield%o)
1 BFsOEb, DCM, hv, RT, 5h Amide 287+ product289 (10% vyield)
2 BROEb, toluene, b, RT, 5h Amide287 + product289 (9% yield)
3 BFsOED, anisole, b, RT, 5h Amide 287 (95%)
4 BROEb, chlorobenzene,h RT, 5h Amide287(92%)
5 AICl3, DCM, ho, RT, 5h Amide 287 (93%)
6 BFROEb, DCM, dark, RT, 5h Chloroamidz88 (98%)
Table 2.14

2.3.4 Synthesis of substrates fd¥-acetyldihydroindolones

Following on from our previous investigations iramidyl radicals it was also decided to
investigate the acetylated version where the awgd be in theexa position to the ring
after cyclisation. This could also show whetherihgthe spinternal or external has an effect
on the cyclisation of the amidyl radical. The fissép in the synthesis was the acetylation of
phenylethylamin€90 which gave the desired prodi91in 84% yield (Scheme 2.15). The
next step was the chlorination of the amide udnegareviously established conditions to afford
chloroamide292in a 78% vyield.

ol
NH, acetic anhydride, H NaOCI, AcOH, N
©N Et;N, DCM \ﬂ/ tBUuOH, MTBE \ﬂ/
0°C-RT, 16 h o) 0°C,4h o)
290 84% 291 78% 292

Scheme 2.15

The same conditions that were tested previouslewseplied to the chloroamid®92 (Table

2.15). No desired product was observed under tee lsanditions or acidic conditions with
only the dechlorinated amide being isolated. Theit@cid conditions yielded a more positive
result with traces of the product being observedtbiWNMR and LC-MS analysis. However,

after purification only 3% yield of the desired coound were obtained with impurities.
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Entry

N oo oA WD

As a result of the success of the Lewis acid reactthe compound was tested with an
alternative Lewis acid and other non-polar solvéitble 2.16). When toluene was used as
solvent none of the desired product was observetHBYMR or LC-MS analysis. However,
when it was tested in hexane the product was obddsy'H NMR and 6% yield of the product
was isolated after purification with impurities peat. When the reaction was carried out using

Lo O
N\n/ Conditions N + ©/\/N\”/
0 =0 0

292 293 291
Conditions Result

EtsN (6 eq), DCM, h, RT, 5h Amide 291 (92%)

MeSQH (10 eq), DCM, b, RT, 5h Amide291 (93%)

Toluene, b, RT, 5h Amide 291(94%)

DCM, hy, RT, 5h Amide291 88%)

MeCN, h, RT, 5h Amide 291(90%)

t-Butanol, h, RT, 5h Amide291 (94%)
BFsOE®L (5 eq), DCM, Ib, RT, 5h Amide 291 + product293 (3%

yield impure)
Table 2.15

the AICk none of the desired product was isolated. As leefitie reaction using BPEbL Iin

DCM was also carried out in the dark. After 5 hooim$y the chloroamid@92was present in

the reaction mixture.

Entry

AWN

¢ @O H
N\n/ Conditions N + ©/\/N\n/
©/\/ 1 /go 1
292 293 291
Conditions Products (isolated yields%)
BFsOE® (5 eq), DCM, b, RT, 5h Amide291+ D.P.293(3% yield impure)
BROEb, toluene, b, RT, 5h Amide291 (95%)
BFsOEb, hexane, t, RT, 5h Amide 291+ D.P.293(6% yield impure)
AICl3, DCM, hv, RT, 5h Amide291 (94%)
Table 2.16
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2.3.5 Constrained systems

Due to success that had been seen previously igrthe with less conformationally free

substrates it was decided to try and see if thigldvbave an effect for amidyl radicals. An

example of a biaryl system was found within ther&iture in which they formed the iodoamide
166 in situ which then cyclise@ The amidel65 was prepared by an amide coupling with
biphenylcarboxylic aci®94 and methylamine in 72% yield (Scheme 2.16).

O TBTU, DIPEA, O
O MeNH,.HCI, DCM, O
RT, 16 h o

HO™ ~O 72% |

294 165
Scheme 2.16

The conditions to form the iodoamidesitu were then attempted with the only change made
to the conditions was DCM used instead of carbtmadbloride (Scheme 2.17). In the paper
the reaction was irradiated under UV light for idurs, however in our hands this only yielded
trace product. It was therefore decided to extdmsl ime to 5 hours but again only trace

product was observed B NMR.

O hv, ICI, KO'Bu, O O
O iodine, DCM O O
RT,5h
Hl\ll o ITI 0 I/’]‘ 0

165 167 via

Scheme 2.17

The signals corresponding to the aml@® were still observed as the major component of the
reaction mixture in the crud&l NMR spectrum (Figure 2.9). The signals that arimed in
green in Figure 2.10 correspond to the desiredymi§* The same result is observed whether

the reaction mixture is irradiated under UV ligbt 1.5 or 5 hours.
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Figure 2.10

It was then decided to try and see if the chloralBB5might give better results. There were
issues with the formation of the chloroamide fas ttompound due to solubility issues with
the starting material. Better results were seeh watluene, as opposed to MTBE or EtOAc,

and a small amount of the chloroamifibwas obtained (Scheme 2.18).

O NaOCI, AcOH, O
O tBuOH, toluene O

HN" S0 0°C, 2h CIN" Y0

| 16% |

165 295

Scheme 2.18

The substrat295 was subjected to the neutral conditions and pgs®with a Lewis acid.
Unfortunately, no product was observed when theti@a was carried out under neutral
conditions using DCM as solvent (Scheme 2.19). @méyamidel65 was isolated at the end
of the reaction.
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O hv, DCM
O RT,5h
CIN" 0

295

Scheme 2.19

Photolysis of the bi-aryl system was also attempiedier the Lewis acid conditions that had
previously shown success with a different substtasee product was observed 1y NMR
(Scheme 2.20). A control experiment was also caroigt in the dark after 5 hours only the
chloroamide was present in the reaction mixtureviig the irradiation under UV light is key
to the formation of the product. There was no improent under these conditions compared

with the formation of the iodoamide situ.

O hv, BF;.0Et,,
O DCM _
NS0 RT,5h

295

165

Scheme 2.20

The intramolecular aromatic amination reactionsgithe amidyl reactions to form the six-
membered quinolone substrates has been unsuccesdr a range of conditions. This could
be due to the preference for five membered rings.

With regards to the cyclisation to form five-mermdaerings some success with the addition
of Lewis acids to the reaction mixture with theides product isolated in 10% yield. These
conditions have been applied to several substvatadimited success seen.

The conformationally restrained systems also sholveiled success under the conditions
found within the literature and under the condisidhat had proved to be the most successful
for our proposed substrates. There was also dif§icu chlorinating the bi-aryl systems due to

solubility issues with the compound which also atitteits limited success.
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Chapter 3 N-arylation reactions using chloroamines and iron siés

3.1 Introduction

CurrentN-arylation techniques, such as the Buchwald-Hartsogs-coupling reaction and the
Ullmann coupling, often require expensive or begptigands (eq xphodBuBrettphos),
require pre-functionalised aryl species and prexzioetal catalysts leading to high-cost
synthetic route$!! An alternative method that can be used is diremmatic amination of
unfunctionalised aromatics with aminium radicaldchican be generated through a variety of
methods such as photolysis, single electron traasfe thermolysis.

A modified version of the HLF reaction was demoaistd by Minisci who showed that
chloroamines could be used to aminate aromaticsrimg either intermolecular or
intramolecular reactions. The limited exampleshia literature use Fe(ll) and Ti(lll) salts in

concentrated acid (Scheme 34).

FeSO4,
R R
/ H,SO,4 / AcOH /
R’ R’
104 105 106

/
- _ CI—N ClI—NH
CINRR CI—N ) o \

70 % 61% 58%

Scheme 3.1

This process suffers from problems associated usihg concentrated sulfuric acid as the
reaction solvent, such as its highly corrosive retthe viscosity of the reaction and the
aqueous nature of it which leads to heterogenadtiom mixtures. It was therefore decided to
investigate whether the iron salts could be usezbmjunction with the homogenous organic
media conditions that have been previously estaddisvithin the Marsden group for use in
photolysis, which utilise MeSgBl in DCM (Scheme 3.2). Intial investigations focdsm the

formation of THQs so a direct comparison with tHefochemical approaches developed
within the group can be carried out. There had laésn one THQ example within the literature

demonstrated by Minisci where R’ = H and R = Mejahlitutilised the aqueous conditions.
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Rl
/R '
N MeSO4H (10 eq.), hv R R=alkyl
& DCM (0.25 M), RT, 5 h N R = alkyl, aryl

I
R

296 297

Scheme 3.2

3.2 Intramolecular amination

Initial investigations were carried out on the cbhlmine substrat&l5 which Minisciet al
had shown was able to cyclise using concentratddrguacid as the reaction medium; this
was readily synthesised through reductive aminaifdrydrocinnamaldehyd298followed by
chlorination of amin€37 using NCS (Scheme 3.3¥. The chloroamines can be purified by
column chromatography and most can be fully charessd, some decompose during LC-MS

analysis to the parent amine.

1) MeNH; (3 eq, 8 M in EtOH), NCS (1.25 eq),
o MeOH, RT, 16 h N~ DCM N~
0 i H RT,3h '
2) NaBH, (2 eq), 0 °C, 30 mins ) cl
298 99% 237 67% 115
Scheme 3.3

The conditions used by Minis@t al utilised HSO/ACOH (3:1) as the solveft. These
conditions were initially tested upon chloroamih&5, pleasingly, when the reaction was
cooled to C, a 39% yield of the desired proddditwas obtained (Table 3.1, entry 1). Upon
further cooling to -B8C, the yield increased dramatically to 80%, afintieated the production
of a resinous compound observed when the readionticooled. Both of the reactions were
carried out in the dark, which was ensured by wiragphe flask in tin foil, to ensure that light
was not responsible for the breaking of the N-Cldtw form the nitrogen centred radical. The
reactions were also carried out open to light &wiedseame yield for the products was obtained
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N~ [Conditions] ©\/j
|
¢l N

115 116

Entry Conditions Yield of 116 (%)
1 FeSQ7H:0 (10 mol%), HSQs, AcOH (3:1),0°C, 1 h 39
2 FeSQ7H:0 (10 mol%), HSQOy, AcOH (3:1), -5°C, 1 h 80
Table 3.1

Due to the success of this substrate under theoagusonditions, it was chosen as a model
substrate for optimisation of organic media-basauddions. Investigations into screening a
variety of acids, iron salts and stoichiometriedoth, were undertaken in DCM initially. The

reason DCM was used before any solvent screen avaea out was due to previous studies

carried out into the photochemical version of tbaction.

3.2.1 Acid screen

A variety of acids were investigated using 10 deach in the attempted-arylation reaction

of the chloroaminell5 (Table 3.2). Investigations into the photochemigaision of the
reaction within the Marsden group demonstrated fitateq. of acid gave the best results
therefore investigations began with 10 eq. of adide poor solubility ofp-TsOH and
camphorsulfonic acid in DCM could be the reason whyeaction occurred and only SM was
observed after 1 hour (Table 3.2, entry 1-2). Teattions with these acids were also carried
out in methanol to improve the solubility of thads; however again only SM was observed
after 1 hour. When 3N HCI in MeOH was used the @286 was the only product of the
reaction (Table 3.2, entry 4). The result with acatid (Table 3.2, entry 5) suggests that the
pKa of the acid may also play a key role in whetheracid will aid the formation of the desired
product. The pKa for methanesulfonic acid in wael.42 which is comparable to thatpsf
TsOH (-2.8), this suggests that it is the solupibf p-TsOH acid in DCM that could be
hindering the reaction in this case rather tharsttength of the acid. This is based on the pKa’s
of the acids being similar in DCM or following sitai trends observed in water. The only acid
screened that generated the desired TH®was MeSGH, with all other acids affording the
amine236or SM115after 1 hour (Table 3.2, entry 6).
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[Acid],

e FeSO47H20 (10 mol%), e
©/\/\gl DCM (0.25 M) + ©/\/\N
0°C,1h 'il

115 116 236
Entry Acid (10 eq.) Product (isolated yield%)
1 p-TsOH Starting material 15
2 Camphorsulfonic acid Starting materldls
3 TFA Starting material 15
4 3N HCI in MeOH Amine236 (90% recovery)
5 AcOH Starting material 15
6 MeSQH THQ 116 (73%)
Table 3.2

The reaction was carried out using MeB@t RT, 0°C and -5°C with similar yields obtained
at the lower temperatures, but at RT more of tlohldeinated starting materiaB6was formed
(Table 3.3). It was noted that the reaction is lke&otnic upon the addition of the acid which
suggests higher temperatures are detrimental teytlesation of the aminium radical. The
order of addition of the reagents doesn’t affeet tiverall yield. Therefore, reactions were
carried out at OC from this point onwards. Control experiments walso carried out in the
absence of acid or iron salt. In both cases ordySN 115was observed after 1 hour, and no

decomposition of the SM was observed.
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[Acid],

_ FeS0,.7H,0 (10 mol%), e
O/\/\N DCM (0.25 M) N O/\/\ H
cl 0°C,1h N

115 116I 236

Entry Conditions Product (isolated yield%)
1 FeSQ7H0 (10 mol%), MeSGH (10 eq.), RT, 1
. THQ 116 (50%)
2 FeSQ7H20 (10 mol%), MeSeH (10 eq.), OC, 1 THQ 116 (73%)
h
3 FeSQ7H20 (10 mol%), MeSeH (10 eq.), -5C,
THQ 116 (73%)
1lh
4 FeSQ7H.0 (10 mol%), ®C, 1 h SM115
MeSQH (10 eq.), ®C, 1 h SM 115
Table 3.3

With the best acid for the reaction and the optimtamperature in hand, a range of iron salts

were screened.

3.2.2 Iron salt screen

It was then decided to screen a variety of Fefliss The formation of the desired prodit6
was observed when using either Fe3B,0, FeC} or ferrocene (Table 3.4, Entries 1,2 and
4). When Fe(C@CHs).and Fe(OTf) were used, only the ami286 was obtained (Table 3.4,
Entries 6-7). The best yields were observed wite@&H:0, and therefore this was used for
the further optimisation of the reaction conditiohms/estigations were also carried out using
an Fe(lll) salt to demonstrate that the reactianitgated by a single electron transfer from the
iron salt to the N-CI bond rather than by Lewisdacatalysis. When using Fegit was found
that after an hour only the SML5 was present, therefore supporting the theory eftedn
transfer from the iron salt (Table 3.4, Entry 3pl@lrisation of the solutions was observed in
the reactions using ferrocene, Fe(agatld Fe(OTH suggesting that the iron(ll) source was

soluble in DCM giving a homogenous reaction mixture
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[Iron Salt],

Cl
N~ MeSO;H (10 eq), N~
0°C,1h

115 116 236 299
Entry Change in Iron Salt (10 Products (isolated yield%)
mol%)

1 FeSQ7H.0 THQ 116 (73%)

2 FeCh THQ 116 (63%)

3 FeCk SM 115 (90%)

4 Ferrocene THQ16(20%) and chlorinated THQ

299 (trace)

5 Fe(acao) SM 115(88%)

6 Fe(CQCHs3)2 Amine 236 (88%)

7 Fe(OTfp Amine 236 (85%)

Table 3.4

Through each of these investigations it was shdwhthe best conditions were FeS®BIO
(20 mol%) and MeSgH (10 eq.) in DCM. With these successful conditionsand it was then

decided to investigate the optimal number of edeima of both the acid and the iron salt.

3.2.3 Iron salt and acid equivalents optimisation

A range of equivalents of acid and iron salt (28-eq.) were investigated, as shown in Table
3.5. The reactions are carried out at 0.2 M. As lbarseen in Table 3.5, the number of
equivalents cannot be lowered to below 2.5 mol%af or 2.5 eq. of acid, as this leads to
none of the desired produti6 being formed, only the SNI15is observed after 1 hour. The
best yield is observed when 10 eq. of MelSB@nd 10 mol% of iron salt is used. There appears
to be a correlation between the number of equitslehacid and the loading of iron: a change
in the balance is detrimental, leading to either filrmation of amin@36 or only SM115

being observed by LC-MS analysis after 1 hour.
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Equivalents of Acid

Iron Salt (mol%)

10

7.5

5

2.5

*Red = SM or free amine, Amber = d.p. yield lesatl60%, Green = d.p. yield over 60%
** Averageisolated yields shown in table for replicate ruhgachreaction
Table 3.5

With the optimised set of conditions in hand wiggards to the iron salt and the acid, it was

decided to screen a variety of solvents with diffgidegrees of polarity.

3.2.4 Solvent screen

Using the optimised reaction conditions establispexviously, a solvent screen was carried
out to establish if DCM was the best solvent. Tee of EtOAc stopped the reaction occurring
and only the SM.15was observed after 1 hour (Table 3.6). When thetien was carried out
using 2-methylTHF, the only compound observed dftaour was the amir236. A trace of
the desired produdtiéwas observed bYH NMR analysis when using dioxane, however none
was isolated. Both 2-methylTHF and dioxane caraa@ source of hydrogen atom which can
be readily abstracted by the electrophilic aminradical, this could explain why the amine
236is observed rather than the cyclised prodtiéthen the reaction was carried out in toluene
it was observed that the Meg®was immiscible and although the desired produ&was
isolated in a 45% vyield, this could be a contribgtfactor to the decrease in yield observed
compared to when DCM is used.
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[solvent]

_ FeS0,47H,0 (10 mol%), _
O/\/\Nl MeSO;H (10 eq) + ©/\/\H
c 0°C,1h N
115 236

116|

Entry Solvent Products (isolated yield%)

1 MeOH Amine 236 (85%)

2 EtOAc SM115(90%)

3 2-methyl THF Amine 236 (88%)

4 Dioxane Trace THQl6and Amine236 (50%)
5 DCM THQ 116(73%)

6 Toluene THQL16(45%) and trace amiriz36

Table 3.6

Through carrying out this solvent screen using réetyaof polar to non-polar solvents it was
shown that DCM is the optimal solvent in which &ory out this reaction. Therefore, with an

optimised set of conditions in hand, the scopdefreaction could be investigated.

3.3 Substrate scope

Substrates possessing a variety of different sulistn patterns were synthesised by altering
the groups on the aromatic ring, the nitrogen &edtkyl chain, to investigate the scope of the

reaction.

3.3.1 Nitrogen substitution

Different substitution patterns on the nitrogen t@nachieved through changing the amine
used during the reductive amination of hydrocinndetayde298 which has been previously

done within the group’. The synthesis of the allyl-, butyl- and hexyl-sufoséd chloroamines

is shown in Table 3.7. The reductive amination wahch of the corresponding amines
proceeded well, however, purification issues wiik hexyl substrate led to a lower vyield.
Chlorination of each of the amines using NCS a#drdhe desired chloroamines in good
yields.

80



step ii
step i

_R NCS (1.25 eq), )
2 2)NaBH, (2 eq), 0 °C, RT, 3 h Cl

298 300 30 mins 301 302
Entry Substrate (R=) Step (i) Yield (%)  Step (iigM (%)

1 Allyl a 91 71

2 Butyl b 85 70

3 Hexyl c 31 70

Table 3.7

These substrates were subjected to the standaditioos for N-arylation. Pleasingly the

desired products from the cyclisations were achliaemneyood yields (Table 3.8).

R FeSO,7H,0 (10 moi%)
©/\/\ N MeSO,H (10 eq.), DCM .

302 ? oo 303 R
Entry Substrate Yield (%)
1 Allyl a 69
2 Butylb 43
3 Hexyl ¢ 48
Table 3.8

With regards to the hexyl substrate, previous weakried out within the group on the
photolysis of chloroamind02cshowed that there was a competition reaction betweeHLF
and theN-arylation reaction (Scheme 3.4). Due to the lengftithe chain, a 1,5-hydride
abstraction followed by a radical recombinationctiea to give the chloroalkylamin®06 is
possible. However, none of chloroalkylamiB86 was observed by LC-MS dH NMR
analysis, when subjected to the standsarylation conditions developed within this work.
The 1,5-hydride abstraction can occur, howevemasghlorine radical is generated in the
breakdown of the chloroamines, the radical recoation step that forms the chloroalkylamine

306 cannot occur via that mechanism.
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MeSOsH (10 eq),

_nHex FeSO47H,0 (10 mol%),
N N/A\\//\\T/»\\
©/\/\ , oM . X ©/\/\H
c 0°C,1h N cl

48% nHex
304 305 306

Scheme 3.4

Successful synthesis of these substrates has d#atedsthat substitution on the nitrogen is

tolerated for different groups.
3.3.2 Substituted aromatics

It was then envisaged that a variety of substrails different substituents and substitution
patterns on the aromatic ring could be synthesigethe synthetic route shown in Scheme 3.5.
The first step would involve substitution of a b@nlaromide or a benzyl mesylate with a
Grignard reagent (allyimagnesium bromide) to affibrel terminal alken808 Compound08
could then undergo an ozonolysis reaction to affioeccorresponding aldehy@89. Reductive
amination of compoun809followed by chlorination would afford the desit@@oamine311

Reductive

amination
v
! Chlorination H
Cl --o--- -t
R’ R’
311 310

Scheme 3.5

Depending on the availability of starting materigisher a benzyl bromide or a benzyl alcohol
was chosen for the Grignard displacement reacfldtve substrates synthesised using the
corresponding benzyl bromid#l2 along with the yields, are shown in Table 3.9l thk

corresponding terminal alkenes were obtained irekemt yields.
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Br

Allyl MgBr (2 eq), THF X
0°C,2h

R R
312, 308,
Entry Substrate Yield (%)
1 4-Me 308a 93
2 3,5-Me308b 95
3 3-Cl308c 99
Table 3.9

The benzyl alcohols were converted to benzyl mésgland the crude material was telescoped
through to the next step (Table 3.10). Displacenwnthe mesylate by allylmagnesium
bromide afforded the desired terminal alkeB@8 The range of substrates synthesised using
this method are shown in Table 3.10. The yieldsevetightly lower than those of the benzyl

bromides, but desired products were obtained injaate yields.

OH 1) Et,N (1.1 eq), MsCI (1.1 eq),
0°C,3h Q/\/\
2) Allyl MgBr (2.0 eq),

R THF,0°C, 2 h R
313 308
Entry Substrate Yield (%)
1 4-Cl308d 42
2 2-Cl308e 62
3 4-Br 308f 68
4 4-OMe308g 63
Table 3.10

With the terminal alkene308in hand, the rest of the synthetic route was edrout to afford
the desired chloroamines. Ozonolysis of the terhaheenes308 afforded the aldehyde309

in 60-87% vyields. Reductive amination of aldehy8@3generated the amin840in excellent
yields. Chlorination of amine%10yielded enough of the desired chloroami@#%to proceed
to theN-arylation reactionsThe conditions and the yields of each step forcthreesponding

substrates is shown in Table 3.11.
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Ozone,

« PPhs (1.05 q), 1) MeNH, (3 eq, 8 M in EtOH), _
@/\/\&> @/\AO MeOH, RT, 16 h @/\/\H
-78 °C, 20 mins 2) NaBH, (2.0 eq), 0 °C, 30 mins

R 308, 0] R 300, R 310,
NCS, DCM
RT,3h
(iii)
'?l/
cl
R
311,54
Entry Substrate Step (i) Step (ii) Step (iii)
1 4-Me a 72 97 73
2 3,5-Meb 73* 95 66
3 3-Clc 76 88 85
4 4-Cld 87 88 67
5 2-Cle 68 72 59
6 4-Brf 80 86 75

*crude yield — material was telescoped through

Table 3.11

Unfortunately, when the aromatic ring is substiuteth a methoxy group the aldehyde cannot
be formed through ozonolysis due to potential axeof the aromatic ring. When ozonolysis
was trialled only trace of the desired product wgagated nothing else could successfully be
isolated (myriad of spots by TLC). Therefore, ateralative step to obtain the aldehyde was
proposed, as shown in Scheme 3.6. The 8ld was formed from dihydroxylation of the
alkene 308g followed by oxidative cleavage using sodium peaiegd which afforded the
desired aldehyd®16in quantitative yield. The aldehy@46was then converted to ami@&7

via reductive amination. Another problem was encowdateturing the chlorination step. The
conditions used previously, which utilise NCS ie tthlorination step, cannot be used as they
were found to chlorinate the electron-rich aromang. Alternative conditions found involve
the in situ formation oftert-butyl hypochlorite which allows the nitrogen to belectively
chlorinated®®
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NalO, (1.5 eq),
K,0s0,4 2H,0 (1 mol%), 4
20804 2H,0 ( °) OH H,0/MeOH

NMO (1.5 eq), OH
/@/\/\ acetone/ H,0 (10:1) /@/\)\/ (5:95), /@/\AO
0 RT, 48 h o RT,2h 0
I 308g 76 % | 315 99 % | 316

1) MeNH, (3.0 eq, 8M
in EtOH),MeOH, RT,

16 h
2) NaBH,4 (2.0 eq), 0
°C, 30 mins
92%
N~ NaOCI (1.0 eq), tBuOH (0.25 eq), N/
/©/\/\é| ACOH (1.0 eq), EtOAC /©/\/\H
O 0°C,2h 0

I 318 [ 317

66 %
Scheme 3.6

With the desired chloroamines in hand, the Kegrylation reaction was then carried out for
each of the substrates (Scheme 3.7). Pleasingp: ke product324was obtained in a good
yield (78%). The vyield of the di-methyl prodi821was lower due to competing chlorination
on the aromatic ring, which was observed by LC-M&lgsis, and which may have occurred
as a result of the aromatic being more electro-fithe substrates which are more electron-
poor, such as substrates wifBr 322 m-Cl 325 andp-Cl 320 substituentsdid underga\-
arylation, however, the reaction time needed tonoeeased from 1 hour to 8 hours for
complete conversion. The yields for tmeCl 325 andp-Cl compound820were lower which
could be due to the increased electronegativitghtdrine rendering the aromatic ring more
electron-poor and was accompanied by an increagkeirformation of the dechlorinated
starting material. Although the chlorine was toledain them-position andp-position of the
aromatic ring, it was not tolerated in theosition, which led only to the formation of the
amine310e This could be due to blocking one of the possitor attack of the aminium radical
on a substrate which has poor reactivity fearylation. The methoxy group was also not
tolerated, with mainly the reduced amine observedroduct whose mass matched the
chlorinated tetrahydroquinoline was observed byME&-analysis, however, it could not be

isolated.
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N~ FeS04.7H;0 (10 mol%),
I MeSOsH (10 eq), DCM
cl N

R’ 0°C,1-8h R

| | | N
46% 28% 72% 0%
320 321 322 323
*8 hours
L) () C 1)
N N \©\/j MeO N
| | N |
Cl |
78% 325a 1:14 325b 0%
324 48% \ 326 /
*8 hours
Scheme 3.7

There has been success with the synthesis of atdssiwith a variety of substitution patterns
on the aromatic ring. Some problems have been whdewith electron-withdrawing

substituents, especially chlorine in thgoosition which resulted in only SM being isolated
from the RM. Similar yields are obtained when udimg photochemical conditions. Chlorine

in the 2-position is tolerated under the photoclwaintonditions.

3.3.3 Alkyl substitution

Substrates with different alkyl substituents wechiaved through a variety of methods. The
first method attempted involved the reductive ariiamaof 4-phenyl-2-butanon827 with
methylamine to afford the amid28in excellent yields (Scheme 3.8). The anBa8was then
subjected to the standard chlorination conditienafford the desired chloromird29in good
yields. With the chloroamin®29 in hand theN-arylation reaction was attempted, and

pleasingly, the desired THEBOwas afforded in a 79% yield.
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NTI(O'Pr)4 (2eq),

0 MeNH, (8M in EtOH, 10 eq), Clsy~
MeOH, RT, 16 h NCS, DCM
©/\)J\ 2) NaBH, (2 eq), 0 °C ©/\)\ —>RT, Th ©/\)\
327 55% 328 72% 329

FeSO,7H,0 (10 mol%),
MeSOsH (10 eq),

0°C,1h N

79% I
330

Scheme 3.8

Previous work carried out within the group syntkedithe amin237in one-potia a Grignard
reaction using 3-phenylpropionitrile and pentylmegmum bromide, the product of which was
trapped with ethyl chloroformate to form the imicarbamate (Scheme 3%)The imino-
carbamate could be reduced using LiAtd form the desired amir#87, which is a precursor
to the natural product angustureid®@3 and could be chlorinated in a good yield to affor
chloroamine243 A sample of the chloroamin243 that was previously synthesised in the
group using the described method was subjectetigcestablishedN-arylation conditions

which afforded the desired racemic natural producfusturein@33in reasonable yieldf

i) toluene, 105°C, 2 h

N ii) EtO,CCI (1 eq.), 0°C, 2 h HN
Ej/V + Hy CeMgBr i) LiAHs (4 €q), THF, A, 4 h
74%
331 332 237
FeSO,7H,0 (10 mol%),
N MeSO3H (10 eq),
DCM
NCS (1.25 eq), DCM OC ©\/j\/\/\
w
75% 243 ° 333
Scheme 3.9

It has been demonstrated that variations in suibistit on the alkyl chain are supported and

that functional groups that could be used for fiomalisation later are tolerated as well.
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3.3.1 Benzomorpholines

To expand the substrate scope it was decided &siigate substrates which include another
heteroatom in the saturated ring (Figure 3.1). dsviaypothesised that substrates including
oxygen and nitrogen could be synthesised.

X
©: ] X=0orN
!

334
Figure 3.1

3.3.2 Substrate Synthesis

The requiredN-chloroamine could be synthesised in three stepsulstitution reaction
involving phenol and chloroacetone afforded theoket337 in a moderate yield (60%).

Reductive amination of ketor337 yielded the desired amird38 (Scheme 3.10).

OH 0] K,COs5 (1 eq), acetone 0
+
NP 50°C, 16 h o
337

0,
335 336 65%

1) TI(O'Pr), (2 eq), MeNH,
(8M in EtOH),

0
MeOH, RT, 16 h ©/ j\
2) NaBH,, 1h, 0°C-RT HN
|
338

45%

Scheme 3.10

With the desired amin@38in hand focus was turned to the formation of tbeesponding
chloroamine339 Previously we had observed issues with chlommaf amines in the
presence of electron rich aromatic rings; this ddag¢ overcome using alternative conditions
which utilised the formation ofert-butyl hypochloritein situ. It was therefore decided to
investigate chlorination of the amine using botks s conditions. Pleasingly in this case
chlorination of the amine proceeded well under ls&tts of conditions and chlorination on the
aromatic ring was not an issue, with good yieldshaf desired chloroamin&39 obtained
(Scheme 3.11).
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O\)\N/ NCS (1 eq), DCM O\)\N/
©/ H RT,3h ©/ !

69% cl

t-BuOOH, NaOClI,

338 339
© O\)\N/ AcOH, MTBE @O\)\N/
H ¢

0°C,1h
338 65% 339

Scheme 3.11

With the desired chloroamine in hand tit@rylation reaction could be attempted.

3.3.3N-Arylation of the benzomorpholine precursors

When theN-chloroamine was subjected to tNearylation conditions the desired compound
alongside some of the chlorinated product was aéfdin 4:1 ratio which were inseparable by

column chromatography (Scheme 3.12).

FeS0O,4.7H,0 (10 mol%), 0 (0]
O\)\N/ MeSO3H (10 eg), DCM @[ j\ . @: j\
(o]
©/ CIZI 0°C,1h ,Il cl 'Il

339 340a 340b
4:1
40% 8%

Scheme 3.12

Conditions previously established within in thewgrautiliseUV light to initiate the formation

of the aminium radical. It was decided to trialgbeconditions and see if the yield obtained
was comparable or an increase in yield was obseHedever, when thl-chloroamine339
was subjected to these conditions none of theetépioduct was observed and only the amine
338was observed (Scheme 3.13).

MeSO3H (10 eq), o
O\)\'?' _ hv, DCM ©: j\
Cl N

0°C,1h |

339 340
Scheme 3.13
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It was therefore decided to investigate the sutesseope using the Fea@H>O N-arylation
conditions as these afforded the desired produdtst8ution on the nitrogen and the aromatic

ring were investigated which have been shown tckwaorthe carbon containing rings.

3.3.4 Substitution on the Nitrogen

Initial investigations used allylamine and butylamias these were shown to give the best
results previously. The synthesis of these coul@ddieeved through the already established
route with the substitution reaction between phemal chloroacetone to generate ketd@é
(Scheme 3.14). This was followed by reductive atmmawith the corresponding amiizd L
Both amines were synthesised in good yields an& wklorinated using NCS to afford the

desiredN-chloroamines842in good yields.

1) Ti(O'Pr)4 (2 eq), MeNH,

(8M in EtOH), \)\
OH o) K,CO5 (1 eq), acetone MeOH, RT, 16 h o nR
R
C'\)J\ 50°C, 16 h 2) NaBH,, 0°C-RT, 1 h H
335 336 R= allyl amine 83%, b 341b-c

= butyl amine 72%, ¢

NCS, DCM ©/O\)\N/R

)
RT,3h Cl

R= allyl amine 52%, b 342b-c
= butyl amine 80%, ¢

Scheme 3.14

With the chloroamines in hand they were then subgeto theN-arylation conditions. The
butylamine substrate cyclised to afford the desibedzomorpholin€844 in a 11% yield
(Scheme 3.15). However, the allyl amine substradendt cyclise and the amirg@t1b was

instead recovered from the reaction mixture (60&tdyof recovered amine).
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\)\ FeS0,4.7H50 (10 mol%), ©
o NNF MeSO3H (10 eq), DCM \
|
©/ Cl 0°C,1h
342b 343 |

o)
FeS0,.7H,0 (10 mol%), ©: ]\
o\)\N/\/\ MeSO;H (10 eq), DCM N
©/ & 0°C,1h i
344

159
342c 5%

Scheme 3.15

3.3.5 Substitution on the aromatic ring

Substrates with bromine on the aromatic ring haswsihgood yields before so this was selected
as one to try for the benzomorpholine substrategi(€ 3.2). The 4-chloro substrate was also
chosen to establish whether the oxygen being athth the aromatic ring makes it more
electron rich and therefore alloM+arylation on electron poor rings. A decrease eidyand a

more sluggish reaction has been observed previolusyto chloro- substitution on the ring.

QOJ\ - QO\A ~

345a Br 345b

Figure 3.2

The synthesis of the substrates was achieved thraugsubstitution reaction of the
corresponding phenol with chloroacetone. The cpoeding ketones then underwent
reductive amination followed by chlorination to @ff the desired chloroamines (Scheme
3.16).
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1) Ti(O'Pr), (2 eq), MeNH,,
K,COs (1 eq), (8M in EtOH),

OH 0 acetone 0 MeOH, RT, 16 h O\)\N/
.o 50°C, 16 h ;l\ 2) NaBH,, 0°C-RT, 1 h H
R R O R

R= 4-chloro 91%, a

R= 4-chloro 59%, a

346 336 3-bromo  68%. b 347, 3-bromo  92%. b 348,
O\)\
NCS, DCM @ r}l/
RT,3h - Cl
R= 4-chloro 57%, a 345,
3-bromo 62%, b a
Scheme 3.16

The corresponding chloroamines were then subjectélde N-arylation conditions (Scheme
3.17). The 3-bromo substrd8é5bcyclised to afford the desired compoB&Din a 15% vyield.
Unfortunately, the 4-chloro substr&8é5adid not afford the desired product and instead the

amine348awas isolated at the end of the reaction (65% rexgoef the amine).

FeS0,.7H,0 (10 mol%)

/@(O\)\N/ MeSOzH (10 eq), DCM /©:O]\
|
| 0°C, 1h
Cl ¢ cl '|“
349

345a
o\)\ FeS0,.7H,0 (10 mol%), o)
ry/ MeSO3H (10 eg), DCM j\
Cl 0°C.1h N
11% Br |
Br  345b 350
Scheme 3.17

With some examples of the benzomorpholine substratecessfully synthesised but in
moderate yields, it was decided to investigatestmghesis of the nitrogen compounds to form

benzopiperazines.

3.3.6 Synthesis of benzopiperazine substrates

It was hypothesised benzopiperidiB®l version could be synthesised in the same wayeas th

benzomorpholine precursors.
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Ts
CL,
TL
351
Figure 3.3

The substitution reaction between the tosylprotkataline proceeded well. Unfortunately, the
reductive amination of ketorgb3 was unsuccessful and therefore an alternatives oad to
be found (Scheme 3.18).

1) Ti(O'Pr)4 (2 eq), MeNH,

Ts .
Ts KGO (1 80 ! (8M in EOH), TU\
NH o} acetone @ ;\ MeOH, RT, 16 h N N
¥ C'\)J\ 50 °C, 16 h o 2) NaBH,, 0°C-RT, 1 h H
81%
352 336 ’ 353 354

Scheme 3.18

It was found that a substitution reaction betweimosnoethane355 and the tosyl-protected
aniline 352 afforded the bromoalkar#s6 (Scheme 3.19). Heating the bromo compo856

in methylamine afforded the desired amBi&/ in excellent yields. To avoid any potential
chlorination on the aromatic ring the conditionsiethutilise the formation otert-butyl
hypochlorite was used. The desired chloroan3B@was synthesised in a moderate yield but
enough of théN-chloroamine was obtained to attempt tharylation reaction.

Ts
Ts K,CO; (1 €q), | Ts

| . |
NH - one ©/N\L MeNH,, (8M in EtOH) N~
\/\ _— [¢]
* Br s50°c, 16 h B 11°quc;'nf6 h H
352 355 66% 356 357

Ts
t-BuOOH, NaOCl,

|
AcOOH, MTBE N\/\N/
0°C,1h Cl

61% 358

Scheme 3.19
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Two N-arylation reactions were attempted, one undestiwedard conditions and another with

double the equivalents of acid were used due tgthsence of the second nitrogen in the

substrate to ensure that tRechloroamine was fully protonated (Scheme 3.20fodtanately,

only the amine857 was recovered at the end of the reac

tion (over abfive).

Ts
)
"
351

Ls FeS0,.7H,0 (10 mol%)
©/ N7 MeSO;H (10 eq), DCM
|
cl 0°C, 1h
358
Ts
N FeSO47H,0 (10 mol%)
©/ \/\’?‘/ MeSO;H (20 eq), DCM
Cl 0°C,1h
358
Scheme 3.20

o

351

It was therefore decided to stop further invesiigest due to unsuccessful attempts to synthesis

the benzopiperizine under both the iron salt andittAdiat

3.3.7 Mechanistic investigation

Radical reactions frequently proceed through theetic

ionN-arylation conditions.

ally more favourable cyclisation

pathway which more often than not generates theeBHpered ring over the 6-membered

ring.8% 5-membered-spiro cyclisations are more favouresltdia better orbital overlap in the

transition state which is not the case for 6-memtbartho cyclisation&®’ In an attempt to

probe the mechanism as to whether within our systdra 5-membered ring was formed

initially before a migration occurred to form théserved THQ, a substrate with bath

positions blocked was proposed. It was hypothesikad

alternative dearomatised products arising fromeeithe 5

this would allow us to observe

exoor 6-exointermediates giving

an insight into the mechanism of the reaction (Fe@dl4). This has previously been carried out

within the group in the UV-initiated reactions.
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N

5-exo 6-exo
359 360

Figure 3.4

The desired chloroamir865was synthesised in three steps from the crotoreditl(Scheme
3.21). The crotonamid861 underwent a rhodium-catalysed 1,4-conjugate amdiwhich
afforded the corresponding ami8638 The amide363 was reduced using LiAlHwhich
worked in excellent yield to afford the desired ae864. Chlorination of amine&64 was
carried out in good yield using NCS to afford chiamine365 Compound366, which has
undergone migration of a methyl group, was isolateaireasonable yield, in accordance with

the previous work carried out in the group usingtplysis.

0 OH [Rh(cod)Cl,] (1 mol%), O
é EtsN (1.0 eq), dioxane _ LiAIH4 (4.0 eq), THF
/\)J\N/ n “OH o N
H RT - 50 °C, 6h H 0°C-RT,25h
68%

0,
361 362 363 81%

MeSO;H (10 eq),

_ FeS0,7H;0 (10 mol%),
N~ NCS (1.25 eq), DCM N DCM
H RT, 3h Cl 0°C,1h N

364 83% 365 33% 366

Scheme 3.21

A possible mechanism for the formation of a tetchbguinoline is shown in Scheme 3.22.
The required six-membered ring intermedi@&l could either be formed directly or from
migration of the spiro cyclisation product eithértlae radical380 or cation379 stage. DFT

calculations that have previously been carriedvathin the group have shown that for the

cyclisation of an unsubstituted aromatic the 6-merat ring is favoured.
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377} \ O\/j O\/j ©\/j
+ . + [ —
: N Y N N

/ \ /\
R H R H |
380 381 116
Scheme 3.22

The cyclisation of the aminium radical onto themaadic ring would form the intermediad&2
this could then proceed via two different pathwaysgenerate the migratory produg87
(Scheme 3.23). In one pathway the radical sp&8@sould then be oxidised by the iron(lll)
or chloroamine to give the cati®83 This means that the methyl group could migratetm
the more stable catid384. Rearomatisation can then occur to afford the miesecompound
387. In the second pathway the methyl can migrate avimadical mechanism before

rearomatisation occufg.

- -

+ + L+
H H H

383 382 385

+ - - +
3N, @jlb Q\/b
H |H I "H H |H

387 386

384

Scheme 3.23

Previous work in the group has shown that this atign does not occur for other substrates
such as 2,6-dichlorophenyl where substitution ad ohtheipso-chloro atoms occurs instead,
therefore this was not investigated further.
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3.3.8 Reactivity studies

The proposed aminium radical intermediate is a liighectrophilic species and therefore
should react with more electron-rich aromatic ripgsferentially’* The mechanism of the
reaction can therefore be probed as far as showhag it proceeds through a highly
electrophilic intermediate. With this in mind, twabstrates were designed in which a phenyl

ring competes with either an electron-rich (gremmglectron-poor aromatic ring (redfrigure

3.5).
e
- N
oy T
Cl
388 CF, 389

Figure 3.5

A rhodium-catalysed 1,4-conjugate addition of tobronic acid or (trifluoromethyl)boronic
acid to methyl cinnamate afforded the est®94 in excellent yields. Saponification of the
resulting ester891 afforded the acid892in good yields. Amide coupling of aci®@92 with
methylamine yielded amide€393 (Table 3.12). The yield of the amide coupling fioe Ck
compound393bwas lower due to purification issues.
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[Rh(cod)Cl5] (1 mol%),
Et;N (1.0 eq), dioxane

I O

0] (I)H
N
©/\)J\O/ ©/ B\OH
+
273 R 390

TBTU (1.6 eq),
Et;N (4.0 eq),

MeNH, HCI
(1.5eq),
DCM
(J
R 392
R

Entry R group

1 4-Mea

2 3-Ckb

RT - 50 °C, 6h

! _ NaOH, MeOH

reflux, 8 h
R 391

I O

R= 3-CF;or 4-Me

RT, 16 h O N~
H
393

Step i Step i Step iii
91 79 78
96 73 34

Table 3.12

The amide893awas then reduced using LiAlHo afford the desired amir@4in high yields.
Chlorination of amine894 using NCS afforded the desired chloroam®&8 in a good yield

(Scheme 3.24). Due to issues previously found withe group in regards to the reduction of

the amide393bwith LiAIH 4, which resulted in partial reduction of €§roup to CEH, it was

decided to carry out the reduction using bor¥r€he yields for the reduction were lower

however enough material was obtained to carry dhe@mext stepThe chlorination of amine

395to afford chloroamin889proceeded in excellent yields, and enough matesaalobtained

to test theN-arylation reaction.
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NCS (1.25 eq), O
LiAlH4 (4.0 eq), TH DCM
N~ O- 50°C 25h N~ RT.3h N~
0 e T
394 388

393a

O BH, (4.0 eq, O O
o 1M in THF), NCS (1.25 eq),
THF _ __DCM P
O 0°C - reflux, 6.5 h O N~ RT.3h O N
45% 82% Cl
393b 395 389
CF3 CFS
Scheme 3.24

With the chloroamines in hand, thearylation reactions were carried out (Scheme 3.2b)
both cases there was high selectivity for the nedeetron-rich ring. In the case of the tolyl
compound there was a 10:1 selectivity, which wadsrdgned by*H NMR analysis, in favour
of the tolyl aromatic ring over the phenyl. In tbase of the Cf~compound389, there was
complete selectivity for reaction at the unsubgduphenyl ring. The same results were

observed when the study was carried out underttb®phemical conditions established within

the group.
FeS0,7H,0 (10 mol%),
MeSOsH (10 eq),
DCM
N 0°C, 1h
Cl 73%
388
396a 396b
Major 10:1 minor
CF,4
FeSO,47H,0 (10 mol%),
MeSO3H (10 eq),
DCM
N~ 0°C,1h
Al 77%
389
CFs 397a 397b

Not observed

Scheme 3.25
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The selectivity observed for the more electron-riag in each of the cyclisations supports the

hypothesis that this reaction proceeds througlghlyelectrophilic intermediate.

3.3.9 One-pot procedure

To alleviate the need to isolate potentially unistaitnloramines, and to reduce the number of
individual steps required, it was envisaged that ¢hlorination andN-arylation could be
carried out in a one-pot process. The number alvatgnts of NCS was decreased from a slight
excess (1.25 eq.) to one equivalent to avoid alorickation of the aromatic ring in the product.
A control experiment was carried out using succiden which is the by-product from the
chlorination reaction, to ensure its presence durine N-arylation reaction was not

detrimental. Pleasingly, the presence of succinendid not affect the reaction (Scheme 3.26).

FeS0O,4.7H,0 (10 mol%), ] o \
N~ MeSOsH (10 eq), ©\/j without succinimide 73%
&l Succinimide (1 eq) N with succinimide 73%
0°C, 1h I

115 116

73%
Scheme 3.26

Unfortunately, when 1 eq. of NCS was used to fdme ¢hloraminen situ there was only a
trace amount of product observed by LC-MS analgsithe end of the reaction (Table 3.13).
The issue may have been due to a slight excedsedNCS reacting with the Fe(ll) which
prevented th&\-arylation step — for example by reacting with Fa@lgenerate Fe@Wwhich is
inactive in the reaction conditions. By decreashmgnumber of equivalents of NCS to 0.9 eq.
(to ensure there was no excess chlorinating reagastyield over the two steps increased to
65% (yield calculated relative to NCS). The reattieas repeated for both table entries and

the same result was observed each time

i) NCS (0.9 eq), DCM, —

N~ RT.1h ©\/j Chlorination 66%

- N-arylation  73%

©/\/\H ii) FeSO4.7H,0 (10 mol%), N pstops | 48%

236 MeSO3H (10 eq), 116 !
0°C, 1h
Entry Equivalents of NCS Average yield of x (%)
1 1.00 <5
2 0.90 65
Table 3.13
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Pleasingly, we have established a one-pot procdsshwalleviates the need to isolate
potentially unstable chloroamines. It was therefdeeided to investigate this process with
regards to some of the substrates previously sgisthe in order to compare the results (Table
3.14). The first substrate tried was tResubstituted butyl compound; although there was a
slight decrease in the yield when the one-pot m®ees carried out it alleviates the need for
a purification step and isolation of the chloroaeitself. When the 3-Cl amine (Table 3.14,
Entry 3) was subjected to the one-pot process dasigield was obtained to that which was
observed for the overall two-pot process. Againin@neased reaction time was required due

to the more electron-poor ring.

N,R i) NCS, DCM, RT, 1 h @\/j
©/\/\H ii) MeSO3H (10 eq), R' N
Rl

298 (F)ii?:.:leo (10 mol%), 399
Entry R R’ One-pot yield Two-pot yield
(%) (%)
1 allyl H 45 49
2 butyl H 57 30
3 Me 3-chloro 42 41
Table 3.14

An alternative one-pot process has been establisiéch alleviates the need to isolate the
chloroamine and therefore eliminates a purificatgiap. This could be beneficial when

working with less stable chloroamines and woulddfolly avoid decomposition issues.

3.3.10 Scale up

It was decided to see whether a large batch remactias possible under the optimised
conditions using both the one-pot and two-pot psees (Table 3.15). The one-pot process was
carried out on 1g of the ami@86,; the yield obtained of the desired product howevas very
low. It has been previously noted that the chldraraprocess using NCS can produce lower
yields at higher scales. This could lead to NC8dppresent still in the reaction mixture which
has been shown to decrease the yields of the desioeluct. For the two-pot process the
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chlorination step achieved a 67% yield and to aveallower yields observed on scale-up of
the chlorination this was carried out on a 3 x Bif)scale. Pleasingly for tiiarylation step
carried out on a 1g scale a 65% yield was achistheding that this process can be scaled up
successfully.

i) NCS (0.9 eq), DCM,

H' i) FeS04.7H,0 (10 mol%), N

236 MeSO3H (10 eq), 116 I
0°C, 1h

One-pot process yield (%) Two-pot process (%)
9 44 (639 mg of THQ isolated)

Table 3.15

3.4 Intermolecular reactions

With the success of the intramolecular reactiongai$ envisaged that the developed reaction
conditions could be applied to intermolecular resd with the ultimate goal of using the
protocol in late stage amination reactions. It wesviously discussed in Chapter 1 section
1.5.3 how Minisci had shown examples of intermolacamination using chloroamines with
the aromatic being used in excess. Using the aiosnatlarge excess is not favourable when

it comes to late stage functionalisation of drugenoles.

3.4.1 Initial substrate investigations

Initial investigations were carried out into theostitution with tetralin and chloroamié®1
The chloroamind01could be synthesised by free-basing the 4-bengmidine HCI salt and
then chlorination with NCS to afford the desiredocbamine in good yields (Scheme 3.27).

0 (@)
1) 2M NaOH
2) NCS, DCM, RT, 3 h
N 82% l}l
H Hel Cl
400 401
Scheme 3.27
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The concentration of the reaction and the equntalef the aromatic were varied to find the
optimum conditions. The initial experiments invgated how increasing the concentration of
the reaction affects the yield. Pleasingly wherreasing the concentration to 1M the yield

improved dramatically (Table 3.16).

Os_Ph
FeSO47H,0 (10 mol%), O@\
+ ©© MeSO;H (10 eq), DCM N
o Ph
N 0°C,1h
Cl

: o)
1eq 10 eq
401 402 403
Entry Concentration with respect to Isolated Yield of product 403
chloroamine (%)
1 0.45M 14
2 1M 33

Table 3.16

It was then decided to see how varying the equntalef tetralird02 would affect the yield. It
was found that with 5 eq. of tetralin, there wasgaificant decrease in the yield of the desired
product (Table 3.17). By increasing to 15 eq. nahier increase in the yield was observed.
However, inversion of the reagents such that therchmine was in excess resulted in a vast
increase in yield. The use of 1.5eq. proved to fitermm, further increasing the equivalents
of chloroamine to 2 eq. and 3 eq. resulted in aedese in yield. This result is favourable for

our goal of late stage functionalisation of drugiecales.
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FeSO,7H,0 (10 mol%), OQ\
+ ©© MeSOH (10 eq), DCM _ N
0°C, 1h Ph
0

\
cl
401 402 403
Entry Eq. of chloroamine Eq. of tetralin Average isolated yield of

a b~ W N P

product 403 (%)*

1 5 19
1 10 33
1 15 30
15 1 78
2 1 51
3 1 30

*average yield of two reactions

Table 3.17

However, the results of an increase in yield obsgthirough having the chloroamine in excess

with respect to the aromatic seem to be substpseifec, as when this was tried with toluene

no increase in yield was observed (Table 3.18).

N
o]
401
Entry
1
2

FeSO,7H,0 (10 mol%),

. ©/ MeSO;H (10 eq), DCM \E}ND_{O
0°C,1h Ph

404 405
Equivalents Combined yield, ratio ©: m: p)
1 eq. chloroamine, 10 eq. toluene 29%, (3.6 : 7.2 :5.5)
1.5 eq. chloroamine, 1 eq. toluene 28%, (3.8 : B.5)
Table 3.18

The regioisomers can be identified through charmtie peaks for thepararisomer (the
doublet at 7.07prtho- the double doublet at 6.71 ameta through the triplet at 7.15 (Scheme

3.28).
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o d, 3 7.07 ppm |$
N\R .
e N~

A |
R/N\R dd, 6 6.71 ppm t,8 7.15 ppm R

406 407 408

Scheme 3.28

Therefore, from this point onwards all new subsatere tried using the optimal conditions
with either the chloroamine in excess or the ar@mnatexcess. In the case of toluene the
aminated products were obtained as an inseparabieiren of the ortho, meta and para
regioisomers which were identified B NMR through which the ratio of each could be
calculated.

With the reaction conditions in hand, anothechloroamine410was trialled. This could be
synthesised through the chlorination of the comm#ycavailable 4-phenylpiperidiné09
(Scheme 3.29).

NCS, DCM
RT, 3h
92%
N ° N
H o]
409 410
Scheme 3.29

In the case of tetralin, only a trace of thrého substitution product was observed by LC-MS
analysis, and it could not be isolated (Scheme)3Btemetaproduct was isolated in a 26%
yield. Again, in the case of toluene the aminatemtipct was obtained, in a 39% yield, as an

inseparable mixture of tr@tho, metaandpara regioisomers.
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Ph
FeSO47H,0 (10 mol%),
ﬁj . O@ MeSOzH (10 eq.), DCM .
(o]
N 0°C, 1h O\
! 26% Ph

410 402 411

FeSO47H,0 (10 mol%),
MeSO3H (10 eq.), DCM
ﬁj . sH(10eq) NQPh
0°C, 1h

410 404 412
Combined yield 39%
Ratio(o0:m:p)3.5:47:5.0

Scheme 3.30

In the reaction between both chloroamines andlietvée observe selectivity for thameta
position, where as in the case of toluene a mixdfioetho metaandpara products is observed.
Minisci et al observed similar results in their investigatioriscbloroamines reacting with
aromatics they suggested this was caused due tiabis: the bulk of the chloroamine being
used and the reaction medium. With regards tocsbetk it was noted that the regioselectivity
was lower in the case of dimethylchloroam#i8 when compared to piperidine chloroamine
416. In the case shown in Scheme 3.31 the methoxypgatso has an electronic influence that

installs the amine either in tlogtho or para position?

~o
~o H,SOy, ~o |
N, .
N FeSO4 7H20 N\ .
* Cl 79%
/N\
117 413 414a 415
regioisomer ratios
37 :63
~o
~o H,SOy, ~o
. O FESO47H20 N .
N 70%
117 416 417 418

regioisomer ratios
8.9:91.1

Scheme 3.31
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Minisci et al also showed when tetralin was reacted with dimekibgroamine413 the 6-
regioisomer was favoured in a 60:40 ratio withhegioisomer (Scheme 3.32). Therefore, in
our case since the steric bulk is increased theui@d amination in the 6-position can be

rationalised"*

H,SO0,,
N7 FeSO,7H,0 @O\
+ | —_— " £ > + -
o] 24% N

N |

402 413 419a 419b

regioisomer ratio
40:60

Scheme 3.32

Minisci et al also noted that changing the reaction medium Inaeffact on the regioisomers
obtained when reacting toluene and chloroamineseiWhe ratio of acetic acid increased in
the reaction medium the regiochemistry switchedhffavouring thepara substitution toneta
substitution (Table 3.19}. Although the distribution of the regioisomers ched between
meta and para tregtho substitution products remaining low. This coulddoe to the differing

solvation of the aminium radical with the differam@unter ions.
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N
&l FeSO,7H,0,
413 N Solvent \©*NC>7Ph
OR
404 420
Combined yield 39%
N Ratio (0:m:p)3.5:4.7:5.0
Cl
416
N Solvent % Toluidines
Entry . (H2SOxs :
chloroamines 0- m- p-
CH3COOH)
100:0 9.6 43.6 46.8
90:10 10.2 47.6 42.2
1 85:15 9.6 54.2 36.2
80:20 10.8 59.7 29.5
70:30 10.2 59.4 30.4
100:0 4.6 39.2 56.2
5 N 80: 20 4.6 58.0 37.4
cl 60 : 40 3.6 61.7 34.7
416 40 : 60 3.6 61.7 34.8
Table 3.19

Our results observed with the reaction of toluené the chloroamine show a similar trend
with the ortho product being the minor one observed. The didiobubetween the meta and

para products differs but this could be due tadifferent steric bulk of the chloroamines. With

an optimised set of conditions in hand for therimiglecular reactions it was decided to carry
out a catalyst poisoning screening test to estakltsch functional groups are tolerated within
the reaction. This was due to the unsuccessfumatte to aminateN-methylindole and

benzoxazole.

3.4.2 Catalyst poisoning reaction

It has been shown by Gloriesal that the scope of a reaction, with regards tational group
tolerance, can be carried out through using thedsgyielding reaction and the addition of

additives to i The additives would contain a variety of functibg@ups to test the reactions
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robustness to the presence of them within the imachixture. Using the optimal reaction
conditions, 1 equivalent of the additive would Ipgked into the reaction to see its effects on
the yields an example of which is shown in Tab®03lIt can be seen that the presence of
terminal alkynes and nitrogen containing heteraeyelre not tolerated by the reaction.

PdCI,[P(o-tolyl)z], (2 mol%), /~\
Br /N NaOtBu, toluene N O
+ HN 0] -/
/ 100 °C, 3 h

MeO MeO
421 422 423

Entry Additive Product yield Additive remaining SM remaining

(%) (%) (%)
! None 89 O - -
2
0o @ 100 @ 100
3
g2 @ g5 & 0
4

o @ 81 O 99

5
106 0 6 36

Table 3.20

Initial investigations focused on a catalyst paisg screens using the best reaction from the
intramolecular substrates (as the yields were bt with the intermolecular version) with
a variety of additives. Each trial was carriedwith 10 mol% and 1 eq. of the additives relative
to the substrate (Table 3.21). The table has belemccoded: green refers to a yield of 58-
73%, amber refers to a yield of 43-58% and redsdfea yield of 0-43%. There was a slight
decrease in the yield when benzaldehyde, benzghalc benzoic acid, methyl benzoate,
chlorobenzene and pyridine were added to the mactihere was a large decrease in the yield
of the desired product when 1 eq. of piperidine a@dded. Only a few compounds poisoned
the reaction to the extent that no desired produas afforded. In the cases of the

heteroaromatic rings it could be due to side reasthindering the reaction which could be the
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additive abstracting the chlorine from the chloro@therefore preventing the formation of

the aminium radical.

Entry Additive
1 No additive
2 Benzaldehyde
3 Benzyl alcohol
4 Benzoic acid
5 Methyl benzoate
6 Chlorobenzene
7 N-Methylindole
8 Benzothiophene
9 Benzofuran
10 Piperidine
11 Pyridine

FeSO,47H,0 (10 mol%),
MeSOzH (10 eq.), DCM,

[Additive]

0°C,1h

10 mol%-Yield of 116 (%)

730

53

57

62

50

68
44
3@

3@
58 ()
58

Table 3.21

L)

116 !
1 eq. - Yidd of 116 (%)

730

50

57

50

53

700
0®
@
0®
0@

56

With an insight into what functional groups areetaked by the reaction, it was decided to

investigate thé&-arylation of tolerated heteroaromatic rings ard &iage functionalisation of

drug compounds. Late stage functionalisation hasre more important in recent years as

the number of drug molecules being approved hdseecand a renewed interest in exploiting

the structural diversity of natural products hasuseed. This has largely been underexplored

due to the synthetic challenges that accompany sthectural complexity and diverse

functionality of natural products. This shows thmportance of developing new methodologies

to allow the exploration and optimisation of natymaduct scaffold$?
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3.4.3 Heteroaromatic ringN-arylation

In 2012 Sarpon@t al. demonstrated the use of aromatic amination ofralipg ringvia a
modified HLF reaction under basic conditions in th&al synthesis of arboflorine (Scheme
3.33)83

NIS (1 eq), PhH;
hv, 10 min; Et;N

N
H (6 eq),
A\ ( = hv,5h
N % 81%
N 0
BocO
\
102
Scheme 3.33

The previously described catalyst poisoning expenits have shown that the presence of
pyridine does not inhibit the reaction. Previouskwarried out within this project which was
discussed in chapter 2 section 2.2, had screemadety of conditions with no success in the
cyclisation of the aminium radical onto the pyriglinng. A hypothesis of why this was
unsuccessful was that the nitrogen of the pyridsnprotonated under the acidic conditions,
therefore the system is more electron-poor andcylotisation of the electrophilic aminium
radical is disfavoured. Therefore, it was decidedttempt theN-arylation reaction using the
optimised conditions on pyridinE-oxide. The electrons from the oxygen are deloedlis
around the aromatic ring and therefore the 2- ded4- position are more susceptible to

electrophilic attack (Figure 3.6).

) _ 3
| +’ -~ | + | -~ | + -
N N

N
I h 1l
o o) 0]
424 425 426
Figure 3.6

Unfortunately, none of the desired product was olesk by LC-MS analysis when using
pyridineN-oxide at various equivalents with respect to thleroamine (Table 3.22), with only

the chloroamind01 and the declorinated amid29 being observed.
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OxPh FeS0,7H,0 (10 mol%),
| X MeSO;H, DCM
J 7 0°C, 1h

’?l+
o N
cl

427 401 428 429
Entry Conditions Result

1 1.5 eq. chloroamine, 1 eq. pyridiNeoxide Amine 429

2 1.5 eq. chloroamine, 1 eq. pyridiNeoxide, 13 eq. MeS§H  Amine429

3 1 eq. chloroamine, 10 eq. pyridiheoxide, 20 eq. MeS§M Amine 429

4 1 eq. chloroamine, 10 eq. pyridiNeoxide, no acid SMI01

Table 3.22

It was then decided to try 2- or 4- quinoline alovith their respectivél-oxides to see whether
this slight change in electronics was enough tathe amination to occur. The benzene ring
of the quinoline is favoured for electrophilic stitgion in the C-5 and C-8 position (Table
3.23). TheN-oxide of quinoline can be used so that electrapisiibstitution occurs on the
pyridine ring of the quinoline. The energy requifed dearomatisation of quinoline is lower
than that required for pyridine due to stabilisatitom the second aromatic ring. As shown in
table 3.23 under various reaction conditions ndnih@ desired compound was observed by

LC-MS analysis.
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FeSO47H,0 (10 mol%),
N
|

O«__Ph
MeSO,H. DCM 0o
+  [aromatic] 03 : N/\:>—< +
0°C,1h
Ph \
Cl H

401 430 429

aromatic = quinoline, quinoline N-oxide, isoquinoline or isoquinoline N-oxide

Entry Equivalents Result
1 1 eqg. quinoline, 1.5 eq. chloroamine Amine 429
2 10 eq. quinolone, 1 eq. chloroamine Amir®
3 1 eq. quinolineN-oxide, 1.5 eq. chloroamine Amine 429
4 10 eq. quinoliné&-oxide, 1 eq. chloroamine Amir29
5 1 eq. Isoquinoline, 1.5 eq. chloroamine Amine 429
6 10 eq. Isoquinoline, 1 eq. chloroamine Amir®
7 1 eq. Isoquinolin&-oxide, 1.5 eq. chloroamine Amine 429
8 10 eq. Isoquinolindl-oxide, 1 eq. chloroamine Amir29
Table 3.23

Under the developed reaction conditions aminatioheteroaromatic rings proved not to be
possible, we therefore decided to move on and tigas the late stage functionalisation of
drug compounds.

3.5 Late-stage functionalisation

It was then decided to see whether late-stageiumadtsation of a drug could be achieved. The
first drug chosen was the methyl ester of napro#8@ which is a non-steroidal anti-

inflammatory. It was found that at the reaction @amtration of 1M, with naproxen in excess
(10 eq.) the drug compound could not be fully siisdd. This led to only trace amounts of
the aminated product being observed by LC-MS arsalyst unfortunately it could not be

isolated. By using the chloroamine in slight excdsS eq.) with regards to the naproxen the
aminated product could be isolated. In both casesas the over-chlorinated product that was
isolated which was identified by LC-MS afd NMR (Scheme 3.34). Only one regioisomer
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was isolated. This product could be formed by thenated product abstracting a chlorine from

a molecule of chloroamine and could explain thecioweld.

R . R
Z O\ FeSO47H20 (10 mol%), = |
. MeSO,H (10 eq), DCM N 0
(@] o
0°C,1h
N Q OO 0
Cl

(@)
Cl
431 432 433
R = C=0Ph 22%,a
1.5eq 1eq Ph 22%b

Scheme 3.34
It has been shown that late stage functionalisaticgimple drug molecules is feasible however
care needs to be taken regarding acid labile greuibsn the molecule. Preferentially they
would be installed in the compound after Mwarylation step.
3.6 Hydroxylamine amination reactions
One of the problems encountered when using chlaresrfor intermoleculaN-arylation
reactions was chlorination of the desired prodliciias therefore decided to investigate the
use of a different nitrogen radical source preauts@void this undesirable side reaction.

3.6.1 Amination using hydroxylamines

It has been shown by Minisci that hydroxylamine H@h be used to aminate a variety of

aromatic rings (Scheme 3.3%5).

~
~0 FeSO,7H,0 (1 eq),
+ NH,OH.HCI MeOH
reflux
15% NH,
117 119
4 eq. 1eq.
Scheme 3.35
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Recent work by Jiaet aland Morandet alhas also demonstrated amination of aromatic rings
with alternative hydroxylamine derivatives whiclatstise the negative charge generated on
the O when the N-O bond is cleaved (Scheme 3/36)Both examples showed improved

yields compared to Minisci’s results.

- FeBr, (5 mol%), NH
o . OTf AgNTf, (10 mol%), 2
o Ve | TFE/MH,0 (2:1) 0.5 M
2 h, air, 30 °C
O,N R 33-85% R
123 434 435
- NH,
. OTf FeSO,4 (56 mol%),
Mso” Vs + MeCN/H,0
RT, 16 h
R 33-83%
R
121 434 435
Scheme 3.36

To date within the literature, no example of sub#tn on the nitrogen has been shown. This
section will detail investigations carried out imbdermoleculalN-arylation reactions using-

substituted hydroxylamines.

3.6.2 Initial trial

It was decided to use hydroxylamines with no atitigpsubstitution on the oxygen as this is a
more atom economical route, with the by-producttloé reaction being water. Initial
investigations, with the conditions based on presiavork and the reactions carried out by
Minisci et al, were carried out using methylhydroxylamine HIGband pleasingly the desired
product437was obtained in a 25% yield (Scheme 3.37). Oneissgner was obtained which
could be determined throughH NMR analysis.
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(0]
~o FeS0O,.7H,0 (10 mol%),
MeOH
+  MeNH,OH.HCI ©
65°C,2h
25%
° HN
117 436 437
10 eq. 1eq.
Scheme 3.37

Although the desired product was synthesised safudfsit was decided if this methodology
was to be utilised in the late stage functionalgadf drug molecules then the aromatic should
be the limiting reagent. Therefore, a design ofegxpent was carried out to optimise the

reaction with anisole as the limiting reagent.

3.6.3 Design of Experiment (DOE)

Design of experiment is a methodology developedhieystatistician Ronald Fisher in 1958
which has the objective of getting as much infoiorats possible from the minimum number
of experiment$? Traditional methods of optimising a reaction l@lkndividual factors against

the reaction yield and therefore the optimal caodg might be missed or take a long time to
establish. Design of experiment can be used tcescseveral factors at the same time to
identify which of the factors are critical withihd reaction. For our investigations, a three-
factorial system was used; for this 2 values fehez the 3 reaction conditions are investigated

which leads to 8 reactions and 2 control experisi@rigure 3.7).
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Trial &

Trial 4

Trial 7

~@

Factor3 -

Factor 1

Trial 1

Factor 2 q

Figure 3.74

3.6.4 DOE with FeCtand FeSQ.7H20

The Iron salts Feglhnd FeS@7H.O were selected for the DOE as they had previaisiyvn

the best results in our investigations iNt@rylation using chloroamines. For the investigadio
into theN-arylation with hydroxylamine a three-factorial sy/® was used which investigated
the loading of iron salt (3-25 mol%), equivalenfsneethylhydroxylamine HCI (1.1-2.9 eq)
and the concentration of the reaction (0.1-2.1 Mie amounts were decided upon based on
the current reaction conditions and a random on@der generated of the reaction conditions to
carry out the DoE (whether the high or low valueswaed). The reactions were monitored by
HPLC analysis which was uncorrected at this st@§&o(area product peak correlates to a 10%
isolated yield of the desired product). When cornmgpiEntry 1 and Entry 5 where the
concentration of the reaction is increased fromMN.1o 2.1 M the percentage area of the
product observed increases from 2.8% to 72.0%. Shosvs how important the concentration
of the reaction is (Table 3.24, Entries 1 and®}hk case of catalyst loading the lower catalyst
loading in reaction 7 gives an area% of 75.0 wieetka higher catalyst loading in reaction 8

only achieves an area% of 10.2 for the productdbeimonstrates the benefits of lower catalyst
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loading (Table 3.24, Entries 7 and 8). In bothesakwer catalyst loading and higher
concentration of the reaction gave the better gi€lthe reaction profile was cleaner with FeCl

and gave the same conversion as RE3Q0.

\O o
@ | MeNHOH.HCI FeCly MeOH
60 °C, 24 h
HN_
117 436 437
Catalyst charge _ HPLC, HPLC,
MeNHOH.HCI charge Conc (Anisole,
Entry (mol% vs ) Product SM
(mol eq vs Anisole) mol/L)

RNHOH) Area % Area %

1 3 1.1 0.1 2.8 78.6
2 25 1.1 0.1 12.1 68.3

3 3 2.9 0.1 15.5 73.3
4 14 2 1.1 62.8 21.4

5 3 1.1 2.1 72.0 24.9
6 25 2.9 0.1 58.9 354

7 3 2.9 2.1 75.2 20.8
8 25 2.9 2.1 10.6 22.5

9 14 2 1.1 62.9 22.0
10 25 1.1 2.1 32.8 23.8

Table 3.24

Due to the improved reaction profile and the simyialds obtained it was decided to continue
with FeCb.

3.6.5 Solvent screen

Using the optimised conditions established in t@EDa solvent screen was carried out to
ensure methanol was the best solvent. A rangelaf polvents were tried with the best results
being observed with ethanol and isopropanol. Agialwas carried out using HPLC analysis
with uncorrected Area% (75% equates to a 10% isdlatield). Good solubility of the

hydroxylamine was observed when using isopropagtblanol and methyl isobutyl ketone
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(MIBK) (Table 3.25 entries 5, 7 and 9). This coelplain the increased conversions of the

alcohols compared to the other solvents trialled.

o >0
© | MeNHOH.HCI oz Lsolvent
60°C, 24 h
HN._
117 436 437

Entry Solvent Area%

1 EtOAC 5.29

2 THF 17.44

3 2-methyl THF 125

4 Dioxane 13.93

S Isopropanol 67.50

6 MeCN 15.55

7 Ethanol 71.43

8 IPAC i

° MIBK i

Table 3.25

It was therefore decided to continue using methasdhe solvent of choice for the reaction

and if problems with solubility arose then ethaoioisopropanol could be used instead.

3.6.6 Mixed catalyst system

Despite our best efforts to optimise the systeny anhaximum of a 10% isolated yield of the
desired product was obtained when the aromaticused as the limiting reagent. Within the
literature Tordoet al describe the use of a mixed catalyst system wiiiises Fe(ll) and
Fe(lll) sources (Scheme 3.38)An increase in yield was observed when the mixadlygst
system in the reaction betwelrchloroamines and alkenes. In the reaction dodg@eimount

of Fe(lll) catalyst was used in comparison to FegHtalyst. The benefit of this could be the
Fe(lll) can accept an electron from the pyrrolidaral therefore regenerate the Fe(ll) catalyst.
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FeS0,.7H,0 (14 mol%),

ﬁ FeCl; (28 mol%),
_ N AcOH/H,0 CI\/E|\>

cl” by -12°C \

70%
438 439

Scheme 3.38

It was therefore decided to see whether this coheldpplied to our system to increase the yield.
Initial results showed only a slight increase ielgi from 10% to 13% which is within

experimental error (Scheme 3.39).

FeCl, (5 mol%), ~o
o FeCls (10 mol%),
+  MeNHOH.HCI MeOH
60 °C, 24h
HN
117 436 437
1eq. 1.1 eq.
Scheme 3.39

To ensure this was the best combination of irotsdat the reaction, a variety of Fe(ll) salts
were tested. Analysis was carried out using HPL #ie percentage areas corresponding to
the actual yield of the product formed. It can bersfrom this table that the addition of FeCl
to the reaction does increase the yield of theréeégiroduct being formed. The best example
of this can be seen when using ferrocene: the geés from 0.3% (Table 3.26, entry 1) after
24 hours to 7% (Table 3.26, Entry 2) just throuigd addition of FeGlinto the system. This
could be due to the Feficcepting the electron from the aromatic allowintpirearomatize
and in turn regenerating Fe(ll) catalyst which tamn go on to generate more of the protonated

amiunium radical or scavenge halides.
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Fe(ll) salt (5 mol%), ~o

™o FeCl (10 mol%),
+  MeNHOH.HCI MeOH
60 °C, 24h
13% HN._
17 436 437
1 eq. 1.1 eq.
Entry Reaction 30 1 2 4 22
mins  hour hours hours hours
1 Ferrocene - - - - 0.30
2 Ferrocene, Iron(lll) chloride 0.22 0.44 0.81 1.277.00
3 Iron acetate 0.84 116 199 276 9.63
4 Iron acetate, Iron(lll) chloride 2.29 284 471 86 1041
5 Iron phthalocyanine, - - - - -
6 Iron phthalocyanine, Iron(lll) 0.56 091 0.93 096 3.99

chloride

*values represent conversion to product on HPLCetra
Table 3.26

The catalyst screen showed that Ba€lconjunction with FeGlgave the best results and this
would be the catalyst system that would be useah fnow on. It was hypothesised that by
carrying out a DOE this time investigating the lmadof the FeGl (5-20 mol%), FeGl(5-60
mol%) and the equivalents of methylhydroxylaminel KIC1-2.9 eq) an increase in yield could
be obtained. The mol% of FeGlas calculated by multiplying the Fe@hol% by either 1-3
depending on the factor being high, low or the radubntrol (2x). With the higher loadings
of FeCh (20 mol%) more impurities were observed after @drk, whereas with lower loading
of FeCh a much cleaner reaction profile was observed @&27). The best results were
observed in reactions 5 and 7, this showed thdtititeer loading of the methylhydroxylamine
HCI was important as well as the lower loading eCk. There is a slight increase in yield

from reaction 5 to 7 in which the loading of Fe@lhigher.
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~o

© +  MeNHOH.HCI

117 436
1eq.

FeCly, FeCls ,

Experiment  Fe(ll) mol%  Fe(lll) mol%

1 5 5
2 20 20
3 5 15
4 12.5 25
5 5 5
6 20 60
7 5 15
8 20 60
9 12.5 25
10 20 20
Table 3.27

60°C, 24 h

(eq)
1.1
1.1
1.1
2.0
2.9
1.1
2.9
2.9
2.0
2.9

HN
437

MeNHOH.HCI Conversion by

HPLC
9
7
11
18
20
7 (many impurities)
24
24 (impurity at 23%)
18
20

To see whether this slight increase in yield betwesaction 5 and 7 is due to the increase in

FeCk, it was decided to carry out a reaction using F€&Imol%), Fed (100 mol%) and

methylhydroxylamine HCI (2.9 eq) (Figure 3.8). Tdrwaph below shows that there is in fact

an increase in the yield when the loading of E&lhcreased from 5 mol% to 100 mol%.
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30
25
20

15 Fe(ll1)CI (100 mol%)

Yield (%)

—@— Reaction 7
10

reaction 5

5 4
0
0 1 2 3 4 5
Time (hours)
Figure 3.8

It was observed from the reaction profiling that tonversion of the SM to the desired product
appears to stop after four hours (Figure 3.9). Toidd be due to the methylhydroxylamine

HCI being reduced to methylamine.

35
30
25
20
15
10

Yield (%)

0 1 2 3 4 5 6

Time (hours)

Figure 3.9

To establish whether this was the case a secoddipaf 2.9 eq of methylhydroxylamine HCI
was added at four hours (Figure 3.10). As can be fem the reaction profile below the yield
of the desired product continued to increase dtieegecond addition therefore supporting the
hypothesis that the hydroxylamine is limiting themation of the product. The second addition
is highlighted by the green arrow. The reaction {géigo stir for 16 h in total and a 40% yield

was obtained at the end.
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15
10
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Figure 3.10

An additional experiment was carried out in whicaddlitions of 2.9 eq methylhydroxylamine
HCIl was carried out to see whether a higher yiebdiledl be obtained (Scheme 3.40). It was
found however that only a 40% vyield was obtainedpde double the amount of
hydroxylamine being added to previous reactionss $tiggests there are other limiting factors
of the reaction, potentially the formation of md#dmgine or water could be an issue after a
certain level is reached.

Fe(ll) salt (5 mol%), ~o
o FeCls (10 mol%),
+  MeNHOH.HCI MeOH
60 °C, 24 h
40% HN
117 438 439
1 eq. 11.6 eq.
Scheme 3.40

Control reactions carried out on the single compogatalyst system previously showed that
increasing amounts of water in the reaction didrekese the overall yield of the reaction.
Analysis of the reaction mixture was carried ouingsHPLC the values at this time are
uncorrected and 75% equates to a 10% yield. Smaduats of water such as 5-20% of the
solvent is not detrimental to the reaction (TabhBB3Entry 2-3). When the solvent was made
up of 35% water a decrease in the conversion wserebd (Table 3.28, Entry 4). This supports

the hypothesis that the build up of water in thecti®on over time is hindering the overall yield.
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~o FeCl, (3 mol%), Q
MeOH/H,0 (2 M
+ MeNHOH.Hcl MeOHMH0 2 M)
60°C, 24 h

HN

117 438 439

Entry %water in solvent %Area uncorrected

1 0% 75

2 5% 75

3 20% 73

4 35% 57
Table 3.28

It has therefore been established that 5 mol% @flFand 1 eq FeGlis the best catalyst
combination for the reaction. The addition of 5B the methylhydroxlamine HCI in two

portions 4 hours apart gives the best isolatedlyief 40%.

3.6.7 Slow addition experiments

Due to the success of the second addition of MeNHHQH after 4 hours, it was decided to
investigate slow addition of the hydroxylamine irth@ reaction mixture. The addition was
carried out over 3 hours, 6 hours and 9 hours topawe the yields. Additional samples were
taken after addition had stopped was submittetHRILC analysis to confirm the reaction had
finished one hour after the addition finished. Tnaphs in Figure 3.11 show that the yields
obtained over 6 hours and 9 hours give very simiarther slow addition experiments would
be carried out over the 6 hours period as therensasubstantial benefit of addition over 9

hours.
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Fe(ll) salt (5 mol%), ~0

o FeCls (10 mol%),
+  MeNHOH.HCI MeOH
60 °C
HN
117 438 439
1eq. 58eq.
3 hours 6 hours
45
40 45
35 40
30 »
<y — 30
<2 E 25
©
o 20 < 20
> 15 S 15
5 5
0 0
0 2 4 6 0 2 4 6 8
Time (hours) Time (hours)
9 hours
45
40
35
9 30
< 25
< 20
> 15
10
5
0
0 5 10 15

Time ( hours)

Figure 3.11

With the optimised conditions in hand and the apfior slow addition reactions to decrease

the reaction time from 16 hours to 6 hours it wasided to investigate the substrate scope of
the reaction.
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3.6.8 Substrate screening experiments

A variety of aromatics were chosen ranging fromets@bmatics to polar and non-polar
substituted aromatics (Table 3.29). It can be gs@mn the results that nitrogen containing
heteroaromatics such as pyridifkemethylindole and imidazole are not tolerated wlaghees
with findings in our previous studies. The aminiuadical is highly electrophilic and the
substrates that have failed are all electron pooan be in the acidic conditions. In the case of
2-methoxynapthlene where tlpara position (which is the more favoured position) de
observe some amination in thitho position, it was due to this it was believed naprocould
be aminated successfully. When using chloroammbkdrylate the methyl ester of naproxen,
chlorination on the aromatic ring was observed waswith the hydroxylamines we avoid this
issue and can successfully aminate the aromaticsetectively. Again in this case selectivity
for the more electron rich ring is observed.
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MeNHOH.HCI (6 eq),

FeCl, (5 mol%), “NH
| = FeCls (1 eq), MeOH N
R 60°C, 24 h |
Y
R
440 441
Table 3.29 Successful products Unsuccessful substrates
N-methylindole
H .
N SNH Imidazole
O ¢ °
" o OO
442 443 444 Benzofuran
25% 1% 8%
O |
o) ~\ TS Chlorobenzene
~ 0]
O N O\
HN_ N
O - -
445 446 Pyridine
13% 22%
Benzene pinacol boronate
Table 3.30

With the scope of the aromatic substrates estadishvestigations then focussed on different
hydroxylamines.

3.6.9 Hydroxylamine screening experiments

The two hydroxylamines chosen  wereN-benzylhydroxylamine and N-
cyclohexylhydroxylamine both of which gave slightywer yields with anisole than had
previously been obtained with methylhydroxylamiSelfeme 3.41). Complete regioselectivity
is observed for substitution in tipara position, this agrees with results previously otedr
by Minisci et althat a mix of steric and electronic factors playeg role so in this case the
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orthoandparapositions would be preferred. Also due to the lmilthe amine the para position

would be preferred over thagtho position?*

(I)H
~o HCI 1N FeCl, (5 mol%), HN/\©
n FeCl; (1 eq), MeOH
© 60°C, 24 h
21%
6 eq. _0
117 447 448

on O
0 HCL N~ FeCl, (5 mol%), HN
¥ FeCl; (1 eq), MeOH
60°C, 24 h

6 29%
eq.
q /O

/

117 449 450
Scheme 3.41

Further investigations are required to optimiseytieés obtained and screen other substrates.

3.7 Conclusions

A methodology has been developed and optimisednwititsesN-chloroamines and iron salts
as the initiator in the amination of aromatic rinflee scope has been explored with variations
in the substitution on the nitrogen, alkyl chairddahe aromatic ring. A one-pot process has
been established for the chlorination afarylation which alleviates the need to isolate the
chloroamines.

Some probes into the mechanism of the reaction baee carried out, and the competition
reactions support the hypothesis that this reagbimteeds through a highly electrophilic

species.

With regards to the intermolecular reactions twas sef conditions which use either
chloroamines or hydroxylamines have been estaluliahd trialled with a variety of aromatics.
Late stage functionalisation of a couple of drugenoles has been achieved. There is still
some optimisation to be carried out in regard$iéoyields obtained via these methodologies.
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3.83.8 Future Work

With regards to the work carried out using UV lighinitiate theN-arylation reaction in flow
an intermolecular variant of the floM-arylation reaction should be investigated. Initi&dls
would focus on tetralin and one of the chloroamingsd in the iron salt study. Investigations
into the equivalents of each substrate that isirequand whether the concentrations would be

suitable for flow could be carried out.

. RV=5mL
FR=1mLmin?

o << > —~a o

Sol.In DCM

Scheme 3.42

Due to the conditions established using iron s#itsthe N-arylation of chloroamines
investigations into whether this would be succdbsfuith the chloroamides could be carried
out. If successful and the yields improved compaoeitie photochemical example alternative
substitution patterns could be investigated. #een shown with the iron salts that substrates
with different substituents work compared to whisa tJV light conditions are used whih

arylation is carried out using-chloroamines.

Scheme 3.43

The hydroxylamine work has shown some initial iagting results alternative metal co-
systems could be investigated such as titaniumd@hi) iron(lll) to investigate whether this

would increase the yield at all.
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~o

[Co-catalyst system]
+ MeNHOH.HClI  ---------------------"-- -
MeOH, 60 °C

Scheme 3.434

HN

It has been shown by Jiad al and Morandiet al that different groups on the oxygen can
increase the yields of amination produtctsAs they can help stablise the negative charge

generated on the oxygen when the N-O bond is atkave

FeBr, (6 mol%), NH,
AgNTf, (10 mol%),

o , oOff
oNHs TFE/H,0 (2:1) 0.5 M
2 h, air, 30 °C
O.N R 33-85%

~ NH,
. OTf FeSO, (5 mol%),
Mso Ve + MeCN/H,0
RT, 16 h
R 33-83%
Scheme 3.45

Once the best co-catalyst system has been es&blistestigations into different substituents
on the oxygen starting with the groups shown by dad Morandi could be trialled to see

whether this improves the yields and the rangeib$sates.

~o

'3 [Co-catalyst system]
+ OL o "TTTTTmTmommomsmooooes >
NH HCI MeOH, 60 °C

Scheme 3.46

HN
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Chapter 4 Experimental

4.1 General Experimental

All reactions were carried out under an inert, mitypogen atmosphere, unless otherwise stated.
Anhydrous solvents were purified by the solventiffpation system. All reagents were
obtained from commercial suppliers and used withorcther purification, unless otherwise
stated.

Flash column chromatography was carried out usiegcklsilica gel (40 - 63 um patrticles).

Thin phase chromatography was carried out usingcpated silica plates (Merck silica

Kieselgel 150ks4). They were analysed using UV fluoresceriga.= 254 nm) and developed

using potassium permanganate solution. All chrogragcthy eluents were BDH GPR grade
and used without further purification.

IR spectra were obtained on a Perkin EImer SpectmeT-IR spectrometer, with absorption
reported in wavenumbers (¢hn *H and*3C NMR spectra were recorded on a Bruker DRX
300, a Bruker DRX 500 or a Bruker Advance 500 spectter with an internal deuterium
lock. *H chemical shifts reported in parts per million fgpand coupling constantg)(are
reported in hertz (Hz):3C{*H} NMR spectra were recorded with band proton detiog at

75 MHz or 126 MHz. Assignments were made on theshbaischemical shifts and coupling
data using COSY and DEPT where necessary. Highuteso mass spectra were recorded on
a Waters-Micromass ZMD spectrometer fitted with B8 source. Melting points were

obtained (uncorrected) on a Reichert hot stagerapmsa

Analytical LC-MS was performed using a system casipg of a Bruker HCT Ultra ion trap
mass spectrometer equipped with electrospray itarzand an Agilent 1200 series LC made
up of, a high vacuum degasser, a binary pump fagegormance autosampler, an autosampler
thermostat, a thermostated column compartment etk crray detector. The system used a
Phenomenex Luna C18 50 x 2 mm 5 micron column &rttbe was effected with a binary
gradient of two solvent systems: MeCN/H20 + 1% TatAMleCN/H20.

HPLC spectra were recorded on an Agilent C100 séieLC using an agilent C18 column
(4.6 x 50 mm, 1.8 um) with a binary gradient of taavents: MeCN/H20 + 0.1% Formic

acid.
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4.2 Flow Chemistry Experimental

4.2.1 Chlorination flow reactor

A stainless steel T-junction was attached 10 mTdfEPtubing (internal diameter 1/32nd inch,
external diameter 1/16th inch, 5 mL reactor volumedl to the inlets PTFE tubing (internal
diameter 1/32nd inch, external diameter 1/16th)inehs attached to connect to syringes that
contained the reactants to the dark reactor. TveWas controlled using a dual syringe pump
that allowed both flows to go at equal rates ((M5mint). DCM was then passed through
the reactor (3 reactor volumes). Assuming no lethlkesyeactor was covered in aluminium foll.
The reaction mixture was collected in a conicatKland analysed appropriately. After the
reaction was finished, DCM was passed through ¢hetor (5 reactor volumes) followed by

IPA (5 reactor volumes).

4.2 .2 Photochemical reactor

A photochemical reactor was designed based onetletar described by Booker-Milbuet
al.” The photochemical reactor was constructed usirg teBing (internal diameter 2.7 mm,
external diameter 3.1 mm) that was wrapped arouid=& high pressure mercury quartz
immersion well reactor (overall length 390 mm, intd diameter 38 mm, external diameter 58
mm), with the tubing attached to the well usinglaletsided sticky tape and masking tape (184
cm of FEP tubing, to give a 5 mL reactor volume0® tm of excess tubing). There was 50
cm of excess tubing attached at each end of theoretubing, with one being placed in a
conical flask to collect the reaction mixture ahd bther attached to the outlet of a stainless
steel T-junction. Adapters were placed in the swdtthe T-junction that allowed PTFE tubing
(internal diameter 1/32nd inch, external diametdi6th inch) to connect to syringes that
contained the reactants. The flow was controlledgua dual syringe pump that allowed both
flows to go at equal rates (0.50 mL m)n The quickfit joint of the immersion well was
clamped in a stand, then DCM was passed througtetetor (3 reactor volumes). Assuming
no leaks, the reactor was covered in aluminium &witl placed in a water bath with a
temperature of 18 °C and then reaction was rurh thig first three column volumes discarded.
The reaction mixture was collected in 5 mL aliquatel analysed appropriately. After the
reaction was finished, DCM was passed through ehetor (5 reactor volumes) followed by

IPA (5 reactor volumes).

133



General procedure A:Continous chlorination of secondary amines

Using the continuous reactor described above, atisol of amine (0.4 M in DCM) in one

syringe and a solution of NCS (0.4 M in DCM) in thther were pumped at a rate of 0.25 mL
min™t. The first 10 mL of eluent was discarded, thenssgiently the rest was collected in a
conical flask. The reaction mixture was concentrate vacuo and purified by column

chromatography to afford the desired products.thieeretical maximum yield was calculated
by working out the amount of substrate that wouddenbeen present in one 5 mL column
volume, then multiplying by the collected numbecolumn volumes. This was then compared
to the obtained product to give the percentagedyi@eactor productivity was calculated by
dividing the amount of purified desired producttbg number of reactor volumes collected in,
then multiplying the result by 12 to give the ambeinpurified material that would be obtained

per hour.

General procedure B: Continuous photochemical amin#on

Using the continuous reactor described above, atisol of N-chloroamine (0.4-0.5 M in
DCM) in one syringe and a solution of Me$O(6 M in DCM) in the other were pumped at a
rate of 0.5 mL mif. The first three reactor volumes were discardaen tsubsequently
collected in 5 mL fractions and analysed by LC-Mparately. The separate reactor volumes
were taken up in ¥D and washed with EtOAc. The aqueous phase wahtssfied with 2 M
aqueous NaOH and extracted with EtOAc (x 3). Thaldoed organic extracts were washed
with brine, dried over N&OQw and concentrated in vacuo. Purification by column
chromatography afforded the desired products. fiberetical maximum yield was calculated
by working out the amount of substrate that wouddenbeen present in one 5 mL column
volume, then multiplying by the collected numbecofumn volumes. This was then compared
to the obtained product to give the percentagedyi@eactor productivity was calculated by
dividing the amount of purified desired producttbg number of reactor volumes collected,
then multiplying the result by 12 to give the ambeinpurified material that would be obtained

per hour.
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N-chloro-N-methyl-3-phenylpropan-1-amine 115

'.\l/
Cl

General procedure A was followed, using N-methylk&nylpropan-1- amine (0.4 M in
DCM) and running at 0.5 mL mih 50 mL of eluent was collected, then purificatmiumn
chromatography, eluting with 10% EtOAc in hexarferafed thetitle compound1.12 g, 6.09
mmol, 61%) as a yellow gum.

. (112
Productlwty:( Sg

)><12:2.699ﬂ

Compound data can be found in section 4.5

N-chloro-N-allyl-3-phenylpropan-1-amine 239

N/\/
Oy

General procedure A was followed, usi@llyl-3-phenylpropan-1- amine (0.4 M in DCM).
50 mL of eluent was collected, purification by aolu chromatography, eluting with 10%

EtOAc in hexane afforded thigle compound1.53 g, 7.29 mmol, 73%) as a yellow gum.

1.53g
20

Productivity:( ) x12=0.92gh

Compound data can be found in section 4.5

N-chloro-N-benzyl-3-phenylpropan-1-amine 240

70

General procedure A was followed, usiNgbenzyl-3-phenylpropan-1- amine (0.4 M in
DCM). 50 mL of eluent was collected, purificatiop bolumn chromatography, eluting with

10% EtOAc in hexane afforded ttide compound1.88 g, 7.24 mmol, 72%) as a yellow gum.

1.889
20

Productivity:( ) x12=1.13gh
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'H NMR (400 MHz, CDC}) 6 ppm 7.43 — 7.17 (10H, m, 10 x A}, 4.13 (2H, NCIG12Ar),
3.00 (2H, t,J = 6.7, GH42NCI), 2.72 (2H, tJ = 7.7, Ar(Hp), 2.10 — 2.03 (2H, m, i8y); °C
NMR (101 MHz, CDC}) & ppm 141.8Cq), 137.1 Cqg), 129.2 (2 x AEH), 128.5 (2 x AEH),
128.4 (2 x ACH), 128.4 (2 x A€H), 127.9 (ACH), 125.8 (ACH), 68.4 (NCCH2Ar), 62.2
(CH2NCI), 32.7 (ACHy), 29.5 CH>); IR vmax (neat) / crit 3062, 3027, 2920, 2857, 1702,
1602, 1495, 1453HRMS (ESI*): CigH1s™®CIN [M + H]*: calculated 260.1201, found
260.1201A = 0.0 ppm.

3-(4-bromophenyl)N-chloro-N-methylpropan-1-amine 241

Cl
Br

General procedure A was followed, using 3-(4-brohasyl)N-methylpropan-1-amine (0.4
M in DCM). 34 mL of eluent was collected, purificat by column chromatography, eluting
with 10% EtOAc in hexane afforded ttite compound1.10 mg, 4.19 mmol, 61%) as a yellow

gum.

Productivity:(ll';of) x12=0.97gh

Compound data can be found in section 4.5

3-([1,1'-biphenyl]-4-yl)-N-chloro-N-methylpropan-1-amine 242

General procedure A was followed, using 3-([1,pHainyl]-4-yl)-Nmethylpropan-1-amine
(0.4 M in DCM). 28 mL of eluent was collected, pgigation by column chromatography,
eluting with 10% EtOAc in hexane afforded titke compound885 mg, 3.39 mmol, 61%) as

a yellow gum.

0.89g
11.2

Productivity:( ) x12=0.95gH

IH NMR (400 MHz, CDC4) § ppm 7.63-7.22 (9H, m, 9 x AHD), 2.96 (3H, s, NBl3), 2.95-
2.90 (2H, m, N@®i2), 2.77-2.71 (2H, m, Ar85), 2.07-1.97 (2H, m, B2); 13C NMR (101 MHz,
CDCl) & ppm 141.2Cy), 140.9 Cg), 139.0 Cg), 129.0 (2 x AEH), 128.9 (2 x AEH), 127.3
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(2 x ArCH), 127.2 (ACH), 127.1 (2 x AEH), 65.4 (NQH>), 53.2 (NCH3), 32.5 (AICHy), 29.8
(CH2); IR vmax (neat) / crit: 3057, 3029, 2997, 2863, 1595, 1487, 1455, 14B0YIS (ESI):
Ci16H19>°CIN [M+H*]: calculated 260.1201, found 260.12415 0.0 ppm.

(R)-N-chloro-N-methyl-1-phenyloctan-3-amine243

CsHy1

N/
Cl

General procedure A was followed, usii®)-N-methyl-1-phenyloctan-3- amine (0.4 M in
DCM). 30 mL of eluent was collected, purificatiop bolumn chromatography, eluting with
10% EtOAc in hexane afforded ttide compound777 mg, 3.06 mmol, 51%) as a yellow

gum.

0.789
12

Productivity:( ) x12=0.78gh

Compound data can be found in section 4.5

1-methyl-1,2,3,4-tetrahydroquinoline 116

L

General procedure B was followed, usiighloroaminell5 (0.5 M solution in DCM) and
MeSQGH (6 M solution in DCM). In total, nine column vahes were collected. After work-
up, purification by column chromatography, elutingh 10% EtOAc in hexane afforded the
title compound930 mg, 6.32 mmol, 56%) as a pale yellow oil.

... (081
Productlwty:( 7g

)><12:1.399ﬂ

Compound data can be found in section 4.5
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1-allyl-1,2,3,4-tetrahydroquinoline 244

L
L

General procedure B was followed, usiighloroamine239 (0.5 M solution in DCM) and
MeSQGH (6 M solution in DCM). In total, seven column uates were collected. After work-
up, purification by column chromatography, elutingh 10% EtOAc in hexane afforded the
title compound581 mg, 3.36 mmol, 38%) as a colourless oil.

0.58g
7

Productivity:( ) x12=1.00gH

Compound data can be found in section 4.5

1-benzyl-1,2,3,4-tetrahydroquinoline 245
he

General procedure B was followed, usighloroamine240 (0.45 M solution in DCM) and
MeSQH (6 M solution in DCM). In total, six column volwes were collected. After work-up,
purification by column chromatography, eluting witb% EtOAc in hexane afforded thite

compound648 mg, 2.90 mmol, 43%) as a colourless gum.

0.65g

Productivity:( ) x12=1.29gh

IH NMR (300 MHz, CDC}) § ppm 7.38-7.17 (5H, m, 5 x Atd), 7.05-6.89 (2H, m, 2 x
ArCH), 6.61-6.48 (2H, m, 2 x Ari8), 4.48 (2H, s, NCEAr), 3.37 (2H, tJ = 5.6, NGH>), 2.82
(2H, t, J = 6.3, AEH>), 2.10-1.92 (2H, m, B2); 13C NMR (125 MHz, CDC}) § ppm 145.6
(Co), 138.9 Cq), 129.0 (ACH), 128.6 (2 x AE€H), 127.1 (ACH), 126.7 (ACH), 126.6 (2 x
ArCH), 122.2 Cy), 115.8 (ACH), 110.9 (ACH), 55.2 (NCH2Ph), 49.9 (ICHy), 28.2 (ACH)),
22.4 (H2); IR vmax (neat) / crit: 3061, 3024, 2924, 2839, 1600, 1494, 1449, 1BH3VIS
(ESI*): Ci6H1eN [M+H™]: calculated 224.1434, found 224.14355 0.45 ppm.
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7-bromo-1,2,3,4-tetrahydroquinoline246

Br/ﬂj\/l\lj

General procedure B was followed, usidghloroamine241 (0.4 M solution in DCM) and
MeSQGH (6 M solution in DCM). In total, seven column uates were collected. After work-
up, purification by column chromatography, elutingh 10% EtOAc in hexane afforded the

title compound947 mg, 4.21 mmol, 60%) as a colourless oil.

0.95g
7

Productivity:( ) x12=1.62gH

Compound data can be found in section 4.5

7-phenyl-1,2,3,4-tetrahydroquinoline 247

g N
I

General procedure B was followed, usidghloroamine242 (0.4 M solution in DCM) and
MeSQH (6 M solution in DCM). In total, six column volwes were collected. After work-up,
purification by column chromatography, eluting witb% EtOAc in hexane afforded thite

compound378 mg, 1.69 mmol, 28%) as a colourless oil

0.389
6

Productivity:( ) x12=0.76 gh

IH NMR (400 MHz, CDC}) & ppm 7.56-7.47 (2H, m, 2 x AtD), 7.39-7.30 (2H, m, 2 x
ArCH), 7.28-7.21 (1H, m, Ar8), 7.00-6.92 (1H, m, Ar8), 6.80-6.70 (2H, m, 2 x Arg),
3.24-3.17 (2H, m, NB>), 2.89 (3H, s, NB3), 2.74 (2H, tJ = 6.5, ArCH>), 2.01-1.89 (2H, m,
CH>); 13C NMR (101 MHz, CDC{) & ppm 147.1Cy), 142.5 Cq), 140.5 Cq), 129.3 (ACH),
128.7 (2 x AEH), 127.3 (2 x AE€H), 127.0 (ACH), 122.2 Cq), 115.4 (ACH), 110.0 (ACH),
51.5 (NCH2), 39.3 (NCH3), 27.7 (ACH>), 22.6 CH2); IR vmax (neat) / crit: 3054, 3028, 2924,
2837, 1678, 1605, 1561, 1513RMS (ESI*): CieH1eN [M+H™]: calculated 224.1434, found
224.1434A = 0.0 ppm.
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2-pentyl-1,2,3,4-tetrahydroquinoline 248

General procedure B was followed, usighloroamine243(0.25 M solution in DCM) and

MeSQH (6 M solution in DCM). In total, seven column uales were collected. After
workup, purification by column chromatography, elgtwith 10% EtOAc in hexane afforded
thetitle compound378 mg, 1.74 mmol, 40%) as a yellow oil.

0.38g
7

Productivity:( ) x12=0.65gH

Compound data can be found in section 4.5

4.3 Photochemical Chapter experimental

General Procedure A: Wittig reaction

Following a modified procedure by Chatfielét al®® to a stirred solution of
pyridinecarboxaldehyde (1.0 eq) in &EN (0.2 M) was added the Wittig reagent (1.1 eq) an
the reaction mixture was stirred for 48 h at RTe Téaction mixture was concentratedacuo
and the residue diluted in,B (60 mL). The solution was acidified to pH 3 usthiyl HCI and
extracted using DCM (3 x 80 mL). The water phass than basified using NaHGQq)to pH

7 and extracted using DCM (3 x 80 mL). The orgghases were dried over Mgs@nd
concentrateth vacuo Purification by column chromatography afforded tesired product.

General Procedure B: Amide formation

0]

0]
R\)J\OEt _ RJJ\ ~

N
H

Following a modified procedure by Juaristial,’® to a stirred solution of pyridinyl ester (1.0
eq) in MeOH (0.40 M) was added MeMNi8 M solution in EtOH, 8eq) and the reaction mietu
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was heated at reflux for 16 h and then concentratedacuo Purification by column

chromatography afforded the desired products.

General Procedure C: Reduction — chlorination sequee

(0]
Ar\)J\N/ —1 Ar\/\N/ — Ar\/\N/
H |

H Cl

Step i Following a modified procedure by Williamsehal®” to a stirred suspension of LiAIH
(2.0 eq) in THF (1 M) at 6C was added a solution of pyridinyl amide (1.0 ieg)HF (1 M)
dropwise. The reaction mixture was stirred for @i 0°C before warming to RT and then
heated at reflux for 3 h. The reaction mixture w@asled to @C and the reaction was quenched
through the dropwise addition ob@ (12.0 eq), 2M NaOHy) (2.0 eq) and D (2.0 eq). The
resulting slurry was dried over b8y, filtered through a pad of Celite and was wash&d w
EtOAc. Concentrationn vacuoafforded the crude amine product which was usdtowt
further purification. Desired product formation wamfirmed by LC-MS analysis.

Step ii: Following a modified procedure by De Luetal.’® To a stirred solution of the amine
(2.0 eq) in DCM (0.5 M) in the dark was added N@® €q) portionwise over 10 mins at RT
and the reaction mixture was stirred for 3 h themcentratedh vacuo Purification by column
chromatography afforded the desired products.

General Procedure D Hydrogenation

O O

Ar/\)J\OEt Ar/\)J\OEt

To a stirred solution of ester (1.0 eq) in EtOH2(M) was added 10% Pd/C (10% wt) and the
flask was evacuated and flushed with(B x). The flask was then evacuated and flusheid wi

H> and stirred at RT for 16 h. The flask was thencaated and flushed with nitrogen. The

reaction mixture was filtered through a pad of teéedind washed with EtOAc. Concentraited

vacuoafforded the desired product without further paafion being required.
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General Procedure E Amide coupling

O O
RJJ\OH _ R\)J\H/

To a stirred solution of the acid (1 eq) and methyhe hydrochloride (1.5 eq) in DCM
(0.2 M), was added TBTU (1.6 eq) and DIPEA (4 ddpe reaction mixture was stirred at RT
for 16 hours. The reaction was quenched with sedraqueous NaHGOThe two phases
were separated and the aqueous phase was extnaittdICM (3 x). The organic phases were
combined, dried over MgSOand concentratedn vacuo Purification by column

chromatography yielded the desired product.

General Procedure FN-Chlorination

o 0
a N —— an I
H |

Cl

Following a modified procedure by Zhoeg al® to a stirred solution of the amide (1.0 eq)
andtert-butanol (1.5 eq) in MTBE (0.2 M) atC, was added acetic acid (1.5 eq) and sodium
hypochlorite (1.5 eq) dropwise. The reaction migtwas then stirred at ®« for 2 h. The
organic phases were separated and the top phaseashsd with KO then brine, dried using
MgSQy and concentrateth vacuo The crude material was then purified using column

chromatography using to yield the desired product.

4.4 Experimental Data

Synthesis of ethyl 3-(pyridin-3-yl)prop-2-enoate 28a
o}

|\ \ OEt

=

N

General procedure A was followed, using 3-pyridarboxaldehyde (2.00 g, 18.7 mmol) and
Wittig reagen251 (7.16 g, 20.5 mmol). Purification by column chrdography eluting with
70% EtO in hexane, afforded th@le compound1.81 g, 10.2 mmol, 54%) as a pale yellow
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oil. The NMR data was in accordance with the liter@®® *H NMR (300 MHz, CDC4) & ppm
8.67 (1H, d,J = 2.2, GH), 8.60 (1H, dd,) = 4.8, 1.6, GH), 7.83 (1H, dtJ = 7.9, 1.8, GH),
7.67 (1H, dJ = 16.1, GCH), 7.32 (1H, ddJ = 8.4, 4.4, €H), 6.51 (1H, d,] = 16.1, GICO),
4.28 (2H, qJ = 7.1, OCGHy), 1.34 (3H, tJ = 7.1, Gs); 13C NMR (75 MHz, CDCH) & ppm
166.3 CO), 150.9 C2), 149.7 Ce), 140.8 (GCHCH), 134.2 Cs), 130.2 Cs), 123.7 Cs), 120.5
(CHCO), 60.8 CH>), 14.3 CH3) IR Vmax (neat)/cmi: 3031, 2982, 2936, 1712 (CO), 1641,
1586, 1477 13424RMS (ESI*): C1gH12NO2 [M + H] *: calculated 178.0863, found 178.0867,
A =+2.2 ppm.

Synthesis of ethyl 3-(pyridin-3-yl)propanoate 253a

0]
=
N

To a stirred solution of est@62a(1.81 g, 12.1 mmol, 1.00 eq) in toluene (0.2 M) \added
10% Pd/C (181 mg, 10% wt). To the reaction mixi&o®©H (1.40 mL, 24.3 mmol, 2.00 eq)
and then NaBH (1.84 g, 48.5 mmol, 4.00 eq) were added. The i@achixture was then
warmed to RT and stirred for 8 h. The reaction omtwas quenched aG by addition of 4

M HCI until the reaction mixture was at pH 2. Tlodugion was then neutralised with saturated
aqueous NaHCgxo pH 7 and extracted with 8 (3 x 100 mL). The combined organic phases
were dried over MgSg) filtered through a pad of Celite and concentratedacuoto afford
thetitle compound1.80 g, 10.1 mmol, 83%) as a yellow oil which wased without further
purification. The NMR data was in accordance wirature®® 'H NMR (300 MHz, CDC})

o ppm 8.53 — 8.44 (2H, m, includes 1H, mHCand 1H, m, GH), 7.55 (1H, dtJ = 7.8, 2.0,
C4H), 7.23 (1H, ddJ = 7.8, 4.8, GH), 4.14 (2H, )= 7.1, OC2), 2.97 (2H, tJ = 7.6, C2),
2.65 (2H,tJ = 7.6, GH2), 1.24 (3H, tJ) = 7.1, GH3); 13C NMR (75 MHz, CDC}) 6 ppm 172.3
(CO), 149.8 o), 147.7 Ce), 135.9 C3), 135.8 C4), 123.4 Cs), 60.6 (CCH2), 35.4 CH2), 28.1
(CH2), 14.2 CHa); IR vmax (neat)/cm’; 3032, 2982, 2935, 1731 (CO), 1642, 1575, 1422113
HRMS (ESI*): C10H14NO2 [M + H] *: calculated 180.1090, found 180.10215 -1.1 ppm.
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Synthesis ofN-methyl 3-pyridin-3-yl-propanamide 254a

O
SN ~

P

N

Iz

General procedure B was followed, using the éi8a(1.30 g, 7.25 mmol) and MeNKB M
in EtOH, 7.5 mL). Purification by column chromataghy eluting with 2% MeOH in DCM,
afforded thetitle compound1.02 g, 6.23 mmol, 86%) as a pale yellow &i.NMR (300
MHz, CDCk) § ppm 8.50 - 8.44 (2H, m, includes 1H, mHCand 1H, m, GH), 7.55 (1H, dt,
J=7.8, 2.0, GH), 7.22 (1H, ddJ = 7.8, 4.8, GH), 5.66 (1H, br. s, N), 2.99 (2H, tJ = 7.6,
CH>), 2.79 (3H, dJ = 4.8, (H3), 2.48 (2H, t) = 7.6, GH2); 13C NMR (75 MHz, CDC}) § ppm
172.0 CO), 149.7 C2), 147.7 Cs), 136.4 C3), 136.1 C4), 123.4 Cs), 37.7 CH2), 28.7 CH>),
26.3 (CH3); IR vmax(neat)/cm'; 3294, 3085, 2921, 1649 (CO), 1562, 1479, 1413113RMS
(ESI*): CoH13N20 [M + H] *: calculated 165.1022, found 165.10A7% +3.1 ppm.

Synthesis ofN-chloro(N-methyl)[3-(pyridin-3-yl)propyl]amine 255a

AN N/
I
Pz Cl
N

General procedure C was followed, step i, usingla@b4a(430 mg, 2.64 mmol) and LiAIH
(200 mg, 2.28 mmol) affording the crude ami%®. Following step ii, using the crude amine
259 (397 mg, 2.64 mmol) and NCS (180 mg, 1.35 mmolyrifleation by column
chromatography, eluting with (30% EtOAc in hexaradjorded thetitle compound50 mg,
0.27 mmol, 25%) as a brown oifiH NMR (300 MHz, CDC4) & ppm 8.50-8.46 (2H, m,
includes 1H, m, eH; and 1H, m, €H), 7.54 (1H, dtJ=7.8, 2.0, GH), 7.24 (1H, ddJ = 7.8,
4.8, GH), 2.96 (3H, s, €3), 2.92 — 2.87 (2H, m, @), 2.71 (2H, tJ = 7.4, GH2), 1.99 (2H,
m, CHy), 33C NMR (75 MHz, CDC$) 6 ppm 150.0 €2), 147.5 Cs), 136.9 C3), 135.9 Ca),
123.4 Cs), 64.7 CH2N), 53.1 CH3), 29.8 CH2), 29.4 CH>); IR vmax (neat)/crmt: 3028, 2941,
2856, 1773, 1710, 1665, 1427, 1348RMS (ESI*): CoH14°CIN2 [M + H] *: calculated
185.0840, found 185.0844,= -0.2 ppm.
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Synthesis of 3-(pyridin-4-yl)prop-2-enoate 252b
O

|\ N OEt

N~
General procedure A was followed, using 4-pyridarboxaldehyde (2.00 g, 18.7 mmol) and

Wittig reagen251(7.16 g, 20.5 mmol). Purification by column chrdogaphy, eluting with
30% EtOAc in hexane (1% #¢), affordedtitle compound2.77 g, 15.6 mmol, 83% vyield) as
a colourless solid. A sample was crystallised fteerane to yield colourless crystais.p.
67-68°C, platelets, hexane. The NMR data was in accaelaith the literaturé®H NMR
(300 MHz, CDC%) 6 ppm 8.65 (2H, ddj=4.5, 1.6, 2 x eH), 7.59 (1H, dJ = 16.1, GCH),
7.36 (2H, ddJ=4.6, 1.6, 2 x gH), 6.59 (1H, dJ =16.1, GICO), 4.29 (2H,gJ=7.1,

CHy), 1.35 (3H, tJ = 7.1, (H3); 13C NMR (75 MHz, CDC%) § ppm 166.0CO), 150.6 (2 x
Co), 149.7 C4), 141.7 (CCH), 122.9 CHCO), 121.8 (2 *Cs), 61.0 CH>), 14.2 CH3); IR
vmax(neat)/cmt 3052, 2982, 1704 (CO), 1640, 1623, 1597, 15474 14RMS (ESI*):
C10H12NO2 [M + H] *: calculated 178.0863, found 178.08845 +0.8 ppm.

Synthesis of ethyl 3-(pyridin-4-yl)propanoate 253b
O

|\ OEt
N~

General procedure D was followed, using e2&#b (2.50 g, 14.1 mmol) and 10% Pd/C (250
mg, 10% wt), affording thétle compound2.41 g, 13.4 mmol, 95%) as a colourless oil, Whic
was characterised without further purification. THMR data was in accordance with the
literature'®:1921H NMR : (300 MHz, CDC4) 6 ppm 8.51 (2H, dd] = 4.4, 1.6, 2 x ¢H), 7.14
(2H, dd,J = 4.4, 1.6, 2 x €H), 4.13 (2H, gJ = 7.1, OCH,), 2.95 (2H, tJ = 7.6, (H>), 2.64
(2H, t,3=17.6, tH2), 1.23 (3H, tJ = 7.1, CH3); 13C NMR (75 MHz, CDC}) § ppm 172.2
(CO), 149.9 (2 xCy), 149.4 (C4), 123.7 (2 xC3), 60.7 (CCH2), 34.5 CH), 30.1 CH>), 14.2
(CH3); IR vmax (neat)/cm' 3027, 2981, 2933, 1728 (CO), 1601, 1559, 1445, 1KHEMS
(ESI*): C1o0H14NO2 [M + H] *: calculated 180.1019, found 180.10A7 -0.9 ppm.
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Synthesis ofN-methyl-3-(pyridin-4-yl)propanamide 254b
O
B N”
N~
General procedure B was followed, using e353b (2.30 g, 12.8 mmol) and MeNH8 M in
EtOH, 13 mL). Purification by column chromatogramyting with 1% MeOH in DCM (1%
EtN), affordedtitle compound1.65 g, 10.1 mmol 78%) as a colourless solidmalssample
was crystallized from hexane to yield colourlesgstals.M.p. 61- 62°C, platelets, hexane.
The NMR data was in accordance with the literatbitdH NMR (300 MHz, CDC4) § ppm
8.50 (2H, dd,J=4.4, 1.6, 2 x eH), 7.13 (2H, ddJ = 4.4, 1.6, 2 x €H), 5.37 (1H, br. s, N),
2.98 (2H,tJ=7.6, H2), 2.79 (3H, dJ= 4.9, H3), 2.47 (2H, t) = 7.6, (H2); 13C NMR (75
MHz, CDCk) & ppm 172.7 CO), 150.0 Cs), 149.9 (2 xC»), 123.8 (2 xC3), 36.9 CH>), 30.7
(CH2), 26.3 CHa); IR vmax(neat)/cmt 3300, 3102, 3027, 2938, 1632 (CO), 1557, 14954145
HRMS (ESI*): CoH13N20 [M + H] *: calculated 165.1022, found 165.10A9; +1.9 ppm.

Synthesis ofN-chloro(N-methyl)[3-(pyridin-4-yl)propyl]lamine 255b

S N
|
N~ Cl

General procedure C was followed, step i, usingla@b4b (1.52 g, 9.28 mmol), LiAlk (704
mg, 18.6 mmol) affording the crude amid@L Following step ii, using the crude amiaél
(2.39 g, 8.50 mmol) and NCS (1.55 g, 11.6 mmolY)iffeation by column chromatography,
eluting with 30% EtOAc in hexane, afforded titee compound350 mg, 1.90 mmol, 20%) as
a brown oil.*H NMR (500 MHz, CDCJ) & ppm 8.55 - 8.52 (2H, m, 2 %8), 7.20 - 7.16 (2H,
m, 2 x GH), 2.97 (3H, s, E3), 2.89 (2H, tJ = 6.7, H2), 2.76 - 2.72 (2H, m, B>), 2.05 -
1.98 (2H, m, El2); 3C NMR (75 MHz, CDC$) & ppm 149.8 (2 xCz), 149.0 Ca), 124.0 (2 X
Cs), 64.7 CH2N), 53.1 CHs3), 29.6 CH), 28.5 CH>); IR vmax(neat) / crt: 3029, 2949, 2856,
1773, 1702, 1637 1604, 1463RMS (ESI*): CsH14°CIN2 [M + H] *: calculated 185.0840,
found 185.0837A = +1.5 ppm.

146



Synthesis of ethyl (E)-3-(6-methoxypyridin-3-yl)prop-2-enoate 266

O
SN ™ O/\

General procedure A was followed, using 5-formyh2thoxypyridine (5.00 g, 36.5 mmol)
and Wittig reagent265 (14.0 g, 40.1 mmol) followed by purification by lemn
chromatography, eluting with 30% EtOAc in hexan® (E&N), affording thetitle compound
(6.49 g, 31.3 mmol, 86% yield) as a colourless giine'H NMR was in accordance with the
literature'®*H NMR (300 MHz, CDC}) § ppm 8.27 (1H, dJ = 2.4, GH), 7.77 (1H, ddJ =
8.7, 2.5, GH), 7.63 (1H, dJ = 16.0, C®), 6.77 (1H, dJ = 8.7, GH), 6.33 (1H, d,J = 16.0,
CHCO), 4.27 (2H, gJ = 7.1, O®»), 3.97 (3H, s, O€3), 1.34 (3H, tJ = 7.1, CHCHa); 13C
NMR (75 MHz, CDC¥) 6 ppm 166.8CO), 165.3 (@), 148.3 C2), 140.9 (CCH), 136.3 Ca),
123.9 Cy), 117.2 CHCO), 111.6 Cs), 60.5 (ACH>), 53.8 (CCH3), 14.3 (CHCH?3); IR vmax
(neat)/cmt 3036, 2984, 2948, 1708, 1633, 1600, 1567, 14EMS (ESI*): C11H1aNOs [M +
H] *: calculated 208.0968, found 208.096845 -2.2 ppm

Synthesis of ethyl 3-(6-methoxypyridin-3-yl)propanate 267

XX o
~ |/

O N

General procedure D was followed, using eg&8 (6.00 g, 29.0 mmol) and 10% Pd/C (600
mg, 10% wt), affording thétle compound5.32 g, 25.4 mmol, 88%) as a colourless oil, Wwhic
was characterised without further purificatiéd. NMR (300 MHz, CDC4) § ppm8.00 (1H,
d,J= 2.0, CH), 7.43 (1H, ddJ = 8.5, 2.5, GH), 6.68 (1H, d,J = 8.5, GH), 4.13 (2H, q,) =
7.1, OtH»), 3.91 (3H, s, OB3), 2.87 (2H, tJ = 7.6, GH2), 2.58 (2H, tJ = 7.6, GH2), 1.24
(3H,1,J=7.1, CH); 13C NMR (75 MHz, CDC#%) 8 ppm 172.5CO), 163.0 (@Ts), 146.1(C>),
138.9 C4), 128.5 Cs), 110.6 Cs), 60.5 (ACH2), 53.3 (GCH3), 35.9 CHy), 27.3 CHy), 14.2
(CH2CHa); IR vmax (neat)/cmt 2980, 2945, 2906, 1730, 1609, 1572, 1491, 1448MS
(ESI*): C11H16NOz [M + H] *: calculated 210.1125, found 210.11245 +0.7 ppm.
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Synthesis of 3-(6-methoxypyridin-3-yl)N-methylpropanamide 268

AN N/
| H
~ —

O N

General procedure B was followed, using the eé28&1(5.00 g, 23.9 mmol) and MeNK8 M

in EtOH, 30 mL). Purification by crystallizatioroim hexane, afforded thigdle compound4.36
g, 22.5 mmol, 94%) as a pale yellow crysthsy. 79-80°C, platelets, hexane!H NMR (300
MHz, CDCEk) 6 ppm 7.99 (1H, dJ = 2.4, GH), 7.43 (1H, ddJ = 8.5, 2.5, GH), 6.67 (1H, d,
J=28.5, GH), 5.38 (1H, s, M), 3.91 (3H, s, O6E3), 2.90 (2H, tJ = 7.6, G2), 2.78 (3H, dJ

= 4.9, NHMH3), 2.42 (2H, tJ = 7.6, G2); 13C NMR (75 MHz, CDC%) 6 172.2 CO), 162.9
(OCs), 146.0 C2), 139.0 Ca), 128.9 C3), 110.6 Cs), 53.3 OCH), 38.2 CH2), 27.9 CH>),

26.3 CHa); IR vmax (neat)/cmt 3311, 3107, 2949, 2932, 1638, 1609, 1566, 148RMS

(ESI*): Ci0H1sN2NaQ: [M + Na] *: calculated 217.0947, found 217.0939; +1.7 ppm.

Synthesis of chloro[3-(6-methoxypyridin-3-yl)propylmethylamine 263

X N/

~ 7 Cl

General procedure C was followed, step i, usingdar268 (2.00 g, 10.3 mmol) and LiAlH
(782 mg, 20.6 mmol) afforded the crude an®7d. Following step ii, using the crude amine
271 (1.26 g, 6.97 mmol) and NCS (1.16 g, 8.71 mmol)rifwation by column
chromatography, eluting with (10% EtOAc in hexaradjprded thditle compound712 mg,
3.33 mmol, 48%) as a colourless &i. NMR (300 MHz, CDC#) § ppm 7.98 (1H, dd] = 2.4,
0.5, GH), 7.42 (1H, ddJ = 8.5, 2.5, GH), 6.68 (1H, d,J = 8.5, GH), 3.91 (3H, s, Ei3), 2.93
(3H, s, GH3), 2.90 — 2.82 (2H, m, i), 2.65 — 2.58 (2H, m, I@2), 1.99 — 1.86 (2H, m, idy);
13C NMR (75 MHz, CDC#) 5 ppm 162.7 (@s), 146.1 C2), 138.9 C4), 129.5 C3), 110.5 Cs),
64.8 (CHy), 53.3 CH3), 53.1 CHa3), 29.6 CH2), 28.8 CH2); IR vmax (Neat)/cm' 2945, 2845,
2795, 1607, 1572, 1489, 1460, 1439RMS (ESI*): CioH16>°CIN.O [M+H]": calculated
215.0946, found 215.0954,=-2.1 ppm.

148



Synthesis of methyl 3-phenylpropanoate 274

O

o™

General procedure D was followed, using metinghs-cinnamate (4.00 g, 24.7 mmol) and
10% Pd/C (400 mg, 10% wt), affording thde compound(3.80 g, 23.1 mmol, 94%) as a
colourless oil, characterised without further paafion. The NMR data was in accordance
with the literaturé®>*H NMR (300 MHz, CDC}) § 7.37 — 7.18 (5H, m, 5 x Aiig), 3.70 (3
H, s, (Hs), 2.98 (2H, tJ = 7.8, Ar(H>), 2.66 (2H, tJ = 7.8, G1>CO); 13C NMR (75 MHz,
CDCl) 6 173.3 CO), 140.5 Cy), 128.5 (AC), 128.3 (AC), 126.3 (AC), 51.6 CH3), 35.7
(CH2), 30.9 CH2); IR vmax(neat) / cmt 3063, 3028, 2951, 2848, 1734 (CO), 1604, 14965143

Synthesis of 3-phenylpropanoic acid 275

0]

WOH

To a stirred solution of est@74 (3.70 g, 22.5 mmol) in MeOH (50 mL, 0.45 M) wagled
NaOH (50 mL, 0.45 M). The reaction mixture was theated to reflux and stirred for 2 h. The
reaction mixture was cooled to RT and quenched #MhHCI to pH 7 and the aqueous phase
was extracted with EtOAc (50 mL x 3), dried over8i@; and concentratad vacuoto afford
thetitle compound2.50 g, 16.6 mmol, 74%) as a colourless solidcthivas recrystallized in
hexane to yield colourless crystalld.p. 43-44°C, needles, hexane. The NMR data was in
accordance with literatuf€H NMR (300 MHz, CDC}) § ppm 9.00 (1H, s, B), 7.35-7.15
(5H, m, 5 x Ar@H), 2.96 (2H, tJ = 7.8, (), 2.69 (2H, tJ = 7.7, G2); 13C NMR (75 MHz,
CDCl) 6 ppm 178.7 CO), 140.2 Cg), 128.6 (2 x A€), 128.3 (2 x A€), 126.4 (AC), 35.5
(CH2), 30.6 CH2); IR vmax(neat) / crmt 3058, 3028 (br OH), 2952, 2932, 2625, 1692 (CO),
1601, 1495HRMS (ESI*): CoHoN&aO2 [M + Na - H]: calculated 195.0392, found 195.0388,
A =-2.5ppm.
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Synthesis ofN-methyl-3-phenylpropanamide 276

)

©/\)‘\N/
H

General procedure E was followed, using &48 (2.21 g, 14.7 mmol), Ni#Me.HCI (1.49 g,
22.1 mmol), TBTU (7.57 g, 23.6 mmol) and DIPEA &L, 29.5 mmol). Purification by
column chromatography, eluting with 30-40% EtOAd#&xane, afforded thle compound
(2.74 g, 10.7 mmol, 72%) as a colourless solid thias crystallised from hexane to yield
colourless crystaldV.p. 54-55°C, platelets, hexane. The NMR data was in accaalaith
literature'®”*H NMR (300 MHz, CDCY¥)  ppm 7.36 — 7.16 (5H, m, 5 x AKg, 5.34 (1H, br.
s, NH), 2.99 (2H, tJ = 7.6, GH2), 2.79 (3H, dJ = 4.9, (H3), 2.49 (2H, tJ = 7.7, (Ho); 13C
NMR (75 MHz, CDC4%) 6 ppm 172.7 CO), 140.9 Cg), 128.5 (2 x ACH), 128.3 (2 x ACH),
126.2 (AICH), 38.5 CH2), 31.7 CH2), 26.3 CHa); IR vmax(neat) / cmt 3301, 3064, 3030,
2934, 2877, 1638, 1605, 154dRMS (ESI*): C10H14NO [M + H] *: calculated 164.1070,
found 164.1070A = -1.5 ppm.

Synthesis ofN-chloro-N-methyl-3-phenylpropanamide 278

N/
Cl

General procedure F, using amitis (670 mg, 4.10 mmoljert-butanol (610 pL, 6.15 mmol),
acetic acid (350 pL, 6.15 mmol) and sodium hypodatdd0.75 M) (8.20 mL, 6.15 mmol),
followed by purification by column chromatographsiuting with 20% EtOAc in hexane
afforded theitle compound671 mg, 3.39 mmol, 83%) as a colourless'biINMR (300 MHz,
CDCls) 6 ppm 7.35 - 7.17 (5H, m, 5 x AHJ, 3.33 (3H, s, E3), 3.01 — 2.93 (2H, m, I@y),
2.85—2.77 (2H, m, By); 13C NMR (126 MHz, CDC}) § ppm 174.0CO), 140.8 Cy), 128.5
(2 x ArC), 128.4 (2 x AE), 126.3 (AC), 40.9 CH3s), 35.2 CH), 31.1 CH2); IR vmax(neat) /
cm! 3085, 3062, 3027, 2936, 2873, 1667, 1603, 149BMS (ESI*): CioH13*°CINO
[M + H]": calculated 198.0680, found 198.06805 -0.3 ppm.
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Synthesis of 3-chloroN-methyl-3-phenylpropanamide 280

Cl O
e

N
To a stirred solution of chloroami@¥8 (100 mg, 0.51 mmol) in DCM (1.70 mL) was added
methanesulfonic acid (330 pL, 5.10 mmol) and tlaetien mixture was stirred and irradiated
under UV light using a 125 W high pressure merdanyp for 5 h. The reaction mixture was
washed with water, dried over Mg®@nd concentratesh vacuo The crude material was
purified by column chromatography eluting with 2@#Ac in hexane affording the title
compound (52 mg, 0.26 mmol, 52%) as colourlessisti NMR (300 MHz, CDCY) § ppm
7.44 —7.28 (5H, m, 5 x Aid), 5.54 (1H, br. s, N), 5.42 (1H, ddJ = 9.1, 5.2, ), 2.96 —
2.83 (2H, m, €i2), 2.81 (3H, dJ = 4.9, GH3); 13C NMR (75 MHz, CDC$) 5 ppm 169.4 CO),
140.7 (ACy), 128.8 (ACH), 128.6 (ACH), 128.5 (ACH), 128.3 (ACH), 126.8 (ACH), 59.1
(CH), 47.3 CH>), 26.4 CH3); IR vmax(neat) / cm' 3303 (NH), 3101, 3032, 2932, 2920, 1711
(CO), 1639, 1615HRMS (ESI*): C10H12*°CINNaO [M + NaJ: calculated 220.0499, found
220.0502A =-0.9 ppm.

Synthesis ofN-(3-phenylpropyl)acetamide 282

O
S

To a stirred solution of 3-phenylpropylamine (1§)@.40 mmol) and triethylamine (1.20 mL,
8.51 mmol) in DCM (8 mL) at OC was added a solution of acetic anhydride (8008451
mmol) in DCM (2 mL) dropwise. After 15 min the ré@an was warmed to RT and stirred for
16 h. The reaction was washed with an aqueous 2MsbiGtion (pH 2). The agueous phase
was extracted with DCM (2 x 50 mL). The organic ggswere combined and washed with a
saturated aqueous solution of NaHQ@til neutralised, dried over MgGQ@nd concentrated
in vacuo to afford the title compound (1.31g, 7.40 mmol§0%) as a colourless oil,
characterised without further purification. The NMRata was in accordance with the
literaturel°¢H NMR (300 MHz, CDC{) 6 ppm 7.33 — 7.13 (5H, m, 5 x AKJ, 5.63 (1H, br.

s, NH), 3.27 (2H, qJ = 6.5, NHCH>), 2.68 — 2.61 (2H, t] = 7.6, Ar(H>), 1.93 (3H, s, E3),
1.83 (2H, apparent quid,= 7.3, GH2); 3C NMR (75 MHz, CDC}) § ppm 170.1CO), 141.5
(ArCy), 128.5 (2 x A€H), 128.3 (2 x A€CH), 126.0 (ACH), 39.3 (NHCH>), 33.3 (ACH>),
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31.2 CH2), 23.3 CHa); IR vmax(neat) / crt 3282, 3084, 3063, 3026, 2931, 2860, 1645, 1549;
HRMS (ESI*): C11H1NO [M + H] *: calculated 178.1226, found 178.12255 -3.4 ppm.

SynthesisN-chloro-N-(3-phenylpropyl)acetamide 283

N
(Y

General procedure F was followed, using an#iég (2.55 g, 14.4 mmol}ert-butanol (2.15
mL, 21.6 mmol), acetic acid (1.25 mL, 21.6 mmoljl@odium hypochlorite (0.75 M, 29.0 mL,
21.6 mmol). Purification by column chromatograpkyyting with 20% EtOAc in hexane
afforded theitle compound1.98 g, 9.35 mmol, 65%) as a colourless®iINMR (300 MHz,
CDCls) 6 ppm 7.35 - 7.15 (5H, m, 5 x AKJ, 3.73 (2H, tJ = 7.1, NCIGH>), 2.64 (2H, tJ =
7.4, ArCHy), 2.20 (3H, s, E3), 2.01 (2H, quartet] = 7.4, GH); 13C NMR (126 MHz, CDC4)

d ppm 172.0 (CO), 141.0 (&), 128.5 (2 x A€H), 128.3 (2 x ACH), 126.1 (ACH), 51.8
(CHy), 32.4 CH>), 28.8 CH2), 21.8 CH3); IR vmax (neat)/cm' 3085, 3062, 2934, 2860, 1669,
1603, 1496, 1453HRMS (ESI*): C11H1s°CINO [M + H] *: calculated 212.0837, found
212.0830A =-3.4 ppm.

Synthesis ofN-methyl-2-phenylacetamide 287
N

Y
General procedure E was followed, using phenylaaatid (2.00 g, 14.7 mmol), NMe.HCI
(2.49 g, 22.0 mmol), TBTU (7.54 g, 23.5 mmol) andPBA (10.2 mL, 58.7 mmol).
Purification by column chromatography, eluting with-55% EtOAc in hexane, afforded the
title compound1.62 g, 10.9 mmol, 74%) as a yellow solid whicmswerystallised from hexane
to yield colourless crystaldl.p. 54-55°C, platelets, hexane. The NMR data was in accoelanc
with the literaturé®®*H NMR (300 MHz, CDC4) § ppm 7.42 — 7.24 (5H, m, 5 x AKQ, 5.43
(1H, br. s, NH), 3.59 (2H, s, €»), 2.77 (3H, dJ = 4.9, (H3). 13C NMR (75 MHz, CDC}) §
ppm 171.6 CO), 134.9 (ACy), 129.5 (2 x AEH), 129.1 (2 x AEH), 127.4 (ACH), 43.8
(CH2), 26.5 CH3); IR vmax(neat) / cmt 3301, 3087, 3064, 3030, 2934, 2877, 1638, 1549;
HRMS (ESI*): CoH12NO [M + H]™: calculated 150.0913, found 150.09A15 +1.8 ppm.
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Synthesis ofN-chloro-N-methyl-2-phenylacetamide 288

N\
Y

General procedure F was followed, using an#iéié (1.00 g, 6.70 mmol}ert-butanol (1.00
mL, 10.1 mmol), acetic acid (580 pL, 10.1 mmol) aodium hypochlorite (0.75 M, 13.4 mL,
10.1 mmol) stirred for 4 h instead of 2 h. Purifioa by column chromatography (20% EtOAc
in hexane) afforded thitle compound(1.04 g, 5.64 mmol, 84%) as a colourless oil which
upon storage in the freezer formed a colourlesd.sbhe NMR data was in accordance with
the literature'!°*H NMR (300 MHz, CDC4) § ppm 7.40 — 7.25 (5H, m, 5 x AKQ, 3.90 (2H,

s, (Hy), 3.38 (3H, s, El3); 13C NMR (126 MHz, CDC4) 6 ppm 172.6 CO), 134.1 (ACy),
129.2 (2 x ACH), 128.6 (2 x ACH), 127.1 (ACH), 41.2 CHs), 40.2 CH>); IR vmax(neat) /
cmt 3031, 3007, 2968, 2913, 1682, 1659 (CO), 14961 I4RMS (ESI*): CoH11*°CINO [M

+ H']: calculated 184.0524, found 184.05185 -3.2 ppm.

Synthesis of 1-methyl-2,3-dihydro-1H-indol-2-one 28

Ch-
N\
To a stirred solution of chloroami@88 (100 mg, 0.54 mmol) in DCM (1.70 mL) was added
BFsOE® (330 pL, 2.7 mmol) and the reaction mixture wased and irradiated under UV
light with a 125W high pressure mercury lamp fdr. 9 he reaction mixture was washed with
water, dried over MgS©and concentrateth vacuo The crude material was purified by
column chromatography eluting with 25-30% EtOAtexane to afford the title compound (8
mg, 0.05 mmol, 10%) as a colourless oil. The NMRdeas in accordance with literatdfe.
IH NMR (300 MHz, CDC4) 6 ppm7.34 — 7.23 (2H, m, 2 x And), 7.06 (1H, td) = 7.6, 0.9,
ArCH), 6.84 (1H, dJ = 7.8, Ar(H), 3.55 (2H, s, €El2), 3.24 (3H, sJ = 5.1, (H3); °C NMR
(126 MHz, CDC%) 6 ppm 175.1CO0O), 145.3 (AC,CHo), 127.9 (ACH), 124.5 (ACgN), 124.3
(ArCH), 122.3 (ACH), 108.1 (ACH), 35.7 CH2), 26.2 CHs); IR vmax(neat) / cmt 3056,
2920, 2850, 1711 (CO), 1615, 1494, 1470, 13HRMS (ESI*): CoH1o0NO [M + HI*:
calculated 148.0757, found 148.07315 +3.9 ppm.

153



Synthesis ofN-(2-phenylethyl)acetamide 291
N

Sha
To a stirred solution of 3-phenylethylamine (2.00L§.5 mmol) and triethylamine (2.65 mL
19.0 mmol) in DCM (12 mL) at 8C was added a solution of acetic anhydride (1.80 18L0
mmol) in DCM (10 mL) dropwise. After 15 min the od@n was warmed to RT and stirred 16
hours. The RM was washed with 2 M HCI (pH 2). Thaeous phase was extracted with DCM
(2 x 100 mL). The organic phases were combinedwasthed with a saturated aqueous solution
of NaHCQ until neutralised, dried over Mg&@nd concentrateith vacuoto afford the title
compound (2.25 g, 13.8 mmols, 84%) as a pale yeslmid. This was crystallised from hexane
to yield pale yellow crystals which were characed without further purificatioiM.p. 46-47
°C, platelets, hexane. The NMR data was in accosaith the literaturé?H NMR (300
MHz, CDChk) & ppm 7.40 —7.17 (5H, m, 5 x AKJ, 5.48 (1H, br. s, N), 3.54 (2H, g,) = 6.8,
NHCHy), 2.84 (2H, tJ = 6.9, Ar(H2), 1.96 (3H, s, €3); 13C NMR (75 MHz, CDC$) § ppm
170.0 CO), 138.9 (ALy), 128.7 (2 x ACH), 128.7 (2 x ACH), 126.5 (ACH), 40.6 CH>),
35.6 CH2), 23.3 CHa); IR vmax(neat) / cmt: 3285 (NH) 3086, 3065, 2930, 2871, 1642 (CO),
1539, 1496 HRMS (ESI*): C10H14NO [M + H]": calculated 164.1069, found 164.10665 -
2.4 ppm.

Synthesis ofN-chloro-N-(2-phenylethyl)acetamide 292
Cl

g

7

General procedure F was followed, using andélé (500 mg, 3.06 mmol}tert-butanol (460
pL, 4.59 mmol), acetic acid (260 pL, 4.59 mmol) aodium hypochlorite (0.75M, 6.12 mL,
4.59 mmol) stirred for 4 h. Purification by colunshromatography 10% EtOAc in hexane
afforded theitle compound472 mg, 2.39 mmol, 78%) as a colourless oil. MR data was
in accordance with the literatut®H NMR (300 MHz, CDC}) 6 ppm 7.37 - 7.19 (5H, m, 5
x ArCH), 3.93 (2H, tJ = 7.3, (H2), 3.00 (2H, tJ = 7.4, (H), 2.12 (3H, s, El3); 13C NMR
(126 MHz, CDC¥) 3 ppm 170.3 CO), 137.6 (ACy), 128.9 (2 x ACH), 128.6 (2 x ACH),
126.7 (AICH), 53.6 CHy), 33.5 CH2), 21.5 CH3); IR vmax(neat) / cmt: 3086, 3065, 2934,
2860, 1668, 1539, 1496, 1429RMS (ESI*): C10H13*°CINO [M + H']: calculated 198.0680,
found 198.0673A = +3.5 ppm.

154



Synthesis ofN-methyl-2-phenylbenzamide 165

General procedure E was followed, using 2-bipheamoxylic acid (1.00 g, 5.04 mmol),
NH2Me.HCI (510 mg, 7.56 mmol), TBTU (2.59 g, 20.2 minahd DIPEA (2.61 mL, 20.2
mmol). Purification by column chromatography, elgtiwith 35-45% EtOAc in hexane
afforded thetitle compound(765 mg, 3.62 mmol, 72%) as a colourless solidctvhwas
crystallized from EtOAc to form colourless needlglsp. 171-172°C, needles, EtOAc. The
NMR data was in accordance with literattfeH NMR (300 MHz, CDC4) § ppm 7.71 (1H,
dd,J=7.5, 1.5, Ar®), 7.52 — 7.33 (8H, m, 8 x Aid), 5.15 (1H, br. s, N), 2.68 (3H, d,) =
4.9, (Hz); 3C NMR (75 MHz, CDC$) & ppm 170.2 €O), 140.2 (A€, 139.3 (AL,
135.7(ACy), 130.2 (ACH), 130.1 (2 x A€H), 128.9 (ACH), 128.7 (ACH), 128.6 (2 x
ArCH), 127.8 (ACH), 127.6 (ACH), 26.7 CH3); IR vmax(neat) / crmt 3306 (NH), 3077, 3055,
3020, 2931, 2894, 1623 (CO), 158RMS (ESI*): C14H14NO [M + H']: calculated 212.1069,
found 212.1066A = +1.6 ppm.

Synthesis ofN-chloro-N-methyl-2-phenylbenzamide 295

I CIITI O

General procedure F was followed, using aniii® (700 mg, 3.32 mmol}tert-butanol (0.50
mL, 5.00 mmol), acetic acid (0.30 mL, 5.00 mmoljl aodium hypochlorite (0.75 M, 6.60 mL,
5.00 mmol) in toluene (17 mL). Purification by colo chromatography, eluting with 10%
EtOAc in hexane afforded thigle compound130 mg, 0.53 mmol, 16%) as a pale yellow oil.
'H NMR (300 MHz, CDC4) 6 ppm7.56 — 7.35 (9 H, m, 9 x Atd), 2.94 (3 H, s, Bl3); 13C
NMR (126 MHz, CDC¥) 6 ppm 171.1 (CO), 139.5 (&), 133.4 (AC), 130.3 (ALC), 130.0
(ArCy), 129.7 (ACy), 128.6 (ACy), 128.4 (ALCy), 128.2 (ALCy), 127.9 (ACy), 127.7 (ALCy),
21.0 CHa); IR vmax(neat) / et 3057, 3024, 2977, 2944, 1656 (CO), 1596, 15655 IMRMS
(ESI*): C14H13*CINO [M + H]": calculated 246.0680, found 246.06805 0.0 ppm.
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4.5 Chapter 3 experimental

General Procedure A Reductive Amination

MO _ /\/\N,R
H

To a stirred solution of aldehyde (1 eq) in MeOE2(M) was added amine-<30 eq) and the
RM was stirred for 2 h. The RM was cooled t&0and NaBH (2 eq) was added portionwise.
The RM was warmed to RT and stirred for 2 h theenghed with saturated aqueous NaHCO
The aqueous phase was extracted with EtOAc (3h€.cbmbined organic extracts were dried

over MgSQ and concentrateid vacuo Purification afforded the desired products.
General procedure B Reductive amination with ketones

R R

Mo /\)\N’Rl

H

Following a modified procedure by Williamse al, to a stirred solution of ketone (1 eq) in
MeOH (0.2 M) was added amine«® eq) and Ti(®rk (2 eq)?’ The RM was stirred for 16

h. The RM was cooled to®€ and NaBH (2 eq) was added portionwise. The RM was warmed
to RT and stirred for 2 h then concentratedacuo The residue was taken up in EtOAc and
ammonium hydroxide (2M, 6.0 eq) was added. Theltiagumixture was dried over MgSQ

the filtered through Celite and concentratedacuo Purification afforded the desired product.

General procedure C Chlorination using NCS

R
H o]

Following a modified procedure by De Luetal.’®, to a stirred solution of the amine (1.0 eq)
in DCM (0.5 M) in the dark was added NCS (1.0 emjtipnwise over 10 min at RT. The RM
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was stirred for 3 h then concentrated vacuo Purification by column chromatography

afforded the desired products.

General procedure DN-Arylation

Ru R'\ /R
@ + I?j Rl
N/

|
R

To a stirred solution of the amine (1.0 eq) in D@M2 M) at 0°C was added MeS# (10 eq)
and FeS@7H.0 (10 mol%). The RM was stirred afO for 1 h. The RM was basified using
2 M NaOH (pH 9). The two phases were separatedrandqueous phase was extracted with
DCM (3 x). The organic phases were combined, dned MgSQ and concentrateid vacuo

Purification by column chromatography yielded tlesided product.

General Procedure E Amide coupling

e} O

To a stirred solution of the acid (1.0 eq) and mketimine hydrochloride (1.5 eq) in DCM
(0.2 M), was added TBTU (1.6 eq) and DIPEA (4.0. ddpje reaction mixture was stirred at
RT for 16 h. The reaction was quenched with sadédratjueous NaHGOThe two phases were
separated and the aqueous phase was extracted@ith (3 x). The organic phases were
combined, dried over MgSOand concentratedn vacuo Purification by column

chromatography afforded the desired product.
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General Procedure F Rh(l)- catalysed 1,4-conjugataddition

)

o
. R
RNOEt MOEt

Ar

Following a modified procedure by Miyauet al to a stirred solution of [Rh(cod){I
(2 mol%) and ArB(OH) (1.25 eq.) in degassed aqueous dioxane (0.33 glpd@ed a solution
of 1,4-unsaturated carbonyl compound (1.0 eq.yireaus dioxane and distilledsSt(1 eq.)
simultaneously® The reaction mixture was heated at°60for 6 h, after which it was cooled

to RT, concentrated and purified by column chrometphy afforded the desired product.

General Procedure G Alkylation of phenols

Following a modified procedure by Cuemizal, to a stirred solution of phenol (1 eq) in acetone
was added potassium carbonate (1 eq) and the RMstimed at RT for 30 min%?
Chloroacetone (1.1 eq) was then added and the Rivheated at 58C for 16 h. The RM was
filtered and concentrated vacuo The residue was then taken up wOHand basified to pH 9
using 2 M NaOH. The aqueous phase was extractag E$OAc (3 x). The combined organic
extracts were dried over Mg%Qand concentratedn vacuo Purification by column

chromatography afforded the desired product.
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General Procedure HN-arylation using hydroxylamines

A stirred solution of the aromatic (1 eq), hydrauyline (3 eq), Fe€5 mol%) and FeGI(1
eq) in MeOH was heated at 8D for 4 h. Hydroxylamine (3 eq) was then addedh#oreaction
mixture and the reaction was heated &i@€br 16 h. The RM was cooled to RT and partitioned
between HO and EtOAc. The mixture was basified to pH 9 ugiMyNaOH and the phases
separated. The aqueous phase was extracted witkcE8D<). The combined organic extracts
were dried over MgS§) filtered and concentratech vacuo Purification by column
chromatography afforded the desired product

General Procedure | One pot process

Following a modified procedure by De Luetal.’®, to a stirred solution of the amine (1.0 eq)
in DCM (0.5 M) in the dark was added NCS (0.9 emfipnwise over 10 min at RT. The RM
was stirred for 1 h at RT. The RM was cooled f€0MeSQH (10 eq) and FeSO'H-O (10
mol%) were added to the RM. The RM was stirred @ €r 1 h. The RM was basified using
2 M NaOH (pH 9). The two phases were separatedtendqueous phase was extracted with
DCM (3 x). The organic phases were combined, dnet MgSQ and concentrateid vacuo
Purification by column chromatography yielded tlesiced product.
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4.6 Experimental Data

Synthesis of methyl(3-phenylpropyl)amine 237

©/\/\N/
H

General Procedure A was followed, using hydrocinadehyde (4.00 g, 29.8 mmol), MeNH
(8 M solution in EtOH, 5.0 ml, 1.3 eq), NaBK1.35 g, 35.8 mmol) Purification by SCX
cartridge afforded the desired amine (4.42 g, Bhtol, 99%) as a pale yellow oil. The NMR
data was in accordance with the literattiffdH NMR (500 MHz, CDC}) & ppm 7.33 — 7.28
(2H, m, 2 x ArQH), 7.24 — 7.19 (3H, m, 3 x Alg), 2.72 — 2.62 (4H, m, include AHS and
CH:2N), 2.47 (3H, s, El3), 1.91 — 1.82 (2H, m, I&); 13C NMR (126 MHz, CDC¥) § ppm
142.1 Cq), 128.4 (2 x A€CH), 128.4 (2 x AE€H), 125.8 (ACH), 51.5 CH2NH), 36.3 CH3),
33.6 (AICH>), 31.3 CH2); IR vmax(neat) / cmt 3061, 3025, 2932, 2855, 2792, 1659, 1548,
1495;HRMS (ESI*): CioHieN [M + H]* : calculated 150.1277, found 150.12A87 + 0.3

ppm.

Synthesis of chloro(methyl)(3-phenylpropyl)amine 18

l?l/
Cl

General procedure C was followed, using an2@é (500 mg, 3.35 mmol) and NCS (559 mg,
4.19 mmol). Purification by column chromatograpkjuting with 10% EtOAc in hexane
afforded thetitle compound414 mg, 2.25 mmol, 67%) as a colourless oil. @ata was in
accordance with the literatufé!H NMR (500 MHz, CDC4) § ppm 7.31 — 7.25 (2H, m, 2 x
ArCH), 7.21 — 7.17 (3H, m, 3 x AilD), 2.93 (3H, s, E3), 2.88 (2H, tJ = 7.0, NGH>), 2.69
(2H,1,3=7.7, Ar(H), 2.01 — 1.93 (2H, m, ig2); 1°C NMR (101 MHz, CDC}) & ppm 141.7
(Cq), 128.5 (2 x ACH), 128.4 (2 x A€H), 125.9 (ACH), 65.3 (NCH2), 53.1 CH3), 32.8
(ArCH>), 29.8 CH2); IR vmax(neat) / crmt 3027, 2949, 2866, 1603, 1496, 1454, 1439, 1172.
HRMS data could not be obtained.
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Synthesis of 1-methyl-1,2,3,4-tetrahydroquinoline 16

L)

General Procedure D was followed, using chloroanmit®(100 mg, 0.54 mmol), MeS8l
(350 pL, 5.40 mmol) and FeS@H.O (15 mg, 0.050 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitte compound58 mg, 0.39

mmol, 73%) as a colourless oil. The data was im@znce with the literaturg.

IH NMR (500 MHz, CDC#) § ppm 7.11 (1H, t) = 7.7, ArCH), 6.99 (1H, d,J = 7.1, ArCH),
6.65 — 6.62 (2H, m, 2 x Alg), 3.28 — 3.24 (2H, m, Nid»), 2.92 (3H, s, El3), 2.81 (2H, tJ =

6.4, ArCHy), 2.05 - 2.00 (2H, m, ig3); 3C NMR (126 MHz,CDC#) 146.8 Cg), 128.8 (ACH),
127.0 (ACH), 122.9 Cg), 116.2 (ACH), 110.9 (ACH), 51.3 (NCH2), 39.1 CHa), 27.8
(ArCH>), 22.5 CH>); IR vmax(neat) / cmt 3075, 3032, 2998, 2931, 2834, 1639, 1611, 1583;
HRMS (ESI*): CioH14N [M+H™]: calculated 148.1121, found 148.1118.

Synthesis of (3-phenylpropyl)(prop-2-en-1-yl)Jamin&0la

©/\/\N/\/
H

General procedure A was followed, using hydrocinalgehyde (500 mg, 3.73 mmol), allyl
amine (2.13 g, 37.3 mmol) and NaBf282 mg, 7.46 mmalPurification by SCX cartridge
afforded thetitle compound(645 mg, 3.41 mmol, 91%) as a yellow oil. The dats In
accordance with the literatufé.

'H NMR (300 MHz, CDC#) § ppm 7.35 - 7.16 (5H, m, 5 x AKJ}, 5.86 — 5.99 (1H, m, i),
5.18 (1H, ddd,J = 17.2, 3.3, 1.6, CHE»), 5.10 (1H, ddd, = 10.2, 3.3, 1.6, CHEy), 3.27
(2H, dt,J = 6.0, 1.4, N®2CH), 2.72 — 2.65 (4H, m, Ardz and CHCH:N), 1.91 — 1.79 (2H,
m, CHCH2CH,); 13C NMR (75 MHz, CDC}) § ppm 142.2 Cq), 137.0 CH), 128.4 (2 x
ArCH), 128.3 (2 x A€H), 125.8 (ACH), 115.7 (CHCH2), 52.5 (NCH2CH), 49.0 (ACH,),
33.7 CH2N), 31.8 (CHCH2CHy); IR vmax (Neat) / crit 3082, 3062, 2928, 2857. 2814, 1642,
1603, 1495HRMS (ESI*): C12H1eN [M + H]*: calculated 176.1434, found 176.1486; +1.4

ppm.
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Synthesis ofN-chloro(3-phenylpropyl)(prop-2-en-1-yl)amine 302a

N/\/

General procedure C was followed, using andidga (500 mg, 2.85 mmol) and NCS (476 mg,
3.57 mmol). Purification by column chromatograpkyyting with 10% EtOAc in hexane
afforded thetitle compound426 mg, 2.03 mmol, 71%) as a colourless oil. @ata was in
accordance with the literatufé.

IH NMR (400 MHz, CDC}) 6 ppm 7.36 — 7.27 (2H, m, 2 x AHJ, 7.25 — 7.21 (3H, m, 2 x
ArCH), 6.02 — 5.92 (1H, m, Gi€H), 5.34 — 5.24 (2H, m, K>CH), 3.62 (2H, dJ = 6.4,
NCICH2CH), 2.99 — 2.92 (2H, m, GI&H2NCI), 2.75 — 2.67 (2H, m, Aridy), 2.07 — 2.00 (2H,
m, ArCH,CH>); 13C NMR (101 MHz, CDC4) 8 141.7 Cg), 133.6 (CHCH), 128.4 (2 x ACH),
128.3 (2 x ACH), 125.9 (ACH), 119.2 (CHCH), 66.9 (NCCH2CH), 62.2 (CHCH2NCI),
32.8 (AICHy), 29.4 (ArCHCHy); IR vmax (neat) / crit 3017, 3084, 2982, 2948, 1602, 1495,
1438, 1417HRMS (ESI*): C12H17°CIN [M + H]* : calculated 210.1044, found 210.1042,
=+0.9 ppm.

Synthesis of 1-(prop-2-en-1-yl)-1,2,3,4-tetrahydragjnoline 303a

Cr)
3

General procedure D was followed, using chloroan3id2a (100 mg, 0.48 mmol), MeS8l
(315 pL, 4.80 mmol) and FeS@H.O (13 mg, 0.05 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitte compound57 mg, 0.33
mmol, 69%) as a colourless oil. The data was im@znce with the literaturé.

General Procedure | was followed using an8fé&a (100 mg, 0.57 mmol), NCS (68 mg, 0.51
mmol), MeSQH (331 pL, 5.10 mmol) and Fe3@H0 (14 mg, 0.05 mmol). Purification by
column chromatography, eluting with 10% EtOAc ixéuee afforded thétle compound40

mg, 0.23 mmol, 45%) as a colourless oil.

IH NMR (400 MHz, CDC}) & ppm 7.02 (1H, tJ = 7.8, ArCH), 6.94 (1H, d,J = 7.5, ArCH),
6.58 — 6.54 (2H, m, 2 x Afd), 5.89 — 5.80 (1H, m, I8CHy), 5.24 — 5.10 (2H, m, CH&),
3.89 — 3.82 (2H, m, NB2CH), 3.31 — 3.23 (2H, m, Ny), 2.76 (2H, t,J = 6.3, ArGHz), 2.02
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—1.90 (2H, m, E12); 13C NMR (101 MHz, CDC}) 6 145.4 Cg), 133.6 (ACH), 129.0 (ACH),
127.1 (ACH), 122.4 Cg), 115.9 (CHCH2), 115.7 (ACH), 111.0 CHCH,), 53.9 (NCH>CH),
49.2 (NCHy), 28.2 (AICHy), 22.4 CHy); IR vmax (neat) / crit 3065, 3022, 2928, 2841, 1725,
1675, 1642, 160IHRMS (ESI*): Ci2H16N [M + H]*: calculated 174.1277, found 174.1272,
A =-2.9 ppm.

Synthesis of butyl(3-phenylpropyl)amine 301b

General procedure A was followed, using hydrocinalgehyde (500 mg, 3.73 mmol),
butylamine (1.40 mL, 18.7 mmol) and NaB282 mg, 7.46 mmol). Purification by column
chromatography, eluting with 20% - 100% EtOAc ixduee afforded thétle compound607
mg, 3.17 mmol, 85%) as a yellow oil. The data wasdcordance with the literatute!H
NMR (300 MHz, CDC4) 6 ppm 7.32 — 7.23 (2H, m, 2 x AH), 7.22 — 7.12 (3H, m, 3 x
ArCH), 2.71 — 2.54 (6H, m, include AHB, GH2 and GH2), 1.89 — 1.7%2H, m, GH»), 1.54
—1.39 (2H, m, @H2), 1.39 — 1.26 (2H, m, I62CHs), 0.91 (3H, tJ = 7.2, GH3); 3C NMR (75
MHz, CDChk) 6 ppm 142.3 Cg), 128.4 (2 x A€H), 128.3 (2 x ACH), 125.7 (ACH), 49.8
(Co), 49.7 (ACH2), 33.8 Cv), 32.4 Cd), 31.8 Ca), 20.5 CH2CHs3), 14.0 CH3); IR vmax(neat)

/ cmit 3084, 3062, 3000, 2954, 2926, 2858, 1603, 14FMS (ESI*): CisHzoN [M + H]™:
calculated 192.1747, found 192.17335 +3.4 ppm.

Synthesis of butylN-chloro)(3-phenylpropyl)amine 302b

b c d
a N/\/\
cl

General procedure C was followed, using and@&b (500 mg, 2.61 mmol) and NCS (435 mg,
3.26 mmol). Purification by column chromatograpkyyting with 10% EtOAc in hexane
afforded thetitte compound410 mg, 1.82 mmol, 70%) as a colourless oil. @t was in

accordance with the literatufé.

IH NMR (300 MHz, CDC¥) § ppm 7.32 — 7.24 (2H, m, 2 x A, 7.22 — 7.14 (3H, m, 3 x
ArCH), 2.96 — 2.87 (4H, m, includesi&@ and GH), 2.68 (2H, tJ = 7.7, ArCHy), 2.07 — 1.94
(2H, m, GH), 1.69 — 1.59 (2H, m, &), 1.37 (2H, dg,) = 14.5, 7.3, €,CHs), 0.93 (3H, t,J
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= 7.3, (Hz); 13C NMR (75 MHz, CDC}) & ppm 141.8 Cy), 128.5 (ACH), 128.3 (ACH),
125.8 (ACCH), 64.1 Cc), 63.3 Cb), 32.8 (ACH2), 30.0 Cd), 29.5 Cs), 20.0 CH2CHs), 13.9
(CH3); IR vmax (neat) / crit 3026, 2955, 2933, 2864, 1495, 1454, 1366, 18BMS (ESI*):
Ci13H21*°CIN [M + H]*: calculated 226.1357, found 226.13a0s -1.1 ppm.

Synthesis of 1-butyl-1,2,3,4-tetrahydroquinoline 38b
O
N b
C
ki

General Procedure D was followed, using chloroar8bib (100 mg, 0.44 mmol), MeSE
(285 pL, 4.40 mmol) and FeS@H.O (12 mg, 0.04 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitle compound36 mg, 0.19

mmol, 43%) as a pale yellow oil. The data was itoagance with the literatur@.

General Procedure | was followed using amine (16002 mmol), NCS (63 mg, 0.47 mmol),
MeSQH (305 pL, 4.70 mmol) and FeS@H>0 (14 mg, 0.05 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferaled thetitle compound51 mg, 0.27

mmol, 57%) as a colourless oil.

'H NMR (300 MHz, CDC4) 6 ppm7.08 — 6.98 (1H, m, Arg), 6.98 — 6.86 (1H, m, Arg),
6.60 — 6.49 (2H, m, 2 x Aig), 3.34 — 3.15 (4H, m, ¢El> and GH>), 2.80 — 2.68 (2H, m,
ArCHy), 2.02 — 1.86 (2H, m, £12), 1.64 — 1.48 (2H, m, 4El»), 1.42 — 1.26 (2H, m, I8&>2CHa),
0.95 (3H, tJ = 7.3, (Hs); 13C NMR (75 MHz, CDC$) & ppm 145.4C,), 129.1 (ACH), 127.0
(ArCH), 122.1 Cq), 115.1 (A€H), 110.5 (ACH), 51.2 (NCH2), 49.5 (NCH2), 28.4 Cd), 28.2
(ArCHy), 22.3 Ca), 20.5 CH2CHs), 14.1 CH3); IR vmax (neat) / crit 3064, 3020, 2954, 2929,
2860, 1676, 1601, 1508{RMS (ESI*): CizH20N [M + H]™: calculated 190.1590, calculated
190.1593A = +1.5 ppm.
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Synthesis ofN-(3-phenylpropyl)hexan-1-amine 301c

General Procedure A was followed using hydrocinridetgyde (1.00 g, 7.45 mmol),
hexylamine (4.90 mL, 37.3 mmol) and NaB@#23 mg, 11.2 mmol). Purification by column
chromatography, eluting with 20-100% EtOAc in hexafforded the title compound (512 mg,

2.33 mmol,31 %) as a colourless oil. The data wascordance with the literatufe.

'H NMR (300 MHz CDC#}) 8 ppm 7.32-7.23 (2H, m, 2 x AHf), 7.21-7.16 (3H, m, 3 x Ard),
2.70-2.54 (6H, m, includes A, CGoH2 and GH2), 1.88-1.74 (2H, m, £12), 1.51-1.41 (2H,
m, GiH2), 1.37-1.21 (6H, m, includesHGCHz, CH2 and GHy), 0.93-0.83 (3H, m, Ba); 1°C
NMR (75 MHz, CDC}) & ppm 142.2C), 128.4 (2 x AEH), 128.3 (2 x A€H), 125.7 (ACH),
50.1 Cc), 49.6 Cv), 33.7 Ca), 31.8 (ACH2 andCy), 30.2 Ce), 27.1 Cr), 22.6 CH2), 14.0
(CH3); IR vmax (neat)/cm-1: 3026, 2925, 2855, 1603, 1495, 14%291687;HRMS (ESI*):
CisH2eN [M+H] " : calculated 220.2060, found 220.2083; +1.4 ppm.

Synthesis ofN-chloro-N-(3-phenylpropyl)hexan-1-amine 302c

I\ll/\/\/\
Cl

General procedure C was followed, using an3igec(500 mg, 2.61 mmol) and NCS (435 mg,
3.26 mmol). Purification by column chromatograpkyyting with 10% EtOAc in hexane
afforded thetitte compound410 mg, 1.82 mmol, 70%) as a colourless oil. @t was in

accordance with the literatufé.

'H NMR (300 MHz, CDC%) & ppm 7.30 (2H, m, 2 x ArB), 7.25-7.13 (3H, m, 3 x Arg),
2.92 (4H, m, includes 2H, mxB, and GH>), 2.75-2.61 (2H, m, Ar8y), 2.09-1.95 (2H, m,
CaH2), 1.75-1.60 (2H, m, &12), 1.43-1.22 (6H, m, includesed>, CG:H2 and G4.CHs), 0.91
(3H, t,J= 6.8, CH3); 13C NMR (75 MHz, CDC%) 6 ppm 142.0 (@), 128.6 (2 x AEH), 128.5
(2 x ArCH), 126.0 (ACH), 64.6 CH>), 63.4 CH>), 32.9 CH>), 31.8 CH>), 29.6 CH>), 28.0
(CHy), 26.7 CHy), 22.7 CH2), 14.2 CHa); IR vmax (neat)/cm": 3085, 3027, 2928, 1063, 1496,
1454, 1347, 1302HRMS (ESI*): CisH2s®°CIN [M+H]* : calculated 254.1670, found
254.1675A = +2.0 ppm.
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Synthesis of 1-hexyl-1,2,3,4-tetrahydroquinoline 3t

General Procedure D was followed, using chloroar8ic (100 mg, 0.39 mmol), MeS8l
(255 pL, 3.90 mmol) and Fe3@H.O (11 mg, 0.04 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitle compound41 mg, 0.19

mmol, 48%) as a colourless oil. The data was im@znce with the literaturé.

'H NMR (300 MHz, CDC#$) 6 ppm 7.09-6.99 (1H, m, Ard), 6.97-6.89 (1H, m, Ar8), 6.63-
6.47 (2H, m, includes 2 x Ald), 3.34-3.15 (4H, m, includesHz: and GHzp), 2.75 (2H, tJ =
6.4, ArCHy), 2.02-1.88 (2H, m, B23), 1.66-1.51 (2H, m, B2g), 1.40-1.24 (6H, m, includes
CH2e,CH2rand GH2CHs), 0.98-0.81 (3H, m, Ba); 13C NMR (125 MHz, CDC}) 6 ppm 145.5
(Cy), 129.3 (ACH), 127.2 (ACH), 122.3 Cg), 115.3 (ACH), 110.6 (ACH), 51.7 C.), 49.6
(Cp), 31.9 Cu), 28.4 (ACH2), 27.1 Ca), 26.3 Ce), 22.8 Cx), 22.4 CH2), 14.2 CH3); IR vmax
(neat)/cmt: 3066, 2925, 2855, 1601, 1574, 1504, 1456, 1BEMS (ESI): GisHaaN [M+H]*:
calculated 218.1903, found 218.1902+ -0.5 ppm.

Synthesis of 1-(but-3-en-1-yl)-4-methylbenzene 308a

foas
4-Methylbenzyl bromide (800 mg, 4.32 mmol) was fied with Nh and THF (11 mL) was
added. The solution was cooled té@and allyimagnesium bromide (2.0 M in THF, 4.3 mL,
8.64 mmol) was added dropwise. The RM was stirte@ 2 for 2 h. The reaction was
guenched with saturated aqueous:NHThe agueous phase was extracted using EtOAc (3
70 mL). The combined organic layers were dried dMgSQ; and concentratiom vacuo
afforded thetitle compoundx (588 mg, 4.02 mmol, 93%) as a colourless oihauit further
purification being required. The NMR data is in @ctance with the literaturé’
'H NMR (300 MHz, CDC4) 6 ppm 7.12 (4H, s, 4 x And), 5.96 — 5.83 (1H, m,l@CH,), 5.10

—4.99 (2H, m, CHEL), 2.70 (2H, tJ = 7.6, ArGH>), 2.40 (2H, tJ = 7.6, G), 2.35 (3H, s,
CH3); **C NMR (75 MHz, CDC}) § 138.8 Cq), 138.2 CH), 135.2 Cq), 128.9 (2 x A€H),
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128.3 (2 x ACH), 114.8 (CHCH>), 35.6 (ArCHCHy>), 34.9 (AICH2), 21.0 CHs3); IR vmax
(neat) / cmt 3077, 3048, 3003, 2978, 2923, 2856, 1640, 1HPMS data could not be
obtained.

Synthesis of 3-(4-methylphenyl)propanal 309a

SO

A stirred solution of alken808a(500 mg, 3.42 mmol) in DCM (17 mL) was cooled-18 °C
and a flow of oxygen was bubbled through the sotufor 5 min. Ozone was then bubbled
through the RM for 20 min (colour change observednfcolourless to bright blue). Oxygen
was then bubbled through the RM for a further 5 amd triphenylphosphine (943 mg, 3.59
mmol) was added. The reaction was stirred78t°C for 10 min and the starch iodine test
showed no peroxides were present. The reactioruneixtas warmed to RT and concentrated
in vacuo Purification by column chromatography 10% EtOAchiexane afforded thitle
compound364 mg, 2.46 mmol, 72%) as a colourless oil. IMR data is in accordance with

the literature-18

IH NMR (400 MHz, CDC}) § ppm 9.86 (1H, tJ = 1.3, GH0), 7.40 — 7.35 (1H, m, Alg),
7.28 —7.25 (1H, m, ArB), 7.24 — 7.15 (2H, m, A8H), 3.09 (2H, tJ = 7.5, ArCH,), 2.83 (2H,
td, J = 7.6, 1.2, €,.CHO), 2.35 (3H, s, B3).; 13C NMR (126 MHz, CDC4) & ppm 201.8
(CHO), 137.2 Cy), 135.9 Cy), 129.3 (2 x A€H), 128.2 (2 x AEH), 45.4 (GH2), 27.7 (ACH2),
21.0 CH3). IR vmax(neat) / crit 3050, 3011, 2923, 2862, 1722, 1515, 1435, IHRMS data

could not be obtained.

Synthesis of methyl[3-(4-methylphenyl)propyllamine310a

/@/\/\N/
H

General procedure A was followed, using aldeh3d@a (300 mg, 2.02 mmol), MeNH8M
solution in EtOH, 300 pL) and NaBH153 mg, 4.04 mmol). Purification by SCX cartridge
afforded thetitle compound320 mg, 1.96 mmol, 97%) as a yellow oil. TeNMR data is

in accordance with the literatut®.

1H NMR (500 MHz, CDC$) § ppm 7.08 (4H, s, 4 x Aid), 2.62 (4H, tJ = 7.3, include ArEl
and GH2NH), 2.43 (3H, s, NHE3), 2.31 (3H, s, Ar€Els), 1.85 - 1.79 (2H, m, id,); 13C NMR
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(126 MHz, CDC#) 6 ppm 138.9Cq), 135.3 Cg), 129.1 (2 x AEH), 128.3 (2 x A€CH), 51.4
(CH2NH), 36.2 (NHCH3), 33.1 (AICH2), 31.3 CHy), 21.0 (ACHs3); IR vmax (neat) / crit 3046,
3016, 2925, 2853, 2789, 1514, 1470, 14ARMS (ESI*): Ci1HieN [M + H]™: calculated
164.1434, found 164.1432,= +1.0 ppm.

Synthesis ofN-chloro(methyl)[3-(4-methylphenyl)propyl]lamine 311a

ITI/
Cl

General procedure C was followed, using andib@a(250 mg, 1.53 mmol) and NCS (255 mg,
1.91 mmol). Purification by column chromatograpkiuting with 10% EtOAc in hexane
afforded thditle compound219 mg, 1.11 mmol, 73%) as a colourless oil.

'H NMR (300 MHz, CDC4) 6 ppm 7.09 (4H, s, Ar8), 2.92 (3H, s, NCI€l3), 2.87 (2H, t,
J=6.8, H2N), 2.64 (2H, tJ = 7.8, Ar(H2), 2.32 (3H, s, Ar€lz), 2.00 — 1.89 (2H, m,
ArCH2CHy); 3C NMR (75 MHz, CDC#) 6 138.6 Cqg), 135.3 Cq), 129.1 (2 x A€H), 128.3
(2 x ArCH), 65.3 CH2N), 53.0 (NCH3), 32.3 (AICH2), 29.8 CH2), 21.0 (ACH3); IR vmax
(neat) / cmt 3046, 3018, 2995, 2948, 1514, 1437, 1375, 1HFAMS (ESI*): C11H17*°CIN
[M + H]* : calculated 198.1044, found 198.1042; -0.8 ppm.

Synthesis of 1,7-dimethyl-1,2,3,4-tetrahydroquinotie 324

)

General Procedure D was followed, using chloroar8itlea (100 mg, 0.51 mmol), MeS8
(335 pL, 5.20 mmol) and FeS@HO (14 mg, 0.051 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitte compound64 mg, 0.40
mmol, 78%) as a colourless oil. The NMR data waacicordance with the literatut€.

IH NMR (400 MHz, CDCH4) & ppm 6.76 (1H, d) = 7.3, Ar(H), 6.36 (2H, m, 2 x Ar€@), 3.16
—3.08 (2H, m, N€l»), 2.80 (3H, s, NEl3), 2.65 (2H, tJ = 6.5, AICH>), 2.20 (3H, s, ArEls),
1.93 — 1.84 (2H, m, By); 3C NMR (101 MHz, CDC4) & 146.6 Cg), 136.6 Cq), 128.7
(ArCH), 112.0 Cg), 117.0 (ACH), 111.8 (ACH), 51.4 (NCH>), 39.2 (NCH3), 27.5 (ACH>),
22.7 (CH2), 21.6 (AICH3); IR vmax (neat) / crit 3041, 3022, 2924, 2856, 2839, 2812, 1611,
1575;HRMS (ESI*): C11H1eN [M + H]™: calculated 162.1277, found 162.12805 -1.9 ppm.
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Synthesis of 1-(but-3-en-1-yl)-3,5-dimethylbenzer08b

X

3,5-Methylbenzyl bromide (800 mg, 4.02 mmol) wasHed with N in a round bottom flask
and THF (10 mL) was added. The solution was cotde@°C and allyimagnesium bromide
(2.0 M in THF, 4.0 mL, 8.04 mmol) was added dromwviEhe RM was stirred atC for 2 h
The reaction was quenched with saturated aqueou€INfhe solution was extracted using
EtOAc (3 x 70 mL). The combined organic extractsendried over MgS@and concentration
in vacuoafforded thditle compound613 mg, 3.83 mmol, 95%) as a yellow oil withautther
purification being required.

'H NMR (500 MHz, CDC%) 6 ppm 6.84 — 6.81 (3H, m, 3 x 8H), 5.96 — 5.79 (1H, m, i),
5.08 — 4.96 (2H, m, CHéy), 2.66 — 2.61 (2H, m, I8), 2.41 — 2.32 (2H, m, Ig3), 2.30 (6H,
s, CHs); 13C NMR (126 MHz, CDC}) & ppm 141.9C,), 138.4 CHCHy), 137.8 (2 >Cy), 127.5
(ArCH), 126.3 (2 x ACH), 114.7 (CH®2), 35.6 (@H2), 35.3 (@H2), 21.3 (2 x ArCi3); IR
vmax(neat) / cmt 3026, 2955, 2933, 2864, 2835, 1495, 1454, 1BFEMS data could not be

obtained.

Synthesis of [3-(3,5-dimethylphenyl)propyl](methylamine 309b

N~
H

Step i) A stirred solution of alker898b (500 mg, 3.12 mmol) in DCM (16 mL) was cooled to
-78°C and oxygen was bubbled through the solution fori. Ozone was bubbled through
the reaction mixture for 20 min (colour change obseé from colourless to bright blue).
Oxygen was then bubbled through the mixture for uather 5 min after which
triphenylphosphine (862 mg, 3.28 mmol) was addée:. reaction was stirred at -78 for 10
min and the starch iodine test showed no peroxicee present. The reaction mixture was
concentrateth vacuo Purification by column chromatography 10% EtOAbtexane afforded

thetitle compound370 mg, 2.28 mmol, 73%) as a colourless oil.

Step ii) General procedure A was followed, usirdehlyde x (300 mg, 1.85 mmol), MeNH
(8M solution in EtOH, 300 pL) and NaBKL40 mg, 3.70 mmolPurification by SCX cartridge
afforded thditle compound311 mg, 1.75 mmol, 95%) as a pale yellow oil.
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'H NMR (300 MHz, CDC4) 6 ppm 6.84 —6.80 (3H, m, 3 x AHJ, 2.66 — 2.54 (4H, m, Argx,
CH2NH), 2.43 (3H, s, NEi3), 2.28 (6H, s, 2 x Arf3), 1.86 — 1.76 (2H, m, ig2); 3C NMR
(75 MHz, CDC#§) 6 ppm 142.0 Cg), 137.8 (2 xCy), 127.4 (ACH), 126.2 (2 x ACH), 51.6
(CH2), 36.3 CH3), 33.5 CH?2), 31.4 CH>), 21.3 (2 x ACH3); IR vmax(neat) / it 3300, 3012,
2918, 2855, 2788, 1605, 1545, 146RMS (ESI*) Ci2H1oN [M + H]*: calculated 178.1590,
found 178.1592A = +1.2 ppm.

Synthesis ofN-chloro[3-(3,5-dimethylphenyl)propyllmethylamine 310b

I}1/

Cl

General procedure C was followed, using an3@@b (250 mg, 1.41 mmol) and NCS (235 mg,
1.76 mmol). Purification by column chromatograplkiyting with 10% EtOAc in hexane

afforded thditle compound196 mg, 0.93 mmol, 66%) as a colourless oll.

1H NMR (400 MHz, CDC4) & ppm 6.95 — 6.80 (3H, m, AKD), 2.97 — 2.95 (3H, s, ), 2.91
(2H, 1,J = 7.0, G2NCI), 2.66 — 2.60 (2H, 1) = 7.3, ArGH2), 2.32 (6H, s, 2 x Ba), 2.01 —
1.90 (2H, m, El); 13C NMR (101 MHz, CDC}) & ppm 141.6 Cg), 137.9 (2 xCy), 127.5
(ArCH), 126.3 (2 x AEH), 65.4 CH2NCI), 53.1 CHs), 32.6 (AICH.), 29.8 CH2), 21.3 (2 X
ArCHa); IR vmax (neat) / crit 2948, 2917, 2858, 1605, 1456, 1437, 1375, 1H&IVS (ESI*):

C12H16*°CIN [M + H]*: calculated 212.1201, found 212.12055 +2.1 ppm.

Synthesis of 1,6,8-trimethyl-1,2,3,4-tetrahydroquioline 321

N
|

General Procedure D was followed, using chloroarBit@b (100 mg, 0.47 mmol), MeSE
(305 mL, 4.70 mmol) and FeSO@HO (13 mg, 0.047 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitte compound22 mg, 0.13

mmol, 28%) as a colourless ail.

'H NMR (400 MHz, CDC}) 6 ppm 6.81 (1H, s, Ar8), 6.72 (1H, s, Ar@l), 3.14 — 3.06 (2H,

m, NCHy), 2.75 (2H, tJ = 6.7, Ar(H»), 2.68 (3H, s, B3), 2.27 (3H, s, Ar€l3), 2.22 (3H, s,

ArCHs), 1.88 — 1.78 (2H, m8); 13C NMR (101 MHz, CDC4) 6 ppm 131.3Cq), 131.1 Cy),

130.5 Cq), 129.7 (ACH), 128.8 Cq), 127.9 (ACH), 52.2 (NCH>), 43.0 CH3), 27.7 (ACH>),
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20.6 (AICH3), 18.4 (AICH3), 16.7 CH2); IR vmax (neat) / crit 2997, 2933, 2853, 1722, 1678,
1605, 1479. 143%4IRMS (ESI*): Ci2H1sN [M + H]*: calculated 176.1453, found 176.1455,
A =+2.0 ppm.

Synthesis of 1-(but-3-en-1-yl)-3-chlorobenzene 308c

CI\©/\/\
3-chlorobenzyl bromide (1.50 g, 7.30 mmol) waskied with N and THF (18 mL) was added.
The solution was cooled to°C and the allyl Grignard (2.0 M in THF, 7.30 mL,.64nmol)
was added dropwise. The reaction mixture was dtat&C for 2 h, it was then quenched with
NH4Cl. The solution was extracted using EtOAc (3 x b@l)) The combined organic layers
were dried over MgS£and concentrated. Purification by column chromiaplgy 10% EtOAc

in hexane afforded thile compound1.20 g, 7.20 mmol, 99%) as a colourless oil. NIMR

data was in accordance with the literattffe.

IH NMR (400 MHz, CDC}) § ppm 7.26 — 7.17 (3H, m, 3 x AKg, 7.09 (1H, dJ = 7.2,
ArCH), 5.92 —5.80 (1H, m, 8CHy), 5.12 — 4.98 (2H, m, CH&), 2.72 (2H, tJ = 7.7, ArCH),
2.39 (2H, m, El2); 3C NMR (101 MHz, CDCY) § ppm 143.9 Cy), 137.5 CH), 134.1 Cy),
129.5 (AICH), 128.6 (ACH), 126.7 (ACH), 126.0 (ACH), 115.3 (CHCH>), 35.2 CH>), 35.0
(ArCH.): IR vmax(neat) / crit 3077, 2978, 2928, 2857, 1640, 1598, 1573, 14FHS data

could not be obtained.

Synthesis of 3-(3-chlorophenyl)propanal 309c

C|\©/\Ao

A stirred solution of alken808c(1.00 g, 6.00 mmol) in DCM (30 mL) was cooled t& °C
and oxygen was bubbled through it for 5 mins aftbich ozone was bubbled through the
reaction mixture for 20 mins (colour change obser@ourless to bright blue). Oxygen was
then bubbled through the mixture for a further fiwms after which triphenylphosphine (1.66
g, 6.30 mmol) was added. The reaction was stirred&PC for 10 mins and the starch iodine
test showed no peroxides were present. The reantigture was concentrated in vacuo.
Purification by column chromatography 10% EtOAdhiexane afforded thtle compound
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(766 mg, 4.54 mmol, 76%) as a colourless oil. TAdRNdata was in accordance with the

literaturel?2

'H NMR (400 MHz, CDCY) 6 ppm 9.84 (1H, s, BO), 7.30 — 7.18 (3H, m, 3 Aid), 7.10
(1H, d,J = 7.1, ArCH), 2.96 (2H, tJ = 7.4, G42), 2.81 (2 H, tJ = 7.5, Ar(Hy); 13C NMR
(101 MHz, CDC%) 8 ppm 200.9CHO), 142.4 Cq), 134.3 Cqg), 129.9 (ACH), 128.5 (ACH),
126.6 (AICH), 126.5 (ACH), 45.0 CHy), 27.7 (AICH>); IR vmax(neat) / cmt 3019, 2928,
2894, 2824, 2724, 1721 (CO), 1598, 15ABRMS data could not be obtained.

Synthesis of [3-(3-chlorophenyl)propyl](methyl)amire 310c

C|\©/\/\N/
H

General Procedure A was followed, using alder3@ec (700 mg, 4.15 mmol), MeNH8M
in EtOH, 1.50 mL, 12.0 mol) and NaBKR36 mg, 6.23 mmol). Purification by SCX cartridge
afforded theitle compound672 mg, 3.66 mmol, 88%) as a colourless oil.

IH NMR (400 MHz, CDC}) & ppm 7.26 — 7.15 (3H, m, 3 x AH}, 7.08 (1H, dJ = 7.2,
ArCH), 2.70 — 2.61 (4H, m, includes Az and GH,NH), 2.47 (3H, s, €3), 1.91 — 1.80 (2H,
m, CHy); 13C NMR (101 MHz, CDC}) & ppm 144.0 Cy), 134.1 Cy), 129.6 (ACH), 128.5
(ArCH), 126.6 (ACH), 126.1 (ACH), 51.1 CH2N), 36.1 CHs), 33.2 (AICH>), 30.8 CH>);

IR vmax (Neat) / crt 3059, 2935, 2858, 2796, 1596, 1571, 1536, 14TRMS (ESI):

C10H15>°CIN [M + H]*: calculated 184.0888, found 184.08865 + 1.0 ppm.

Synthesis ofN-chloro[3-(3-chlorophenyl)propyllmethylamine 311c

General procedure C was followed, using chloroarit@c (300 mg, 1.64 mmol), NCS (274
mg, 2.05 mmol). Purification by column chromatodrgluting with 10% EtOAc in hexane
afforded theitle compound300 mg, 1.38 mmols, 85%) as a colourless oll

IH NMR (400 MHz, CDC}) & ppm 7.26 — 7.17 (3H, m, 3 x AKQ, 7.10 (1H, dJ = 7.2,
ArCH), 2.96 (3H, s, €3), 2.89 (2H, tJ = 6.8, GH2), 2.69 (2H, tJ = 7.7 (Hz), 2.01 — 1.94
(2H, m, H2); 3C NMR (101 MHz, CDC4) & ppm 143.8 Cq), 134.1 Cqg), 129.7 (ACH),
128.6 (ACH), 126.7 (ACH), 126.1 (ACH), 64.9 CH2N), 53.1 CHzs), 32.4 (AICH>), 29.5

172



(CH2): IR vmax(neat) / crit 3061, 2992, 2950, 2919, 2867, 1597, 1572, 1KFMS (ESI*):
C10H14°CIoN [M + H]*: calculated 218.0498, found 218.0422; - 2.5 ppm.

Synthesis of 6-chloro-1-methyl-1,2,3,4-tetrahydrogunoline and 8-chloro-1-methyl-
1,2,3,4-tetrahydroquinoline 325a and 325b

325a 325b

General Procedure D was followed, using chloroaritiec (100 mg, 0.46 mmol), MeSEl
(300 pL, 4.60 mmol) and FeS@HO (13 mg, 0.046 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferaled the regioisomerig25aand325b

as an inseperable mixture (1.4 : 1, 40 mg, 0.22 h#&86) as a colourless oil. The NMR data
for 325bwas in accordance with the literatdfé.

General Procedure | was followed using an8t6c(100 mg, 0.54 mmol), MeS#H (318 uL,
4.90 mmol) and FeSEH>O (14 mg, 0.05 mmol). Purification by column chrdaagaaphy,
eluting with 10% EtOAc in hexane afforded titke compound37 mg, 0.20 mmol, 42%) as a

colourless ail.

IH NMR (400 MHz, CDC}, peaks for325g & ppm 7.02 (1H, ddJ = 8.7, 2.6, Ar®), 6.93
(1H, d,J = 2.6, ArCH), 6.50 (1H, d,J = 8.7, Ar(H), 3.25 — 3.19 (2H, m, lG2NMe), 2.88 (3H,
s, CHs), 2.75 (2H, tJ = 6.5, ArCH>), 1.99 (2H, m, El»),3C NMR (101 MHz, CDC}, peaks
for 3259 & ppm 145.3 ), 131.2 Cq), 128.4 (ACH), 126.6 (ACH), 124.4 Cg), 111.9
(ArCH), 51.1 CH2NMe), 39.2 CHs), 27.7 (AICH2), 22.2 CH>); *H NMR (400 MHz, CDC4,
peaks for325b) § ppm 7.19 (1H, dj = 7.8, Ar(H), 6.97 (1H,dJ)=7.8), 6.85 (L H, t) = 7.8,
ArCH), 3.19 — 3.14 (2H, m, G:NMe), 2.91 (3H, s, €3), 2.82 (2H, tJ = 6.7, ArCH>), 1.91 —
1.85 (2H, m, El2); 3C NMR (101 MHz, CDC4, peaks for325b) & ppm 146.0 Cg), 128.3
(ArCH), 128.2 (ACH), 127.5 Cq), 122.0 (ACH), 120.7 Cq), 52.0 CH2NMe), 42.8 CHa),
27.9 (AICHy), 17.2 CH2); IR vmax(neat) / cmt 3040, 2934, 2861, 2841, 1596, 1560, 1499,
1463;HRMS data could not be obtained.

173



Synthesis of 1-(but-3-en-1-yl)-4-chlorobenzene 308d

AT

Step i) To a stirred solution of 4-chlorobenzyl alcohol3@ g, 9.12 mmol) in DCM (23 mL)
at 0°C was added Bt (1.40 mL, 10.0 mmol). MsClI (770 mL, 7.96 mmol)sadded dropwise
and the RM was stirred at°C for 2 h. The reaction was quenched with saturatpeeous

NaHCQ. The two phases were separated and the aqueoss wha extracted with DCM (2
x 60 mL). The combined organic phases were dried MgSQ and concentrated to afford

the desired crude mesylate as a yellow oil.

Step ii) The crude oil was flushed with2ldnd THF (23 mL) was added. The solution was
cooled to °C and allylmagnesium bromide (2.0 M in THF, 9.10,miB.2 mmol) was added
dropwise. The reaction mixture was stirred &C0for 2 h. The reaction was quenched with
saturated aqueous NEIl. The phases were separated and the agueous Wwhasextracted
using EtOAc (3 x 60 mL), the combined organic layevere dried over MgSOand
concentrated. Purification by column chromatograpitil 10% EtOAc in hexane afforded the
title compound640 mg, 3.84 mmol, 42%) as a colourless oil. @& was in accordance with
the literature’’

IH NMR (400 MHz, CDC}) 5 ppm 7.24 (2H, dJ = 8.6, 2 x ArG), 7.11 (2H, dJ = 8.6, 2 x
ArCH), 5.88 — 5.77 (1H, m,l8CHy), 5.06 — 4.95 (2H, m, CH@), 2.68 (2H, t) = 7.7, ArGHo),
2.39 — 2.30 (2H, m, ArC¥CH,); 3C NMR (75 MHz, CDC}) § ppm 140.3 ), 137.6
(CHCHy), 131.5 Cq), 129.8 (2 x AEH), 128.4 (2 x ACH), 115.3 (CKCH2), 35.4 CH>), 34.7
(CH2): IR vmax(neat) / crit 3078, 3027, 2978, 2928, 2856, 1641, 1491, 14BAMS data

could not be obtained.

Synthesis of 3-(4-chlorophenyl)propanal 309d

/@/\AO
Cl

A stirred solution of alken808d (550 mg, 3.30 mmol) in DCM (17 mL) was cooled t8 °C

and oxygen was bubbled through the solution forih ®@zone was bubbled through the RM
for 20 min (colour change observed from colourtedsright blue). Oxygen was then bubbled
through the mixture for a further 5 min after whiciphenylphosphine (912 mg, 3.47 mmol)
was added. The reaction was stirred at°@8r 10 mins and the starch iodine test showed no
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peroxides were present. The RM was concentrated/acuo Purification by column
chromatography 10% diethyl ether in hexane affottietitle compound481 mg, 2.85 mmol,

87%) as a colourless oil. The data was in accoeaiit the literaturé’

IH NMR (500 MHz, CDC4) § ppm 9.84 (1H, t) = 1.2, GHO), 7.32 — 7.26 (2H, m, 2 x Atd),
7.16 (2H, dJ = 8.2, 2 x Ar®), 2.96 (2H, tJ = 7.5, Ar(H>), 2.83 — 2.78 (2H, m, IG,CHO);
13C NMR (126 MHz, CDC}) & ppm 201.0 CHO), 138.8 Cq), 132.1 Cq), 129.7 (2 x AEH),
128.7 (2 x A€H), 45.1 CH2CHO), 27.4 (ACH>); IR vmax(neat) / crit 3028, 2929, 2894,
2725, 1720, 1492, 1447, 1408RMS data could not be obtained.

Synthesis of [3-(4-chlorophenyl)propyl](methyl)amire 310d

WN/
H
Cl

General procedure A was followed, using aldeh3@ed (300 mg, 1.78 mmol), MeNH8 M
solution in EtOH, 500 pL) and NaBKILO1 mg, 2.67mmol). Purification by SCX cartridge,
afforded theitle compound288 mg, 1.57 mmol, 88%) as a yellow oil no furtparification
was required. The data was in accordance withitérature’’

IH NMR (400 MHz, CDC}) 6 ppm 7.30 — 7.22 (2H, m, 2 x AHJ, 7.17 — 7.10 (2H, m, 2 x
ArCH), 2.69 — 2.60 (2H, m, Ardy), 2.45 (3H, s, El3), 2.16 — 1.96 (2H, m, NHi@), 1.90 —
1.76 (2H, m, El2); 3C NMR (101 MHz, CDCY}) & ppm 140.5 Cg), 131.5 Cg), 129.7 (2 x
ArCH), 128.5 (2 ACH), 51.3 (AICH>), 36.3 CHz), 32.9 (NHCH>), 31.2 CH>); IR vmax(neat)
/ cmt 3025, 2933, 2857, 2793, 1632, 1538, 1490, 1BEAYIS (ESI*): CigH1sCIN [M + H]*:
calculated 184.0888, found 184.0892+ -2.4 ppm.

Synthesis ofN-chloro[3-(4-chlorophenyl)propyllmethylamine 311d

/@/\/\N/
Cl
Cl

General procedure C was followed, using andib@d (200 mg, 1.09 mmol) and NCS (182 mg,
1.36 mmol). Purification by column chromatograplkiyting with 10% EtOAc in hexane
afforded thetitte compound160 mg, 0.73 mmol, 67%) as a colourless oil. @hta was in

accordance with the literatufé.
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IH NMR (400 MHz, CDC}) § ppm 7.25 (2H, dJ = 8.3, 2 x ArG), 7.12 (2H, d,J = 8.3, 2 x
ArCH), 2.92 (3H, s, €l3), 2.85 (2H, tJ = 6.8, G12NCI), 2.64 (2H, tJ = 7.6, ArCHy), 1.98 —
1.90 (2H, m, ®l2); 3C NMR (101 MHz, CDC}) & ppm 140.1 Cg), 131.6 Cg), 129.8 (2 x
ArCH), 128.5 (2 x AEH), 65.0 CHoNCI), 53.1 CHs), 32.0 (ACH2), 29.6 CH2); IR Vmax
(neat) / crit 2950, 2866, 1491, 1455, 1437, 1407, 1365, 1HRMS data could not be

obtained.

Synthesis of 7-chloro-1-methyl-1,2,3,4-tetrahydroguoline 320

General Procedure D was followed, using chloroarBitied (100 mg, 0.46 mmol), MeS8
(300 pL, 4.40 mmol) and FeS@H.O (13 mg, 0.046 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitte compound37 mg, 0.20

mmol, 42%) as a colourless oil. The data was im@znce with the literaturg.

1H NMR (400 MHz, CDC4) & ppm 6.83 (1H, dJ = 7.8, ArCH), 6.56 — 6.49 (2H, m, 2 x
ArCH), 3.25 — 3.19 (2H, m, NCi€H), 2.86 (3H, s, €3), 2.70 (2H, tJ = 6.4, ArCH5), 1.99

~ 1.90 (2H, m, €>); 3C NMR (101 MHz, CDC}) § ppm 147.5 Cg), 132.5 Cg), 129.5
(ArCH), 121.0 Cg), 115.5 (ACH), 110.5 (ACH), 50.9 (NCHCH,), 38.9 CHs), 27.3
(ArCH>), 22.2 CH2): IR vmax(neat) / cri 3022, 2929, 2890, 2840, 1599, 1564, 1502, 1466:
HRMS (ESI'): C10H13*CIN [M+H]*: calculated 182.0731, found 182.07BRMS data could

not be obtained.

Synthesis of 1-(but-3-en-1-yl)-2-chlorobenzene 308e

Cl
@/W
Step i) To a stirred solution of 2-chlorobenzyl alcohol3@ g, 9.12 mmol) in DCM (23 mL)
at 0°C was added BN (1.40 mL, 10.0 mmol) then MsCI (780 pL, 10.0 mjneks added

dropwise and the RM was stirred &®for 2 h. The RM was quenched with saturated aggieo
NaHCQ. The two phases were separated and the aqueoss wha extracted with DCM (2
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x 60 mL). The combined organic extracts were doeer MgSQ and concentrateith vacuo

to afford the desired crude mesylate as a yelldw oi

Step ii) The crude oil was flushed withplM1 a round bottom flask and THF (23 mL) was added.
The solution was cooled to°C and allylmagnesium bromide (2.0 M in THF, 9.10,rB.2
mmol) was added dropwise. The RM was stirred & for 2 h. The reaction was quenched
with saturated aqueous MEI. The phases were separated and the aqueousvpdmsatracted
using EtOAc (3 x 60 mL). The combined organic extsawere dried over MgSCand
concentrated. Purification by column chromatograpftll 10% EtOAc in hexane afforded the
title compound940 mg, 5.64 mmol, 62%) as a colourless oil. NIMR data is in accordance

with the literaturé?*

IH NMR (400 MHz, CDC#)  ppm 7.33 (1H, m, Ar€l), 7.17 (3H, m Ar&1), 5.95 — 5.80 (1H,
m, CHCHy), 5.11 — 4.96 (2H, m, CHE}), 2.86 — 2.79 (2H, m, Arigy), 2.42 — 2.33 (2H, m,
CH>); 13C NMR (101 MHz, CDC4) § ppm 139.4 Cg), 137.8 (GICH,), 134.0 Cq), 130.4
(ArCH), 129.5 (ACH), 127.3 (ACH), 126.7 (ACH), 115.2 (CHCH2), 33.7 (AICH>), 33.1
(CH2); IR vmax(neat) / cmit 3075, 2999, 2978, 2931, 1640, 1572, 1473, 14EMS data

could not be obtained.

Synthesis of 3-(2-chlorophenyl)propanal 309e

Cl

S

A stirred solution of alkeng808e(550 mg, 3.30 mmol) in DCM (17 mL) was cooled t8 °C
and oxygen was bubbled through the solution forib. ®zone was bubbled through the
reaction mixture for 20 min (colour change obserfrech colourless to bright blue). Oxygen
was then bubbled through the mixture for a furhemin after which triphenylphosphine (912
mg, 3.47 mmol) was added. The reaction was stated8°C for 10 min and the starch iodine
test showed no peroxides were present. The RM wasentratedn vacuo Purification by
column chromatography 10% diethyl ether in hexdif@aded thetitte compound(377 mg,
2.24 mmol, 68%) as a colourless oil. The NMR datia iaccordance with the literature.

IH NMR (500 MHz, CDC4) § ppm 9.86 (1H, tJ = 1.2, G10), 7.37 — 7.33 (1H, m, Alg),
7.31—7.26 (1H, m, ArB), 7.25 — 7.17 (2H, m, 2 x Aig), 3.10 (2H, tJ = 7.6, ArCH>), 2.83
(2 H,td,J=7.6, 1.2, €l); 13C NMR (126 MHz, CDC}) § 201.1 CO), 138.0 Cy), 133.9 Cy),
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130.5 (AICH), 129.7 (ACH), 127.9 (ACH), 127.0 (ACH), 43.5 CH2CHO), 26.2 (ACH);
IR vmax (Neat) crit 3069, 2935, 2896, 2823, 2723, 1722 (CO), 14744 14RMS data could
not be obtained.

Synthesis of [3-(2-chlorophenyl)propyl](methyl)amire 310e

Cl

@/\/\N/
H

General procedure A was followed, using aldeh3d@e(300 mg, 1.78 mmol), MeNH8M
solution in EtOH, 500 pL) and NaBKL01 mg, 2.67 mmolPurification by SCX cartridge
afforded theitle compound273 mg, 1.49 mmol, 72%) as a yellow oil no furtparification
was required. Th&H NMR data is in accordance with the literattir®.

1H NMR (300 MHz, CDC4) § ppm 7.37 — 7.29 (1H, m, AHD), 7.24 — 7.06 (3H, m, 3 x Ald),
2.80 — 2.72 (2H,m, B2NH), 2.69 — 2.60 (2H, m, Arig,), 2.45 (3H, s, E3), 1.89 — 1.73 (2H,
m, CH2); 13C NMR (75 MHz, CDCH) 5 ppm 139.8 Cy), 133.9 Co), 130.3 (ACH), 129.5
(ArCH), 127.3 (ACH), 126.8 (ACH), 51.6 (AICH>), 36.5 CHa), 31.4 CH2NH), 29.9 CHo):;
IR vmax (n€at) / crit 2948, 2871, 2791, 1567, 1451, 1379, 1304, 126’MS (ESI*):
Ci10H15*°CIN [M+H]*: calculated 184.0888, found 184.0885.

Synthesis ofN-chloro[3-(2-chlorophenyl)propyllmethylamine 311e

N/
Cl

General procedure C was followed, using andih@e(200 mg, 1.09 mmol) and NCS (182 mg,
1.36 mmol). Purification by column chromatograpkiyting with 10% EtOAc in hexane
afforded thditle compound141 mg, 0.65 mmol, 59%) as a colourless oil.

'H NMR (400 MHz, CDC4) 6 ppm 7.34 (1H, dd) = 7.7, 1.5, Ar@®l), 7.25 - 7.12 (3H, m, 3 x
ArCH), 2.95 (3H, s, El3), 2.92 (2H, tJ = 6.9, G12NCl), 2.80 (2H, tJ = 7.8, ArGH>), 2.02 —
1.93 (2H, m, El2); 1°3C NMR (101 MHz, CDCJ) 6 139.3 Cq), 134.0 Cg), 130.5 (ACH),
129.5 (ACH), 127.4 (ACH), 126.8 (ACH), 65.3 CH2NCI), 53.0 CHs), 30.6 (AICH2), 28.1
(CH2); IR vmax (neat) cmt 3063, 2952, 2868, 2844, 1473, 1439, 1365, 1HRIMS (ESI)*:
C10H14°CIoN [M+H]*: calculated 218.0498, found 218.0494.
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Synthesis of 1-(but-3-en-1-yl)-4-bromobenzene 308f

/@/W
Br

Step i) To a stirred solution of 4-bromobenzyl alcohoD@Bg, 16.0 mmol) in DCM (40 mL)
at 0°C was added BN (2.50 mL, 17.6 mmol) then MsCI (1.40 mL, 17.6 mijnwas added
dropwise and the RM was stirred &®for 2 h. The RM was quenched with saturated agsieo
NaHCQ. The two phases were separated and the aqueoses wha extracted with DCM (2
x 60 mL). The combined organic extracts were doeer MgSQ and concentrateith vacuo

to afford the desired crude mesylate as a yelldw oi

Step ii) The crude oil was flushed withplM1 a round bottom flask and THF (40 mL) was added.
The solution was cooled to°C and allylmagnesium bromide (2.0 M in THF, 16.1,r8R.1
mmol) was added dropwise. The RM was stirred 4 for 2 h. The reaction was quenched
with saturated aqueous MEI. The phases were separated and the agueousvpdms&tracted
using EtOAc (3 x 60 mL). The combined organic extsawere dried over MgSCand
concentrated. Purification by column chromatograpitil 10% EtOAc in hexane afforded the
title compound2.31 g, 10.9 mmol, 68%) as a colourless oil. @ag@ was in accordance with
the literature-2®

IH NMR (500 MHz, CDC$) § ppm 7.40 (2H, dJ = 8.4, 2 x ArGH), 7.06 (2H, dJ= 8.4, 2 x
ArCH), 5.83 (1H, ddtJ = 17.0, 10.2, 6.6, B=CHy), 5.04 (1H, dddJ = 17.0, 3.4 trans
CHCH>), 4.99 (1H, dd, J = 10.2, 1.8is- CHCH>), 2.71-2.61 (2H, m, Ar8y), 2.35 (2H, app.
dtt, J = 9.0, 7.8, 1.3,8); 13C NMR (125 MHz, CDC4) 5 ppm 140.9Cy), 137.7 CH=CHp),
131.5 (2 x ArCH), 130.4 (2 x AH), 119.7 Cq), 115.4 (CHEH_), 35.4 CH2), 34.9 (AICH>);
IR vmax (neat)/cmt: 3078, 3024, 2978, 2929, 2857, 1641, 1487, 14FAMS data could not

be obtained.

Synthesis 0f3-(4-bromophenyl)propanal 309f

WO
Br

A stirred solution of alken808f(2.00 g, 9.47 mmol) in DCM (47 mL) was cooled t®& °C

and oxygen was bubbled through the solution forib. ®zone was bubbled through the
reaction mixture for 20 min (colour change obserfrech colourless to bright blue). Oxygen
was then bubbled through the mixture for a furtherin after which triphenylphosphine (2.61
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g, 9.94 mmol) was added. The reaction was stirted&C for 10 min and the starch iodine
test showed no peroxides were present. The RM wasentratedn vacuo Purification by
column chromatography 10% diethyl ether in hexdfeded thetitle compound1.60 g, 7.55
mmol, 80%) as a colourless oil. The data was im@aznce with the literaturg’

IH NMR (400 MHz, CDC$)  ppm 9.80 (1Ht, J= 1.4, (HO), 7.40 (2H, dJ = 8.3, 2 x Ar(H),
7.07 (2H, dJ = 8.3, 2 x Ar), 2.90 (2H, tJ = 7.4, ArCHy), 2.78 — 2.74 (2H, m, I); 13C
NMR (100 MHz, CDC4) 8 ppm 201.1CO), 139.5 Cqg), 131.8 (2 x AEH), 130.2 (2 x AEH),
120.2 Cg), 45.1 CH2), 27.6 (ACH>); IR vmax (neat)/cm’: 2930, 2823, 2724, 1719 (C=0),
1591, 1487, 1438, 1404RMS data could not be obtained.

Synthesis of [3-(4-bromophenyl)propyl](methyl)amine310f

/©/\/\N/
H
Br

General procedure A was followed, using aldeh$aéf (1.60 g, 7.50 mmol), MeNH(8M
solution in EtOH, 4.70 mL) and NaBK#26 mg, 11.3 mmolRurification by SCX cartridge
afforded thetitle compound1.47 g, 6.47 mmol, 86%) as a yellow oil no furtperification

was required. The data was in accordance withitdraiure!2®

IH NMR (400 MHz, CDC}) § ppm 7.38 (2H, dJ = 8.3, 2 x ArGH), 7.05 (2H, d,J= 8.3, 2 x
ArCH), 2.64-2.55 (4H, m, includes AKG and GH2N), 2.41 (3H, s, NEls), 1.83-1.73 (2H, m,
CH>); 13C NMR (101 MHz, CDCI3) 141.1 Cg), 131.5 (2 x A€H), 130.2 (2 x ACH), 119.6
(Cq), 51.3 CH2N), 36.4 (NCH3), 33.1 (AICH2), 31.2 CH2); IR vmax (neat)/cni: 3310 (NH),
3023, 2932, 2857, 2798, 1537, 1487, 145RMS (ESI)* : CioH15/BrN [M+H]*: calculated
228.0382, found 228.0376.

Synthesis of [3-(4-bromophenyl)propyl](chloro)methyamine 311f

Cl
Br

General procedure C was followed, using [3-(4-brphemyl)propyl](methyl)amin810f (300
mg, 1.32 mmol) and NCS (220 mg, 1.65 mmol). Puwtfan by column chromatography,
eluting with 10% EtOAc in hexane afforded titke compound260 mg, 0.99 mmol, 75%) as

a colourless oil.
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'H NMR (300 MHz, CDC4) & ppm 7.43 — 7.37 (2H, m, 2 x AHJ, 7.10 — 7.04 (2H, m, 2 x
ArCH), 2.93 (3H, s, El3), 2.85 (2H, tJ = 6.9, G12NCl), 2.64 (2H, tJ = 7.6, ArGH2), 2.00 —
1.88 (2H, m, El2); 13C NMR (101 MHz, CDC}) § ppm 140.6 Cy), 131.5 (2 x A€H), 130.2
(2 x ArCH), 119.7 Cq), 64.9 CH2NCI), 53.1 CHs), 32.1 (ACH2), 29.6 CH2); IR vmax (neat)
cml 2991, 2949, 2919, 2864, 1487, 1455, 1437, 14B3VIS (ESI*): CioH14"Br*°CIN [M +
H]* calculated 261.9992, found 261.9939; +1.0 ppm.

Synthesis of 7-bromo-1-methyl-1,2,3,4-tetrahydroquoline 322

Br/(>\/l\lj

General Procedure D was followed, using [3-(4-brphemyl)propyl](chloro)methylamine
311f (100 mg, 0.38 mmol), MeSH (250 pL, 3.80 mmol) and FeS®@H.O (11 mg, 0.038

mmol). Purification by column chromatography, elgtiwith 10% EtOAc in hexane afforded
thetitle compound62 mg, 0.27 mmol, 72%) as a colourless oil. TMR\data is in accordance

with literature!?®

IH NMR (300 MHz, CDC}) & ppm 6.78 (1H, dJ = 7.7, ArCH), 6.70 — 6.65 (2H, m, 2 x
ArCH), 3.26 — 3.18 (2H, m, &z2NMe), 2.86 (3H, s, €3), 2.68 (2H, tJ = 6.4, ArCHy), 2.00 —
1.88 (2H, m, El2); 13C NMR (75 MHz, CDC#) § ppm 147.7 Cy), 129.8 (ACH), 121.5 Cy),
120.6 Cq), 118.5 (ACH), 113.2 (ACH), 50.9 CH.NMe), 38.9 CHs), 27.4 (AICH2), 22.1
(CH2); IR vmax(neat) / crit 3015, 2928, 2886, 2837, 1593, 1557, 1497, 146AVIS (ESI*):
C10H13"*Bri®CIN [M + H]* calculated 226.1583, found 226.1583; 0 ppm.

Synthesis of 1-(but-3-en-1-yl)-4-methoxybenzene 398

o
O

|
Step i To a stirred solution of 4-methoxybenzyl alcofiDO g, 7.24 mmol) in DCM (18 mL)
at 0°C was added BN (1.10 mL, 7.96 mmol) then MsCI (0.60 mL, 7.96 mMjnwas added
dropwise and the RM was stirred af@ for 2 h. The reaction was quenched with saturated
aqueous NaHC® The two phases were separated, and the aqueass plas extracted with
DCM (2 x 100 mL). The combined organic extractsenmdried over MgS@and concentrated

to afford the desired crude mesylate as a yelldw oi
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Step ii: The crude oil was flushed withplM1 a round bottom flasknd THF (18 mL) was added.
The solution was cooled to°C and allyimagnesium bromide (2.0 M in THF, 7.25,r{.48
mmol) was added dropwise. The RM was stirred & for 2 h. The reaction was quenched
with saturated agueous NEI. The aqueous phase was extracted with EtOAc 180<mL),
the combined organic extracts were dried over Mg&®@ concentrateid vacuo Purification

by column chromatography, eluting with 10% EtOAdexane afforded thitle compound
(744 mg, 4.59 mmol, 63%) as a colourless oil. TMR\ata is in accordance with literatdfé.

'H NMR (400 MHz, CDC#) 8 ppm 7.10 (2H, d) = 8.4, 2 x Ar®), 6.83 (2H, dJ= 8.5, 2 x
ArCH), 5.90 — 5.80 (1H, nCH), 5.05 — 4.95 (2H, m, CH€}), 3.78 (3H, s, E3), 2.65 (2H, t,
J=7.8 Ar(Hy), 2.37 — 2.31 (2H, m, I8y); 13C NMR (101 MHz, CDC}) § ppm 157.8 Cy),
138.2 CH), 134.0 Cq), 129.3 (2 x A€H), 114.8 CH2CH), 113.7 (2 x ACH), 55.3 CH3),
35.8 CH2), 34.5 (AICH>); IR vmax(neat) / cmt 3075, 3031, 2997, 2931 1639, 1611, 1583,
1510.HRMS data could not be obtained.

Synthesis of 4-(4-methoxyphenyl)butane-1,2-diol 315

OH

/@/\)\/OH
O

To a stirred solution of alker88g(500 mg, 3.08 mmol) in acetone/water (10:1, 15 wa}
added NMO (542 mg, 4.62 mmol) and potassium osKidjadihydrate (57 mg, 0.15 mmol).
The RM was stirred at RT for 48 h. The reaction g@snched using solid sodium hydrosulfate
and the mixture was filtered through a pad of @eltashed with acetone and concentrated
vacua Purification by column chromatography, elutingiwvd% MeOH in DCM afforded the
title compound604 mg, 3.08 mmol, 76%) as a white solid. The Ni&Ra was in accordance

with the literaturé?2°

'H NMR (400 MHz, CDC4) 6 ppm 7.16 — 7.13 (2H, m, 2 x AHJ, 6.89 — 6.83 (2H, m, 2 x
ArCH), 3.81 (3H, s, @3), 3.77 — 3.65 (2H, m, IE20H), 3.53 — 3.45 (1H, m,dOH), 2.81 —
2.59 (2H, m, Ar®l), 1.85 — 1.72 (2H, m, ArCHH>); 13C NMR (126 MHz, CDC4) & ppm
157.9 Cq), 133.7 Cg), 129.3 (2 x Ar®), 113.9 (2 x Ar®), 71.5 CH-OH), 66.9 CHOH),
55.3 CHa), 34.9 CH>), 30.9 (ACCH2); IR vmax(neat) / cmt 3317 (br. OH), 3003, 2922, 2857,
1610, 1510, 1453, 141BIRMS data could not be obtained.
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Synthesis of 3-(4-methoxyphenyl)propanal 316

/©/\/§O
@)

To a stirred solution of did@15 (400 mg, 2.04 mmol) in #0/MeOH (10:1, 10 mL) was added

sodium periodate (654 mg, 3.06 mmol). The RM waest at RT for 2 h. The RM was diluted

with brine and extracted with DCM (3 x 50 mL). Teembined organic extracts were dried
over MgSQ and concentrated to afford thide compound330 mg, 2.01 mmol, 99%) as a

colourless oil without further purification beingquired. The NMR data is in accordance with
the literature3!

IH NMR (400 MHz, CDC¥) § ppm 9.81 (1H, tJ = 1.4, GH0), 7.11 (2H, dJ = 8.6, ArCH),
6.83 (2H, dJ = 8.6, Ar(H), 3.79 (3H, s, €l3), 2.91 (2H, tJ = 7.4, ArCH,), 2.77 — 2.72 (2H,
m, CHz); 3C NMR (101 MHz, CDC4) & ppm 201.8 CO), 158.1 Cq), 132.3 Cq), 129.2
(2 x ArCH), 114.0 (2 x AEH), 55.3 CHa), 45.5 CH2), 27.3 (ACH2); IR vmax(neat) / crit
3031, 2996, 2934, 2834, 1719, 1611, 1510, 1HEAVIS data could not be obtained.

Synthesis of [3-(4-methoxyphenyl)propyl](methyl)anme 317

/©/\/\N/
H
@)

General procedure A was followed, using aldehytié (300 mg, 1.83 mmol), MeNH8 M
solution in EtOH, 300 pL, 1.3 eq.) and NaBM@B3 mg, 2.20 mmol). Purification by SCX
cartridge afforded thatle compound303 mg, 1.69 mmol, 92%) as a yellow oil. The NMR
data was in accordance with the literattire.

'H NMR (500 MHz, CDC}) 6 ppm 7.10 (2H, dJ = 8.6, 2 x Ar®), 6.85 — 6.80 (2H, m, 2 x
ArCH), 3.78 (3H, s, O83), 2.65 — 2.57 (4H, m, includes AHz and GH2NH), 2.44 (3H, s,
CHs), 1.85 — 1.80 (2H, m, &); *3*C NMR (126 MHz, CDC}) 6 ppm 157.8 Cq), 133.9 Cy),
129.2 (2 x ACH), 113.8 (2 x ACH), 55.3 (QCH3), 51.2 CH2NH), 36.0 (NCH3), 32.6
(ArCH>), 31.2 CH>); IR vmax(neat) / cmt 3040,2996, 2933, 2855, 2799, 1611, 1510, 1463;
HRMS (ESI*): C11H1eNO [M + H]": calculated 180.1383, found 180.1383; + 0.2 ppm.
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Synthesis of chloro[3-(4-methoxyphenyl)propyl]methiamine 317

Following a modified procedure by Zhoegal to a stirred solution of the ami3d6 (200

mg, 1.12 mmol) andert-butanol (28 uL, 0.28 mmol) in MTBE (6 mL) at°C, was added
acetic acid (65 pL, 1.12 mmol) and sodium hypodtdo(0.75 M, 1.5 mL, 1.12 mmol)
dropwise. The reaction mixture was then stirred @ for 2 h. The phases were separated and
the etheral phase was washed wit©H10 mL) then brine (10 mL), dried over Mg&eand
concentratedn vacuo Purification by column chromatography, elutingliwi0% EtOAc in

hexane afforded thitle compound157 mg, 0.73 mmol, 66%) as a pale yellow oil.

IH NMR (400 MHz, CDC¥) § ppm 7.06 — 7.01 (2H, m, 2 x Ak, 6.78 — 6.73 (2H, m, 2 x
ArCH), 3.72 (3H, s, O83), 2.85 (3H, s, €l3), 2.83 (2H, t,) = 6.9, G12N), 2.58 (2H, t,) = 7.6,
ArCHy), 1.91 — 1.81 (2H, m, 82); 13C NMR (101 MHz, CDC#) 5 ppm 157.8Cy), 133.7 Co),
129.3 (2 x ACH), 113.8 (2 x AEH), 65.2 (AICH2), 55.3 (GQCH3), 53.0 CHs), 31.8 CH2N),
29.9 CHy): IR vmax (neat)/cmt: 2994, 2955, 2870, 2835, 1611, 1583, 1511, 1HRMS data

could not be obtained.

Synthesis ofN-methyl-1-phenoxypropan-2-amine 328

SN

General procedure B was followed, using ket82& (0.50 g, 3.37 mmol), MeNH(8 M
solution in EtOH, 8.00 mL, 26.0 mmol), Ti(OiR(R.00 mL, 6.75 mmol) and NaBH255 mg,
6.25 mmol). Purification by SCX cartridge affordi titte compound300 mg, 1.84 mmol,
55%) as a pale yellow oil.

'H NMR (500 MHz, CDC4) & ppm 7.32 — 7.24 (2H, m, 2 x AHJ, 7.22 — 7.14 (3H, m, 3 x
ArCH), 2.72 — 2.50 (3H, m, includes AHzand N(H), 2.40 (3H, s, NEi3), 1.84 — 1.72 (1H,
m, CHz), 1.68 —1.54 (1H, m, 1d2), 1.09 (3H, d,) = 6.2, CHGH3); 13C NMR (125 MHz, CDCH#)

d ppm 142.4 Cg), 128.3 (2 x A€H), 128.2 (2 x AE€H), 125.7 (ACH), 54.4 CH), 38.5
(ArCHz), 33.8 (N\CH3), 32.3 CH2) 19.9(CHCH3) ; IR vmax(neat)/cmt: 3304, 3062, 2930, 2857,
2792, 1541, 1495, 145HRMS (ESI):CiiHisN [M + H]" : calculated 164.1434, found
164.1432,A = - 1.2 ppm.

184



Synthesis of [3-(4-bromophenyl)propyl](chloro)methyamine 329

Cl
>N

W

General procedure C was followed, using [3-(4-brphemyl)propyl](methyl)amin&28 (200
mg, 1.23 mmol) and NCS (204 mg, 1.53 mmol). Puwtfan by column chromatography,
eluting with 10% EtOAc in hexane afforded titke compound176 mg, 0.99 mmol, 72%) as

a colourless oil. The data was in accordance \migHiterature’®

'H NMR (500 MHz, CDC4) & ppm 7.31 — 7.26 (2H, m, 2 x AHJ, 7.23 — 7.16 (3H, m, 3 x
ArCH), 2.93 — 2.84 (4H, m, includes Mz and @), 2.73 — 2.66 (2H, m, AH>), 1.98 (1H,
m, CHz) 1.73 - 1.63 (1H, m, &), 1.16 (3H, dJ = 6.3, CHGH3); *C NMR (125 MHz, CDC})

8 ppm 142.1 Cg), 128.4 (2 x AEH), 128.3 (2 x AEH), 125.8 (ACH), 64.5 CH), 48.1
(NCHg), 36.3 (AICH2), 32.3 CH2) 14.2 (CHCH3) ; IR vmax (neat)/cmt: 3026, 2970, 2951,
2865, 1605, 1496, 1453, 1442RMS (ESI"):C11H17°CIN [M + H]* : calculated 198.1044,
found 198.1038A = - 3.0 ppm.

Synthesis of 7-bromo-1-methyl-1,2,3,4-tetrahydroquoline 329

SON

General Procedure D was followed, using [3-(4-brphemyl)propyl](chloro)methylamine
330 (100 mg, 0.50 mmol), MeS#E (330 pL, 5.10 mmol) and FeS®@H.O (14 mg, 0.051

mmol). Purification by column chromatography, elgtwith 10% EtOAc in hexane afforded
thetitle compound65 mg, 0.40 mmol, 79%) as a colourless oil. TMR\data is in accordance

with literature’®

IH NMR (500 MHz, CDC4) § ppm 7.13 (1H, t] = 7.7, ArCH), 7.02 (1H, dJ) = 7.3, ArCH),
6.64 (1H, t,J = 7.3, ArCH), 6.60 (1H, dJ = 8.2, Ar(H), 3.52 — 3.44 (1H, m, 1g), 2.94 (3H,
s, NCH3), 2.93 — 2.84 (1H, m, &H>), 2.75 — 2.72 (1H, m, Arig) 2.07 — 1.99 (1H, m, I82),
1.84 — 1.76 (1H, m, B,), 1.18 (3H, dJ = 6.5, GH3); 23C NMR (125 MHz, CDC#) 5 ppm
145.4 Cq), 128.5 (ACH), 127.1 (ACH), 122.1 Cy), 115.4 (ACH), 110.6 (ACH), 53.8 CH),
37.0 (NCH3), 28.1 CH2), 23.8 (AICH>) 17.6 (CHCHs) ; IR vmax (neat)/cri: 3068, 3021, 2962,
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2925, 2843, 2790, 1603, 151RMS (ESI):C1iH16N [M + H]* : calculated 162.1277, found
162.1273,A = - 2.5 ppm.

Synthesis of [3-(4-bromophenyl)propyl](chloro)methyamine 329

\N,CI

@/\)\W

General procedure C was followed, using [3-(4-brphemyl)propyl](methyl)amin&28 (300
mg, 1.32 mmol) and NCS (220 mg, 1.65 mmol). Puwtfan by column chromatography,
eluting with 10% EtOAc in hexane afforded titke compound260 mg, 0.99 mmol, 75%) as

a colourless oil. The data was in accordance \migHiterature’s

IH NMR (400 MHz, CDC4) & ppm 7.33 — 7.26 (2H, m, 2 x AK, 7.24 — 7.16 (3H, m, 3 x
ArCH), 2.89 (3H, s, €l3), 2.79 — 2.61 (3H, m, includes ArG and GH), 2.01 — 1.89 (1H, m,
CHy), 1.81 — 1.65 (2H, m, includesHzand GH,) 1.51 — 1.38 (1H, m, £l2), 1.37 — 1.23 (6H,
m, includes GHzand GH>), 0.91 (3H, tJ = 6.9, (H3) ; *3C NMR (100 MHz, CDC4) § ppm
142.9 Co), 128.5 (4 x AEH), 125.8 (ACH), 58.9 CH), 35.5 (ACH,), 33.7 CaH2), 32.3
(ArCH2CHy), 32.2 CHy), 25.5 CH2), 22.8 CH>), 14.2 CHa) ; IR vmax(neat)/crmi: 3062, 3026,
2926, 2856, 2788, 1603, 1495, 1434RMS (ESI"):CisH26°CIN [M + H]* : calculated
254.1670, found 254.1674\ = 1.8 ppm.

Synthesis of 7-bromo-1-methyl-1,2,3,4-tetrahydroquoline 329

(Lo

General Procedure D was followed, using [3-(4-brphemyl)propyl](chloro)methylamine
330 (100 mg, 0.39 mmol), MeS#l (260 pL, 3.90 mmol) and Fe3®@H.O (11 mg, 0.039

mmol). Purification by column chromatography, eigtiwith 10% EtOAc in hexane afforded
thetitle compound45 mg, 0.21 mmol, 53%) as a colourless oil. TMR\data is in accordance

with literature’®

IH NMR (400 MHz, CDC4) § ppm 7.07 (1H, tJ = 7.7, ArCH), 6.96 (1H, d,J = 7.3, ArCH),
6.57 (1H, tJ = 7.3, ArcH), 6.51 (1H, dJ = 8.2, ArGH), 3.29 — 3.17 (1H, m, ig), 2.92 (3H,
s, CHa), 2.86 — 2.73 (1H, m, AH,), 2.71 — 2.58 (1H, m, Arig2) 1.94 — 1.82 (2H, m, I82),
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1.65 — 1.53 (1H, m, £i,), 1.44 — 1.19 (7H, m, includesid, C,H2, C:H2 and GH>) 0.98 —
0.81 (3H, m, Ei3) ; 13C NMR (100 MHz, CDC}) & ppm 145.7 Cg), 128.8 (ACH), 127.2
(ArCH), 122.0 Cg), 115.3 (ACH), 110.5 (ACH), 59.1 CH), 38.1 (NCH3), 32.2 (AICH>),
31.3 CaH2), 25.9 CH2), 24.6 (ArCHCH>), 23.7 CH2), 22.8 CH2), 14.2 CH3) ; IR vmax
(neat)/cmt: 3020, 2926, 2856, 1602, 1575, 1498, 1479, 14B8YS (ESI"):CisH2aN [M +
H]* : calculated 218.1903, found 218.19087= 0.0 ppm.

Synthesis of 1-phenoxypropan-2-one 337
0

(T
General procedure G was followed, using phenol)(f4,515.9 mmol), potassium carbonate
(2.20 g, 15.9 mmol) and chloroacetone (1.40 mLJ5lmmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitte compound1.56 g, 10.4
mmol, 65%) as a colourless oil. The NMR data waacicordance with the literatut&®
IH NMR (400 MHz, CDC}) & ppm 7.36 — 7.30 (2H, m, 2 x AKQ, 7.03 (1H, tJ = 7.4 Hz,
ArCH), 6.91 (2H, dJ = 7.8 Hz, 2 x Ar@l), 4.56 (2H, s, €, 2.31 (3H, s, E3); °C NMR
(75 MHz, CDC}) 8 ppm 206.0Cq), 157.7 Cq), 129.7 (2 x A€H), 121.8 (ACH), 114.5 (2 x

ArCH), 73.1 CHy), 26.7 CHs); IR vmax(neat) / cm3063, 3043, 2903, 1720, 1589, 1493, 1432,
1357.HRMS data could not be obtained.

Synthesis ofN-methyl-1-phenoxypropan-2-amine 338
.,
Hlil]\

General procedure B was followed, using ket88& (1.50 g, 9.99 mmol), MeNH(8 M
solution in EtOH, 12.0 mL, 94.0 mmol), Ti(OiR(p.90 mL, 20.0 mmol) and NaBH567 mg,
15.0 mmol). Purification by SCX cartridge affordenx titte compound743mg, 4.50 mmol,
45%) as a pale yellow oil.

'H NMR (300 MHz, CDC4) & ppm 7.34 — 7.26 (2H, m, 2 x AHJ, 7.00 — 6.89 (3H, m, 3 x
ArCH), 3.88 (2H, m, @), 3.02 (1H, m, €l), 2.50 (3H, s, NHE3), 1.16 (3H, dJ = 6.5,
CHCHa); 13C NMR (101 MHz, CDC}) 6 ppm 158.9Cg), 129.5 (2 x A€H), 120.8 (ACH),
114.6 (2 x ACH), 71.6 CH>), 54.1 CH), 33.8 (NHCH3), 16.8 CHa3); IR vmax(neat) / crmt
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3062, 3039, 2968, 2930, 2872, 2795, 1676, 15RMS (ESI*): CioHieNO [M + H] ™
calculated 166.1226, found 166.12205 3.8 ppm.

Synthesis ofN-chloro-N-methyl-1-phenoxypropan-2-amine 339

o L
S

Following a modified procedure by Zhorgal, to a stirred solution of the amiB88 (300 mg,
1.82 mmol) andert-butanol (44 pL, 0.46 mmol) in MTBE (9 mL) at°G, was added acetic
acid (105 pL, 1.82 mmol) and sodium hypochlorit& %M, 2.45 mL, 1.82 mmol) dropwise
simultaneously. The reaction mixture was stirred 8C for 2 h. the organic phases were
separated and the top phase was washed w{th(20 mL) then brine (20 mL), dried over
MgSQs and concentrateid vacuo Purification by column chromatography, elutingiwl 0%
EtOAc in hexane afforded thigle compound250 mg, 1.25 mmol, 69%) as a pale yellow oil.
'H NMR (300 MHz, CDC4) & ppm 7.37 — 7.24 (2H, m, 2 x AHJ, 7.05 — 6.91 (3H, m, 3 x
ArCH), 4.24 (1 H, ddJ = 9.8, 5.6, €l2), 3.93 (1H, ddJ = 9.8, 5.6, E2), 3.46 — 3.30 (1H, m,
CH), 3.04 (3H, s, NHEI3), 1.32 (3H, dJ = 6.5, GH3); 13C NMR (101 MHz, CDC4) & ppm
158.6 Cq), 129.5 (2 x A€CH), 121.0 (ACH), 114.7 (2 x A€H), 69.9 CH>), 64.7 CH), 49.5
(NHCHs), 13.1 CHa); IR vmax(neat) / cmt 3063, 3040, 2960, 2940, 2872, 1599, 1585, 1495;
HRMS data could not be obtained.

Synthesis of 3,4-dimethyl-3,4-dihydro-2H-benzo[b][4]oxazine 340

SORol

340a 340b
General Procedure D was followed, using chloroar3@(150 mg, 0.75 mmol), MeSEl
(490 pL, 7.50 mmol) and FeS@H.O (21 mg, 0.075 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitle compound25 mg, 0.15

mmol, 20%) as a colourless oil. The NMR data iadnordance with the literatut&:

'H NMR signals for the major product reportdd0a (300 MHz, CDC4) § ppm 6.92 — 6.84
(1H, m, ArCH), 6.83 — 6.77 (1H, m, Arg), 6.69 — 6.61 (2H, m, 2 x Atd), 4.21 (1H, ddJ =
10.5, 2.6, €l2), 4.04 (1H, ddJ = 10.5, 2.6, €El2), 3.44 — 3.33 (1H, m,id), 2.89 (3H, s, NEi3),
1.22 (3H, dJ = 6.5, (H3); 13C NMR signals for the major product reportdd0a(101 MHz,
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CDCl) & ppm 144.2 ), 126.6 Cq), 121.8 (ACH), 116.6 (ACH), 116.4 (ACH), 111.7

(ArCH), 69.2 CH>), 52.1 CH), 36.1 (NCH3), 14.1 CH3); IR vmax(neat) / crit 3065, 3039,
2972, 2929, 2875, 2820, 1604, 149€MS (ESI*): CioH1aNO [M+H]*; calculated 164.22,
measured 164.4HRMS data could not be obtained.

Synthesis ofN-(1-phenoxypropan-2-yl)prop-2-en-1-amine 341b
HN

©/0\)\
General procedure B was followed, using ket88& (500mg, 3.33 mmol), allylamine (2.50
mL, 33.3 mmol), Ti(OiPy (2.00 mL, 6.66 mmol) and NaBH(189 mg, 5.00 mmol).

Purification by SCX cartridge afforded ttide compound705mg, 3.69 mmol, 83%) as a pale

yellow oil.

'H NMR (300 MHz, CDC4) ppmd 7.35 — 7.25 (2H, m, 2 x Aid), 7.00 — 6.89 (3H, m, 3 x
ArCH), 5.95 (1H, ddtJ = 16.2, 10.2, 6.0, B=CH), 5.36 — 5.04 (2H, m, CH4}), 3.98 —
3.80 (2H, m, E12), 3.48 — 3.24 (2H, m, id), 3.22 — 3.09 (1H, m, l@NH), 1.19 (3H, dJ =

6.5, (Hs); 13C NMR (75 MHz, CDC¥) 6 ppm 158.9Cg), 137.0 CH=CH), 129.5 (2 x AEH),
120.8 (ACH), 115.9 (CH€H), 114.6 (2 x A€H), 72.0 (CCH2), 51.8 CHNH), 49.8
(NHCHy), 17.4 CHs); IR vmax(neat) / cmt 3071, 3039, 2975, 2926, 2872, 2833, 1587, 1496;
HRMS (ESI*): Ci12H1sNO [M + H] *: calculated 192.1383, found 192.13845 -0.6 ppm.

Synthesis ofN-chloro-N-(1-phenoxypropan-2-yl)prop-2-en-1-amine 342b

Cl\N/\/

She
General Procedure C was followed, using ar3ihtb (200 mg, 1.05 mmol) and NCS (140 mg,
1.05 mmol). Purification by column chromatograpkiyting with 10% EtOAc in hexane
afforded thditle compound123 mg, 0.54 mmol, 52%) as a colourless oil.
'H NMR (300 MHz, CDC}) 6 ppm 7.35 — 7.27 (2H,m, 2 x AHJ, 7.02 — 6.91 (3H, m, 3 x
ArCH), 5.97 (1H, ddtJ = 16.7, 10.2, 6.4, 8=CH), 5.39 — 5.21 (2H, m, CHg;), 4.29 (1H,
dd,J=9.8, 5.9, €), 3.95 (1H, ddJ = 9.8, 5.9, @), 3.85 - 3.66 (2H, m, id»), 3.62 — 3.44
(1H, m, CHNCI), 1.33 (3H, dJ = 6.4, (H3); 13C NMR (75 MHz, CDC$) 8 ppm 158.6 Cy),
134.1 CH=CHy), 129.5 (2 x A€H), 121.0 (ACH), 119.0 (CHEH>), 114.7 (2 x AEH), 69.9
(OCHy), 63.7 CHNCI), 62.2 (NCCH>), 13.3 CHz3); IR vmax(neat) / cmt 3078, 3040, 2979,
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2935, 2881, 1598, 1587, 149BRMS (ESI*): Ci2H16®CINNaO [M + Na]*: calculated
248.0813, found 248.0818,= 1.3 ppm.

Synthesis ofN-(1-phenoxypropan-2-yl)butan-1-amine 341c

O/OJH/\/\
General procedure B was followed, using ket88& (500mg, 3.33 mmol), butylamine (2.20
mL, 16.7 mmol), Ti(OiPg (2.00 mL, 6.66 mmol) and NaBH(189 mg, 5.00 mmol).
Purification by column chromatography eluting wa®% EtOAc in hexane, afforded thide
compound500mg, 2.41 mmol, 72%) as a pale yellow oil.
'H NMR (300 MHz, CDC4) & ppm 7.34 — 7.25 (2H, m, 2 x AHJ, 7.00 — 6.88 (3H, m, 2 x
ArCH), 3.96 — 3.80 (2H, m, i8»), 3.17 — 3.04 (1H, m,id), 2.79 — 2.59 (2H, m, ig3), 1.58 —
1.30 (4H, m, 2 x €y, 1.18 (3H, dJ = 6.5, CHQ®3), 0.99 — 0.91 (3H, m, id3); 13C NMR
(101 MHz, CDC¥) 3 ppm 158.9 Cq), 129.5 (2 x A€H), 120.8 (ACH), 114.6 (2 x ACH),
72.0 (QCHy), 52.5 CH), 47.1 (NHCH2), 32.6 (NHCHCH)>), 20.6 CH2CHz), 17.5 CH3CH),
14.3 CH3CHy); IR vmax(neat) / cmt 3062, 3039, 2958, 2927, 2871, 1667, 1599, 1KE8VIS
(ESI*): C13H22NO [M + H] *: calculated 208.1696, found 208.16455 0.5 ppm.

Synthesis ofN-chloro-N-(1-phenoxypropan-2-yl)butan-1-amine 342c
@0\)\,\,/\/\
cl

General Procedure C was followed, using am3ihic(100 mg, 0.52 mmol) and NCS (69 mg,
0.52 mmol). Purification by column chromatograpkyyting with 10% EtOAc in hexane

afforded thditle compound100 mg, 0.41 mmol, 80%) as a colourless oll.

IH NMR (300 MHz, CDCY) § ppm 7.35 — 7.25 (2H, m, 2 x AHJ, 7.03 — 6.89 (3H, m, 3 x
ArCH), 4.32 — 4.25 (1H, m, 162 ), 4.00 — 3.91 (LH, m, i6), 3.54 — 3.41 (1H, m, i), 3.18 —
2.96 (2H, m, ©l), 1.67 (2H, dt] = 14.6, 7.2, €2), 1.48 — 1.34 (2H, m, &), 1.32 (3H, dJ
= 6.5, (H3), 1.01 — 0.91 (3H, m, Ig3): 2°C NMR (75 MHz, CDC}) 5 ppm 158.7 Co), 129.5
(2 x AICH), 120.9 (ACH), 114.7 (2 x AEH), 70.0 (GCH), 63.3 CH), 60.7 (NCCHz), 30.3
(NCICH2CHy), 20.0 CH2CHs), 14.0 (GH3CH), 13.3 CH3CHy); IR vmax(neat) / cmt 3063,
3040, 2958, 2934, 2872, 1599, 1587, 149BMS (ESI*): C13H2:°CINO [M + H] *: calculated
242.1306, found 242.1302,= 1.8 ppm.
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Synthesis of 4-butyl-3-methyl-3,4-dihydro-2H-benzdj][1,4]oxazine 344
X,
’\EE

General Procedure D was followed, using chloroar8¢c (100 mg, 0.41 mmol), MeS8l
(270 pL, 4.10 mmol) and FeS@H.O (11 mg, 0.04 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferalfed thetitte compound13 mg, 0.06

mmol, 15%) as a colourless oil.

'H NMR (300 MHz, CDC4) & ppm 6.93 — 6.77 (2H, m, 2 x AHJ, 6.68 — 6.55 (2H, m, 2 x
ArCH), 4.13 — 3.97 (2H, m, Od), 3.54 — 3.41 (1H, m,g), 3.40 — 3.27 (1H, m, ig»), 3.21
—3.04 (1H, m, €2), 1.71 - 1.52 (2H, m, @), 1.47 — 1.32 (2H, m, i), 1.22 (3H, dJ = 6.5,
CHCHz), 1.04 — 0.94 (3H, m, id3); 13C NMR (101 MHz, CDC4) § ppm 143.4 C,), 134.5
(Cy), 121.8 (ACH), 116.3 (ACH), 116.1 (ACH), 111.8 (ACH), 69.1 (CCH2), 50.9 CH),
48.7 (NCH2), 29.5 CH2), 20.4 CHy), 15.9 CHs), 14.0 (CHCH3); IR vmax(neat) / cmt 3065,
3039, 2958, 2930, 2872, 1605, 1578, 139RMS (ESI*): Ci13H20NO [M + H] *: calculated
206.1539, found 206.1538,= +0.7 ppm.

Synthesis of 1-(4-chlorophenoxy)propan-2-one 347a

o L
AT

General procedure G was followed, using 4-chloraphé1.50 g, 11.7 mmol), potassium
carbonate (1.61 g, 11.7 mmol) and chloroaceto® (hL, 12.8mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferaled theitle compound1.26 g, 6.82
mmol, 59%) as a colourless oil. The NMR data iadonordance with the literatut.

'H NMR (400 MHz, CDC4) 6 ppm 7.28 (2H, dJ= 9.0, 2 x Ar®), 6.84 (2H, dJ = 9.0, 2
ArCH), 4.54 (2H, s, €2), 2.30 (3H, s, El3); 13C NMR (101 MHz, CDC4) 6 ppm 205.1CO),
156.4 Cg), 129.6 (2 x ACH), 126.8 Cqg), 115.9 (2 x A€H), 73.3 CH2), 26.6 CH3); IR vmax
(neat) / cmt 3099, 3071, 3011, 2914, 2839, 1721, 1584, 1488MS data could not be

obtained.
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Synthesis of 1-(4-chlorophenoxyN-methylpropan-2-amine 348a

SNH

o X
AT

General procedure B was followed, using ket8d4&a (1.00g, 5.42 mmol), MeNH(8 M
solution in EtOH, 7.00 mL, 56.0 mmol), Ti(OiR(B.20 mL, 10.8 mmol) and NaBH308 mg,
8.13 mmol). Purification by SCX cartridge affordéxet titte compound986mg, 4.94 mmol,
91%) as a pale yellow oil.

IH NMR (300 MHz, CDC)  ppm 7.23 (2H, dJ = 9.0, 2 x ArGH), 6.85 (2H, dJ = 9.0, 2 x
ArCH), 3.97 — 3.84 (2H, m, Ody), 3.19 — 3.03 (1H, m, i§), 2.53 (3H, s, NEl3), 1.22 (3H,
d, J = 6.5, GHa); 13C NMR (101 MHz, CDC4)  ppm 156.9 Cg), 129.4 (2 x AEH), 116.9
(Cy), 116.0 (2 x A€H), 70.0 (QCHs), 53.9, 32.0, 14.9 (CEH3); IR vmax(neat) / crit 3061,
2962, 2930, 2872, 1596, 1493, 1380, 12TRMS (ESI*): C1oH1525CINO [M + H] *: calculated
200.0837, found 200.0835,= 1.0 ppm.

Synthesis ofN-chloro-1-(4-chlorophenoxy)N-methylpropan-2-amine 345a

C|\N/

o
AT

General Procedure C was followed, using ar#&a (300 mg, 1.50 mmol) and NCS (220 mg,
1.65 mmol). Purification by column chromatograpkiyting with 10% EtOAc in hexane
afforded theitle compound200 mg, 0.85 mmol, 57%) as a colourless oil.

'H NMR (300 MHz, CDC4) & ppm 7.27 — 7.22 (2H, m, 2 x AHJ, 6.93 — 6.77 (2H, m, 2 x
ArCH), 4.20 (1H, ddJ = 9.8, 5.8, €l»), 3.89 (1H, ddJ = 9.8, 5.8, Ei2), 3.42 — 3.29 (1H, m,
CH), 3.03 (3H, s, N€l3), 1.30 (3H, dJ = 6.5, GH3); 13C NMR (75 MHz, CDC$) § ppm 156.1
(Cq), 129.5 (2 x A€H), 125.9 Cy), 116.1 (2 x ACH), 110.2 Cq), 70.3 (CCH2), 64.6 CH),
49.5 (NCH3), 12.9 CH3); IR vmax(neat) / crmt 2979, 2935, 2882, 1596, 1491, 1471, 1285,
1241;HRMS (ESI*): C10H14>°CI,NO [M + H] *: calculated 234.0447, found 234.0442; 2.0

ppm.
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Synthesis of 1-(3-bromophenoxy)propan-2-one 347b

ok,
¢

Br
General procedure G was followed, using 3-bromophénh50 g, 8.67 mmol), potassium
carbonate (1.20 g, 8.67 mmol) and chloroacetor® (@L, 9.54mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitte compound1.35 g, 5.89
mmol, 68%) as a colourless oil. The NMR data iadgnordance with the literatut&.

IH NMR (300 MHz, CDC4) § ppm 7.23 —7.12 (2H, m, 2 x AKJ, 7.10 — 7.05 (1H, m, Arg),
6.88 — 6.81 (1H, m, ArB), 4.55 (2H, s, €2), 2.30 (3H, s, El3); 13C NMR (75 MHz, CDC})

d ppm 204.8 Cg), 158.5 Cg), 130.8 (ACH), 125.0 (ACH), 123.0 Cg), 118.1 (ACH), 113.4
(ArCH), 73.1 CH2), 26.6 CHs); IR vmax(neat) / cmt 3066, 2970, 2919, 2897, 1732, 2589,
1575, 1475HRMS data could not be obtained.

Synthesis of 1-(3-bromophenoxyN-methylpropan-2-amine 348b

oL
o

Br
General procedure B was followed, using ket@d&b (1.00g, 4.37 mmol), MeNH(8 M
solution in EtOH, 5.50 mL, 44 mmol), Ti(OiRrj2.50 mL, 8.74 mmol) and NaBH248 mg,
6.56 mmol). Purification by SCX cartridge affordend titte compound983mg, 4.04 mmol,
92%) as a pale yellow oil.

'H NMR (300 MHz, CDC}) 8 ppm 7.20 —6.98 (3H, m, 3 x AHJ, 6.88 — 6.82 (1H, m, Arg),
3.93-3.73 (2H, m, By), 3.06 — 2.97 (1H, m, g), 2.49 (3H, s, NE3), 1.17 (3H, d,J = 6.5,
CH3);13C NMR (101 MHz, CDC4) 6 ppm 159.6 Cg), 130.6 (ACH), 124.0 (ACH), 122.8
(Cy), 117.9 (ACH), 113.5 (ACH), 71.7 (QCH2), 53.9 CH), 33.6 (NCH3), 16.5 CH3): IR vmax
(neat) / cmt 3065, 2970, 2930, 2876, 2795, 1671, 1574, 18RS (ESI*): CioH1sBrNO
[M + H] *: calculated 244.0332, found 244.0329; 1.0 ppm.
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Synthesis of 1-(3-bromophenoxyN-chloro-N-methylpropan-2-amine 345b

o

oy

Br

General Procedure C was followed, using ar8d@b (300 mg, 1.23 mmol) and NCS (180 mg,
1.35 mmol). Purification by column chromatograpkeiyting with 10% EtOAc in hexane
afforded thditle compound214 mg, 0.77 mmol, 62%) as a colourless oll.
'H NMR (300 MHz, CDC¥) 6 ppm 7.20 — 7.08 (3H, m, 3 x AHJ, 6.88 (1H, ddd, = 7.9,
2.4,1.5, ArGH), 4.24 — 4.17 (1H, m, i8y), 3.94 — 3.88 (1H, m, i@2), 3.43 — 3.29 (1H, m, 1),
3.03 (3H, s, NEi3), 1.31 (3H, dJ = 6.5, GH3); *C NMR (101 MHz, CDC4) & ppm 159.4
(Cy), 130.6 (ACH), 124.1 (ACH), 122.8 Cg), 118.0 (ACH), 113.7 (ACH), 70.1 (CCHy),
64.5 CH), 49.5 (N\CH3), 12.9 CHz); IR vmax(neat) / cmt 3067, 2979, 2937, 2884, 2791, 1589,
1574, 1470;HRMS (ESI*): C10H13Br*®*CINNaO [M + Na]*: calculated 299.9761, found
299.9762A =-0.1 ppm.

Synthesis of 7-bromo-3,4-dimethyl-3,4-dihydro-2H-bezo[b][1,4]oxazine 350

Br O

T

General Procedure D was followed, using chloroar8#tsb (100 mg, 0.36 mmol), MeS8l
(240 pL, 3.60 mmol) and FeS@HO (10 mg, 0.036 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed theitle compound10 mg, 0.040
mmol, 11%) as a colourless oil.
'H NMR (300 MHz, CDC#) & ppm 6.90 — 6.80 (2H, m, 2 x AHJ, 6.38 (1H, dJ = 8.4,
ArCH), 4.09 (1H, dd,J = 10.5, 2.5, El»), 3.93 (1H, ddJ = 10.6, 3.2, €2, 3.33 — 3.21 (1H,

m, CH), 2.76 (3H, s, @), 1.10 (3H, d,J = 6.5, G3); IR vmax(neat) / crmt 3429, 3074, 2975.
2934, 2877, 2809, 1588, 1467RMS data could not be obtained.
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Synthesis ofN-(2-bromoethyl)-4-methyl-N-phenylbenzenesulfonamide 356
Ts

[
She

Following a modified procedure by Barluenga al a stirred solution of 4-methW-
phenylbenzenesulfonamide (500 mg, 2.02 mmol)C® (558 mg, 4.04 mmol) and
dibromoethane (350 pL, 4.04 mmol) in MeCN (4 mL)sweeated at reflux for 16 The
RM was cooled to RT. The RM was patrtitioned betwetyl acetate (30 mL) and water (40
mL). The two phases were separated and the agpbasgs was re-extracted with EtOAc (2 x
30 mL). The organic extracts were combined andddoieer MgSQ. Purification by column
chromatography, eluting with 10% EtOAc in hexanferaled thetitle compoundk (476 mg,
1.34 mmol, 66%) as an amorphous white solid

'H NMR (300 MHz, CDC}) 6 ppm 7.51 (2H, dJ = 8.3, 2 x Ar®), 7.39 — 7.32 (3H, m, 3 x
ArCH), 7.27 (2H, dJ = 8.0, 2 x Ar®), 7.13 — 7.04 (2H, m, 2 x Ai), 3.90 (2H, tJ= 7.5,
CH>), 3.42 (2H, tJ = 7.5, GH2), 2.45 (3H, s, B3); 13C NMR (75 MHz, CDC}) 5 ppm 143.8
(Cq), 139.0 Cq), 135.2 Cqg), 129.5 (2 x A€H), 129.3 (2 x A€CH), 129.0 (2 x ACH), 128.4
(ArCH), 127.7 (2 x A€H), 52.6 (NCH>), 28.8 CH2Br), 21.6 CHa); IR vmax(neat) / crmt 3065,
3979, 2963, 2923, 2870, 1593, 1490, 1488&MS (ESI*): CisH16BrNNaG:S [M + Na]™:
calculated 375.9977, found 375.99435 1.0 ppm.

Synthesis of 4-methyIN-(2-(methylamino)ethyl)-N-phenylbenzenesulfonamide 357
Ts

P

Sl
A stirred solution of alkylbromo compou®%6 (200 mg, 0.57 mmol) in MeNH8M in EtOH,
2.8 mL) was heated at 100 in a sealed tube for 16 h. The RM was concemtiatgacuoto
affordedtitle compound174 mg, 0.57 mmol, quant) as a colourless oil.
'H NMR (300 MHz, CDCJ) 6 ppm 7.43 (2H, dJ = 8.3, 2 x Ar®), 7.28 — 7.22 (3H, m, 3 x
ArCH), 7.19 (2H, dJ = 8.3, 2 x Ar®), 7.10 — 7.02 (2H, m, 2 x Aid), 3.87 (2H, tJ=5.9,
CHy), 2.95 (2H, tJ = 5.9, GH2), 2.62 (3H, s, El3), 2.36 (3H, s, E3); 1*C NMR (101 MHz,
CDCl) 6 ppm 144.4Cq), 138.8 Cqg), 133.6 Cq), 129.8 (2 x A€H), 129.5 (2 x ACH), 128.8
(2 x ArCH), 128.7 (ACH), 128.1 (2 x ACH), 48.1 (NCH>), 47.5 CHNH), 33.8 (NCH3), 21.6
(CHg); IR vmax(neat) / crmt 2962, 2920, 2875, 2859, 2719, 2423, 1593, 1KHMS (ESI*):
C16H21N202S [M + H]™: calculated 305.1318, found 305.13A5; 0.3 ppm.
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Synthesis of N-(2-(chloro(methyl)amino)ethyl)-4-methyl-N-phenylbenzenesulfonamide
358
Ts

©/N\/\N/

)

Cl
Following a modified procedure by Zhorgal, to a stirred solution of the amiB&7 (100 mg,
0.33 mmol) andert-butanol (10 uL, 0.08 mmol) in MTBE (2 mL) at°G, was added acetic
acid (20 pL, 0.33 mmol) and sodium hypochlorite/80M, 0.50 mL, 0.33 mmol) dropwise
simultaneously. The reaction mixture was stirred 8C for 2 h. the organic phases were
separated and the top phase was washed w{th(20 mL) then brine (20 mL), dried over

MgSQs and concentrateid vacuo Purification by column chromatography, elutingiwl 0%

EtOAc in hexane afforded thigle compound68 mg, 0.20 mmol, 61%) as a pale yellow oil.

IH NMR (501 MHz, CDC})  ppm 7.53 — 7.47 (4H, m, 4 x @H), 7.46 — 7.41 (1H, m, /8H),
7.34 -7.29 (1H, m, ArB), 7.08 (1H, m, ACH), 6.99 — 6.93 (2H, m, 2 x &H), 3.85 — 3.74
(2H, m, Hy), 3.06 — 3.00 (2H, m, NCId), 2.90 (3H, s, €l3), 2.44 (3H, s, E3); 13C NMR
(101 MHz, CDC}) & ppm 144.4 C) 132.3 Cg), 130.4 Cy), 129.6 (2 x A€H), 129.5 (2 x
ArCH), 129.1 (2 x A€H), 128.8 (ACHs3), 127.8 (2 x A€H), 64.1 (NCCH>), 53.3 (NCHo),
49.4 (NCICH3), 22.7 (AICH3); IR vmax(neat) / crit 3059, 3024, 2998, 2967, 2916, 1597, 1487,
1439;HRMS (ESI*): C16H19**CIN2NaG:S [M + Na]*: calculated 361.0748, found 361.0747,
A =0.1 ppm.

Synthesis of 3-(2,6-dimethylphenyl)-N-methylbutanande 363

0

Iz

General procedure F was followed, using crotonam{@@0 mg, 7.06 mmol), 2,6-
dimethylboronic acid (1.32 g, 8.83 mmol, 1.25 efRi(cod)C}] (35 mg, 0.071 mmol) and
EtN (990 pL, 7.06 mmol). Purification by column chratography, eluting with 50% EtOAc
in hexane afforded thiitle compound990 mg, 4.82 mmol, 68%) colourless sofid. NMR
(300 MHz, CDC%) 6 ppm 7.00 — 6.97 (3H, m, 3 x AHJ, 5.21 (1H, s, W), 3.93 — 3.81 (1H,
m, CHCHy), 2.73 (3H, dJ = 4.9, NHHs), 2.56 (2H, dJ = 7.3, GH.CO), 2.40 (6H, s, 2 x
ArCHa), 1.36 (3H, d,J = 7.3, CHG®3); 3C NMR (75 MHz, CDC}) § ppm 172.8CO), 143.1
(ArCH), 136.5 Cq), 130.3 Cq), 128.5 Cq) 126.1 (2 x A€CH), 42.4 (), 31.9 CHCHy), 26.3
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(NHCH3), 21.6 (AICH3), 19.1 (CHCH3); IR vmax(neat) / cmt 3091, 2961, 2938, 2912, 2877,
1636, 1569, 151HRMS (ESI*): C13H20NO [M + H]": calculated 206.1539, found 206.1547,
A =+3.4 ppm.

Synthesis of [3-(2,6-dimethylphenyl)butyl](methyl)anine 364

Ir=z

Following a modified procedure by Williamsenal®’ to a stirred suspension of LiAIH443
mg, 11.7 mmol) in THF (12 mL) at @ was added a solution of ami@é3 (600 mg, 2.92
mmol) in THF (3 mL) dropwise. The reaction mixtwes stirred for 5 min at 8C before
warming to RT and then heated at reflux for 3 he Télaction mixture was cooled t¢© and
the reaction was quenched through the dropwisdiaddif HO (12.0 eq), aqueous NaOH (2
M, 2.0 eq) and ED (2.0 eq). The resulting slurry was dried ovepd@, filtered through a
pad of Celite and was washed with EtOAc. Conceotraih vacuoafforded theitle compound
(452 mg, 2.36 mmol, 81%) as a colourless oll

'H NMR (300 MHz, CDC#$) 6 ppm 6.99 — 6.95 (3H, m, 3 x AKJ, 3.39 — 3.26 (1H, m,
CHCHy), 2.69 — 2.26 (10H, m, includes 2 x A#ig; NHCHs3 and GH), 2.11 — 1.83 (2H, m,
CH2NH), 1.37 — 1.28 (3H, d] = 7.36, CH®3); 13C NMR (75 MHz, CDC}) § ppm 142.5
(ArCH), 136.2 Cq), 128.3 Cqg) 125.7 (3 x ACH), 50.9 (NCH2), 36.2 CH>), 35.2 (NCH3), 33.0
(CH), 21.6 (2 x ACH3), 19.1 (CHCH3); IR vmax(neat) / crit 3017, 2930, 2871, 2790, 1466,
1369, 1309, 1256HRMS (ESI*): CisH2:NNa [M + NaJ: calculated 214.1566, found
214.1564A = +1.0 ppm.

Synthesis ofN-chloro[3-(2,6-dimethylphenyl)butyllmethylamine 365

General procedure C was followed, using an364 (200 mg, 1.05 mmol) and NCS (175 mg,
1.31 mmol). Purification by column chromatograpkiuting with 10% EtOAc in hexane
afforded theitle compound200 mg, 0.89 mmol, 85%) as a colourless oll.

IH NMR (300 MHz, CDC$) & ppm 6.98 (3H, dJ = 4.2, 3 x Ar®), 3.47 — 3.31 (1H, m, 1),
2.87 (3H, s, NEi3), 2.80 — 2.69 (2H, m, Nidp), 2.49 — 2.30 (6H, br.s, 2 x AK3), 2.22 — 1.95
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(2H, m, (Hy), 1.37 —1.27 (3H, m, i@3); 13C NMR (101 MHz, CDC4) § ppm 142.1C), 136.4
(Cy), 130.4 Cg), 128.1 Cy), 125.6 (2 x A€CH), 125.6, 64.9 (IEH>), 53.2 (NCH3), 33.7 CH>),
32.2 CH), 21.6 (2 x ACH3), 19.1 CHs); IR vmax(neat) / cm 3017, 2954, 2930, 1463, 1437,
1368, 1175, 10764RMS (ESI)*: C13H2:3°CIN [M+H]*: calculated 226.1357, found 226.1353,
A =-1.8 ppm.

Synthesis of 1,4,5,8-tetramethyl-1,2,3,4-tetrahydguinoline 366

N
|

General Procedure D was followed, using chloroar3i& (100 mg, 0.44 mmol), MeSEl
(285 pL, 4.40 mmol) and FeS@H.O (12 mg, 0.44 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitte compound27 mg, 0.14
mmol, 33%) as a colourless oil.

'H NMR (400 MHz, CDC%) 6 ppm 6.91 (1H, dJ = 7.6, Ar(H), 6.70 (1H, dJ = 7.6, Ar(H),
3.24 — 3.18 (2H, m, N&y), 3.12 - 3.02 (1H, m,id), 2.71 (3H, s, NE3), 2.28 (3H, s, Ar€El3),
2.27 (3H, s, Ar€is), 2.10 — 1.99 (1H, m, CH43), 1.56 — 1.46 (1H, m, CH&3), 1.17 (3H, d,
J=17.0, CH®3); 3C NMR (101 MHz, CDC}) 6 ppm 147.3Cq), 133.7 Cqg), 132.5 Cg), 128.9
(ArCH), 128.1 Cq), 123.5 (ACH), 47.4 (NCH2), 44.0 (NCH3), 28.2 CH), 25.1 CHy), 21.3
(CHCHs3), 19.2 (AICH3), 19.0 (ACCH3); IR vmax(neat) / cmt 2929, 2864, 2787, 1737, 1578,
1460, 1397, 1370HRMS (ESI*): CizHxoN [M + H]*: calculated 190.1590, found 190.1593,
A =+1.3 ppm.

Synthesis of methyl 3-(4-methylphenyl)-3-phenylpropnoate 391a

IO
O

General procedure F was followed, using methghs-cinnamate (1.50 g, 9.25 mmol);
tolylboronic acid (1.57 g, 11.6 mmol, 1.25 eq.)h{Bod)C}] (46 mg, 0.093 mmol) and
(2.30 mL, 9.25 mmol). Purification by column chrdugraphy, eluting with 10% EtOAc in
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hexane afforded thiitle compound2.15 g, 8.44 mmol, 91%) pale yellow oil. The NMRta@

is in accordance with the literatur&.

IH NMR (300 MHz, CDC4) § ppm 7.31 — 7.16 (5H, m, 5 x AHJ, 7.12 — 7.07 (4H, m, 4 x
ArCH), 4.52 (1H, tJ = 8.0, GICH,), 3.57 (3H, s, Ofl3), 3.04 (2H, d,) = 8.0, CHGH,), 2.29
(3H, s, ArCH3); 13C NMR (75 MHz, CDC}) § ppm 172.4CO), 143.7 Cy), 140.5 Cq), 136.1
(Cy), 129.3 (2 x AEH), 128.6 (2 x AEH), 127.6 (2 x AEH), 127.5 (2 x ACH), 126.5 (ACH),
51.7 (QCH3), 46.6 CHCHy), 40.7 (CHCH>), 21.0 (AICH3); IR vmax(neat) / et 3057, 3026,
2950, 2920, 1734 (CO), 1637, 1600, 15HRMS (ESI*): Ci7H1902 [M + H]*: calculated
255.1380, found 255.138@,= 0.0 ppm.

Synthesis of 3-(4-methylphenyl)-3-phenylpropanoicad 392a

IO
o

To a stirred solution of est@91a(2.00 g, 7.86 mmol) in MeOH (26 mL, 0.3 M) was add
aqueous 2 M NaOH (26 mL, 0.3 M). The RM was theaitdw to reflux and stirred for 2 h. The
RM was cooled to RT and the reaction was quenchdd4vM HCI to pH 7. The aqueous
phase was extracted with EtOAc (50 mL x 3). The luiold organic phases were dried over
NaSQy and concentrateid vacuoto afford thetitle compound1.50 g, 6.24 mmol, 79%) as a
colourless solid which was crystallized in 19 :‘EXQAc : hexane) to yield colourless micro-
crystals. The NMR data is in accordance with ttezaiture*3’

'H NMR (400 MHz, CDC4) 8 ppm 7.16— 6.96 (9H, m, 9 x AKJ, 4.35 (1H, tJ = 7.6, (H),
2.81 (2H, s, El2), 2.21 (3 H, s, ArElz); 1°C NMR (126 MHz, CDC4) § ppm 177.0(CO),
144.3 Cq), 141.1 Cg), 135.8 Cq), 129.2 (2 x AEH), 128.5 (2 x AEH), 127.6 (2 x AEH),
127.5 (2 x ACH), 126.3 (ACH), 46.8 CH), 41.7 CH>), 21.0 CHa); IR vmax(neat) / crmt
3055, 3025, 3003, 2920, 2858, 1697, 1577, 15IRMS (ESI*): CieH1sNaO2 [M + Nag]™:
calculated 285.0862, found 285.08475 +1.6 ppm.
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Synthesis ofN-methyl-3-(4-methylphenyl)-3-phenylpropanamide 393a

I 0]
S
General procedure E was followed, using &89@a (800 mg, 3.33 mmol), N#e.HCI (338

mg, 5.00 mmol), TBTU (1.71 g, 5.33 mmol) and DIPEA72 mL, 13.3 mmol). Purification
by column chromatography, eluting with 50-60% EtOf&c hexane, afforded thétle

I=

compound640 mg, 2.53 mmol, 78%) as a colourless solicctvinas crystallised from EtOAc

to yield colourless crystals. The data is in acaood with the literatur€.

IH NMR (400 MHz, CDC4) & ppm 7.30 — 7.14 (5H, m, 5 x AKQ, 7.13 — 7.06 (4H, m, 4 x
ArCH), 5.19 (1H, s, W), 4.53 (1H, tJ=7.8, tH), 2.86 (2H, d,J = 7.8, (H>), 2.65 (3H, d,]
= 4.9, NGHs), 2.29 (3H, s, Ar€lz). *C NMR (101 MHz, CDC4) § ppm 171.8 CO), 144.0
(Cq), 140.8 Cg), 136.1 Cq), 129.3 (2 x ACH), 128.6 (2 x A€CH), 127.7 (2 x ACH), 127.6 (2
x ArCH), 126.5 (ACH), 47.0 CH), 43.4 CH>), 26.3 (NCH3), 21.0 (AICH3); IR vmax(neat) /
cmt 3271, 3097, 3061, 2966, 2929, 1635, 1566, 1BEMS (ESI*): Ci7H20NO [M + H]*:
calculated 254.1539, found 254.15485 -3.4 ppm.

Synthesis of methyl[3-(4-methylphenyl)-3-phenylpropllamine 394

S
Following a modified procedure by Williamsenal®’ to a stirred suspension of LiAIH299

mg, 7.88 mmol) in THF (8 mL) at @ was added a solution of amigd®3a (500 mg, 1.97

mmol) in THF (2 mL) dropwise. The reaction mixtuws stirred for 5 min at 8C before

I=

warming to RT and then heated at reflux for 3 he Témaction mixture was cooled t¢© and
the reaction was quenched through the dropwisdiaddif HO (12.0 eq.), agueous NaOH (2
M, 2.0 eq.) and kD (2.0 eq.). The resulting slurry was dried ovepd@, filtered through a
pad of Celite and was washed with EtOAc. Conceotraih vacuoafforded theitle compound
(420 mg, 1.75 mmol, 89%) as a pale yellow oil. Taéa is in accordance with the literat(fre.

200



'H NMR (300 MHz, CDC4) & ppm 7.31 — 7.20 (4H, m, 4 x AHJ, 7.19 — 7.05 (5H, m, 5 x
ArCH), 3.97 (1H, tJ = 7.8, GtHCHy), 2.56 (2H, tJ = 7.3, GH2NH), 2.39 (3H, s, NHE3), 2.30
(3H, s, ArCHa), 2.26 — 2.14 (2H, m, CH4); 13C NMR (75 MHz, CDC}) § ppm 145.0Cy),
141.7 Cq), 135.7 Cq), 129.2 (2 x AEH), 128.5 (2 x AEH), 127.7 (2 x AEH), 127.7 (2 x
ArCH), 126.1 (ACH), 50.4 (GH42NH), 48.7 CHCH,), 36.3 (NHCH3), 35.5 CH), 21.0
(ArCHzs); IR vmax(neat) / crmt 3083, 3056, 2925, 2861, 2792, 1599, 1511, 1483VIS (ESI):
Ci7H2:NNa [M + NaJ': calculated 262.1566, found 262.15685 -0.8 ppm.

Synthesis ofN-chloro(methyl)[3-(4-methylphenyl)-3-phenylpropyllamine 388

N/
Cl

General procedure C was followed, using an3®4 (200 mg, 0.84 mmol) and NCS (140 mg,
1.05 mmol). Purification by column chromatograplkeiuting with 10% EtOAc in hexane
afforded thetitle compound(181 mg, 0.66 mmol, 79%) as a colourless oil. da& is in

accordance with the literatuf®.

IH NMR (400 MHz, CDC4) & ppm 7.30 — 7.22 (4H, m, 4 x AH}, 7.19 — 7.06 (5H, m, 5 x
ArCH), 4.03 (1H, tJ = 7.9, GHCHy), 2.88 (3H, s, NEl3), 2.83 — 2.77 (2H, m, i€2N), 2.40 —
2.35 (2H, m, CHEly), 2.29 (3H, s, Ar€l3); 13C NMR (101 MHz, CDC}) § ppm 144.7 Cq),
141.4 Cq), 135.8 Cq), 129.2 (2 x AEH), 128.5 (2 x A€H), 127.8 (2 x AEH), 127.7 (2 x
ArCH), 126.2 (ACH), 64.3 CH2N), 53.2 (NCH3), 47.7 CH), 34.0 (CHCHy), 21.0 (ACHy);
IR vmax (Neat) / crt 3058, 3024, 2983, 2952, 2920, 1598, 1511, 149RMS (ESI):
C17H2:%°CIN [M + H]* : calculated 274.1357, found 274.1359 -0.2 ppm.
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Synthesis of 1,7-dimethyl-4-phenyl-1,2,3,4-tetrahydquinoline 396a and 396b

‘N EN
I I

396a 396b

10.4:1
General Procedure D was followed, using chloroan3i®& (100 mg, 0.37 mmol), MeSB

(240 pL, 3.70 mmol) and FeS@H.O (10 mg, 0.037 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexan®rafed an inseperable mixture of the
regioisomerictitte compoundg64 mg, 0.27 mmol, 73%) as a colourless oil. Thtads in

accordance with the literatuf®.

'H NMR signals for the major product report@é6a (400 MHz, CDC4) § ppm 7.30 — 7.25
(2H, m, 2 x ArG), 7.21 — 7.17 (1H, m, Ar@), 7.12 — 7.09 (2H, m, 2 x Ald), 6.62 (1H, d,
J=7.6, ArcH), 6.49 (1H, s, Ar€l), 6.39 (1H, dJ = 7.6, ArcH), 4.09 (1H, tJ = 6.2, GHCHo),
3.23 — 3.11 (2H, m, NB2), 2.93 (3H, s, NEl3), 2.29 (3H, s, Ar€ls), 2.26 — 2.19 (1H, m,
CHCHy), 2.12 — 2.02 (1H, m, CHf); 13C NMR signals for the major product reportgd@6a
(101 MHz, CDC#) 5 ppm 146.8 (2 xCy), 137.2 Co), 129.8 (ACH), 128.7 (2 x AE€H), 128.3
(2 x ArCH), 126.1 (ACH), 122.1 Cq), 117.1 (ACH), 111.8 (ACH), 48.7 (NCH»), 43.2
(NCHg), 39.3 CHCHy), 31.3 (CHCHy), 21.7 (AICH3); IR vmax(neat) / cmt 3076, 3063, 2975,
2950, 1640, 1568, 1452, 1413RMS (ESI*): Ci7H20N [M + H]™: calculated 238.1590, found
238.1585A = -2.1 ppm.

Synthesis of methyl 3-phenyl-3-[3-(trifluoromethylphenyl]propanoate 391b

IO
O

CFj

General procedure F was followed, using metnghs-cinnamate (1.50 g, 9.25 mmol), 3-
(trifluoromethyl)phenylboronic acid (2.20 g, 11.6mal, 1.25 eq.), [Rh(cod)g]l(46 mg, 0.093

202



mmol) and BN (1.30 mL, 9.25 mmol). Purification by column chratography, eluting with
EtOAc in hexane afforded thigle compound2.74 g, 8.88 mmol, 96%) as a pale yellow oil.
The data is in accordance with the literatifre.

IH NMR (300 MHz, CDC4) & ppm 7.52 — 7.36 (4H, m, 4 x AKQ, 7.34 — 7.18 (5H, m, 5 x
ArCH), 4.62 (1H, tJ = 8.0, GHCHy), 3.59 (3H, s, El3), 3.07 (2H, dJ = 8.0, HCO); 13C
NMR (101 MHz, CDC4) 6 171.9 CO), 144.4 Cg), 142.5 Cg), 131.2 (ACH), 130.9 (q,
J=32.1,CCR), 129.1 (ACH), 128.8 (2 x ACH), 127.6 (2 x ACH), 127.0 (ACH), 124.4
(9,d=3.7, ACHCCR), 124.1 (9 = 272.4CF3),123.6 (g J = 3.7, ACHCCR), 51.8 CH3),
46.8 (CH), 40.4 CH>); IR vmax(neat) / cmt 3063, 3029, 2953, 2922, 1735 (CO), 1637, 1495,
1436; HRMS (ESI*): Ci7HisFsNaQ: [M + Na]™: calculated 331.0916, found 331.09165+
+0.1 ppm.

Synthesis of 3-phenyl-3-[3-(trifluoromethyl)phenylpropanoic acid 392b

Eo
O OH

CF3

To a stirred solution of est801b(2.00 g, 6.49 mmol) in MeOH (22 mL) was added amse
2 M NaOH (22 mL, 0.30 M). The RM was then heatedeftux and stirred for 2 h. The RM
was cooled to RT and the reaction was quenched adithition of 4 M HCI until pH 7. The
agueous phase was extracted with EtOAc (3 x 50 mhg. combined organic extracts were
dried over NaSQy and concentrateith vacuo Crystalisation from hexane : EtOAc (9:1) to to
afford thetitle compound1.40 g, 4.77 mmol, 73%) as a colourless crysil#olid. The data
is in accordance with the literatuf®.

'H NMR (400 MHz, CDC4) & ppm 7.58 — 7.36 (4H, m, 4 x AHQ, 7.35 — 7.17 (5H, m, 5 x
ArCH), 4.59 (1H, tJ = 7.9, GHCH,), 3.12 (2H, ddJ = 7.9, 2.0, El»); 13C NMR (101 MHz,
CDCL) & ppm 176.5 CO), 147.2 Cy), 144.2 Cq), 142.2 Cg), 131.1 (ACH), 131.0 (gJ =
32.1,Cy), 129.2 (ACH), 128.9 (2 x ACH), 127.6 (2 x A€H), 127.1 (ACH), 124.4 (qJ =
3.8, ACHCCRs), 124.1 (qJ = 272.3,CF3), 123.7 (qJ = 3.8, ACHCCRs), 46.5 CH), 40.1
(CH2); IR vmax(neat) / cmt 3064(Br.OH), 3027, 2958, 2910, 1696, 1628, 149@81KIRMS
(ESI*): CieH13FsNaG: [M + Na]*: calculated 317.0760, found 317.07A95 -0.2ppm.
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Synthesis ofN-methyl-3-phenyl-3-[3-(trifluoromethyl)phenyl]propa namide 393b

I 0O
(W
H

CF,

General procedure E was followed, using &9@b (800 mg, 2.72 mmol), N#e.HCI (275
mg, 4.08 mmol), TBTU (1.40 g, 4.35 mmol) and DIPEA90 mL, 10.9 mmol). Purification
by column chromatography, eluting with 30-40% EtOAc hexane, afforded thétle
compound430 mg, 1.40 mmol, 34%) as a colourless oil. @a& is in accordance with the

literature’®

IH NMR (300 MHz, CDC4) & ppm 7.57 — 7.34 (4H, m, 4 x AKQ, 7.34 — 7.12 (5H, m, 5 x
ArCH), 5.27 (1H, s, M), 4.68 (1H, tJ = 7.7, KHCH.), 2.88 (2H, dJ = 7.8, GHH2CO), 2.67
(3H, d,J = 4.8, (H3). 3C NMR (101 MHz, CDC}) 5 171.0 CO), 144.8 Cg), 142.8 Cy), 131.4
(ArCH), 130.8 (qJ = 32.1,C4CHR), 129.0 (ACH), 128.8 (2 x A€CH), 127.7 (2 x ACH), 126.9
(ArCH), 124.2 (q,J = 3.8, ACHCCR), 124.1 (q,d = 272.4,CFg), 123.5 (q,Jd = 3.7,
ArCHCCR), 47.0 CH), 43.1 CH>), 26.3 CHs); IR vmax(neat) / crmt 3296, 3088, 3066, 2942,
1642, 1562, 1494, 14464RMS (ESI*): Ci7H16FsNNaO [M + Nal: calculated 330.1076,
found 330.1087A = +3.3 ppm.

Synthesis of methyl({3-phenyl-3-[3-(trifluoromethy)phenyl]propyl})amine 395

O }

CF;

Ir=

To a stirred solution of amidg93b (310 mg, 1.01 mmol) in THF (5 mL) at°’G was added
dropwise a solution of B§(4 mL of a 1 M solution in THF, 4.0 eq.) dropwiSéne reaction
mixture was stirred at @ for 15 min, then heated to reflux and stirred@dr. The reaction
mixture was cooled to 8C and the reaction was quenched with 4 M NaOH (§ dnapwise.
The phases were separated and the aqueous phasetiaated with EtOAc (3 x 20 mL). The
combined organic phases were dried over Mg&@ concentrateith vacuo Purification by
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SCX cartridge afforded théle compound134 mg, 0.46 mmol, 45%) as a yellow oil. The data

is in accordance with the literatui®.

H NMR (400 MHz, CDC}) § ppm 7.50 (1H, s, ArB), 7.46 — 7.34 (3H, m, 3 x Aid), 7.33
—7.16 (5H, m, 5 x Ar@), 4.09 (1H, tJ = 7.8, GICHy), 2.54 (2H, tJ = 7.3, GHoNH), 2.39
(3H, s, (H3), 2.31 — 2.21 (2H, m, CH&); 1°C NMR (101 MHz, CDGJ) § 145.6 Cq), 143.4
(Cy), 131.2 (ACH), 130.7 (dJ = 32.0,C{CFs), 129.0 (ACH), 128.8 (2 x A€H), 127.9 (2 x
ArCH), 126.7 (ACH), 124.4 (qJ = 3.7, ACHC,CRs), 124.2 (qJ = 272.3,CFs) 123.2 (q,

3.8, AICHC,CFs), 49.7 (NCH2), 48.6 CH), 36.3 (NCH3), 34.6 CH>) ; IR vmax(neat) / crit

3062,3029, 2936, 2850, 2797, 1599, 1493, 14/BMS (ESI*): Ci7H1sFsNNa [M + NaJ:

calculated 294.1391, found 294.1492+ -0.8 ppm.

Synthesis ofN-chloro(methyl){3-phenyl-3-[3-(trifluoromethyl)phenyl]propyl}amine 389

General procedure C was followed, using and8g (120 mg, 0.41 mmol) and NCS (68 mg,
0.51 mmol). Purification by column chromatograpkjyting with 10% EtOAc in hexane
afforded thetitle compound(110 mg, 0.34 mmol, 82%) as a colourless oil. Th& is in

accordance with the literatuf®.

IH NMR (400 MHz, CDC4) & ppm 7.51 (1H, s, Ar8), 7.46 — 7.37 (3H, m, 3 x Ald), 7.32
—7.19 (5H, m, 5 x Arfl), 4.20 — 4.10 (1H, ] = 7.9, GH), 2.88 (3H, s, €3), 2.78 (2H, tJ =
6.8, (H2NClI), 2.46 — 2.36 (2H, m, CH@); 13C NMR (126 MHz, CDC}) § 145.5 Cg), 143.3
(Cy), 131.3 (ACH), 130.8 (gJ = 32.0,C4CHRs), 129.0 (ACH), 128.8 (ACH), 127.9 (ACH),
126.7 (AICH), 124.6 (g,J = 3.8, ACHCCR), 124.2 (q,J = 272.4,CFs). 123.3 (g,J = 3.8,
ArCHCCHR), 63.7 (NCHy), 53.2 (NCH3), 47.7 CH), 33.8 CH2); IR vmax(neat) / crit 3062,
3028, 2952, 2881, 1599, 1494, 1445, 13RRMS (ESI*): CiH1s®CIFsN [M + H] *:
calculated 328.1074, found 338.1089+ -2.1 ppm.
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Synthesis of 1-methyl-4-[3-(trifluoromethyl)phenyl}1,2,3,4-tetrahydroquinoline 397b

O CF3
I N

General procedure D was followed, using chloroand®@ (100 mg, 0.31 mmol), MeSH
(200 pL, 3.10 mmol) and FeS@H.O (9 mg, 0.031 mmol). Purification by column
chromatography, eluting with 10% EtOAc in hexarferafed thetitte compound69 mg, 0.24

mmol, 77%) as a colourless oil. The data is in edaoce with the literaturé.

'H NMR (300 MHz, CDC¥) & ppm 7.50 — 7.35 (3H, m, 3 x 8H), 7.25 (1H, dJ = 7.6,
ArCH), 7.18 — 7.10 (1H, m, Am8), 6.70 — 6.67 (2H, m, 2 x Atd), 6.57 (1H, td,) =7.3, 1.1,
ArCH), 4.24 — 4.15 (1H, m, I9CH,), 3.31 — 3.07 (2H, m, @2N), 2.94 (3H, s, E3), 2.35 —
2.01 (2H, m, CHEl»); *C NMR (101 MHz, CDC4) & ppm 147.5 Cg), 146.8 Cg), 132.2
(ArCH), 130.7 (gJ = 32.0,C,CRs), 129.8 (ACH), 128.8 (ACH), 128.0 (ACH), 125.3 (qJ
= 3.8, AICHCCR), 124.3 (qJ = 272.3CF3), 123.8 (Cg), 123.1 (qJ = 3.8, ACHCCR), 116.5
(ArCH), 111.3 (ACH), 48.4 (NCH>), 43.4 CHCHz), 39.2 CHs3), 31.1 CH>); IR vmax(neat) /
cmt 3066, 3026 2945, 2927, 1602, 1503, 1444, 1BE2MS (ESI*): CiHi7FsN [M + H]™*:
calculated 292.1308, found 292.13235 -1.7ppm.

Synthesis of 4-benzoyl-1-chloropiperidine 401

N
|

Cl
A solution of benzoyl piperidine HCI (1.00 g, 4.88nol) was dissolved in # (10 mL) and
basified to pH 9 using aqueous NaOH (2 M, 15 mlhje Bqueous phase was extracted with
EtOAc (3 x 50 mL). The combined organic extractseadried over MgS@and concentrated
in vacuowhich afforded the crude amine. To a solutionhef ¢trude amine in DCM (22 mL)
was added NCS (722 mg, 5.41 mmol) and the RM waedtfor 3 h at RT. Purification by
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column chromatography, eluting with 10% EtOAc irxéuwee afforded thétle compound790

mg, 3.53 mmol, 82%) as a white solid.

'H NMR (500 MHz, CDC4) 6 ppm 7.95 (2H, dd) = 8.3, 1.1, 2 x Ar€@l), 7.64 — 7.58 (1H, m,
ArCH), 7.51 (2H, tJ) = 7.7, 2 x Ar®H), 3.56 (2H, dJ = 9.5, NGH>), 3.37 (1H, tJ = 10.7, G),
3.11 - 3.00 (2H, m, N&y), 2.14 — 2.02 (2H, m, CHe), 1.97 (2H, dJ = 14.1, CHGp); 13C
NMR (101 MHz, CDC3) 6 201.5 CO), 135.7 Cg), 133.2 (ACH), 128.8 (2 x ACH), 128.3
(2 x ArCH), 62.0 (2 x NCHy), 42.0 CH), 29.8 (2 xCH2CH); IR vmax(neat) / crmt 3047, 2960,
2940, 2921, 2836, 1673, 1593, 15HRMS (ESI*): Ci2H1sCINO [M + H]": calculated
224.0837, found 224.0834,= +0.6 ppm.

Synthesis of 4-benzoyl-1-(5,6,7,8-tetrahydronaphthen-2-yl)piperidine 403

L
Ph

0]
To a stirred solution of the chloroamin@1 (100 mg, 0.45 mmol) in DCM (0.45 mL) atC
was added tetralin (610 pL, 4.50 mmol) MeHd295 uL, 4.50 mmol) and FeS@H.O (12
mg, 0.045). The RM was stirred afO for 1 h. The RM was basified using 2 M NaOH (pH
9). The two phases were separated and the aquease was extracted with DCM (3 x 15
mL). The organic phases were combined, dried ovg6® and concentrateth vacuo

Purification by column chromatography, eluting wilCM in hexane afforded thatle

compoundk (48 mg, 0.15 mmol, 33%) as a colourless oll.

IH NMR (500 MHz, CDC4) § ppm 8.00 — 7.93 (2H, m, 2 x AHJ, 7.60 — 7.54 (1H, m, Arg),
7.48 (2H, tJ = 7.6, 2 x ACH), 6.97 (1H, dJ = 8.3, Ar(H), 6.76 (1H, dJ = 7.7, ACH), 6.68
(1H, s, ACH), 3.69 (2H, dtJ = 6.1, 2.8, NEi2), 3.42 — 3.31 (1H, m,l@CO), 2.88 — 2.77 (2H,

m, NCH), 2.73 — 2.68 (4H, m, 2 xg62), 2.04 — 1.91 (4H, m, 2 xHzCH), 1.82 — 1.74 (4H,

m, 2 x GH2); 3C NMR (126 MHz, CDC#$) 6 ppm 202.5 CO), 137.6 Cg), 136.1 (2 *Cy),
133.0 (AICH), 129.7 (2 x A€H), 128.9 Cy), 128.8 (2 x A€H), 128.3 (ACH), 117.4 (ACH),
115.1 (AICH), 50.2 (2 x NCH>2), 43.6 CH), 29.9 (2 xCH2CH), 28.7 CbH2), 28.6 CoH>), 23.5
(CaH2), 23.4 CaH2); IR vmax(neat) / cmt 3057, 3013, 2854, 2834, 2801, 1679, 1609, 1597;
HRMS (ESI*): Cx2H2sNNaO [M + NaJ': calculated 342.1828, found 342.18255 -0.9 ppm.
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Synthesis of 405
0
O

To a stirred solution of the chloroamid@1 (100 mg, 0.45 mmol) in DCM (0.45 mL) atC
was added toluene (480 pL, 4.50 mmol) MelS@295 pL, 4.50 mmol) and Fe3@H:0 (12
mg, 0.045). The RM was stirred afO for 1 h. The RM was basified using 2 M NaOH (pH
9). The two phases were separated and the aquease was extracted with DCM (3 x 15
mL). The organic phases were combined, dried ovg6® and concentrateth vacuo
Purification by column chromatography, eluting wilCM in hexane afforded thatle
compounds inseparable regioisomers, 0 : m: p, 3.6 : 3.8 (42 mg, 0.13 mmol, 29%) as a
colourless oil. NMRs reported as a mixture of threé regioisomers.

'H NMR (400 MHz, CDC}) 6 ppm 7.99 — 7.93 (2H, m), 7.57 (1H, ddd; 7.9, 2.3, 1.1), 7.48
(2H, dd,J 11.6, 4.2), 7.18 (0.22H, d= 8.8, Ar(H, 0), 7.15 (0.44H, )= 7.7, ACH, m), 7.07
(0.68H, dJ=8.2, 2 x ArC, p), 6.88 (0.68H, d] = 8.2, 2 x ACH,p), 6.83 — 6.65 (1.98H, m,
6 ArCH, o andm), 3.79 — 3.65 (2H, m, Nid), 3.43 — 3.32 (1H, m, i§), 2.85 (2H, m, NEi>),
2.33 (0.66H, s, B3 0), 2.32 (1.32H, s, B3, m), 2.27 (1.02H, s, Bz, p), 2.01 — 1.92 (4H, m,
2 x CH2CH); 13C NMR (101 MHz, CDC4) 6 ppm 202.5CO), 151.7 Cq), 150.3 Cq), 149.6
(Cq), 138.8 (@), 136.3 Cg), 136.1 (ACH), 136.0 Cq), 133.1 (ACH), 133.0 (ACH), 129.7
(ArCH), 129.4 Cg), 129.0 (ACH), 128.8 (ACH), 128.3 (ACH), 120.6 (ACH), 119.2
(ArCH), 117.6 (ACH), 117.1 (ACH), 115.5 (ACH), 113.8 (ACH), 50.1 (NCH>), 49.6
(NCHy), 43.6 CH), 28.7 (ACH3, 0), 28.7 (AICHs, m), 28.5 (AICH3, p), 21.8 CH2CH), 20.5
(CH2CH); IR vmax(neat) / cmt 3057, 3026, 2948, 2921, 2807, 2748, 1678, 150MIS (ESI*):
C19H22NO [M + H]*: calculated 279.2, found 280.4.
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Synthesis of 1-chloro-4-phenylpiperidine 410

Ph

8

N

Cl

General procedure B was followed, using 4-phengpgine (190 mg, 1.18 mmol) and NCS
(198 mg, 1.48 mmol). Purification by column chroombphy, eluting with 10% EtOAc in
hexane afforded thitle compound212 mg, 1.08 mmol, 92%) as a white solid.

IH NMR (500 MHz, CDC#) & ppm 7.35 (2H, ddJ = 10.5, 4.5, 2 x Ar@), 7.28 — 7.21 (3H,
m, 3 x Ar(H), 3.60 (2H, dJ = 11.2, NCH>), 3.04 (2 H, tJ = 11.2, NCH»), 2.71 — 2.60 (1H,
m, CH), 2.12 — 1.98 (2H, m, I8:CH), 1.92 (2 H, dJ = 13.1, G42CH); 13C NMR (126 MHz,
CDCl) 6 ppm 144.9 Cg), 128.6 (2 x A€H), 126.8 (2 x A€CH), 126.5 (ACH), 63.4 (2 x
NCH_), 41.2 CH), 35.0 (2 xCH,CH); IR vmax(neat) / crmt 3026, 2936, 2918, 2902, 2826,
1493, 1468, 145HRMS (ESI*): C11H1sCIN [M + H]™*: calculated 196.0888, found 196.0890,
A -1.3 ppm.

Synthesis of 4-phenyl-1-(5,6,7,8-tetrahydronaphthah-2-yl)piperidine 411
b

To a stirred solution of the chloroamia&0 (100 mg, 0.51 mmol) in DCM (0.51 mL) aC
was added tetralin (695 pL, 5.10 mmol) MeS@330 pL, 5.10 mmol) and Fe3@H:0 (14
mg, 0.051). The RM was stirred afO for 1 h. The RM was basified using 2 M NaOH (pH
9). The two phases were separated and the aquease was extracted with DCM (3 x 15
mL). The organic phases were combined, dried ovg6® and concentrateth vacuo
Purification by column chromatography, eluting willCM in hexane afforded thatle

compoundkx (39 mg, 0.13 mmol, 26%) as a colourless oil.

IH NMR (400 MHz, CDC}) & ppm 7.38 — 7.15 (5H, m, 5 x Arg, 6.97 (1H, dJ = 8.1,
ArCH), 6.78 (1H, dJ = 8.1, ArcH), 6.70 (1H, s, Ar€l), 3.72 (2H, dJ = 11.4, 2 x NE&),
2.79 — 2.66 (7H, m, includesH; 2 x GH>, 2 CH2CH), 1.92 (4 H, s, 2 x CHeY), 1.77 (4H, s,
J=2.0, 2 x GHz); °C NMR (101 MHz, CDCJ) & ppm 149.9 C,), 146.3 Cq), 137.6 Cy),
129.7 (AICH), 128.7 Cq), 128.5 (2 x AEH), 126.9 (2 x AEH), 126.3 (ACH), 117.4 (ACH),
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115.1 (AICH), 51.3 (2 x NCH>), 42.6 CH), 33.5 (2 xCH2CH), 29.9 CoH>), 28.6 CuH2), 23.6
(CaH2), 23.4 CaH2); IR vmax(neat) / crmt 3058, 3025, 2923, 2852, 2798, 1736, 1681, 16009;
LCMS C2iH26N [M+H] " calculated 292.2, measured 292.2.

Synthesis of 412

OO

To a stirred solution of the chloroamia&0 (100 mg, 0.51 mmol) in DCM (0.45 mL) atC
was added toluene (545 pL, 5.10 mmol) MeS@30 uL, 5.10 mmol) and FeS®@H.O (14
mg, 0.051). The RM was stirred afO for 1 h. The RM was basified using 2 M NaOH (pH
9). The two phases were separated and the aqubase was extracted with DCM (3 x 15
mL). The organic phases were combined, dried ovg6® and concentrateth vacuo
Purification by column chromatography, eluting willCM in hexane afforded thatle
compounds inseperable regioisomers, o : m: p, 3.5 : 8.0 (39 mg, 0.14 mmol, 39%) as a
colourless oil. All data reported as a mixturehd three regioisomers.

'H NMR (400 MHz, CDC4¥) & ppm 7.30 — 7.10 (5H, m, 5 x AHJ, 7.09 — 7.04 (0.36H, m,
ArCH, m), 7.02 — 6.99 (0.76H, m, 2 x AK; p), 6.85 - 6.82 (0.76H, m, 2 x AKC p), 6.78 —
6.70 (1.5H, m,5H includes andm ArCH), 6.67 (0.36H, ddJ = 8.8, 3.0, Ar®, m), 6.61
(0.26H, dJ=7.4, Ar(H, 0), 3.77 — 3.62 (2H, m, Nigp), 3.52 — 3.46 (2H, m, Nid»), 2.78 —
2.49 (5H, m, include 2 x KE>CH and ), 2.26 (0.78H, s, Bs, 0), 2.25 (1.08H, s, B3, m),
2.20 (1.14H, s, B3, p); 13C NMR (101 MHz, CDC4) & ppm 151.7 C), 150.3 Cq), 149.6
(Cq), 144.9 Cy), 136.3 Cg), 136.1 (ACH), 136.0 Cq), 133.0 (ACH), 129.7 (ACH), 129.4
(Cy), 129.0 (ACH), 128.6 (2 x A€H) 126.8 (2 x A€CH), 126.5 (ACH), 120.6 (ACH), 119.2
(ArCH), 117.6 (ACH), 117.1 (ACH), 115.5 (ACH), 113.8 (ACH), 51 (2 x NCH>), 43.6
(CH), 28.7 (AICH3, 0), 28.6 (AICH3, m), 28.5 (AICHS3, p), 22.0 (2 XCH2CH) ; IR vmax(neat) /
cm! 3060, 3028, 2948, 2923, 2810, 2748, 1595, 14EYIS data could not be obtained
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Synthesis of methyl (S)-2-(8-(4-benzoylpiperidin-$4)-5-chloro-6-methoxynaphthalen-2-
yl)propanoate 433a

To a stirred solution of the chloroamin@l1 (183 mg, 0.82 mmol) in DCM (0.45 mL) atC

was added (2S)-2-(6-methoxynaphthalen-2-yl)propn@d@@0 mg, 0.41 mmol) MeS8 (535

puL, 8.20 mmol) and FeSOHO (23 mg, 0.082 mmol). The RM was stirred &C0for 1 h.

The RM was basified using 2 M NaOH (pH 9). The ptases were separated and the aqueous
phase was extracted with DCM (3 x 15 mL). The oigahases were combined, dried over
MgSQs and concentrated vacuo Purification by column chromatography, elutingmbCM

in hexane afforded thti#tle compound40 mg, 0.09 mmol, 22%) as a colourless oil.

IH NMR (400 MHz, CDC}) & ppm 8.17 (1H, dJ = 8.8, Ar(H), 8.04 — 7.97 (3H, m, 3 x
ArCH), 7.63 — 7.56 (1H, m, A8), 7.50 (3H, m, 3 x Ar€l), 6.93 (1H, s, ArEl), 4.01 (3H, s,
COOH3), 3.95 - 3.86 (1H, m, CG3€H), 3.67 (3H, s, OB3), 3.55-3.45 (3H, m, includesHC
and NGHz), 2.95 (2 H, ddJ = 15.9, 6.9, NEl), 2.27 — 2.05 (4H, m, 2 x NGBH), 1.59 (3H,
d,J = 7.2, H3CH); 13C NMR (125 MHz, CDC}) § ppm 204.8CO), 177.9 CO), 157.1 Cy),
144.1 Cq), 140.6 Cq), 136.5 Cg), 131.2 Cg), 128.8 (2 x AEH), 127.4 Cq), 127.3 (2 x AEH),
126.4 (AICH), 125.1 (ACH), 124.3 (ACH), 124.1 (ACH), 110.0 Cq) 105.5 (ACH), 54.6
(OCH3), 45.6 (2 x NCHCH), 45.3 (COQ@Hs), 42.7 CHCO), 41.0 CH), 28.6 (2 x
CH2CH:N), 17.4 (CHCHa); IR vmax(neat) / crt 3055, 2947, 2850, 2808, 1731, 1678, 1593,
1461;HRMS (ESI*): Co7H2sCINNaQ: [M + NaJ': calculated 488.1599, found 488.15975
+0.5 ppm.
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Synthesis of methyl (S)-2-(5-chloro-6-methoxy-8-(ghenylpiperidin-1-yl)naphthalen-2-
yl)propanoate 433b

To a stirred solution of the chloroamia&0 (160 mg, 0.82 mmol) in DCM (0.45 mL) atC

was added (2S)-2-(6-methoxynaphthalen-2-yl)propn@d@@0 mg, 0.41 mmol) MeS8 (535

pL, 8.20 mmol) and FeSO'H,O (23 mg, 0.082). The RM was stirred &0for 1 h. The RM
was basified using 2 M NaOH (pH 9). The two phasese separated and the aqueous phase
was extracted with DCM (3 x 15 mL). The organic ggswere combined, dried over MgSO
and concentrateth vacuo Purification by column chromatography, elutingtwDCM in
hexane afforded thitle compound36 mg, 0.09, 22%)

'H NMR (400 MHz, CDC%) 6 ppm 7.99 (1H, dJ = 1.7, Ar(H), 7.94 (1H, dJ = 8.7, Ar(H),
7.44 (1H, ddJ = 8.7, 1.7, Ar®), 7.33 — 7.25 (4H, m, Arg), 7.21 — 7.15 (1H, m, Arg),
6.83 (1H, s, Ar@l), 3.95 (3H, s, COORg), 3.91 — 3.78 (1H, m, Gi&€H), 3.60 (3H, s, GH3),
3.50 - 3.37 (2H, m, B»), 2.85 — 2.59 (3H, m, includesHZ CH>), 2.13 — 1.90 (4H, m, 2 x
CHCHy), 1.54 (3H, dJ = 7.2, H3CH); *C NMR (126 MHz, CDC})  ppm 175.0CO), 149.4
(Cq), 145.9 Cg), 137.4 Cy), 135.8 Cq), 131.0 Cg), 128.8 (2 x A€H), 127.4 Cg), 127.0 (2 x
ArCH), 126.4 (ACH), 125.1 (ACH), 123.7 (ACH), 123.0 (ACH), 112.4 Cq) 106.5 (ACH),
54.5 (OCH3), 52.1 (2 x NCH2), 45.5 (2 x NCHCH?>), 45.3 (CO@H3), 42.5 CHCO), 41.9
(CH) 33.6 (2 XCH2CHN), 17.8 CH3CH); IR vmax(neat) / cmt 3060, 3027, 2977, 2934, 2847,
1733, 1599, 1574HRMS (ESI*): CzH29>°CIO3 [M + H]*: calculated 438.1689, found
438.1690A = +0.5 ppm.

Synthesis of 4-methoxyN-methylaniline 439

~o

_NH

General procedure H was followed, using anisol&4(inL, 10.5 mmol), MeNHOH.HCI (2.54
g, 30.5 mmol), FeGIl(67 mg, 0.53 mmol) and Fe{{1.70 g, 10.5 mmol). Purification by

212



column chromatography, eluting with 20% EtOAc ixéuee afforded thétle compound580
mg, 4.23 mmol, 40%) as a colourless oil. The NMRadsiin accordace with the literaturé.

'H NMR (300 MHz, CDC4) 6 ppm 6.82 (2H, dJ = 8.9, 2 x Ar®), 6.62 (2H, dJ= 8.9, 2 x
ArCH), 3.77 (3H, s, E3), 2.83 (3H, s, E3); 1*C NMR (75 MHz, CDC}) § ppm 152.6 Cq),
142.8 Cg), 115.0 (2 x A€H), 114.3 (2 x ACH), 55.9 (GCH3), 32.1 (NHCH3); IR vmax(neat)
/ cnt 3042, 2989, 2934, 2899, 2831, 2809, 1509, 14EAVIS (ESI*): CsgH12NO [M + H]™:
calculated 138.0913, found 138.09A15 +2.0 ppm.

Synthesis ofN-methyl-5,6,7,8-tetrahydronaphthalen-2-amine 442

nee

General procedure x was followed, using tetrali@O(ing, 0.76 mmol), MeNHOH.HCI (381
mg, 4.56 mmol), FeGIl(5 mg, 0.058 mmol) and FeQ]123 mg, 0.76 mmol). Purification by
column chromatography, eluting with 20% EtOAc ixéwee afforded thétle compound30

mg, 0.19 mmol, 25%) as a colourless oil.

'H NMR (300 MHz, CDC¥) & ppm 6.82 (1H, dJ = 8.2, Ar(H), 6.36 (1H, ddJ = 8.2, 2.6,
ArCH), 6.27 (1H, dJ = 2.6, ArtH), 2.74 (3H, s, NHEB3), 2.66 — 2.55 (4H, m, 2 x48>), 1.72
—1.65 (4H, m, 2 x 2); 13C NMR (101 MHz, CDC})  ppm 150.0 (A€H), 136.4 Cq), 126.1
(ArCH), 120.8 Cq), 118.9 Cq), 106.5 (ACH), 30.6 CHs), 27.4 (AICH>), 24.2 (ACH>), 22.5
(CH2), 22.3 CH2); IR vmax(neat) / cmt 3430, 2927, 2858, 2825, 1590, 1512, 1448, 1435;
HRMS (ESI*): Ci1H1eN [M+H]™: calculated 162.1278, found 162.12A&15 3.6ppm.

Synthesis of 4,4'-di-N-methylbiphenyl 443
H

“C

General procedure x was followed, using biphen§D(fing, 0.65 mmol), MeNHOH.HCI (326
mg, 3.90 mmol), FeGl(7 mg, 0.033 mmol) and FeQ]105 mg, 0.65 mmol). Purification by
column chromatography, eluting with 20% EtOAc irxéwee afforded thétle compound15
mg, 0.071 mmol, 11%) as a colourless oil. The NMRuds in accordance with the literatdi2.

213



IH NMR (300 MHz, CDC4) 6 ppm 7.60 — 7.54 (2H, m, 2 x AKJ, 7.49 (2H, d,J = 8.6, 2 x
ArCH), 7.46 — 7.38 (2H, m, 2 x Ad), 7.32 — 7.23 (1H, m, Ai8), 6.72 (2H, d,J = 8.6, 2 x
ArCH), 2.91 (3H, s, €l3); 13C NMR (101 MHz, CDC4) & ppm 148.8 Cy), 141.3 Cy), 130.2
(Co), 128.7 (2 x AE€H), 127.9 (2 x AEH), 126.3 (2 x AEH), 126.1 (ACH), 112.7 (2 x ACH),
30.8 CHa); IR vmax (neat) / crt 3414, 3054, 3022, 2926, 2812, 1609, 1524, 1488S
(ESI*): C13H1aN [M+H]™: calculated 184.1121, found 184.11A9;5 1.2ppm.

Synthesis of 2-methoxy-N-methylnaphthalen-1-amine4t

o\

General procedure x was followed, using 2-methoggmane (100 mg, 0.63 mmol),
MeNHOH.HCI (316 mg, 3.78 mmol), FeC{6 mg, 0.032 mmol) and Fe{)102 mg, 0.63
mmol). Purification by column chromatography, elgtiwith 20% EtOAc in hexane afforded

thetitle compound10 mg, 0.053 mmol, 8%) as a colourless oil.

IH NMR (300 MHz, CDC4) 5 ppm 8.11 (1H, d] = 8.5, ArCH), 7.79 (1H, d,J = 8.5, ArCH),
7.52 (1H, dJ = 8.9, Ar(H), 7.47 (1H, ddd) = 8.5, 6.8, 1.3, Ar@), 7.35 (1H, ddd) = 8.5,
6.8, 1.3, Ar®), 7.28 (1H, dJ = 8.9, Ar(H), 3.98 (3H, s, 083), 3.00 (3H, s, NHE3); **C
NMR (75 MHz, CDC$) & ppm 148.4 Cy), 129.7 Cy), 128.4 (2 x AEH), 127.8 Cy), 126.4
(ArCH), 125.2 Cq), 124.0 (ACH), 122.3 (ACH), 113.4 (ACH), 57.0 (GCHa), 37.1 (NHCH3);
IR vmax (Neat) / cmt 3364, 3053, 2937, 2837, 1639, 1594, 1574, 1HRMS (ESI*):
C12H14NO [M+H]": calculated 188.1070, found 184.1087; 1.6ppm.

Synthesis of methyl 2-(6-methoxy-5-(methylamino)ndpghalen-2-yl)propanoate 445

O
\O

HN

General procedure x was followed, using naproxemhyheester (100 mg, 0.41 mmol),
MeNHOH.HCI (205 mg, 2.46 mmol), FeC{3 mg, 0.021 mmol) and Fe{{67 mg, 0.41
mmol). Purification by column chromatography, elgtiwith 15% EtOAc in hexane afforded

thetitle compound14 mg, 0.05 mmol, 13%) as a colourless oil.
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IH NMR (300 MHz, CDC}) § ppm 7.97 (1H, dJ = 8.8, Ar(H), 7.58 (1H, d,J = 1.8, ArCH),
7.39 (1H, dJ = 8.9, Ar(H), 7.32 (1H, ddJ = 8.8, 1.8, Ar®), 7.17 (1H, dJ = 8.9, Ar(H),
3.91 — 3.83 (4H, m, includes Gtz and @), 3.60 (3H, sPCHz). 2.90 (3H, s, NHE3), 1.51
(3H, d,J = 7.2, CH®3); 13C NMR (75 MHz, CDC}) & ppm 175.1 CO), 147.6 Cy), 135.7
(Cq), 133.5 Cqg), 130.0 Cq), 127.3 Cg), 126.5 (ACH), 125.3 (ACH), 123.4 (ACH), 122.6
(ArCH), 113.9 (ACH), 56.9 (QCH3), 52.1 (COO@3), 45.3 CHCH), 37.2 (NHCH3), 18.5
(CHa3); IR vmax(neat) / cmt 3365, 2975, 2946, 2839, 1730, 1653, 1599, 16RAMS (ESI):
Ci6H19NNaGz [M+Na]*: calculated 296.1257, found 296.12325 1.7ppm.

Synthesis of methyl 2-({,4-dimethylphenyl)sulfonamido)-3-(4-methoxy-3-
(methylamino)phenyl)propanoate 446

(@] \N/TS
\N ONG
H

)

General procedure H was followed, using protectgabsine (100 mg, 0.26 mmol),
MeNHOH.HCI (108 mg, 1.56 mmol), FeC{2 mg, 0.013 mmol) and Fe{{42 mg, 0.26
mmol). Purification by column chromatography, elgtwith 20% EtOAc in hexane afforded
thetitle compound23 mg, 0.057 mmol, 22%) as a colourless oil.

'H NMR (300 MHz, CDC4) 6 ppm 7.38 (2H, d) = 8.3 Hz, 2 x Ar¢l), 7.08 (2H, dJ = 8.3
Hz, 2 x ArCH), 6.54 (1H, dJ = 8.0, Ar(H), 6.35 (1H, ddJ = 8.0, 2.0, ArC®1), 6.25 (1H, dJ

= 2.0, Ar(H), 4.83 (1H, ddJ =8.6, 7.0, ©l), 3.75 (3H, s, O83), 3.48 (3H, s, CO0Rs3), 3.07
(1H, dd,J = 14.0, 7.0, @), 2.81 (3H, s, NE3), 2.72 (3H, s, NHE3), 2.71 — 2.62 (1H, m,
CH2), 2.31 (3H, s, Ar€lz); 13C NMR (75 MHz, CDC$) & ppm 171.0CO), 146.0 Cqg), 143.0
(Cyg), 139.2 Cqg), 136.2 Cg), 129.2 (2 x ACH), 129.1 Cy), 127.3 (2 x A€CH), 116.7 (ACH),
110.0 (ACH), 109.1 (ACH), 60.5 CHCO), 55.5 (@Hs3), 52.0 (ACH3), 35.5 CH2), 30.4
(NCHg), 30.1 (NCH3), 21.5 (AICHs3); IR vmax(neat) / et 3432, 2950, 2923, 2852, 1737, 1599,
1523, 1449HRMS (ESI*): CaoH26N2NaGsS [M+Na]': calculated 429.1455, found 492.1451,
A = 0.9ppm.
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Synthesis ofN-benzyl-4-methoxyaniline 448

~o

HN

General procedure H was followed, using anisole 0(1thg, 0.92 mmol), N-
benzylhydroxylamine.HCI (881 mg, 5.52 mmol), Fe@ mg, 0.050 mmol) and Fe{]|149
mg, 0.92 mmol). Purification by column chromatodrgpeluting with 20% EtOAc in hexane
afforded thditle compound30 mg, 0.14 mmol, 21%) as a colourless oil. TheRNd&ta is in
accordance with the literatut&’

IH NMR (300 MHz, CDC4) 5 ppm 7.48 — 7.21 (5H, m, 5 x AKJ, 6.81 (2H, dJ = 9.0, 2 x
ArCH), 6.64 (2H, dJ = 9.0, 2 x Ar®), 4.32 (2H, s, €2), 3.77 (3H, s, B3); 13C NMR (101
MHz, CDCk) § ppm 152.2C,), 142.5 Cqg), 139.7 Cq), 128.6 (2 x AEH), 128.0 (2 x AEH),
127.0 (AICH), 115.0 (2 x A€H), 114.2 (2 x A€H), 55.9 (QCH3), 49.3 (NHCH3); IR Umax
(neat) / crmt 3408, 3061, 3028, 2996, 2931, 2904, 2831, 16H@YIS (ESI*): C1aH16NO [M
+ H]": calculated 214.1226, found 214.12265 0.1 ppm.

Synthesis ofN-cyclohexyl-4-methoxyaniline 450

he

General procedure H was followed, using anisole 8(1fiL, 1.09 mmol), N-
cyclohydroxylamine.HCI (992 mg, 6.54 mmol), Fe( mg, 0.055 mmol) and Fe{flL77 mg,
1.09 mmol). Purification by column chromatograpkiuting with 20% EtOAc in hexane
afforded thditle compound65 mg, 0.32 mmol, 29%) as a colourless oil. TheRNdAta is in

accordance with the literatut&:

IH NMR (300 MHz, CDC#) § ppm 6.79 (2H, dJ = 8.9, 2 x ArG), 6.59 (2H, d,J = 8.9, 2 x
ArCH), 3.76 (3H, s, €3), 3.18 (1H, m, &), 2.14 — 2.00 (2H, m, I§2), 1.87 — 1.72 (2H, m,

216



CHy), 1.72 — 1.56 (1H, m, 1H oft@), 1.51 — 1.02 (5H, m, 2 xH& and 1H of G); 13C NMR
(101 MHz, CDC#) § ppm 151.9Cy), 141.6 Cg), 114.9 (2 x AEH), 114.9 (2 x AEH), 55.9
(OCHs), 52.9 (NCH), 33.6 (2 XCH2), 26.0 CH2), 25.1 (2 XCHy); IR vmax(neat) / cri 3389,
2989, 2993, 2926, 2851, 2831, 1509, 143BMS (ESI*): C1sH2NO [M + H]*: calculated
206.1539, found 206.1544,= -2.2 ppm.
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