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Abstract

The development of novel three-component coupliegctions of arynes is under
investigation. The emphasis is on efficient, ceacand elegant routes to small, highly
functionalised aromatic molecules.

In order to extend the three-component coupling hoditlogy to the previously
underexploited 2,3-pyridyne intermedi@eseveral strategies will be described, includimg t
development and reactivity of novel halogen-mexahange aryne precursbr
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Approaches towards the use of arydess electrophilia-arylating reagents for amino acids
are also described. In order to circumvent unddsside-reactions it was found necessary to
use lithiated Schollkopf's bis-lactim eth8ras the nucleophilic glycine equivalent. This
route will be introduced and its development désatj concluding in the presentation of a
range of chiral, arylglycine derivative6, using this methodology. The extension of this

technique to the synthesis of quaternary Schollkegbducts and the resulting hydrolysis
reactions are also illustrated.
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In addition, the discovery of an interesting sidaation, involving the use of nitroacetates
and aryned for the synthesis ao-indolinones9 will be discussed.
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Abbreviations

A Angstrom

Ac acetate

acac acetylacetonate

Ad adamantyl

Ar aryl

BHT 2,6-ditert-butyl-4-methylphenol
BINAP 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
Boc tert-butyloxycarbonyl

Bn benzyl

br. broad

Bt benzotriazole

Bu butyl

BuLi butyllithium

Bz benzoyl

°C degrees centigrade

cat. catalytic

Cl chemical ionisation

cm centimetre

coe cyclooctene

CPME cyclopentyl methylether

CSA camphorsulfonic acid

Cy cyclohexyl

d doublet

DABCO 1,4-diazabicyclo[2.2.2]octane
DCC dicyclohexylcarbodiimide

DCE dichloroethane

dd doublet of doublets

decomp. decomposition

DEPT distortionless enhancement by polarisatiander
dm decimetre

DMAP dimethylaminopyridine

DME dimethoxyethane

DMF dimethylformamide

DMPU 1,3-dimethyl-3,4,5,6-tetrahydrod2{)-pyrimidinone
DMSO dimethyl sulfoxide

dppbenz 1,2-bis(diphenylphosphinyl)benzene
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GC-MS
h
HMBC
HMDS
HMPA
HPLC
HRMS
Hz

i

Me
Met

diastereomeric ratio

doublet of triplets

electrophile

electron-donating group

enantiomeric excess
electron ionisation

equivalent(s)

endocyclic

enantiomeric ratio

electron spray ionisation

ethyl

electron-withdrawing group

exocyclic

gram(s)

gas chromatography-mass spectrometry
hour
Heteronuclear multiple bond correlation
hexamethyldisilazane
hexamethylphosphoramide
high-performance liquid chromatography
high resolution mass spectrometry
Hertz
iSO

id est
infrared spectroscopy
coupling constant

kilocalorie
liquid
ligand
liquid chromatography-mass spectrometry
lithium di-iso-propylamide
literature
lowest unoccupied molecular orbital
molar concentration (mol dfi)

multiplet

meta

methyl

metal



mg milligram(s)

min minute(s)

mL millilitre(s)

mmol millimole(s)

mol mole(s)

MOM methoxymethyl

M.p. melting point

Ms mesyl

MS mass spectrometry

m/z mass/charge

n normal

NCS N-chlorosuccinimide

NIS N-iodosuccinimide

nm nanometre

NMR nuclear magnetic resonance
nOe nuclear Overhauser effect
NOESY nuclear Overhauser enhancement spectroscopy
Nuc nucleophile

o] ortho

OoDG ortho-directing group

P protecting group

p para

Ph phenyl

PMP paramethoxyphenyl
ppm parts per million

Pr propyl

PTSA para-toluenesulfonic acid
q quartet

R general substituent

R¢ retention factor

rt room temperature

S singlet

sorsec secondary

sat. saturated

SM starting material(s)

T temperature

t triplet

t ortert tertiary



TBAB
TBAF
TBAT
TBDPS
TBS
TEMP
Tf
THF
TFA
TLC
TMEDA
TMP
TMS
Tol
trig

Ts

TS
uv
vorV

um

tetrabutylammonium bromide
tetrabutylammonium fluoride
tetrabutylammonium triphenyldifluorosilicate
tert-butyl diphenyilsilyl
tert-butyl dimethyilsilyl
2,2,6,6-tetramethylpiperidinyloxy
trifluoromethanesulfonyl
tetrahydrofuran
trifluoroacetic acid

thin layer chromatography
tetramethylethylenediamine
2,2,6,6,tetramethylpiperidine
trimethylsilyl

toluene

trigonal

tosyl

transition state

ultraviolet

volume

halogen

micrometre(s)
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Chapter 1: Introduction to Arynes
1.1 Reactive Intermediates

Species that are created situ, too unstable to be isolated, and that subsequentiergo
interesting reactions of their own describe an irtggd and widely used group of compounds
known as reactive intermediates. Initially, thestrmictures were tentatively suggested to
account for certain, unexpected reaction outcomeddater further evidence established their
existence and mechanism of formation. Although ynaactive intermediates are charged
species, there is also a series of neutral inteatesdwhich have been increasingly employed
over the past 100 years. This group comprisescamli carbenes, nitrenes and aryhes.
These reactive intermediates are able to undergenransformations and are used as tools
to easily afford compounds which would be difficldt impossible to synthesise by
conventional means.

1.2 Arynes: Structure and History
In 1902, Stoermer and Kahlert observed an unexgegtgcome in a reaction between

3-bromofuran 10, ethanol and base (Scheme?1Yhe product of the reaction, 2-
ethoxybenzofuraill) could not be rationalised by known mechanistiotiséy at the time.

0]
base % 7
Br

10 1 12

Scheme 1Stoermer and Kahlert’s first postulated aryne imtediatel2

They explained this observation by the formatioragfreviously unknown, neutral, reactive
intermediate, didehydrobenzofurail2), the first postulated aryne, formed hyrtho-
elimination of hydrogen bromide frod0. Over the next 50 years, these aryne intermediates
were suggested as explanations for unexpected gradixtures observed in reactions
involving halobenzene¥®® A particularly interesting example was Wittig's énpretation of

the formation of biphenyl(16) when fluorobenzeng13) was allowed to react with
phenyllithium (Scheme 2). His rationalisation involved the proposal of aitrevionic form

of benzyné€l5 formed upon loss of lithium fluoride from intermatk 14.
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©/F PhLi F @@ PhLi O
e ®

13 14 15 16

Scheme 2\Wittig's proposal for the formation of diphery6 from fluorobenzeng€13) and phenyllithium

However, it was not until 1953 that the first cargile evidence of an aryne intermediate was
published. Roberts and co-workers monitored theeasne of the reaction betweéfC-
enriched chlorobenzer{&7) and potassium amide in liquid ammonia (ScheneA3).almost
1 : 1 ratio of aniline isomer8 and 19 were formed with thé“C in theipso and ortho

positions.
¢l KNH, NH, NH, @
—_— +
O w0 U
17 18 19 20

® =14C enriched
Scheme 3Roberts’ classi¢*C labelling experiment; evidence of benzy@6)

Roberts’ explanation was a symmetrical, neutragctebphilic intermediate which he
postulated as benzyr(@0). The fact thabrtho-substituted halobenzenes did not undergo
similar reactions provided further evidence for bgre formation.

At a similar time Huisgéhdemonstrated thaitrtho- and meta-fluoroanisoleg21) and(22)
both afforded identical mixtures of carboxylic a&i@4 and 25 when treated with
phenyllithium followed by carboxylation. This pided evidence to suggest 3-
methoxybenzyné23) as the common intermediate (Scheme 4).

13



OMe

F PhLi

21 OMe 1 PhLi OMe OMe

COH Ph
2.CO, Ph CO,H
OMe
PhLi 23 24 20: 1 25
F
22

Scheme 4Huisgen’s mechanistic evidence for 3-methoxybenZge

Wittig,® Huisger® and Gilmaf' also provided further support of the theory byppiag
benzyng20)in situwith various dienes in cycloaddition reactionshi@woe 5).

@[F Li amalgam ©| Furan
Br
20

26 27

Scheme 5Wittig's Diels-Alder reaction

Although bothmeta- and para-arynes are known, this thesis will only involve thge of
ortho-arynes and these intermediates will be referresiniply as arynes throughout.

Today, arynes are defined as uncharged reactigemetliates created by the formal removal
of two vicinal hydrogen atoms from an aromatic nsale!*** There are several different

representations of benzyne which are commonly udleel: most traditional alkyne-like
structure20, the cumulen@8 or the bi-radicak9 (Figure 1).

J O

20

Figure 1: Different representations oftho-benzyne

The first physical evidence of benzyne was atteduto the almost concurrent work of
Fishef® and Berry®'’ between 1962 and 1964. The former detected benbynmass
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spectrometry upon pyrolysis of three isomeric diioehzenes and measurement of their
ionisation potentials; the latter was able to cbimase benzyne using both UV spectroscopy
and mass spectrometry on investigating the photoed decomposition of
benzenediazonium carboxylates in the gas phase.

The IR spectrum of benzyne was first obtained bg@mari®'®in 1973 by entrapment in a
nitrogen matrix at low temperature. He determittesl CGC bond stretching vibration to be
2085 cnt. However his assignment was challenged in 198Rdxyziszewski when analysis
of the photodetachment speéfréollowed by further experimentation led to theigsment

of the G=C stretching frequency to be 1846°tin a neon matrix* This supports the notion
that the aryne bond is not a true triple-bond &s ftlequency is lower than that of the usual
C=C bond in traditional alkynes# 2150 cri) due to poor orbital overlap. The average
bond order for speci€X) and28 can be considered as being 2.5, rather than 3.

Although a bi-radical structure has also been psefpthis theory is less supported than the
strained alkyne one due to the large singlet-trigiitting of 37.5 kcal.mof and the alkyne-
like behaviour of arynes, in particular their alilito undergo Diels-Alder reactioRs.
Current calculatiorfs indicate that the triple-bond length in benzyn&.259 A (compared to
1.20 A in acetylenes) and the enthalpy of formatibartho-benzyng20) was determined by
Wenthold* to be 106.6 + 3.0 kcal.mbl A fascinating piece of work by Warmdti{’
facilitated the encapsulation of benzyinea hemicarcerand (a type of molecular container),
allowing the measurement of its NMR spectra in sotu Although this data indicated that
benzyne consisted of a more cumulene type strug8rmore recenab initio calculation$®
have indicated a certain degree of localisatiom@ated with the in plana-bond, implying
more acetylinic character.

Although, there is by no means a perfect descnptwd the structure of benzyne, the

acetylinic modeR0 with a small contribution from resonance cumuletmecsure28 (Figure
2) is currently the most accurate.

J —0

Figure 2: Most accurate description of benzyne, existing hghaid between resonance structu28snd28

The structure (Figure 3, a) can be understoodrmgef a new, strainetbond, formed by
the overlap of two Sporbitals orthogonal to the aromatiesystem (Figure 3, c), which itself
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remains unchanged (Figure 3, b). The weaknesseofotind due to poor orbital overlap
produces a highly unstable, electrophilic intermagglivhich has to be createdsitu

G = S =<

Figure 3: (a) ortho-Benzyne; (b) Overlap of p-orbitals to form aromatisystem; (c) Overlap of $prbitals to

form strainedtbond
1.3  Generation of Arynes

There are several different methods of aryne foonahat have been developed since their
initial discovery. The choice of technique depewdsease of synthesis of the precursor
molecule, the type of reaction to be carried ouhwe resulting aryne and the properties of
the other functional groups/reagents present.

Some of the classical methods are highlighted ime8® 6. There are many examples in the
literature of other procedures for benzyne fornmgtguch as the recent work by Gredidy
palladium-catalysedrtho C-H activation of benzoic acids; however, in viefwelevance to
the projects within this thesis only the main typéprocedure are discussed here.

-N
2
2

Qo= ©§
P

30 31

20 N

OC = L
N
X X X = Halogen, -OTf ;

Y =1, Br, -SOPh NH,
32 33 Met = Mg, Li, Na, K, Zn, Cu 35
R = alkyl

Scheme 6Established methods of aryne formation

Several methods involve the elimination of good/ieg groups, either after deprotonation of
theortho proton in species such 88to give31 or after metal-halogen exchange in trtho
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position as in32 to give 33. Other established modes of formation include tthermal
decomposition of benzenediazonium-2-carboxyfat&4) and the oxidative fragmentation of
1-aminobenzotriazol€35).>* The use of34 as a benzyne precursor previously required
careful handling techniques due to the potentigdl@sive risk of the dry salt. Modern
methods of carrying out aprotic diazotisation ofhaanilic acidin situ have circumvented
these issue¥.

The most common methods used in this thesis willdbscribed in more detail in the
following sections.

1.3.1 ortho-Metalation

Electronegative atoms such as halogens (X = FB@l,or pseudohalogens (i.e. triflates)
increase the acidity of thertho proton such that strong bases will regioselecivel
deprotonate in this position at low temperatdre¥43® At this point elimination of the
metal halide/triflate salt occurs, either spontarstp at the same temperature or upon
warming, to form the corresponding aryne. An exiengb this type of aryne generation was
observed by Wittig when fluorobenze(®3) was treated with phenyllithium (Scheme®2).
Another example published by Wickham and Séativolved the treatment of substituted
aryl triflates36 with lithium di-isopropylamide. The benzyné&srmed following elimination
of lithium triflate were trapped by dso-propylamine, generating @so{propylanilines38
and 39; the cine-substitution producB9 is again consistent with a benzyne intermedsate
(Scheme 7).

OTf Ni-Pr
LDA R i-Pr,NH ™2 R Ni-Pr,

Rfj ) T R@ e
LiOTf

36 37 38 39

R = Me, OMe, Ph, naphthyl

Scheme 7Wickham’s formation of diso-propylaniline isomer88 and39

This method is limited by lack of selectivity in gtetonationortho to the leaving group
resulting in regioisomeric benzynes as deprotonatan happen on either side of the leaving
group. To control the regioselectivity of lithiati, it is common practice to use artho-
directing groupmetato the leaving group, which itself can not elimama As well as
controlling ortho-lithiation by chelation, these functional groupstiier increase the acidity
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of the ortho-proton. Examples of such precursd®>> 41,¢ 43*" and 45°® are shown in

Figure 4.
OMe OMe
OMe OMe E F
[l ) QF
B
' OMe OMe
40 23 41 42
[\ [\ CF CF
O N O__N 3 3
EE\ | Shale
Cl
43 44 45 46

Figure 4: Various directedrtho-lithiation benzyne precursors

Aryne precursors containingnetahalogensA7, prove particularly interesting. Metalation
occurs exclusively between the two halogens affaydB, followed by elimination of one of
the halogens to aryrt (Scheme 8§2*°

X . X X
RLi Li A
X' X'
47 48 49

X,X"=lorBrorClorF

Scheme 8Benzyne formation frormetadihalogenated arenes

Originally it was postulated that in all cases tiatter leaving group eliminates, i.e. | > Br >
Cl > F and this was indeed observed experimentallyowever, more recent research by
Collum has demonstrated that in some cases theyatiilhalides to act as leaving groups
depends on reaction conditions and solvatfdt.
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1.3.2 Metal-Halogen Exchange

An alternative method for controlling the regioséiddty of metalation is to position a
halogen or a sulfoxidertho to the leaving group which is able to undergo excje or
insertion with a metal (Scheme 9) to create a fbiragbanion which is able to eliminate to
afford benzyne(20). As before, commonly used leaving groups aredkalior triflates.
Treatment of dihaloaren€X and Y = halogens) or halo-sulfonates (Y = OTCG8GQAr), 32
with n-butyllithium,***4*® magnesium metd*® or Grignard reagerits are common
techniques to bring about lithium-halogen exchangenagnesium insertion. Lanthanum
metal in the presence of catalytic iodine can bratmput a similar transformatiofi>*
Additionally Grignard reagents can also be emploiedenerate aryl Grignar@3 (Met =
MgX) from aryl sulfoxides50.>

X RLi, Mg,
La (cat. I,) or
RMgX
Y
32
C— O
Y
RMgX 7 33 20
0]

S.
©: Ph X=1,Br, Cl
Y Y =F, Cl, Br, I, OTf, OSOLAr
Met =

et = Li, MgX, La

Scheme 9Different methods of metal-halogen exchange

Pioneering work by Knoch®™ has shown thabrtho-magnesiated diaryl sulfonates,
prepared by metal-halogen exchange wido-propyl magnesium chloride of the
corresponding aryl-iodides are able to undergoirhtion to arynes (i.e. when X =land Y =
OSQAr). Tuning the electronic properties of the solfbaryl group has been shown to
affect the rate of elimination and hence the termjpee at which efficient benzyne formation
occurs. This method is particularly attractive daeits relatively mild, non-nucleophilic
conditions and tolerance to a wide range of fumeaigroups.
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1.3.3 Fluoro-Desilylation Precursors

Although the above methods are often reliable, thay require the use of harsh and
basic/nucleophilic conditions which are not comiplatiwith other reagents or functionalities
within the substrate and may also involve the Udg®xic or explosive precursors. Many of
these reactions also require careful monitorindoof temperature conditions. Kobayashi
recently demonstrated the use of a silylaryl tiflaenzyne precurséi, whereby the use of
a fluoride source promotes benzyne formation (Sehd®)>® Due to the almost neutral
reaction conditions associated with this type obstrate, the discovery of this benzyne
precursor has much expanded the scope of arynedwtyy over the past 30 years.

L, —— |0
OTf
20

51

Scheme 10Fluoride-induced desilylation-elimination to forrerzyne
As an extension to this approach, hypervalent mdinbstituents have also been used as
leaving group®rtho to trimethylsilyl groups®>°
1.4  Reactions of Arynes
The high reactivity and electronic features of aynolecules result in their use in several
different types of organic reactions including: ipgeclic and nucleophilic addition reactions
as well as metal-catalysed aryne reactidA¢**’ This next section will focus on these
reactions.

1.4.1 Pericyclic Reactions

Poor overlap of orbitals in the aryne moiety resuft a low energy LUMO, making it an
excellent dieneophile for cycloaddition reactions.

It has been found that arynes undergo both intrd-iater-molecular [4+2]%6%62[2+2]°3%°
and 1,3-dipolar cycloadditioffs°® as well as ene reactidig® (Scheme 11).

Diels-Alder cycloadditions with arynes are known &xyclic and cyclic dienes, the most
useful being those employing five-membered hetasiesy This includes the famous

20



reaction between furan and benzy@e)’ to afford cycloadduc2?7 (Scheme 11). Due to the
short lifetime of benzyne, these reactions are soip# the diene predominately exists in the
s-cisconformation as is found in furan.

[4 + 2] Cycloaddition

F Liamalgam
_—
Furan

Br
26 27

1,3-Dipolar Cycloaddition

1 N
N TMS R-N, R X N
S e
oTf R
52 53
[2 + 2] Cycloaddition
@\ OMe NaNH, OMe
+ E—— OMe
s | ome ©3L
54 55 56
Ene Reaction
(0] ® (0]
\ \
\S/o N, A \S/o
) + - | >—ph
t-Bu co, t-Bu \
Q
t-Bu t-Bu
57 34 58

Scheme 11Examples of pericyclic reactions of arynes
Larock demonstrated a 1,3-dipolar cycloaddition time synthesis of functionalised
benzotriazole$3 from arynes and azides; an illustration of benzgiek chemistry under

mild conditions (Scheme 115.

An example of a [2 + 2] cycloaddition shows thectem of dimethoxyethyleng€s5) and
bromobenzyn¢54) to provide benzocylobuter (Scheme 1153
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An unanticipated ene reaction was observed whemeb-Blder reaction between benzyne
and 3,4-dineopentylthipher{g7) was attempted, furnishirig as the major product (Scheme
11)°°

1.4.2 Nucleophilic Addition Reactions

The highly strained, electron-deficient aryne bbiad a low lying LUMO. Consequently, the
bond is highly electrophilic and is readily attagkiey nucleophiles. The resulting anion
formed, 59, can either be protonated with water to produce aaysubstituted aromatic
system60 or allowed to react with an electrophile to affad ortho di-substituted ring
pattern as i1 (Scheme 12).

H,0 : Nuc
[©‘] Nuc @f 60
Nuc \ E
=~ X
20 59 Nuc
61

Scheme 12Nucleophilic addition reactions involving arynes

With substituted aryne systems the position ofcittéepends on the position of substitution.
As the orbitals involved are orthogonal to theystem of the aromatic system, it is simply
the o-inductive effect of substituents on the ring which relevant. ortho Electron-
withdrawing groups (e.g. OMe), as illustrated@® polarise the bond in favour aheta
attack resulting ir63, and stabilises the resultant carbanion. In eshtan electron-donating
group (e.g. alkyl) as illustrated 64 would polarise the bond in the opposite sense andéh
ortho attack is preferred to give5 (Scheme 13)>" When the size of the substituent on the
aromatic ring or the nucleophile becomes largejcstactors can also change the product
ratio.”®
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Scheme 13Regioselectivity in nucleophilic addition to benegn

This is demonstrated in RoberfS’early observations when unsymmetrical arynes were
trapped with nucleophilic ammonia. Addition of awmmea to 3-methoxybenzyné23)
displayed 100% regioselectivity for attack in thetaposition, affording anilin&7, whereas
addition to 3-methylbenzyn@0) showed no preference and a 1 : 1 mixture of arslifie
and72 was affordedScheme 14). Biehl’?proposed that this suggests a more pronounced
polarisation of the aryne bond in 3-methoxybenz{2®) due to the greater inductive effect
of an alkoxy group over an alkyl group.

OMe NaNH, OMe NH, OMe OMe
| +
NH,
66 23 67 68
100: 0
Me NaNH, Me NH; Me Me
NH,
69 70 71 72
~50:50

Scheme 14Roberts’ observations of nucleophilic attack oruBstituted benzynes
Arynes, with low energy LUMOSs result in preferehtatack of soft nucleophiles in such

systems?**Reactions have been performed with both carbonhateroatom nucleophiles
and a range of charged and neutral species.
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1.4.2.1 Addition of Carbon-Nucleophiles to Arynes

Research within the Barrett group has focussedhenatldition of carbon nucleophiles to
arynes, to generate new C-C bonds. Although theeemany cross-coupling techniques
available to construct §sp® C-C bonds, the addition of aliphatic carbon-nuptétes to
arynes provides an excellent method for the foromadif sg-sp° bonds.

Traditional anionic carbon nucleophiles are all wnoto participate in aryne addition
reactions, including alkyllithium§&' aryllithiums®’ Grignard reagent$ and cuprate§. A
variety of stabilised carbanions can also be etiljsand will be discussed in Sectibd.2.3

In many cases the organometallic reagent has ardlgal It can be used for metalation to
form benzyne and subsequently as a nucleophiléhéoreaction by either adding in directly
itself or indirectly by forming an incipient nuclgbile by halogen-metal exchange. An
example of this was seen in Barluend%’synthesis of substituted indoles whesgt-
butyllithium is the reagent of choice to bring abdhis benzyne tethered intramolecular
anionic cyclisation (Scheme 15). Tautomerisatibthe resultant dihydroindolé6 gave the
required indole.

2 equiv Li
t-BuLi | H20
Br F ——— = Li -
- N \/& N

/I‘\/N\ s

73 74 75 76

Scheme 15Barluenga’s benzyne tethered intramolecular cytitisgo dihydroindoler6 in the synthesis of

substituted indoles

1.4.2.2 Multi-Component Coupling Reactions of Asyne

Advances in aryne chemistry have lead to the deweémt of three-component coupling

reactions in which two different aryne carbon-carloo carbon-heteroatom bonds are formed
consecutively in a one-pot reaction. These reastexploit the electrophilic benzyne species
20 and the resultant aryl carbani@® after nucleophilic attack reacting with a further

electrophile (Scheme 16).
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Nuc

Scheme 16Three-component coupling reactions of arynes

The multi-component reactions shown in Scheme 1@ h@any advantages such as the rapid
construction of highly complex and diverse 1,2-Ostituted arene scaffolds. Hart
demonstrated one of the earliest examples of sudynghronous introduction of two
different functional group& Employing an iodine-magnesium exchange mechanism of
benzyne formation he successfully coupled the amyeeved from77 with a Grignard
reagent and an allyl bromide to afford an arenénr witho vinyl and allyl substituents/8
(Scheme 17). The title of the publicatiofA one-pot procedure for attaching two
differentiated carbon side chains to adjacent carb®f an arene ring” summarises this
style of reaction very succinctly.

1. 2 equiv. MgBr

@fl
Br

2. 1equiv. A~_Br AN

77 78

Scheme 17Hart’s three-component benzyne reaction

A more recent example illustrates the use of argleeved from silylaryl triflates in a multi-
component reaction. Stofzutilizes isocyanide nucleophil&9 along with phenyl estei@0

as the electrophilic species in an aryne-interckf®@asserini style reaction as a facile
procedure for the formation of phenoxy imiis@-benzofuran motif82 (Scheme 18).

®,R2 ’RZ
N T™S S o TBAT, THF P i
R:_C[ v NC e I —— Ry S | —RrLC T D
Sots R? R3” “OPh N, O A
R? R® OPh
OPh
52 79 80 81 82

Scheme 18Stoltz’s formation of phenoxy iminso-benzofurans
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Recently, the Barrett group has employed multi-congmt benzyne reactions as the key step
for the syntheses of two natural products.

Clavilactone B(87), a novel antibiotic natural produttwas afforded using aryl fluorid@3
as the benzyne precursor for the key step in whichallyl Grignard was used as the
nucleophile to give84 which was trapped with chiral aldehy@b to give 86 (Scheme 19§
Only four further synthetic steps were requirectfiord the natural produ@&7 in an overall
yield of 17%.

Hm
OMe OMe o OTBDPS
F 1. n-BuLi
-78 °C 85
2- o
C|Mg/\ﬂ/ MgCl -78°C
OMe OMe to-35°C
83 -78 °Ctort 84
4 steps

Scheme 19Barrett’s synthesis of clavilactone(B7)

An elegant synthesis of dehydroaltenuen€9B), a marine natural product with antibiotic
acitivity,?> employed dour-component benzyne reaction as its key syrttegnsformation.
Dimethoxybenzyng90) was generated from aryl fluoridd8 and subsequently treated with
Grignard reagen®1 to afford the aryl Grignar@2 which was trapped with carbon dioxide.
The magnesium carboxylag8 then underwent an iodo-lactonisation to afford tifieyclic
system94. This key intermediat®4 contained all three rings and much of the compjexd
dehydroaltenuene B5) (Scheme 20). The natural product was completesewen steps
and an overall yield of 149%.
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OMe OMe OMe

n-BuLi Li A
—_— > —_— |
/[ j\ -78 °C I j\ [ j\
F OMe F OMe OMe

88 89 90
MgCl
Me OMe OMe
CiMg o, CIMgO,C
—_— —_—
91 ‘ I OMe | .78 °Cto0°C ‘ I OMe
_78°C
tort Me Me
92 93
O OH
O OMe 6 steps
. | e
& M $ — ‘ OMe
O °C OMe —_—
1020 °C H HO
o)
94 56% 95

Scheme 20Barrett’s synthesis of Dehydroaltenuene B

Various aryne multi-component reactions have alsenbconducted using amphoteric
compoundsi.e. the nucleophilic and electrophilic componentsurez for the aryne reaction
are present within the same molecule. An illugiradbf this is Stoltz’s synthesis of indoline
98 (Scheme 213% In situ generation of benzyne in the presencédért-butoxy carbonyl
dehydroalinine este®6 promoted an intermolecular nucleophilic couplinghsmhe amine
moiety, followed by intramolecular electrophilicatigation 0f97 onto thea, B-unsaturated
ester; a formal [3 + 2] cycloaddition.

S) OEt
TMS
. ot UL ) o
BocHN —_— N — N o
|

oTf o Boc O Boc

51 96 97 98

Scheme 21Stoltz’'s synthesis of indolin@8
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1.4.2.3 Addition of Stabilised Carbanions to Arynes

In 1963 Skorc? reported the first intramolecular addition of ithcetonitrile derivatives to
benzyne. Following this, Biehl published in demtindies of the addition of various
lithiated acetonitriles to aryn&$®’ Two competing mechanistic pathways were observed,
depending on the nature of the aryne and the &t@tonitrile derivative (Scheme 22).
Arynes, 4, with at least one electron-releasing group£HEDG) which were allowed to react
with aryl lithionitriles 99 (R? = Ar) followed Pathway B. The formal insertioropucts105
were yielded by the addition of benzyne into th€ Gend, proceeding by a tandem addition-
rearrangement pathway. In other cases (‘e EWG or R = alkyl), then the usual aryne
addition mechanism is observed and nittil® is the major product (Pathway A).

R1_
g J PATHWAY A
L _ _
4 R ] 1,3-shift | g1 | H" R |
s N CN| —— X CN| —— CN
g R2 Li" R? R?2
1
A1 100 101 102
R2”“CN
99 4-exo-trig
CN
N-; =
AL RIT | H* AN
R1-— | M N R2 1 |
—_— —_— R L 2
AN ) X R
R Li
103 104 105
PATHWAY B

Scheme 22Reactions of 2-lithionitrile99 with arynes

Since these observations, many other cascade aesdtiggered by nucleophilic attack of
lithionitriles have been report&d™

Insertion of arynes into C-C bonds by means of tamldrearrangement mechanisms as seen
in the above example (Scheme 22), is emerging psweerful synthetic tool in organic
chemistry’® These reactions can be viewed as a special ¢a@sthoee-component coupling
reaction in which the nucleophilic and electropghiilomponents are present in the same
molecule.
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Of particular note is the insertion of an aryn@iatC-C bond of &-ketoestel06 This was
demonstrated by Stoffzunder mild conditions using benzyne precubto form 110via a
formal [2+2] cycloaddition followed by a fragmentat (Scheme 23), in a very similar
mechanism to that seen in Scheme 22. Cesium diei@ifects both benzyne formatigia
desilylation and generates the necessary cesiutated®7. Nucleophilic attack of the aryl
anion 108 onto the more electrophilic carbonyl moiety andossquent ring-opening
generates aryl ketorig Q.

©iTMS O o CsF, MeCN
+ R1
oTf R1MOR2 80 °C, 45-60 min @&C%Rz
51 106 110
H+
0y 0 o O or?
Cs. 1 2 O)
R OR
SIS S U0 Gl
R X" 0R2 © O
20 107 108 109

Scheme 23Stoltz’s direct acyl-alkylation of arynes

Analogous C-C bond insertions have been reportednfalonates! B-diketones, a-
cyanocarbonyl€® a-sulfonyl ketones?” **°andp-ketophosphonate§*

The use of such a malonate C-C insertion reactias exploited by Danishefsky in the total

synthesis of antibiotic dynemicin AL15) as a means to furnish key intermediafe! after
saponification and cyclodehydration (Scheme’2%).
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OMOM OMOM OMOM
Br MeOMOMe KOH, MeOH
COzme COzH
LiTMP CO,Me CO,H
OMOM OMOM OMOM
111 112 113

TMS ethynyl ether

4 steps MOMO

MOMO O
114

Scheme 24Danishefsky’s synthesis of anhydriti#4. A key step in the synthesis of dynemicirf145)
The nucleophilic addition of enolates to aryneg @l covered in detail in Chapter 3.
1.4.3 Transition-Metal Catalysed Reactions of Aryng
Pioneering work by Yamamdtd and Casted8* into the area of palladium-catalysed

reactions of arynes has led to the developmenb-afyclisation reactions of aryn@46 with
alkynes117forming naphthalen&18or phenanthren&l9 derivatives (Scheme 25).

R1
R’ R R? R’
R T™MS Pd cat. OO R R?
j@[ = CsF R O OO
R oTf ) R R
R R R2
R
116 117 118 119

Scheme 25Co-cyclisation reactions of arynes with alkynes

Other transition metal catalysts have also beenlamag@ for the rapid construction of
complex molecules from readily available startingtenials, as illustrated in Xie’s nickel-
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catalysed 3-component [2 + 2 + 2] cycloadditiorctiem of arynes, alkenel20 and alkynes
117to generate dihydronapththaleri&d (Scheme 26)%°

Z EWG
120
EWG
N TMS Ni cat. R A
R P + R3 - = R3
OTf // CsF )
o R
52 121
117

Scheme 26Xie’s nickel catalysed multi-component aryne reacti

In Section1.4.2.3 insertion of arynes into C-C bonds was discusskdaddition to these
reactions it is known that aromatic rings can ugdedoubleortho functionalisationvia
insertions of arynes into other nucleophilic-eleptrilic o-bonds (Scheme 27) sometimes
requiring the presence of a metal catalyst, inclgdvhen X-Y = Sn-C, N-C, Si-Si, Sn-Sn, S-
Sn, N-Si, N-C, N-S, B-B and C-P.

[2 + 2]
SR EAle=:
Y Y
20 1

22 123

©:X
Y
124

Scheme 271nsertion of arynes into X-¥6-bonds
1.5 Heteroarynes
The following heteroarynes are report&d® including pyridynes(125) and (126)

didehydropyridazine§l27) and (128), didehydropyrimiding129), didehydropyrazin€130),
didehydrofurang131)and(132) and didehydropyrroled33)and(134) (Figure 5).
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Figure 5: Five- and Six-membered heteroarynes

Heteroarynes, although less studied than benzyeesn@ortant and synthetically useful due
to the large number of heteroatom containing aramsistems both in natural product and
medicinal chemistry. Methods of generation are lsimto those of benzynes witb-
elimination from metalated precursor molecules tmoro-desilylation techniques being the
most exploited? 4106107

Heteroaryne intermediates have been shown to havkaisreactivity to benzynes, namely
nucleophilic addition and cycloaddition reaction&dditional regioselectivities are observed
due to the heteroatoms’ influence on the electrproperties of the ring.

For example, nucleophilic attack can occur at ther3he 4-position of 3,4-pyridyn@25)to
give the two isomeric products35 and 136 (Scheme 28)%" Attack at C-4 is slightly
favoured, due to the coefficient of the LUMDB7, being slightly larger on C-4 and the total
charge distribution].38 also polarising the bond in favour of attack at.&%°

% LUMO

4 NH

& 2 NH, +0.23

—_—

- | + | . [0 @ -0.25
~
N N P>

67:33 O N
125 135 136 137 138

Scheme 28Different sites of nucleophilic attack on 3,4-glyme and LUMO and total charge distribution

diagrams

If further substituents are added to the 3,4-pyr@ythenc-induction rules also have to be
taken into consideration as for benzynes, and oftkn suppress the effect of the remote
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nitrogen atom. When various ethoxy-substituted@ddynes underwent amination with
potassium amide in liquid ammonia, the additioiostvere as shown in Figure®.

7% o % 6%
Et
@3% | ¥ 100% @ 35%
— ~ ~
N” “OEt N Et0” “N
139 140 141

Figure 6: Addition ratios observed in the amination of vas@ihoxy-substituted 3,4-pyridynes

These ratios demonstrate that ttmeta directing effect of amortho ethoxy group is far
stronger than the effect of the ring nitrogen, asadldition to C-4 is observed fd40.
However when the ethoxy group is remote from tlya@bond as ii41, the addition ratio is
much the same as for unsubstituted 3,4-pyridyne.

An example of heteroaryne chemistry in synthesithésuse of 3,4-pyridyngl25) derived
from aminotriazolel43in a [4 + 2] cycloaddition reaction with pyrrolel2to give 144 and
its regioisomeric isomek45in a 62% yield and a 55 : 45 ratio respectivelyter separation,
144 proved to be an important intermediate in the fsgsis of the antitumor alkaloid

ellipticine (146) (Scheme 29)*

/X‘
H2N, Y
/~N-CO,-tBu N-N Pb(OAc), t-BuO,C~N
. N
A
\ B CH,Cl,
COZtBU N \
CO,tBu
144: X=N,Y=C
142 143 145: X=C,Y=N
3 steps
144

146

Scheme 29Key synthetic transformation in the synthesis tipitine (146) using 3,4-pyridyng¢125)as a

reactive intermediate
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The intermediacy of bicyclic heteroarynes has &sen well publishelf” including such
species as quinolyneg147) naphthyridynes (148), dehyrdocoumaroneg149) and
thianaphthyneq150) (Figure 7). Again, their methods of preparatiomrron those of
benzyne and the regioselectivity of their reactiomsnfluenced by the position of the
heteroatoms in the bicyclic ring systems.

O O D D
N PSNT o s
147 148 149 150

Figure 7: Some examples of bicyclic heteroarynes

In the last 5 years there has been a particularast in the use of indolynés51) (152)and
(153) (Figure 8) by Buszét**'*and Gar{™ due the large number of natural products that
feature substituted indole cores and their disgowr efficient metal-halogen exchange
routes to these intermediates.

o Oy O
b N

151 152 153
Figure 8: 4,5-indolyne(150), 5,6-indolyng(151) and 6,7-indolyné152)

BuszeR* used a tandem indolyne cycloaddition/Negishi cimgpteaction as a crucial step in
the synthesis of (#gis-trikentrin A (158). Starting from 4,6,7-tribromoindolEs4, selective
6,7-indolynel55 formation was triggered by a metal-halogen exchaatgC-7 and trapped in
a cycloaddition with cyclopentadiene. The remagn#bromo position inNl56 was then
available for further elaboration using a Negistilgling protocol (Scheme 30).
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Scheme 30Tandem indolyne cycloaddition/Negishi reactionfaskey step in the synthesis of @i¥
trikentrin A (158)

1.6 Scope for Extension of Methodology

The potential of the multi-component coupling reattof arynes is vast and the diversity
created by simply changing the nature of the arymeleophile or electrophile could allow
the extension of this methodology to provide flégibhew routes to a wide range of aromatic
and heterocyclic compounds including ones of phagugcal relevance.

In a natural progression from previous researahthihee-component coupling reaction could
be extended to heteroarynes, an under-exploredadraeyne chemistry. There is also the
potential to develop novel cyclisation reactionsainich the nucleophilic and electrophilic
entities are present within the same molecule.heéurstudies could also be conducted on
stereo-controlled carbon-carbon bond constructidhimvthese reactions.

Over the next five chapters, details of severajgats aimed at creating novel aryne multi-
component methodology involving the addition ofbear nucleophiles will be described in

full. In all projects, the focus is on efficierdpncise and elegant routes to small, highly
functionalised aromatic molecules.
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Chapter 2: Results and Discussion: Developing NovBeactions of
2,3-Pyridynes

2.1 Introduction
Pyridynes fall into two types: 3,4-pyridyn@25) and 2,3-pyridyne(126) Due to the

polarising effects of the pyridine ring nitrogereyhare far less stable than their benzyne
analogues (Figure 9).

_ Y4 3
82 = | 5
3 N | NS 6+

N N"»
125 126

Figure 9: Polarisation of aryne bond in 3,4-Pyridyt&4 and 2,3-pyridynd 25

Methods of generation and types of reactions ptesgjbnerally parallel those of benzyne,
with extra regioselectivity issues arising due he desymmetrising nature of the nitrogen
atom!%1%” 3 4-Pyridynes have received a considerable amofininterest within the
synthetic community:***®*" whereas 2,3-pyridynes are much less explored an h
generally been considered of low synthetic potédi@ to the low reported yields associated
with these species. For this reason, work was seetl on these underexploited

intermediates.

2.1.1 2,3-Pyridynes

2.1.1.1 History, Regiochemistry and Modern Advarergm

In 1961, an extensive examination of the aminatiofishalopyridines by Pietre5&
postulated the intermediacy of 2,3-pyridyfi26) Treatment of 2-halopyridinek59 with

potassium amide and liquid ammonia afforded 2-apyndine (160) as the sole product
(Scheme 31).
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Scheme 31Amination of 2-halopyridines

However, due to the lack dafineaddition products, an aryne intermediate could et
proved, as a more simple explanation would be foaddition-elimination mechanism to be
occurring. It was not until 2,3-pyridyn@26) was trapped in a Diels-Alder cycloaddition
with furan that the first evidence of its existenwas confirmed. A small amount of
qguinolinel163was isolated as a result of further reaction aiuin amalgam with addudi62
(Scheme 32§1912°

Ej[Br Li (Hg) [04 (\/‘ Li (Ho) (\/@

N~ CI

161 126 162 163

Scheme 32First evidence of 2,3-pyridyne; Diels-Alder reaatiwith furan

Molecular orbital calculations on 2,3-pyridyr{@26) have since provided indication that
nucleophilic attack would almost certainly occutiegty in the 2-position due to a larger
LUMO coefficient at C-2, as seen ¥64'°%1%%?! The total charge distributior65, also
demonstrates that C-2 bears a partial positivegeh@tigure 10).

LUMO

| N, - 0.25
0 _
N N +0.23
)

164 165

Figure 10: LUMO and total charge distribution for 2,3-pyridyne

2,3-pyridynes are far less stable than their 3,4nt&rparts, due to considerable
destabilisation of the strained aryne bond attaduio the proximity of the electronegative
nitrogen atom. In the last decade Hegarty hadksted that 4-alkoxy groups significantly
stabilise 2,3-pyridynes, affording better [4 + 3floaddition yields with furan (up to 58%
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yield compared to 28% for un-substituted analoglfésThe explanation is that the electron-
donating substituent helps to counteract the Ed#an effect of the pyridine nitrogen and
hence increases stability and reactivity in cyctb@oin reactions. Conversely, an aryl
electron-withdrawing group would render the aromatg even more electron deficient, and
hence the aryne more reactive and less stable.

2.1.1.2 Methods of Generation

The most common techniques used for the generabbn2,3-pyridynes (126) are
lithium/halogen exchangé? directedortho-lithiation,*?* oxidation of aminotriazolopyridine
with lead tetracetat&’ or fluoride-induced desilylation-elimination (S&eheme 6, Section
1.3)1%

2.1.2 Synthetic Plan

Of all theN-heterocycles, pyridine is the most abundantly usezharmaceutical researtf.
To be able to functionalise the 2 and 3 positiohpyidine simultaneously in a multi-
component aryne coupling reaction would be of leghthetic value. It was proposed that
the addition of carbon nucleophiles (such as atkylims and Grignard reagents) to alkoxy
stabilised 2,3-pyridyne$66 would occur exclusively at the 2-position and ttieg resultant
metalated intermediate67 could be reacted with various electrophiles toraffcompounds
such asl68 (Scheme 33). At the onset of the project thereew® examples of addition of
carbon nucleophiles to 2,3-pyridyntz6.

OR! OR! OR!

21 R2. . +
g | R-LIR>MgCI | LiMgCl  E A E
SN SN OR2 SNTOR?
166 167 168

Scheme 33Potential three-component coupling reactions ofi®y3dyne166
The initial proposal was to synthesise various @kstabilised 2,3-pyridyne precursors and

investigate their potential for providing reactiigermediates for such multi-component
coupling reactions.
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2.2 ortho-Lithiation Pyridyne Precursors
2.2.1 Synthesis of Precursors

The first pyridyne precursor to be investigated Rashloro-4-methoxy pyriding€l69), due

to its success in affording cycloadducts with furmmeasonable yield$? Although Hegarty
found thep-methoxyphenoxy group in precursbrOto provide the greatest stabilisation for
Diels-Alder reactions, it was opted to U89 due to the need to maintain a balance between
stabilisation of the aryne, and electrophilicitytioé 2 position (Figure 11).

OMe OPMP

N N
P P

N~ Cl N~ Ci

169 170

Figure 11: Hegarty's 2,3-pyridyne precursct§9and170

Due to the commercial expense of pyridih€9 a synthetic route was desired. After
attempting several reported routes and either rigpdihem unsuccessful or inefficient,
1221271285 three step synthesis 469 was completed from commercially available 4-
nitropyridineN-oxide (171) using the method of Morrig?

Ipso-Substitution of the nitro group was effected witbdissm methoxide to give 4-
methoxypyridineN-oxide (172) in a 69% yield. Polonovskyearrangement dfli-oxide 172
with acetic anhydride afforded the intermediatec@taxy-4-methoxypyriding173) which
was hydrolysedn situ to pyridonel74. The reaction was capricious with yields varying
from 20 to 59% dependent on the scale. Finallypramhtion of 4-methoxypyridin-2-one
(174) with phosphorous oxychloride gave the correspandihloropyridine169 (Scheme
34).

A novel pyridyne precursor, triflatd75 was also synthesised in excellent yield from
intermediate pyridonel74 by treating with trifluoromethanesulfonyl anhydride the
presence of base. This precursor was thought tmtbeesting due to the greater leaving
group ability of a triflate anion compared to tbéta chloride anion.
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NO, OMe

N N OMe OMe OMe
| o ) B (i) | N (iif) X (iv) | N
N N
o 5 N” “OAc N" "0 N el
o o
171 172 173 174 169
V)
OMe
X
P
N” oTt
175

Reagents and Conditiong) NaOMe, MeOH, reflux, 8 h, 69%; (ii) A©, reflux, 6 h; (iii) MeOH/HO, rt, 1 h,
20-59% over two steps; (iv) POELD5°C, 16 h, 45%; (v) TO, 2,6-dit-butyl-4-methylpyridine, CECl,, rt, 1 h,
93%.

Scheme 34:Synthesis of 2,3-pyridyne precursda®9and175

Although the syntheses of these compounds were letedp large scale reactions were
problematic due to the deleterious yields in scplup the pyridone forming step. The
reaction was capricious and not scalable. Thesatowvas sought to develop a new route to
this compound.

A new strategy was devised whereby 4-hydroxypyfR{iitH)-one (176) was selectively
methylated at the 4-position. Deprotonation oftigdroxyl group in the 4-position should be
facile in comparison to the 2-position due to tamé difference in pKa resulting from the
presence of the pyridone tautomer (Scheme 35).

OH OH
O

|
N o 5
N N~ OH
176

Scheme 35Tautomers of 4-hydroxypyridin-2()-one(176)
4-Hydroxypyridin-2(H)-one (176) was subjected to many different bases, solvents and

methylating agents, including diazomethane, dimeswyphate and iodomethane in an
attempt to carry out this transformation based mtegdent from similar 2,4-quinolinediol
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structures?®*% poor selectivity was attributed to the increasetlibility of the products
over the starting material in most common orgarotvents. The best selectivity was
observed using potassium carbonate and iodomethaNg\N-dimethylformamide (Scheme
36). A full conversion was observed by TLC, bubpgields were obtained due to problems
with isolation.

OH ' OMe

N (o] N (o}
H H

176 174

Reagents and Conditions equiv. KCOs, 1 equiv. Mel, DMF, rt, 36 h, 60%.
Scheme 36:Selective methylation of 4-hydroxypyridin-24)-one(176)

Other approaches to pyridorer4 were also investigated including the thermolysis o
antimony compoundg' and the selective mono-hydrolysis of 2,4-methoxigiye *> None
of these conditions proved successful.

2.2.2 Reactions obrtho-Lithiation Precursors

The lithiated species derived from 2-chloro-4-methpyridine (169) does not collapse to
form pyridyne at =78 °C and warming is requiredniuce the elimination®® The stability
of the triflate precursofl75 at low temperature however was unknown. Treatmeéitoth
precursors with LDA at —78 °C followed by iodindaxtfled only iodinated compouridin
75% yield (Scheme 37). The lithiated species @erivom triflate compound75 appears to
eliminate to afford 2,3-pyridyne at low temperatageno iodidel 77 or starting material was
detected.

OMe o OMe
L X
W P

N X N X

169: X =Cl 1: X=Cl
175: X = OTf 177: X = OTf

Reagents and Condition§) LDA, THF, =78 °C, 1 h; (ii) 4, THF, =78 °C, 1 h. 75% fdr. 0% for177.

Scheme 37ortho-Lithiation of 2,3-pyridyne precursors
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Based on these results, reactions were conductied b®th precursors under pyridyne
forming conditions in the presence of furan in #erapt to trap any intermediate arynes in [4
+ 2] cycloadditions. Nucleophilic addition of tkecondary amines to the 2-position of the
pyridyne afforded the major side-prodd@&0(Scheme 387122127

OMe OMe OMe OMe
RoNLi Li
| X _— X — | —_— | N
o cmee | D )
N X N X N N NR,
N
Rz
169: X=ClI

Scheme 38Proposed mechanism for formation of side producfsyridyne cycloaddition reactions

Different lithium amide bases of varying bulkinegsre employed with the aim of reducing
the amount of these unwanted by-products (SchemdrBall cases the desired cycloadduct
182 was produced along with base addition prod@8&and unreacted starting material was
also detected (Scheme 39, Table 1).

These results demonstrate that the choice of basg kot affect the result of the reaction
employing chloroarene precursb89. The use oh-, sec or tert-butyllithium to effect the
ortho-lithiation was not feasible as they are known twergo lithium-chlorine exchange
with this moleculé??

The use of the triflate precursbr5in conjunction with LIHMDS appeared promising (Bntr
6) as no base-addition side products were initiabgerved. Unfortunately, all attempts to
optimise this reaction to induce it to go to contipie without the formation of by-products
failed. Extended reaction times at low temperatulid not increase consumption of starting
material and gentle warming resulted in the fororatof the unwanted base-addition side
products.
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OMe OMe

OMe
X + o 4,0) X + X
DAY, [ (To
N~ X N~ 'NR, N

181 180 182
180a: R = j-Pr
180b: R, = TMP

Reagents and Conditiong) See Table 1.

Scheme 39Diels-Alder reactions between 2,3-pyridynes andiriur

Table 1: Diels-Alder reactions between 2,3-pyridyne andiura

Entry® X Base Ratiof of
181 :18G: 182
1° Cl LDA 27:15:1
2° Cl LITMP 25:15:1
3 Cl LIHMDS  SM recovered
4 OTf LDA 28:1:15
5 OTf LITMP 1:1:1
6° OTf LIHMDS  1:<0.1:15

*Typical reactions were carried out using 1.1 eqafibase in anhydrous THEDeprotonation took place over
30 minutes at —78C then the reaction allowed to warm to rt overniffihe reaction was maintained at =18
for 3 h.’Ratios determined b{H NMR analysis of the crude produNR, refers to the addition product from

the base in question.

In order to test the potential of these precurgoreactions involving Grignard nucleophiles,
2-methylallylmagnesium chlorid€l85) was added to the lithiated species derived from 2-
chloro-4-methoxypyridine(169) and warmed to room temperature, during which time
pyridyne formation should have occurred (Scheme 4#0¥mall amount of allylated pyridine
184 in which the double bond had isomerised in corjoncwith the ring was isolated after
column chromatography. The main product was tle®ipusly observed base-addition side
productl80aalong with some unreacted starting matekrGo.
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OMe OMe OMe OMe

(). (i) Maci (i) cim
f:L B DS fj I T
N el NT NF N N” N

169 183 184 180a 185

Reagents and Conditiong) LDA, THF, =78 °C, 1 h; (ii) 2-methylallylmagsium chloridg185), -78 °C to rt,
16 h; (iii) H.O, 3%184, 35%180a
Scheme 40Addition of allyl Grignard to 2,3-pyridyne

2.3  Metal-Halogen Exchange Pyridyne Precursors
2.3.1 Background

Although lithiation adjacent to the chlorine in poesor 169 is a controlled method of
pyridyne formation, the disadvantage of this apphoes the production of unwanted base-
addition side products. The problem with precursdb is that collapse to pyridyne is
spontaneous upon addition of base, so any nucliedgiene that is to react with the pyridyne
must be present in the reaction before the baseédsed and even then competitive addition of
the base affords unwanted side products.

An alternative formation of arynes was reported Kyochel via the elimination of
2-magnesiated diaryl sulfonates following an iodin@gnesium exchange. This reaction was
applied to both benzyrgand 3,4-pyridynE® formation (See Introduction, Scheme 9).

This methodology appears very attractive for extenso 2,3-pyridyne formation as neither
of the two problems previously encountered areszmig in this case. Indeed it may be
possible to further use this strategy advantaggduskemploying the same Grignard reagent
to accomplish the iodine-magnesium exchange am@ttas a nucleophile to attack the aryne
(Scheme 41).

OMe OMe OMe OMe

f\Il R2-MgCl (\/[Mgm A P ! R2-MgCl ' MgCl
78 °C

N~ “OSO,R! N~ “0SO,R! S “>R2

186 187 179 188

Scheme 41Envisaged use of an I-Mg exchange precursor irp2tRlyne reactions
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2.3.2 Synthesis of Precursors

Knochel reported the best results were obtainediguéichlorobenzenesulfonates. With this
in mind, the aim was to synthesise an analogoupyj@yne precursoi90 starting from 4-
methoxy-2(H) pyridone (174) (Scheme 42). The sulfonation was performed using 4
chlorobenzenesulfonyl chloride and both the desstdtbnatel89 and the corresponding-
sulfonated product91 were isolated in 59 and 9% yield respectivadytho-Lithiation in the
3-position with one equivalent of LDA, followed loypienching with one equivalent of iodine
did not produce any of the desired iodinated compoli90. The major product was
identified as the doubly iodinated sulfoh®2 in 43% yield, while the minor product amine
180a(21% vyield) is consistent with lithiation, elimith@n to the pyridyne and trapping with
di-iso-propylamine (Scheme 42).

OMe OMe
0] | 1.0 Gy, Giy | .0
f\l — - W o’é = N o’é
N (@)
H
cl cl
174 189 190
OMe
X OMe
| | OMe
N o T %o
1.0 ST N
S N" o » J\
IS} A
Cl )\
191 cl
192 180a

Reagents and Condition@) 4-CICH,SO,Cl, NEt;, DMAP, CHClI,, rt, 16 h, 59%; (ii) LDA, =78 °C, THF, 1 h;
(iii) 1,, THF, =78 °C, 1 h, 21%80a 43%192

Scheme 42Double iodination of sulfonat&89

Based on the previous results, reversing the aofléne iodination and sulfonation would
likely improve the synthesis df90 (Scheme 43). Several iodination conditions westete

(Scheme 43, Table 2) for the regioselective iodimabf pyridonel69 to 193 The most

promising result was iodine chloride generated situ from sodium iodide and
N-chlorosuccinimide.
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OMe OMe AN o
I ii | 1.0
N 0) N (i &
| | 0
N~ O N~ O
H H
174 193 190 ¢l

Reagents and Conditiong) See Table 2; (ii) 4-CIgH;SO,Cl, NEt;, DMAP, CH,Cl,, rt, 16 h, 19%.

Scheme 43Synthesis of desired I1-Mg exchange precursor

Table 2 Attempted lodination of pyridont74

Yield® of 193/%

Entry Conditions?
1 NIS, MeCN, rt, 16 h 0
2 NIS, CRSOH, rt, 16 h 20
3 Nal, NCS, ACOH-TFA (3:1 V/v), rt, 16 h 40
4 (i) n-BuLi, THF, rt, 30 min; (ii) b, THF, 4 h 25

*Typical reactions were conducted on a 25 mg sBalelated yield after column chromatography.

Sulfonation was completed using the same conditisnsefore to afford the crude compound
190in a modest yield. Isolation and purification welifficult as the product was unstable to
silica gel chromatography and provided deleterigiedds (Scheme 43). In this instance
sulfonation also occurred predominantly on theogin, likely due to the bulky nature of the

ortho-substituent.

The next strategy employed Hoppe’s iodination mesihogy 2 involving in situ generation

of an N-silylated N-iso-propyl carbamatd 95 to direct lithiation. Unfortunately none of the
desired iodination produd93was observed (Scheme 44).

OMe OMe OMe OMe
@) (ii) (i, (iv) I
N - . X (o} - . X o) X
fl f\/L Y fl i fI
N~ o N~ 0" °N N” 0" °N H o
H H ™S
174 194 195 193

Reagents and Condition@) i-PrNCO, 0.3 equiv. DMAP, THF, reflux, 72 h, 96%) (IMSOTf, TMEDA,
Et,0O, 0 °C to rt, 30 min; (iii) TMEDARN-BuLi, =78 °C, 1 h; (iv) 4, THF, =78 °C, 2 h then NaOH, EtOH.

Scheme 44Attempted use of Hoppe's iodination methodology
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An alternative strategy to iodo-pyridor93 was also investigated to ascertain if the
successful mono-methylation conditions found forigigne 176 could be applied to this
compound. Synthesis of iodid®7 was effected smoothly; however, the use of iodoareth
and potassium carbonate at room temperature affoedd:1 mixture of overmethylated
products198 and 199 as well as unreacted starting material. The @isna@lternative base,
sodium hydride, and lowering the reaction tempeestufollowed by slow addition of
methylating agent did not increase the selecti{®igheme 45).

OH OH OMe OMe OMe

. . |
N 0] o (i) or i) o N I
SIS LS
N™ ~O N” "0 N™ ~O -
H H H Nlle N OMe
196 197 193 198 199

Reagents and Condition@) |,, NaCOs, H,O, dioxane, reflux, 20 h, 42%; (ii) Mel,,RO;, DMF, rt, 18 h;
(iii) Mel, NaH, DMF, 0 °C, 18 h.
Scheme 45Attempted selective methylation of iodid87

Due to the problems associated with the synthdspezursorl90 it was thought that the
use an alternative, simpler, precur20B where no methoxy group is present, would be more
appropriate.

lodination of 2-hydroxypyriding200) usingN-iodosuccinimide in refluxing acetonitrile gave
a mixture ofortho-201, para-202 and di-iodinated products. Mono-iodinated compmsun
201 and 202 could not be separated by chromatography or reahgsttion and hence were
carried through to the next step as a mixture.ddalion gave a mixture of all four possible
products (each was sulfonated on nitrogen and aoxygdiich were separable, to afford
desired precurs@03 and itsN-sulfonated produc04 (Scheme 46).
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N 0 SNy e T Qo0 0.0
| —_— | + | _— > N/ o/é/
Cl
200 201 202 203 204

Reagents and Conditiong) NIS, MeCN, reflux, 18 h, 25%; (ii) NEtDMAP, 4-CIGH,SO,CI, CH,Cl,, rt,
16 h, 129203

Scheme 46:Synthesis of simple iodine-magnesium exchangeupser
2.3.3 Attempted Pyridyne Diels-Alder Reaction on 28

With 203 in hand, iodine-magnesium exchange was carriedusingiso-propylmagnesium
chloride at =78 °C. However, addition of furan avetming resulted in only dehalogenation
to form205and no desired62was observed. This result is consistent withattye Grignard
reagent formed after halogen-metal exchange ntapsihg to pyridyne at room temperature
and protonation occurring when the reaction is ghed (Scheme 47).

|
(L b ") () &
N (o) — N (o)
TL : L
Cl Cl

203 162 205

Reagents and Condition@) i-PrMgCl, THF, —78 °C, 30 min or 2 equivBuLi, 12-crown-4, THF, -78 °C,
30 min (ii) furan, =78 °C to rt, 18 h.
Scheme 47Attempted Diels-Alder reaction employing iodid@é3

Although the magnesiated intermediate was stablecsth temperature, it was hoped that the
corresponding lithiated species might be less stabld collapse to the pyridyne at room
temperature. However, lithium-iodine exchange viéh-butyllithium and warming in the
presence of furan, afforded only dehalogenated comg205. Addition of 12-crown-4, to
help prevent chelation of the lithiated speciedlite sulfone and hence aid elimination, was
not successful either.
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2.4  An Alternative Metal-Halogen Exchange Precursor

Due to the failure of the magnesiated and lithiagpdcies of precurs@03to eliminate, it
was sought to test the potential use of a more sadde iodine-magnesium exchange
precursor, 2-chloro-3-iodo-4-methoxypyridirig) (Section 2.2.2). It was hoped that this
species would undergo iodine-magnesium exchang@yvatemperatures and upon warming
would eliminate lithium chloride to form 2,3-pyridg.

Although iodine-magnesium exchange occurred readlily-78 °C, addition of furan and
warming did not result in formation of cycloaddd@&2, only de-iodination was observed, to
give 169 (Scheme 48).

OMe o OMe OMe
I (@), (i)

X —— X AN

B B [

N~ “Ci N N~ °CI

1 182 169

Reagents and Condition@) i-PrMgCl, =78 °C, THF, 45 min; (ii) furan, =78 °Crip 2 h.

Scheme 48Attempted Diels-Alder reaction using an iodine-megjom exchange strategy

As in the case of sulfonyl precurs®®3 it was then discovered that the lack of pyridyne
formation was because the aryl Grignard formedr afigine-magnesium exchange is stable
at room temperature. Indeed, it was trapped byretrimethylsilane at this temperature to
form 206 (Scheme 49).

OMe OMe

i), (ii
Cr o
» »
N Cl N Cl
1 206

Reagents and Condition@) i-PrMgCl, rt, THF, 30 min; (i) TMSCI, rt, 16 h, 88%.
Scheme 49Reaction to demonstrate stability of aryl Grignfdned after magnesium-iodine exchange at

room temperature

The use ofiso-propylmagnesium bromide as the exchange reageityimg to heat the
reaction in the presence of furan did not afforg afithe desired product.
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The next strategy was to employ an iodine-lithiuxahenge withtert-butyllithium with the
expectation that the corresponding lithium speciesild collapse. This approach was
considered promising due to the fact that (2-chibrmoethoxypyridin-3-yl)lithium(178) does
eliminate lithium chloride to generate pyridyne saen in the previous section.

Treatment ofl with two equivalents ofert-butyllithium at low temperature, addition of furan
and warming to room temperature afforded, gratglgnthe only characterisable product of
the reaction byH NMR as the desired [4 + 2] cycloaddu®2 in 35% yield. No base-
addition side products, starting materials, or atifiated products were observed. The
remainder of the mass balance was assumed to ddabies polymeric material (black residue
in the reaction flask) (Scheme 50). This was arelent result as this is comparable in yield
to the 37% obtained by Hegartystho-lithiation approach with a methoxy stabilised
precursof?? and only slightly less than Walters’ optimised logeidition yield of 43% with a
similar alkoxy-stabilised metal-bromine exchangecprsor:?®

OMe o OMe

| o (@), (ii) | N
N~ >cl N” l,
1 182

Reagents and Condition@) 2 equiv. t-BuLi, THF, =78 °C, 30 min; (ii) furan, —78 °C t 48 h, 35%.
Scheme 50Diels-Alder cycloaddition of 2,3-pyridyne with fm

After this promising result, nucleophilic additiomsgere then attempted with various carbon
nucleophiles. Reaction with an excess of methygmaaium chloride after the iodine-lithium
exchange and warming did not give any of the ddgm®duct207, only de-iodinatedL69
(Scheme 51).

OMe OMe OMe
i), (ii

o (i), (i) N N

» . »

N~ “Ci N N~ °CI

1 207 169

Reagents and Condition@) 2 equiv. t-BuLi, THF, =78 °C, 30 min; (ii) 5 equiv. MeMgCl,78 °C to rt, 18 h.
Scheme 51Attempted addition of methyl magnesium chlorid@18-pyridyne
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Changing to a different Grignard reagent, (2-metlyllmagnesium chlorid€l85) was more
encouraging. The desired addition prod2@8 was achieved in a 15% vyield, again along

with 169and insoluble polymeric material (Scheme 52).

OMe

Qe 06

1), (Il
m @, =
“ >l

N
1 185

Reagents and Condition@) 2 equiv. t-BuLi, THF, =78 °C, 30 min; (ii) 1.5 equiL85, =78 °C to rt, 18 h, 15%.
Scheme 52Addition of 2-methyl allylmagnesium chloride reagém2,3-pyridyne

An alkyllithium nucleophile was also investigatedamely n-butyllithium.  Again,
nucleophilic addition was achieved to gi2@9in 13% yield with de-iodinated69 (Scheme

53).
OMe OMe

|\

N~ >cl

1

Reagents and Condition@) 2 equiv. t-BuLi, THF, =78 °C, 30 min; (ii) 1.5 equin-BuLi, -78°C to rt, 18 h,
13%.
Scheme 53Addition of alkyllithium to 2,3-pyridyne

Unfortunately, an attempt at a three-component loogipusing benzaldehyde as the
electrophile did not afford desired alcol#il0; only addition produc208 was isolated, in a

10% yield (Scheme 54).

OMe o OMe OH OMe
f\f o f\/cz ®
~

N >cl N” N
1 210 208

Reagents and Condition@) 2 equiv. t-BuLi, THF, =78 °C, 30 min; (ii) 1.5 equit85, —78 °C to rt, 2 h; (iii)
PhCHO, -78 °C.

Scheme 54: Attempted three-component coupling reaction &-pyridyne
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Attempting to quench thertho-anion with BO rather than kD to give211 (Scheme 55),
did indicate some product formation by GC-MS. Utifoately isolation of this species was
not possible, most likely due to the low yieldstios compound compared to the undesired
side-products and polymeric material.

OMe OMe
! (@), (i), (iii) oD

~ ~

N~ Cl N
1 211

Reagents and Condition@) 2 equiv. t-BuLi, THF, =78 °C, 30 min; (ii) 1.5 equit85, —78 °C to rt, 2 h; (iii)
D,0, rt.
Scheme 55:D,0 Quench, following nucleophilic attack of Grignashgent

2.5 Conclusions and Future Work

A novel metal-halogen 2,3-pyridyne precursor, namngtchloro-3-iodo-4-methoxypyridine
(1) has been synthesised. Although magnesium-iodkobamge failed to generate 2,3-
pyridyne with this precursor, lithium-halogen exoba with tert-butyllithium was able to
promote pyridyne formation as evidenced by trapjing Diels-Alder reaction with furan, in
a comparable yield to other methods in the litesatu

The nucleophilic addition of simple Grignard reageand alkyllithiums to this intermediate
was demonstrated in low yields and with minimalabte side-products, albeit the formation
of polymeric nitrogen-containing insoluble materiabs an unresolved problem in all
reactions. Although GC-MS analysis indicated thlae anion generated following
nucleophilic attack could be quenched with deutaraxide, neither this species nor other 3-
component coupling products could be isolated, ntiasly due to the very low yields
associated with such compounds.

Future work would be to carry out a more detailechpgerature profile. If the exact

temperature of elimination to pyridyne could beabshed, the reaction could be held at this
intermediate temperature, reducing the concentratib aryne present, thereby possibly
reducing the amount of polymerisation.
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Chapter 3: Introduction to Aryl Amino Acids, a-Arylation
Reactions and Enolate Additions to Arynes

3.1 Aryl Amino Acids
The ability to synthesise both tertiary (R = H) anpdaternary (R = alkyl, aryl) unnatural aryl

amino acids212 (Figure 12), has facilitated their application irultiple areas of organic
chemistry.

(o)

HO NH,

Ar R

212
R =H, alkyl, aryl

Figure 12: Aryl amino acids

Such units are found in a multitude of biologicafiyeresting natural products and have been
incorporated into several drug molecules (Figure 13

The glycopeptide antibiotics, including vancomyéfn(213) and teicoplanit¥> amongst
others™*®*38 contain peptides with contain 3- and 5-arylglycimsidues respectively. A
family of naturally-occurringp-lactam antibiotics, with the most active membeinge
nocardicin A®* (216), all contain apara-phenolic glycine moiety. Several synthetic
antibiotics such as cephale¥ih(215) and cefrozit*! (218) also include phenylglycine side
chains, which are known to help increase oral giiEnr of these drugs. Clopidogté&l
(217) an anti-coagulant used in the treatment of caedioular disease, incorporates a
chloro-substituted aryl amino acid unit. An exaenmf an antibiotic natural product

containing a quaternary aryl glycine type unitimfmycin** (214)

Beyond well established medicinal compounds, tl®rporation of aryl amino acids into
peptidomimetics is also an important field of resha Replacing a natural amino acid
residue with a more hydrophobic aryl analogue noly affects lipophilicity, but also
secondary structure and hence conformational tigtéft**® Quaternary aryl amino acids in
particular®® can restrict conformational flexibility, and impancreased resistance to both
enzymatic and chemical degradation in foldamersatoimg these units.

53



OH

o
A o)
HO NH  Fumimycin
(0]
HO 0
214
Vancomycin
213
,}rOH
NH, H
H
NnE B 0 N OH
T o L
O 7N HO,C o
COH NH, COH
Cephalexin 215 216 Nocardin A
| O._OH
o o]
=
=
N \/\E[/T:/( ? OH
AR o
cl s H
H,N
Clopidogrel 217 Cefrozil

218

Figure 13: Biologically active molecules containing arylglyeinesidues

Novel routes to arylglycines are currently key goaithin the scientific community?® Of
particular interest is the development of catalyggymmetric routes tm-aryl amino acids, as
not only does this encourage the development o¢lndigconnections but also could increase
the scope of substitution patterns that ccouldfe®rporated within the aryl ring, which
could enable the construction of improved biolotijycactive molecules.

In this Chapter, a brief review of synthetic stgggs to afford aryl glycines will be described,
followed by the proposed incorporation of aryneratstry into this rapidly growing field of
research.
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3.2a-Arylation Reactions of Amino Acid Derivatives

Traditional methods towards chiral arylglycinesuieg starting materials already containing
the crucial carbon-aryl bond. The Strecker reacisoan efficient way to generate a diverse
array of arylglycines. Reaction of an aryl aldedy19 ammonia and a cyanide source
producesa-aminoarylacetonitrile derivative®20 which, upon acidic hydrolysis, afford the

desired arylglycineg21 (Scheme 56§>*

NH,

o)
NH3 NaCN HCI (aq )
X X
R H R CO,H
= =

221

Scheme 56Classical Strecker synthesis of arylglycines

Due to the high acidity of the-aryl proton, late-stage resolution approaches ddten
applied after racemic syntheses, such as the sipacd diastereomeric satf§ or dynamic
kinetic resolution>®

The pioneering work of many research groups oveltdht 50 years has produced a large tool
box of asymmetric aryl glycine syntheses, beginnwith the emergence of asymmetric

variants of the Strecker synthe§is. A large number of stereoselective methods for
generating such species with the vital carbon-&yhd in place have been developed
including the nucleophilic and electrophilic amioat of a-substituted acids and the

aminohydroxylation of styrenes. There are sevexaéllent reviews on this topte> 1215156

This section will contain a brief review of varioasymmetric methods for synthesising

aryl amino acids that require generating the atgremcentre, namelg-arylation type
reactions, as this is directly relevant to the psgal use of arynes in these reactions. This
review is by no means exhaustive but gives an éaeref main reaction trends.
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3.2.1 a-Arylations Employing Electrophilic Glycine Equivalents

Due to a long history and understanding of nucldaplaryl species such as Grignard
reagents, it is logical that a number ofarylation reactions use these compounds in
conjunction with electrophilic glycine partners. o@mon amino acid derivatives with
umpolung, electrophilic reactivity at tleeposition area-imino or a-iminium acetates, with
chiral auxiliaries to control the stereochemistryhe reaction.

In 1988, Obrecht used an imine generatesitu for such a transformationi’ N-tert-Butoxy
carbonyl protected (-)-8-phenylmentn@22) was brominated witiN-bromosuccinimide to
afford 223 which when treated with an excess of phenylmagneschloride promoted
elimination of HBr to generate imir#24. The metalated aryl species then adds to theeimin
from the less hindered face to gi285 A reduction-oxidation sequence of the ester then
affordedN-tert-butoxy carbonyl phenylglycin@26)in 82% ee and 78% vyield (Scheme 57).

o NBS, GOl 0 PhMgCI 0
BochN. M . —— F°° %OR* BoeN L,
OR by OR
Br
222 223 224
PhMCI
R= %
0 1. LIAIH, o
BocHN\__)LOH BocHN\;)I\OR*
ﬁh 2 RUC|3, Na|O4 ﬁh
226 225

Scheme 570brecht’s synthesis d-tert-butoxy carbonyl phenylglycine

An example of arin situ generated iminium electrophile was demonstratedSbmfai’®
Deprotonation of chiral Weinreb amid227 with LDA generated enolat®28 which
subsequently underwent elimination t&rt-butoxide by the lone pair on the conjugated
nitrogen centre to reveal the desired iminium2@39which was trapped with PhZnClI to give
amide230in a 7 : 1 dr. Separation of the diastereoisonmsyersion into methyl estéB1
and subsequent deallylation and hydrogenolysis gaantiomerically pur@32 (Scheme
58).
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OtBu — - ot- -, o
PhTN\)J\'}‘ Ot-Bu PhTN\/\N,Ot Bu Pth\ N
Me Me Me
227 228 229
PhZnCl

o) = 0 = (o]
1. Pd (0) /\ 1.NaNO,, Ac,0, AcOH /\
HN e \;)J\OMG 'JL'T""

PhTN PhTN
*HCI : _ B
Bh 2. Pd(OH), B 2. MeOH, NaHCO; Bh Me

232 231 230
7:1dr

Scheme 58Synthesis of phenylglycin232 via attack of PhZnCl oin situ-generated iminium

As an extension of the well precedented chiral ansgnthesis, Ellman and co-workers
employed theert-butylsulfinamine auxiliary for the synthesis ofyaamino acids. A pre-
formed chiral sulfinylimino este233 was the substrate for a rhodium-catalysed addiion
arylboronic esters to produce protected aryl amaods 234 in excellent yields and
enantiopurity (Scheme 54)?

L ~L

_S. 5% Rh(acac)(coe /é\
0" N +  Ar-B(OH), e Rh(acac)(coe)s oS nu
H)}‘/OMe 5% dppbenz Ar/'\ﬂ/OMe
(0] (o)
233 234

Scheme 59ElIman’s synthesis of protected arylglycines

An alternative strategy employs electrophilic ghas in a classical Friedel-Crafts reaction.
Jargensen’s catalytic enantioselectisgaFriedel-Crafts reaction between electron-rich
aromatic compounds and iminoest2B85is an excellent example of this approach. The use
of a copper-based, chiral Lewis acid complex ingpdhe stereocontrol in this reaction,
affording aromati@-amino acid236 (Scheme 60)*°
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MeOJ\N - (R)-Tol-BINAP/CUPF MeOJ\NH
Y OMe Ar/H(OMe
0 0
235 236

Scheme 60Aza Friedel-Crafts reaction to give optically aetiprotected aryl amino acids
3.2.2 a-Arylations Employing Nucleophilic Glycine Equivalents

A variety of a-arylation methodologies have been established twiixploit the natural
reactivity of thea-carbon in glycinevia enolate formation.

In 1989 O'Donnefi® reported the monophenylation of imin@37 employing
triphenylbismuth carbondf® as theC-phenylating reagent under neutral conditions (8ehe
61).

- 0
PhyBICO,
PhYN\)J\OEt Ph\r/Nw)kOEt
Ph Ph Ph
237 238

Scheme 610’Donnell’'s phenylation reaction

Lavergne subsequently developed an asymmetdarylation by the addition of the enolate of
chiral imine239to an electrophilic aryl source, fluorobenzeneamonylchromium complex
(240). Decomplexation and hydrolysis furnished the Ifiqaaternary aryl amino acid2
(Scheme 62J°®%  However, reaction conditions were harsh and asresult the
diastereoselectivity was modest (approx. 3 : 1 dr).

o F R
2 OMe N N\ / EE—— 2 7)J\OH
+ ”,
AR @ ~ (o) o) 2. HCl (aq.) R Ph
OH (CO)sCr
239 240 241 242

Scheme 621 avergne’s asymmetric synthesischiryl amino acids
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Another efficient route to optically active aryl-am acids uses the Sommelet-Hauser
rearrangement. Tayama demonstrated fhbenzylic ammonium ylide244 derived from
N-benzylic ammonium glycine (-)-8-phenylmenthol e®43 underwent a [2,3] sigmatropic
shift to give acid derivative®46with high levels of stereoselectivity (Scheme &3).

\ / \ (o]
® X I
N\)kOR \v\)J\OR N
t-BuOK 9 Q [2,3] - OR
Bre
R L R _ R
243 244 245
R= %

246

Scheme 63Asymmetric Sommelet-Hauser rearrangememi-benzylic ammonium salts

An interesting rearrangement published by Lupi stibwn intramoleculalN—->C migration
of a para-nitrophenyl group and the loss of sulphur dioxitleggered byN-allylation of
nosyl protected amido-est@d7. The stereochemistry is transferred from khalkylated

sulfonamide to the final produ2#8via memory of chirality from the stabilised non-racemi
enolate249(Scheme 643°°
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R1
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. 1
OquNH allyl bromide, NaH R %Ot-Bu Na?)
\ H,N Q t-BuOM,SOZ
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-S0, R N\
NO,
NO, 249
247 248

Scheme 641 upi’s intramolecula-arylation

3.2.3 Palladium-Catalysedx-Arylations

The introduction of the metal-catalyseehrylation of carbonyl compounds has led to a rapid
growth of research into this area over the pasade®®®” The mechanism proceets a
metal enolate which undergoes transmetallation Wighoxidation product of the transition
metal and the aryl halide. Finally reductive ehation generates a new C-C bond (Scheme

65).

o Ar-X
Reductive elimination ~ R? JJ\/Ar [LoMet®
Oxidative addition
Ar
_MetL, X
o LMt

(0] ér
R & - R JK/Meth Ar

><£ J(L + Base
R1

Base*HX R

Transmettalation

Scheme 65Catalytic cycle for metal catalysedarylation of carbonyl compounds

In 2001 Hartwig and co-workef§ were the first to demonstrate a palladium-catalyse
arylation of a protected amino acid. It was shdkat imine237 would undergax-arylation
with a wide range of arylhalides usingB{); as a ligand and #0, as base (Scheme 66).
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\)‘i Ar-X, PP Q
Ph N Ph N
Y OEt z %OEt
Ph P(t-Bu)s, K3POy4 Ph Ar
237 250

Scheme 66Hartwig’s palladium-catalysed-arylation of protected amino acids

One year later, using a similar C-H activation tsigg, Buchwald® reported the palladium-
catalysed intramolecular-arylation of amino acid este®51, generating tertiary (R= H)
and quaternary (R= alkyl) dihydroiso-indole ester@52(Scheme 67).

R4 R
R! O-tBu Pd", L N-R? O
N , ) _ PCy,
R® O t-BuOLi R L=

R2 Br R4 COZ t-Bu MeZN O
251 252

DavePhos

Scheme 67Buchwald’s intramoleculam-arylation

Hartwig'’® subsequently reported amarylation of aza-lactoneéz53to afford quaternary aryl
amino acid derivative®54 (Scheme 68).

Ph Ph
N N Ar
T \_r ArBr, Pd T VR
o{ o)
o AdzP(t‘BU), K2003
253 254

Scheme 68Hartwig’s a-arylation of aza-lactones

Although these techniques are vastly superior nistlud generating aryl amino acids, there
has yet to be an asymmetric variant reported.
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3.3 Synthetic Plan

Arynes are extremely attractive candidates for tharylation of glycines and other
enolisable starting materials. Their intrinsicogtephilicity should allow for nucleophilic
addition by a suitably protected glycine enol2tb and then subsequent reaction of the
resulting anion256 with electrophiles should provide diverse derivasivof phenylglycine
257 (Scheme 69). Use of a chiral auxiliary' @ R) should control the stereochemistry of
the reaction.

5 (0] (0]

« NP ©) .

Tone, + 2w S S e
+ —_ —_—
RO 2 _ PN . E
1 R2 :_RZ
x
255 4 256 257

P = protecting group
Scheme 69Proposed aryne three-component coupling reactiaiving protected glycine enolates
3.4 Addition of Enolates to Arynes
Before embarking on endeavours towards d¢harylation of glycine using arynes, it is
important to give a brief historical overview ofeprous additions of enolates to arynes. As

discussed in Chapter 1 (Sectib4.2.3, the addition of stabilised enolates to arynesults
in a formal C-C insertion reaction (Scheme 70).

')
o) o EWG
o N R EWG 6)
R1J\/EWG R —— ) — R
Sl 1 R2 :—R2
|
e S
259 26

258 4 0
EWG = Electron withdrawing group

e.g. CO,Me, CN, SO,Ph

EW
o EWG o © G
H+
R' Z L R2 - R’ ~ :_RZ
- N
262 261

Scheme 70Addition of stabilised enolates to arynes; formaC®ond insertion reactions
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Between 1978 and 1991, Caubere published a sdrgapers in which he documented the
addition of cyclic ketone enolates to aryn€s-"* When cyclic ketone863were treated with
complex base NaNH-BuONa in the presence of bromobenz€b4), benzocyclobutenols
264 were afforded after work-up, again due to cyciwabof the aryl anion onto the ketone
(Scheme 71).

Br OR
O%OR 1. NaNH,-t-BuONa HO 7 oR
+
CH CH
(CH3), 2 H0" ©jf</( 2)n
263 54 264

Scheme 71Formation of benzocyclobutenols by the additiowaflic ketone enolates to arynes

Bieh*” reported the outcome when 2-butenoic acid dia(266)was reacted with methoxy-
substituted arynes. Arylation occurs exclusivelyhe 4-position of this extended enolate to
form 267, which after proton transfer and proton quenchegéarylated aci@69 (Scheme
72).

X
: Il SR R ,.
o LDA or LiTMP o = @/\LI/\)OJ\
Li®
265 266 267
R =H, 3-OMe, 3,4-(OMe),,
3,5-(OMe),, 3,6-(OMe),

R R
(\/J\/\/\CL = @\/\/ﬁ\
NNF OH NN oL
Li®
269 268

Scheme 72Reaction of 2-butenoic acid diani@66 with methoxybenzynes
A similar result’”® was observed for the correspondiig4-methoxyphenyl)amide dianion
(271)when reacted with similar methoxy substituted asyrio generate amid2%2 (Scheme
73). However when dimethylbenzyne was used iplase, a rearrangement reaction took
place to afford indan77 as the major producf® In this instance, after nucleophilic attack
of the extended enolate, the aryl an&#8 undergoes d-exo-trig cyclisation onto thet,(3-
unsaturated system to give cyclobut@¥e which upon ring opening affords benzyl anion
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275 The dianion can then undergdando-trigcyclisation to form lithiated intermediate
276 which after addition to another equivalent of dihydbenzyne and work-up gave indane
277in 51% yield (Scheme 73).

AN
_ 1] SR R
o LDA or LiTMP OLi = = /| Q
/\)J\NHAr %\‘ANN 2. H* N 7 NHAr
@ '
L
o 271 272
R =H, 3-OMe, 3,4-(OMe),,
Ar = 4-(OMe)-CgH, 3,5-(OMe),, 3,6-(OMe),
L
OLi L NAr
Li 4-exo-trig i
@| NAr rexong Y  OLi
274
273
o 0
. OLi 5-endo-trig Q NAr
NHAr - Cu
O™ o “
o)
277 276 275

Scheme 73Biehl’s observation of different products in th@acgon ofN-(4-methoxyphenyl)-2-butenami@¥0

with various substituted arynes

The only example in the literature when the anioltotving nucleophilic attack of a non-
extended enolate to benzyne does not cyclise dmocarbonyl group, was described by
Durst!’” Addition of tert-butyl ester enolat@79to the benzyne derived from iodobenzene
(278) and LiITMP does not undergo cyclisation to cyclamane 281 as formation of
hypervalent iodine (ate) comple382 is faster. Transfer of iodine fro@82 afforded the
major produc83and fragmentation gave the minor prod2@4 (Scheme 74).
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Scheme 74Addition of enolate to benzyne followed by hypeerdliodine (ate) complex formation
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Chapter 4: Results and Discussion: Investigationsito the
Addition of Protected Glycine Enolates to Arynes

4.1 Introduction

Before any multi-component coupling reactions oeresbselective syntheses could be
conducted, the first task was to investigate tratreity of glycine enolates in-arylation
reactions with benzyne. Little precedent exists tfos reaction and previous reports of
enolate addition to benzynes demonstrate that ekaltant aryl anion cyclises onto the
carbonyl group (see Section 3.4), therefore it ardgipated that this would be a challenging
transformation.

The choice of the glycine enold286was consequently crucial to the success of thdiosac

It was decided to protect the carboxylic acid moget the correspondirtgrt-butyl ester. As
most examples report cyclisation of the carbaniato dketones or in a few cases methyl
esters, it was envisaged that the sterically hiediéert-butyl ester would suppress this
undesired pathway. The amine functionality musb &ls suitably protected so as to be inert
to the reaction conditions (Scheme 75).

N (o)
S) {'@R NP,
(0] Base 0o t-BuO
t-BuOJ\/ NP )\/ NP, =
t-BuO 1Te
X [}
285 286 287

P = protecting group
Scheme 75Proposed addition of protected glyci2@6to benzyne

4.2 The Use of Benzophenone Imine Protected Glycierivatives

The first protected glycine to be examined was bphenone imine290. This is easily
prepared, and the methylene protons readily depatéd with relatively mild bases. The
free amine can be liberated following the reactignweak acid hydrolysis of the imine.
These compounds have previously been employed enptkeparation ofx-amino acids,

particularly in combination with phase-transferatyis’’®*"

tert-Butyl 2-bromoacetatg288) and benzophenoniming289) were treated with dso-
propylethylamine to give the desired imi2@0in 99% vyield (Scheme 785°
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0
0 NH O )
N_ _Ph
+ |
t-BquV Br Ph)L Ph t-BuO N
Ph
288 289 290

Reagents and Conditiong) i-Pr,NEt, MeCN, reflux, 12 h, 99%.
Scheme 76Synthesis of imin@90

With imine 290in hand, alpha-arylation reactions with arynedade attempted.

4.2.1 Employing anortho-Lithiation Benzyne Precursor

It is well precedented that treatment of protedbaine 290 with lithium amide bases such
as LDA, affords the (Z)-enolat292 stereoselectively due to internal chelation betwee
nitrogen and lithium® The benzyne precursor tested in conjunction wits nucleophile
was 1,4-dimethoxy-2-fluorobenzr{83) which undergoesrtho-lithiation at —78 °C to give
291 and then eliminates lithium fluoride to form dimexybenzyne upon warming to room
temperaturé’

Unfortunately all attempts to react enold82 with this benzyne proved unsuccessful
(Scheme 77). The order of addition of lithiated®@ps292and291to each other was altered
and the use of different lithiating reagents sushid@MP orn-butyllithium investigated. The
silyl ketene acetal of this ester was also teStetut none of the desired prodi223 was
detected. Starting material was recovered in eade as well as the detection of base
addition side product294 and295.
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Reagents and Condition@) n-BuLi, THF, =78 °C; (ii) LDA or LiTMP om-BuLi, THF, =78 °C; (iii) =78 °C to

rt.

Scheme 77Attempted addition of enola92to dimethoxybenzyne

4.2.2 Use of artho-Silylaryl Triflate Precursor

Due to the difficulties encountered with the prestrategy, a different benzyne precursor,
2-(trimethylsilyl)phenyl trifluoromethanesulfonat¢51), which forms benzynevia a
desilylation-elimination mechanism upon treatmerithwa fluoride source under mild
conditions, was utilise® Cesium fluoride was chosen as the fluoride suecinduce
benzyne formation and it was investigated whethermould act as the base to deprotorate
to the carbonyl. The imin290 and benzyne precurséd were heated in the presence of
cesium fluoride until all starting material had bemnsumed as monitored by TLC (Scheme

78).
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™S o 0) 0
@E * t—Buo)JV NY P t-Buo)K( "\Y o
oTf Ph Ph Ph
51 290 & 296
Product X

Reagents and Conditiong) 3 equiv. CsF, MeCN, 80 °C, 45 min.
Scheme 78Reaction between Schiff ba280andortho-silylaryl triflate benzyne precurséil

After column chromatography the major product & tkaction was isolated in 63% yield
and initially assigned as the desired e2&8 (Figure 14). Mass spectroscopy confirmed the
required mass, but doubts arose due to the low ichéshift of the CH protom to the ester.
On becoming benzylic as 296, it would be expected that this proton would stidgtvnfield
from the original imine, but in fact it had shiftegbfield by 0.3 ppm. Another proposed
product was cyclised structu@97 (Figure 14), that could have arisen though a [2]+
cycloaddition reaction® but this was soon discounted due to its incompiitwith the
NMR data.

Ph
Ph
N\ Ph /N
Ph
-BuO” O
t-Bu t-BuO 0
296 297

Figure 14: Proposed products of reaction between Schiff B&Sand benzyne

In an attempt to confirm the structure 286 hydrolysis of the imine was attempted under
standard conditions to give the corresponding plugtygine tert-butyl ester(298). However
treatment with either citric acid at room temperatar hydrochloric acid at reflux resulted
only in decomposition and no product was obser@sth¢me 79).

(i) or (i)

Product X — NH;

t-BuO” O
298

Reagents and Condition@) 15 % citric acid, THF, rt, 16 h; (i) 1M HCTTHF, reflux, 12 h.

Scheme 79Attempted imine hydrolysis reactions
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An authentic sample of the initially proposed praidR96 was then synthesised. Phenyl
glycine (299) was esterified by treatment wittert-butylacetate and perchloric acit,
followed by condensation with benzophenonin288 (Scheme 80).

i @ i (ii) i
| 1}
Y o)KrNHz SEUREG OJ\( nw, O oJ\r Ny Ph

Ph Ph Ph Ph

299 300 296

Reagents and Condition@) t-BuOAc, HCIQ,, rt, 12 h, 64%,; (ii) PYC=NH 289, CH,Cl,, rt, 36 h, 10%.
Scheme 80Synthesis of imin@96

The NMR data from this product was clearly diffarém that of the product formed during
the benzyne reaction and as expected the CH phatdshifted downfield.

It was then hypothesised that this unknown compooray be thea-imino ester304,
resulting from the isomerisation of the imine daulbond under the basic reaction
conditions*®

To test this theory, the imino est804 was synthesised using an alternative procedure.
Employing a robust two-step metht tert-butyl a-oxo-1H-imidazole-1-acetaté302) was
prepared in 89% yield by the addition of imidazmeert-butyl oxalyl chloride (generated

situ) followed by the addition of phenylmagnesium brdenito this compound to afford
o-keto ester303 a-Imino ketone304 was formedvia a condensation reaction with neat
dibenzylamine in the presence phra-toluenesulfonic acid and 4 A molecular sieves
(Scheme 81).

0} N— fo) o o
(), (i) =) (i) (iv)
CI\H)J\CI &Nm)komu . th)\o L t_Bqu\r/N\rPh

o} o o Ph Ph

301 302 303 304

Reagents and Condition@) t-BuOH, THF, 0 °C, 1 h; (ii) imidazole, THF, 0 °Q3 #in, 89%; (iii) PhMgBr,
THF, 0°C to rt, 4 h, 81%; (iv) N4CH(Ph), PTSA, 4 A MS, 27%.
Scheme 81Synthesis ofi-imino ester304

Spectral analysis of this compound also indicabed the structure is inconsistent with that of
the previously obtained compound.
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Finally, exhaustive 2D NMR analysis revealed thenitty of the mystery compound as
aziridine305. The HMBC shows a clear coupling between thegorain thea-carbon to the
ester and the aliphatic quaternary carbon in thieecoge (Figure 15).

O  Ph
t-BuO Ph
H\-/A Ph
305

Figure 15: Key HMBC coupling between thee-proton and the quaternary aziridine carbon

The aziridine structure proposed is consistent waithof the spectral data and also explains
the low chemical shift of the-proton to the ester, due to ring strain. Thisdeés similar to
those of analogous compounds reported in the titer®’*®® thus providing support for this
characterisation.

A mechanism was proposed in which the nitrogen lpag of the imine acted as the
nucleophile towards benzyne. The resulting azdimetylide306 subsequently undergoes a
4trelectrocyclisation to afford aziridirg05 (Scheme 823%°

oPh\erh P Ph
wdh —— AT
t-B oé) ) t-Buo)(%H(E;Q

Oph Ph Ph_ _Ph

A DI oy
t-BuO N /ﬂ\v/
Ph

N
t-Bu0” @\©

305 306

Scheme 82Proposed mechanism for aziridiB@5 formation

Although the desired-arylation product was not found, this reaction wasught interesting,
and deserved further investigation.
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4.2.2.1 Aziridination Reactions

It was interesting to test this reaction furthed apply it to other systems and to observe
whether there is any diastereoselectivity for unsytrical imines. To investigate this, two
imines 308a and 308b were synthesised by the condensation oftdrebutyl aminoacetate
hydrochloride(307) with the appropriate aldehyde (Scheme 83).

R
G §
t-Bqu\/NHfHC' t-BuO NS

308a: R=H
307 308b: R=CI

Reagents and Conditiong) NEt;, MgSQ,, CH,Cl,, rt, 1 h then 4-R-PhCHO, rt, 12 h, 93% 8183 90% for
308h

Scheme 83Formation of imines

However, when the same aziridination conditionsenapplied ta308g none of the desired
aziridine diastereoisomei®09 were observed, only starting materials were re@er an
intractable mixture formed (Scheme 84, Table 3gve$al conditions were employed to try to
promote the reaction, including prolonged reactiores (Table 3, Entry 2), increased pressure
(Table 3, Entry 3) and a different fluoride souarel solvent (Table 3, Entries 4 and 5).
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Reagents and Conditiong) See Table 3.

Scheme 84Attempted aziridination reaction with unsymmetrigalnes

Table 3 Conditions for attempted aziridinations of unsyetrical imines

Entry ? Reagents and Conditions Concentration /M Result
1 CsF, MeCN, 80 °C, 45 min 0.07 SMs
2 CsF, MeCN, 80°C, 18 h 0.1 Complex mixture
3 CsF, MeCN, 80 °C, sealed tube, 3 h 0.1 SMs
4 KF/18-crown-6, THF, 0 °C, 5 h 0.25 Complex migtur
5 KF/18-crown-6, THF, 0°Ctort, 6 h 0.25 SMs

*Typical reactions were performed on a 0.5 mmoles€Betermined by analysis of tfiel NMR of the crude

reaction material after work-up.

To determine whether the reactivity issues werecifipeto the imine derived from
benzaldehyde, the reaction was conducted ®@Bb, without success. What was curious
about these reactions was that in each case uadeehzyne precurséd was recovered and
in the original aziridination reaction (Scheme #&) precursor was consumed. A competition
experiment was carried out between imig80 (0.5 equivalents) and imin808b (0.5
equivalents) under the previous reaction condit{@theme 85).
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Ph
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Reagents and Conditiong) CsF, MeCN, 80 °C, 45 min.

Scheme 85Competition aziridination reaction

The 'H NMR spectrum of the crude reaction mixture showfesl presence of aziridir@05,
unreacted308b and imine290 in an approximately 1 : 2 : 1 ratio respectivelynreacted
precursor51 was also observed, demonstrating that im3@8b would appear to inhibit
benzyne formation and hence decrease the degreenwérsion of symmetrical imin290 to
its corresponding aziridine. No further investigatwas made into this reaction.

Instead, an unsymmetrical, bi-aryl imiB&2 was synthesised to test the stereoselectivity of
these reactions. Condensationteft-butyl aminoacetaté311) with 4-bromophenone in the
presence of 4 A molecular sieves (Scheme 86) §a2es a 3 : 1 mixture of isomers. The
major isomer was determined to [2@-ketimine312aby nOe analysis.
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Reagents and Condition§) t-BuOAc, HCIQ, rt, 18 h, 28%; (ii) 4-Br-PhCOPh, cat. CSA, bergehA MS,
90 °C, 3 days, 4%, dr 3 :31l2a: 312h

Scheme 86 Synthesis of imin@12and nOe analysis

When this mixture of isomers was subjected to tmaes aziridination reaction conditions as
before, a 1 : 1 mixture of diastereoisomers ofidirie 313 were formed along with recovered
starting material, now in a 1 : 1.5 ratio 3f2ato 312b (Scheme 87, Table 4, Entry 1). This
indicated that either the starting imine or thensiant iminium intermediate was isomerising
under the reaction conditions or the major isoBE2awas reacting faster tha&812b. When
the reaction was conducted at ambient temperatstedad, one diastereoisomer of the aziridine
was formed in a 11 : 1 ratio. As in the previogaation more of the minor isom8&d.2b
remained than the maj@d2a(Table 4, Entry 2). This indicates the major imisemer312a
forms its corresponding aziridine much faster ttrenminor isomer.
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312 51 313

Reagents and Conditiong) See Table 4.

Scheme 87Aziridination reaction of unsymmetrical imine

Table 4 Aziridination conditions

Reagents and Ratio of unreacted SM isomerd dr?

Entry N _ _ Yield® 313 /%
Conditions (Major 312a : Minor 312b) 313
1 CsF, MeCN, 1 h, 80°C 1:15 11 44
2 CsF, MeCN, 18 h, rt 1:15 11:1 40

%As determined by integration of thtH NMR of the crude reaction materiaflsolated after column

chromatography.

nOe measurements on the major aziridine diasten@@is confirmed it to be the one in which
thea-proton and the unsubstituted phenyl group wergynfieometry (Figure 16).

nOe

313

Figure 16: Major aziridine diastereoisomer showing key nOedalations

This result is consistent with a stereospecific rotatory 4t electrocyclisation of major

diastereoisome3l2a
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4.3 Dibenzyl Protected Glycine Derivatives

Although interesting, the results from the previaestion indicated that the electrophilic
nature of imine290 would be problematic in any further reactions inuty arynes.
Similarly Durst and co-workers observed [3+2] cyalditions of aza-methine ylides derived
from similar compound¥® It was therefore decided to use a more electlicphy inert
protecting group for the amine functionality in thlycine molecule. To this entkrt-butyl
dibenzylamine acetat814) was synthesised according to a literature proeed8cheme
88).190

(o] @) (o]
t-BuOJ\/ Br t-BuOJ\/ NBn,

288 314

Reagents and Condition@) NH(Bn),, EtOH, dioxane, reflux, 4 h, 90%.
Scheme 88Synthesis of dibenzyl-protected glycine eSte4

4.3.1 Employing Desilylation-Elimination Benzyne Pecursor
Without the interference of the electrophilic imingtne same conditions that gave the

aziridine 305 from imine 290 were applied to esté814. Surprisingly, the only product
isolated was tha-benzyl compoun@15in 47% vyield (Scheme 89).

Ph
o)
o TMS i r
J_ne 0 N.
t-BuO n; + t-BuO Ph
oTf
Ph
314 51 315

Reagents and Conditiong) CsF, MeCN, 80 °C, 45 min, 47%.
Scheme 89Reaction between dibenzyl protected glycine extdrand benzyne

An aryne-induced Stevens rearrangement was progoséte formation of this produ&l5
Initial attack of the tertiary amine on the benzymauld afford zwitterionic specie®16 and
subsequent 1,4-proton transfer would form end@atéwhich could undergo a 1,2-alkyl shift
with migration of the benzyl group to afford prot3&5 (Scheme 90).
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o NrPh o rPh

N N® Ph
o A
) ‘

Ph S Ph
i ('o Nr/)@ Ph
RO)Jj/ N. Ph RO ~
315 317

Scheme 90Proposed mechanism for formation3df via an aryne-induced Stevens rearrangement

Based on this rearrangement, a new strategy wagneels It was anticipated that if a
guaternary ammonium s&Bl8 was used in place of the tertiary amiB®4, the electron-
withdrawing effect of the positively charged nitesgwould be enough to render the
carbonyl protons acidic enough to be deprotonayed fluoride base. It was then envisioned
that the resulting anion followingt-arylation, 319 would promote an intramolecular
migration of one of the alkyl groups from nitrog@ncarbon, resulting i820(Scheme 91).

o)

DR N
o Rp | @TMS F- RO” (R > RO ‘R
N
RO ~OR oTf © R
x©
318 51 319 320

Scheme 91Proposed reaction between quaternary ammonium3i8tand benzyne

To validate this theory, the previously-describathéthyl ammonium iodide saB22 was
prepared from dimethyl amirg21in 81% following a simple procedure (Scheme 92).

- NM
o J__Nme, Eto)b@ es
o
I

321 322
Reagents and Conditiong) Mel, CH,Cl,, —15 °C to rt, 48 h, 81%.
Scheme 92Synthesis of 2-ethoxiN,N-trimethyl-2-oxoethanaminium iodid822)
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However, difficulties arose when trying to use thadt in a benzyne reaction. Trimethyl
ammonium salt322 was completely insoluble in acetonitrile, and rente cesium
fluoride/acetonitrile combination could not be used was patrtially soluble in THF, but a
reaction between benzyne precurSay salt322 and potassium fluoride in the presence of
18-crown-6 gave none of the desired am®23 (Scheme 93). It was speculated that the
proton was still not acidic enough for potassiumofide to deprotonate, even with an
ammonium ion adjacent to it.

TMS 0) i “ri’lle
jVNM . @E EtO “Me
€3
EtO ® OTf Me
€]
|
322 51 323

Reagents and Conditiong) KF/18-crown-6, THF, rt.

Scheme 93Unsuccessful reaction between quaternary ammonaltrB22 and benzyne

These results suggest the need for a stronger thagecesium fluoride to effect enolate
formation in order to encourage the protected glyt¢o act as a carbon rather than a nitrogen
nucleophile whilst still using1 as the benzyne source.

To simplify monitoring and analysis of these reawsi, the arylated produ824 was prepared
separately by benzylation of previously synthesgeehylglycine este300(Scheme 94).

(0] n (o]
t-BuOJ\r NH, t-BuOJ\( NBn,

Ph Ph

300 324

Reagents and Conditiong) BnBr, C$CGO;, n-Bu,NI, DMF, 100 °C, 18 h, 25%.

Scheme 94 Synthesis of desired reaction product
Reactions were then performed using a variety aingt bases for deprotonation 814

coupled with different fluoride sources for benzyieemation. It was anticipated that a
potential by-producB25 could also be formed (Scheme 95, Table 5, Enlri&s
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o ™S ® NBn
— . NBn 2
£-Bu JVNan Oi t-BuO 2 or

OTf

314 51 324 325

Reagents and Conditiong) See Table 5.

Scheme 95Attempted addition of glycine enolate to benzyne

Table 5: Investigations into benzyne additions3if4 enolates

Fluoride Order of addition to
Entry?  Bas€ Result
Source 314
1 LDA CsF Base, thehl, then F Starting materiafs
2 LDA KF/18-crown-6 Base, thebi, then F Starting materiafs
3 NaH CsF Base, thesi, then F Starting materials
4 NaH KF/18-crown-6 Base, thénd, then F Starting materials 815
5 KH KF/18-crown-6 Base & T then51 Starting materiafs

®Reactions were performed on a 100 mg scale in anhgdl HF using 1 equiv. of base and 3 equiv. dfrille
reagent and monitored over a 6 h peribieprotonations were carried out at *Z8using LDA and at rt using
NaH or KH. °CsF desilylations were carried out at rt and atQ0using KF.%Determined by'H NMR
spectroscopy and GC-MS analysis of the reactioriuréx’There was also a large number of unidentifiable sid

products as seen by TLC and GC-MS analysis.

These results demonstrate the incompatibility ofzZlgae precursobl under these reaction

conditions as unreactéd was detected in the presence of excess fluoriédl cases (Table
5, Entries 1-5).

4.3.2 3-Bromoanisole (40) as a Benzyne Precursor

Lithiation of 3-Bromoanisolg(40) is known to be regioselective for the 2-positiord an
elimination of LiBr to methoxybenzyne occurs at -%8'%* Protected glycing14 was

treated with LDA to form the corresponding enolédpwed by addition of an equivalent of
n-butyllithium to regenerate LDAn situ before 3-bromoanisol@0) was added at —78 °C. It
was envisioned that LDA would generate methoxybeaziy the presence of the lithium
enolate and the desired enolate addition would rocddonitoring the reaction by GC-MS
and analysis of the crude reaction mixture By NMR showed only unreacted starting
materials along with base addition side-prodd28 and dehalogenat&229 Replacement of
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LDA with more hindered LITMP in the presence of HMRB increase the nucleophilicity of
the enolate produced the same result, @80 detected (Scheme 96).

(o}
o) o NB 0 NBn,
J__nen, O0r® t8uo "z
t-BuO 2 —H— or
MeO
MeO
314 326 327
OMe OMe
L ©~* O "
Br )\
40 328 329 330

Reagents and Condition@) a) LDA (1.1 equiv.), THF, =78 °C, 30 mins, irBuLi (1 equiv.), =78 °C,
15 mins, ¢) 3-bromoaniso(d0), THF, —78°C to rt, 12 h; (ii) a) LITMP (1.1 equiv.), THF, -78,
30 mins, bn-BulLi (1 equiv.), —78C, 15 mins, c) 3-bromoaniso{é0), THF, HMPA, -78°C to rt, 12 h.

Scheme 96Attempteda-arylation reaction using 3-bromoanis@®) as the benzyne precursor

The above experiments demonstrate that using iaritlamide base for enolate formation is
problematic due to the nucleophilic nature of tbajagate acid, e.g. dsopropylamine. A
method was required in which enolate formation ddag achieved without the use of such a
base.

4.4  Silyl Ketene Acetals
An alternative strategy was to synthesise the spoeding silyl ketene acet8B1, which
could subsequently undergo a silyl-lithium exchangeform the corresponding lithium

enolate without the presence of a nucleophilic @amin

The E)-tert-butyl trimethylsilyl ketene acetal331) was prepared stereoselectively using
Tanabe’s methodology (Scheme 6%).
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(o) (@, @) OTMS
t-BuOJ\/ NBn, t-Buo)\

Nan

314 331

Reagents and Conditiong) LDA (1.1 equiv.), CPME, 0-5 °C, 30 min; (ilMSCI, 0-5 °C, 30 min then rt 1.5 h,
89%.

Scheme 97Silyl ketene acetal formation

Before attempting the silyl-lithium exchange it wiasestigated whether a fluoride source
could be used to generate the enolate from thekgtgne acetaB31 and generate benzyne
simultaneously. Silyl ketene ace&d1 and benzyne precursbi were treated with different
fluorinating agents (Scheme 98, Table 6, Entriéd.1Unfortunately none of these attempts
were successful and only rearrangement pro8ilistvas observed.

0]

- (0]
™ ™S ()
Al RIS S S
t-BuOJ\ OTf Ph
NBn,
331 51 324 325

Reagents and Conditiong) See Table 6.
Scheme 98Attempted reaction between silyl ketene ac88&lland benzyne generated from precuisbusing

a fluoride source

Table 6: Different fluoride sources investigated in benzforenation

Entry® Fluoride Source  Solvent TemperatureC Resulf
1 CsF MeCN 20 to 80 314+ 315
2 KF/18-crown-6 THF 0to 20 314+ 315
3 TBAF THF 0to 20 314+ 315

®Reactions performed on a 150 mg scale and monitoved the course of 6 fiAs determined byH NMR

spectroscopy of the crude produtfhe crude reaction mixture also contained a nunufeunidentifiable

products.

The next task was to establish the optimal condftifor silyl-lithium exchange for the silyl
ketene acetal. Silyl ketene ace®dll was treated with one equivalent of methyllithium a
various temperatures and then the resulting entles¢ed with benzaldehyde to affasgn-
andanti- diastereoisomers of alcoh®82 (Scheme 99)%*
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OTMS O OH

. @) J\/@ ?
- X _—> -
t Buo/H t-BuO Ph Buo - NBN,

NBn, NBn,

331 332 314

Reagents and Condition@) See Table 7; (i) PhCHO, —-7&, 30 min.

Scheme 990ptimisation of silyl-lithium exchange by trappiegolate with benzaldehyde

Table 7: Investigations into silyl-lithium exchange condiis

Entry? Temperature of MeLi Final Reaction Product Ratio
addition /°C® Temperature °C° 314 : 332
1 0 0 100:0
2 =78 -78 25:75
3 =78 -60 25:75
4 =78 —45 50:50
5 =78 -15 6:94

*Typical reactions performed on a 200 mg sc#eLi added dropwise at stated temperat(&irred at this
temperature for 1 h before being cooled to Z&t which point benzaldehyde is added and stiioed further
30 min at -78C. “As determined by analysis of thd NMR spectra of the crude product.

4.4.1 3-Bromoanisole (40) as the Benzyne Precursor

Having determined the optimal conditions for slifiium exchange (Table 7, Entry 5),
3-bromoanisolg40) was again investigated as the benzyne precursorendlate333 was
added one equivalent @fbutyllithium at —78°C followed by 3-bromoanisolé40). The
order of addition was also reversed and the benpyaeursor40 added before the base
(Scheme 100). Unfortunately, neither of the exmkgroducts326 or 327 were detected,
only alkylated compoun834 was isolated in 25 % vyield. This presumably isrfed by a
lithium-bromine exchange between butyllithium andrboanisole, generating bromobutane
which is alkylating the enolate. Due to the fat¢ibdogen-lithium exchange, 3-bromoanisole
(40)is not a suitable benzyne precursor.
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; o NBn
OTMS . oLi 2
(i) (ii) or (iii) +-BuO NBn,
t-BuOJ\ - t-Buo)\ > or
NBn, NBn, MeO
MeO
331 333 326 327
o)
NB
t-BuO N2
334

Reagents and Conditiong) MeLi (1 equiv.), THF, =78C then —15C 1 h; (ii)n-BuLi, —78°C, 15 min then
40; (iii) 40, —78°C thenn-BulLi.

Scheme 100Reaction between silyl ketene ace&alland 3-bromoanisole
4.4.2 1,4-Dimethoxy-2-fluorobenzene (83) as the Bame Precursor

Attention was once again focused on 1,4-dimethofiy@obenzene(83) as a benzyne
precursor, as this does not undergo halogen-litlemaiange.

The same process of silyl-lithium exchange was ragaérformed. 1,4-Dimethoxy-2-
fluorobenzene(83) and an equivalent ofh-butyllithium were added and the reaction
monitored upon warming to room temperature (Schdg). Addition of 291, or 83
followed byn-butyllithium at =78 °C and subsequent warmingdom temperature (Table 8,
Entries 1 and 3) resulted in a complex mixture mfdpicts. Performing the lithiation of the
benzyne precursor at —20 °C (Table 8, Entry 2) peed fewer by-products and a
characterisable new product. Although purificatawas difficult, a pure sample of this
product was obtained which was confirmed to benglsidiastereocisomer of est&87. The

IR and™C NMR spectra clearly show the presence of an estéra ketone. DEPT analysis
indicates that the dimethoxyarene has only beenorsabstituted, and the proton in the 2-
position is clearly visible byH NMR. X-ray quality crystals 0837 were acquired, showing
the stereochemistry of the two dibenzyl-protectedhas to besyn(Figure 17).
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. O NBn
OTMS . OLi ) 2
0 (ii) t-BuO NBn2
t-BuO” X —> {BuO” ——> ome ©F
NBn, NBn, MeO OMe
MeO
331 333 335 336
OMe OMe
Li
MeO
F F 0 o)
OMe OMe
t-BuO 5 OMe
83 291 anN Nan
337

Reagents and Conditic: (i) MeLi, THF, —78°C, then —15C 1 h; (ii) Se€Table 8.

Scheme 101Reactions between silyl ketene ac331and dimethoxybenzyi

Table 8: Investigations using 1-dimethoxy-2-fluorobenzen@3) as a benzyne precur:

Entry Order of addition Temperature C Resulf’
1 29110333 -78tort 314
2 83to 333thenn-BulLi -20tort 314 337 (5%) 1: 1.9
3 8310 333thenn-BulLi -78tort 314

*Typical reactions were plermed < a 300 mg scale in anhydrous THF (0.2 s determined by L-MS and
'H NMR analysis of the crude reaction mixti °A large number of unidentifiable side products watso
observed’isolated by column chromatograp °Determined by integration of theBu peak in*H NMR of the

crude reaction material.

MeO
O O
t-BuO OMe
anN N an
337

cis) ciag) Cl44)

Figure 17: X-Ray crystal structure of diastereoisor3&7
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These results were promising although the reagbimuuces by-products after the initial
enolate addition. It was hoped that careful adjestnof reaction conditions could induce the
reaction to stop after the first attack.

4.4.3 1-Chloro-2,5-dimethoxybenzene (338) as thergyne Precursor

It was thought that lowering the temperature ofzyae formation in the previous reactions
might result in controlled enolate addition anditithe amount of side reactions occurring.

1-Chloro-2,5-dimethoxybenzeng38) can be regioselectivelprtho-lithiated at a lower
temperature than the fluorine analo@@Busingsecbutyllithium at =95 °C*> Warming to
room temperature would result in elimination of L&hd benzyne formatiofi>**® In order

to determine the temperature at which benzyne foomaccurs, a series of reactions were
run in parallel in whichortho-lithiation was performed witlsecbutyllithium at —95 °C
followed by the addition of furan and warming. Tieactions were quenched at different
temperatures and analysed by GC-MS for the presehdaiels-Alder cycloadduc39
indicating benzyne formation. Cycloadd&39 was first observed at —60 °C, indicating
benzyne formation was occurring (Scheme 102).

OMe OMe
O C)
_—
Cl
OMe OMe

338 339

Reagents and Condition@) s-BuLi, THF, — 95 °C, 15 min; (ii) furan, — 95 °C 060 °C then kD.

Scheme 102Diels-Alder reactions between dimethoxybenzyne fanah
Similar reactions were performed to the ones utiegfluoride precursoB3 (Scheme 103).
The reactions were not warmed to room temperatucgder to try to suppress side reactions
(Table 9, Entries 1-3). Greater dilutions wereoatsnployed to suppress intermolecular

reactions after the initial enolate addition (Ta®)dntries 1, 3 and 4).

These reactions appeared more promising with ctearsable products formed in each case.
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i . (0} NBn
OTMS 0 oLi (i BUO NBn, 2
t-Bu0” X — t-Buo)\ — OoMe ©F
Nan Nan MeO OMe
MeO
331 333 335 336
OMe OMe o
Li ot-Bu
o geo Bn,N NBn,
Cl Cl HO
OMe OMe t-BuO oMe o o
e
338 340 BN NBn,
337 341

Reagents and Condition8) MeLi, THF, —=78 °C then —15 °C 1 h; (ii) sealle 9.

Scheme 103Reactions between silyl ketene ac@&al and dimethoxybenzyne from precur838

Table 9: Investigations into enolate addition using benzyrexurso338

Temperature  Concentration

Entry ? Order of addition Resulf’
1°C M
1 338t0 333 thens-BulLi -95 to -40 0.1 314 and341(24%Y
2 338to 333thens-BulLi -95 to -60 0.25 Only starting materials
3 340to0 333 -95 to -40 0.1 Only starting materials
4 338to 2 equiv. 0333thens-BulLi -95tort 0.1 314and337 (17%¥

*Typical reactions carried out on a 300 mg scalarihydrous THF°As determined by LC-MS antH NMR

analysis of the crude reaction mixtutisolated yield after column chromatography

When the reaction was allowed to warm to @0at higher dilution (Table 9, Entry 1), a
single product was isolated, cyclobutaBdll In this case, IR antfC NMR showed the

presence of only one carbonyl group and DEPT aimalysuggested that the
dimethoxybenzene had beertho-disubstituted. There was also a clear HMBC caogpli

pattern which indicated the presence of the 4-meadbeng.

To push the reaction to completion it was repeatdtd two equivalents of enolate and

allowed to warm to room temperature (Table 9, Edjy Under these conditions only
product337was observed as in the reaction involving fluopdecurso83.
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The proposed mechanism for the formation of botbdpcts is shown in Scheme 104.
Addition of the enolat33 to dimethoxybenzyne followed by cyclisation on #ster and
subsequent addition of another equivalent of eadtathe highly reactive cyclobutanone ring
336 afforded342 Under the basic conditions of the reaction,ng wpening reaction could
give 337.

Lis
. (0]
Li 0 07 e
&§ NBn, t-BuO” ~%
t-Bu0” ™% t-BuO( NBn,
NBn, o OMe
0/) NBn2
MeO Q MeO
\©\OM MeO OMe
e
336

OMe
O O

t-BuO 3 OMe
Bn,N NBn,

337 342

Scheme 104:Proposed mechanism for the formatior88¥ and341

This proposed mechanism also explains ske relationship between the alcohol and the
dibenzyl protected amine B41 A model of the addition to the cyclobutan@g6 predicts
this stereochemical outcome (Figure 18). Thisestelniemistry is retained in the ring-opened
product337 and only a single diastereoisomer is observedaltize non-epimerisable nature
of the C-3 position.
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MeO

Figure 18 Model for attack of enolate on cyclobutan@®36

An alternative mechanism involving an initial condation reaction between two molecules
of the enolate, and then further deprotonation addition to benzyne under the basic
reaction conditions would not explain the diasteebectivity.

4.4.4 A Model Silyl Ketene Acetal

For further exploration, a simpler silyl ketene tat843 without the protected amine group
was employed. Under similar reaction conditionsthbthe cyclic346 and open chai345
compounds were isolated (Scheme 105, Table 10gesritr4). The open chain compound
345 was isolated as an inseparable mixture of diast®ymers (dr 2 : 1) as the C-4 position
is epimerisable.
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P OMe Ot-Bu
OTMS () oLl (i) o o
t-Bu0” ™ t-Bu0” t-Buo” 4 OMe HO
MeO OMe
343 344 345 346
OMe OMe

F
o O OMe
F +-Bu OJ\/

OMe OMe O

63 347 OMe

348

Reagents and Conditiong) MeLi, THF, —=78 °C then —15 °C 1 h; (ii) Sealle 10.

Scheme 105Reactions of model silyl ketene acetal precursor

Table 10: Investigations into enolate addition344to arynes

Temperature ~ Concentration

Entry ? Order of addition Result’
1°C M
1 8310 344 thenn-BulLi -78tort 0.1 347and346 (25%§
2 3 equiv.83to 344thenn-BulLi -78t00 0.05 347, 348345 (7%, 346
(5%)°
3 3 equiv.83to 344thenn-BuLi -78 to -20 0.05 347:348(1:1)
4 83to 2 equiv.344thenn-BuLi -78 to -20 0.1 345(22%Y : 346 (2:1)

*Typical reactions carried out on a 200 mg scalarihydrous THF?As determined by GC-MS ariti NMR

analysis of the crude reaction mixtutisolated yield after column chromatography.

To probe the proposed reaction mechani84f was treated witm-butyllithium at room
temperature, affording quantitative conversionhte open-chain form (Scheme 106). This
reaction is consistent with the base-mediated ojpgring mechanism proposed in Scheme
94.
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t-BuO._ _O

HO MeO
@ o o
MeO t-BuO OMe
OMe
346 345

Reagents and Condition@) n-BuLi, THF, 12 h, rt, 100% by NMR.

Scheme 106Base-induced ring-opening reaction3df6

nOe signals of cyclobutan@46 were in agreement with theynrelationship between the
alcohol and the methyl group in the four membered.r nOes signals were observed from
the proton in the 2-position to tleproton and the methyl group on the same faceefitig
(Figure 19).

MeO

346

Figure 19: nOes observed from the C-2 proton

4.5 Use of Glycine Carboxylic Acids

Despite considerable effort, the results in theviotes sections demonstrate that even if the
crucial carbon-carbon bond can be formed inaaarylation reaction, cyclisation onto the
tert-butyl ester still occurs.

An idea to prevent cyclisation onto the carbonysw@use the carboxylic acid rather than the
ester functional group. It was envisioned thatrfation of the acid dianioB50 followed by
arylation with benzyne, in a similar fashion to therk carried out by Biehl (see Section 3.4),
would afford carbanior851 which would not be able to cyclise onto the aamioa, and
hence could undergo a protic quench at this stagegme 107).
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S
o 2 equiv. base (@) ‘@ o NP H* HO NP2
H O)K/ NP, 8 )\/ NP, o
351 352

349 350

P = protecting group
Scheme 107Proposedx-arylation of glycine carboxylic acig49

Treatment of glycine with benzyl bromide and KOHoaded the desired protected glycine
acid353(Scheme 108)%’

o 0} (0]
ho N, — I Nen,

310 353

Reagents and Conditiong) H,O, KOH, EtOH, BnBr, rt 16 h, then reflux 30 min&%.
Scheme 108Synthesis of dibenzyl protected glycine acid

Treatment of353 with 2 equivalents of LITMP and warming to —40 B€fore addition of
benzaldehyde afforded only starting materials. fesetion was allowed to warm to°G
before being re-cooled for reaction with benzaldighyand this time th# NMR showed the
complete conversion to alcohgbh4 (bothsynandanti isomers) (Scheme 109).

o (), (i ? NEn,
HO)K/ NBn, > HOJjK
Ph OH
353 354

Reagents and Condition&) 2 equiv. LiTMP, THF, =78 °C to 0 °C, 1 h;)(RPhCHO, -78C, 30 min, 100%
by NMR.
Scheme 109Dianion trapping with benzaldehyde

Now that the temperature of dianion formation hadrbestablished, a benzymerylation
reaction was attempted. This time 3 equivalentsibMP were used, and after warming to
0 °C, the reaction was cooled to 20 and bromobenzene was added (Scheme110H
NMR and LC-MS data showed the major product to iména addition specie865 along
with a minor amount of desired compoustb.
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o (@), (ii) ©\
HOJJ\/ NBn2 N )K( NBn2

HO
Ph

353 355 356

Reagents and Conditiong) 3 equiv. LITMP, THF, =78 °C to 0 °C, 1 h;)(€sHsBr, =40 °C to rt, 18 h.

Scheme 110Attempteda-arylation of glycine acid with benzyne

Alternative addition of fluoride precurs@3 at —78°C followed by slow warming to room
temperature produced only base-addition prodde? and recovered starting materials

(Scheme 111).
OMe MeO
o . @), (i)
HO)J\/ NBn2 E N
OMe MeO
357

353 83

Reagents and Condition@) 3 equiv. LITMP, THF, —-78C to 0°C, 1 h; (ii)83, —-78°C to rt, 18 h.

Scheme 111Attempteda-arylation of glycine acid with dimethoxy-benzyne

It was envisioned that the base-addition producticcdoe suppressed by switching from
LITMP to n-butyllithium. Regular alkyllithium bases are ngtually used to form enolates
due to competing nucleophilic attack at the carbomgiety, but in this case as the carbonyl
functionality is the unreactive, non-electrophitiarboxylic acid, this was thought not to be
an issue.

After some optimisation, it was found that treattneh acid 353 with 2.5 equivalents of
n-butyllithium in a mixture of THF and DMPU (to inease the solubility of the dianion),
with warming from -78C to 0°C and addition of benzaldehyde, gave complete asiome
to alcohols358 by NMR analysis of the crude reaction mixture &uale 112).
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L (@), (i) "o NBn,
HO NBn2

Ph™ "OH
353 358

\/

Reagents and Condition@) 2.5 equiv.n-BuLi, THF/DMPU (4.5 : 1), =78 °C to 0 °C, 1 h;)(RhCHO,
0°C, 18 h, 100% by NMR.

Scheme 112Formation and trapping of dianion

When dianiol359was added to the pre-lithiated benzyne precu28arat low temperature,
upon warming none of the desired prod860 was detected. GC-MS analysis showed acid
353 along with benzyne polymerisation products sucl34&as the major products of the
reaction (Scheme 113). This is most likely du¢hreduced nucleophilicity of the dianion
compared to the lithiated benzyne precursor attemperature.

(o] 0} OLi N
o B, T IS NBn
353 359 o

NB OMe
HO N2

O F ome
OMe
OMe OMe O
(if) Li MeO OMe
. F ) 360 348 OMe
OMe

OMe

83 291
Reagents and Condition@) 2.5 equiv.n-BuLi, THF/DMPU (4.5 : 1), =78 °C to 0 °C, 1 h;)(fi.1 equiv.

n-BuLi, THF, =78 °C, 30 min.

Scheme 113Attempteda-arylation ofn-butyllithium formeddianion
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4.6 Conclusions

Initial studies revealed the predominance of amaddition products to arynes if lithium
amide bases were used to generate the necessaineginolates. The use of silylaryl triflate
benzyne precursdrl with protected glycines in the presence of a fil®isource resulted in
the discovery of an unusual aziridination reactwsm a 44t electrocyclisation and also an
unexpected Stevens rearrangement depending orathes rof the nitrogen protecting group,
but none of the desirextarylated product.

To form the crucial carbon-aryl bond, it was fowestential to use the protected glycine silyl
ketene acetaB31, from which the lithium enolate can be released tt®atment with
methyllithium. However, although thee-arylation was occurring, cyclisation onto ttest-
butylester was observed in all cases.

Use of the corresponding glycine acid dianion,uppsess cyclisation was unsuccessful, due

to the low solubility and hence nucleophilicity thie dianion compared to lithiated benzyne
precursors at low temperature.
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Chapter 5: Results and Discussion: Investigationsito the
Reactions of Nitroesters with Arynes

5.1 Introduction

The previous Chapter described how protected giy@nolates were ineffective starting
materials fora—arylation reactions with benzynes. In this Chaatartew method will be
introduced that aimed at avoiding the undesired sedctions seen previously.

The strategy was to use nitroacetaB&d as masked amino acids. Due to their active
methylene group, these compounds have been widag in the formation obi—amino
acids. Carbon-carbon bond formation with a widegeaof electrophiles gives—substituted
B-nitroesters/, which upon reduction of the nitro functionalitivgs the desired amin&62
(Scheme 114)%-2%3

o o

o Base Reduction
NO NH
R16 N2 o R10J\/ 2 R1O)H/ 2
) R? R?
361 7 362

Scheme 114Synthesis ofi-amino acid ester362from nitroester861

Nitroesters are particularly attractive intermeegaftor a-arylation reactions with benzyne.
The basicity of the nitrogen in the nitro groupmsich lower than that of the tertiary amines
used in Chapter 4, therefore the unusual rearraegeneactions, triggered by nucleophilic
attack of nitrogen on benzyne (see sections 4122423.1) should be avoided. The acidity
of the methylene protons (g 5.7°*?% due to the electron withdrawing effect of thermit
group, should enable a fluoride base (used for ysenZormation from silylaryl triflate
precursors) to also allow enolate formation (Schédfs.

0 o
i + R2 C[TMS F R0 NO, Reduction  R1g NH,
R1°JVN02 Aot a @
X X
\R2 \RZ
361 52 363 364

Scheme 115Proposed use of nitroacetaB&il in a-arylation reaction with benzynes derived from prsor52
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It was appreciated that cyclisation of the arylbeamion onto the ester might still be an
unresolved problem and again consideration of tleetrephilicity of the ester will be
important. However, precedent for cyclisation oasters is rare compared to ketoteThe
o—proton is also much more acidic than that of a mate (pk,~ 5.7 compared to pi& 13),
which should promote intra- or inter-molecular protransfer o865 (Scheme 116, Pathway
A) rather than cyclisation (Scheme 116, Pathway B).

0 0
RO NO, Pathway A R1o” ~O-NO2
H
/ (@
(o
R10 NO, 365 366
©
\ 0) 1 8
365 R'0” NO, Pathway B R'0 xO,
S
365 367

Scheme 116Possible competing pathwaysdrarylation of nitroacetates

5.2 Attempteda-Arylation Reactions of Nitroesters

5.2.1 Initial Observations
5.2.1.1 Ethyl nitroacetat368)

To examine the theory, commercially available etimiroacetate(368) and benzyne
precursobl were heated to 80 °C in acetonitrile in the presesf cesium fluoride (Scheme
117). After quenching any remaining anionic centrith water, the-arylation produc869
was isolated in addition to almost twice the amaaftearrangement produd?0 (1 : 1.7,
369 : 370 formed through pathway B. The two compounds weseparable by column
chromatography and therefore isolated togetherdifi%a yield.
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@ o Q

o T™MS
+ - 5 NO, +
NO; @E EtOJ\( OEt
EtoJIV OTf ©i

Ph NO,
368 51 369 370

Reagents and Conditiong) CsF, MeCN, 80 °C, 4 h, 47%.
Scheme 117Reaction of ethyl nitroacetaf868) with benzyne

As described in Section 3.4, generation of reaearent produc870 was not unexpected
and a proposed mechanism for its formation is shiom8cheme 118. The aryl anion formed
after addition of the enolate to benzyrg/1, condenses with the ester to for&r2
Elimination of thea-nitro stabilised carbanion occurs due to its speleaving group
ability, and release of ring strain 373 (Scheme 118).

CS\O 0)

¢
Eto)\BjN02 B0 NO,
o
A

37
0o°
! ©
N_O NO,
o O)
(o) @O EtO
EtO
373 372

Scheme 118Proposed mechanism of formation33f0

5.2.1.2 tert-Butyl nitroacetat876)

It was envisioned that changing to a more bulkgrestch agdert-butyl nitroacetatg376)
would reduce the amount of cyclisation by the aitiomtermediate and increase the ratio of
a-arylated product.

The first route to esteB76 followed the procedure of MioskowskK® Reaction between
nitromethane, KOH and water precipitated potassininoacetate (374), which upon
acidification with L-tartaric acid at low temperature afforded nitrdaemcacid (375) This
compound was found to be extremely labile and pranelecarboxylation, requiring the
entire work-up procedure to be undertaken at OE6Xerification with DCC antert-butanol
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furnished tert-butyl nitroacetate(376), in a low overall yield, likely due to the rapid
decarboxylation of nitroacetic acf@75) (Scheme 119).

@ (i) (iii)

MeN02

o o o
KO)K/ NO, HOJ\/ NO, t—BuO)J\/ NO,

374 375 376

Reagents and Conditiong) KOH, H,O, 95°C, 5 h; (ii)L-tartaric acid, HO, 0 °C, 1 h; (iii) DCC,
t-BuOH, THF, 0 °C to rt, 18 h, 12% over 2 steps.
Scheme 119Synthesis ofert-butyl nitroacetat¢376) using Mioskowski’s method

Due to the problematic nature of this route, it wagught that a simple displacement of
tert-butyl bromoacetat€288) with sodium nitrite would be a more efficient pess (Scheme
120). Unfortunately, this approach afforded orilg torresponding hydroxyl acet&é8 a

hydrolysis product of the intermediate nitrite e S&7.2%’

o 10) o) o o}
—H—
B N N H
t—BuOJ\/ r t—BuOJ\/ 0 t-BquVO © t-BquVO
288 376 377 378

Reagents and Condition§) NaNO,, DMF, 100 °C, 18 h.
Scheme 120Attempted synthesis ¢ért-butyl nitroacetat€376) by displacement reaction

A solution to this problem was established by thensistry of Righi and co-worke§ who
found that the use of a polymer-supported nitrib@m at low temperature prevented this
unwanted side reaction and led to the desiredaustic esters in moderate yields. Treatment
of 288 with polymer-supported nitrite anion (AmberliteARR00, NG form) in acetonitrile

at —15 °C gave the desired es3€6in 53% yield (Scheme 121).

o 0] o
t-BuOJ\/ Br t-BuOJK/ NO,
288 376

Reagents and Condition@) polymer-supported nitrite, MeCN, —15 °C, 833%.

Scheme 121Formation of nitroacetic acid ester using polymagpgorted nitrite anion

With the bulkier nitroacetat®76in hand, the analogous conditions were appliebasthyl
nitroacetatg368 (Scheme 122). This time there was a slight impmee in the ratio of
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desired esteB79 to rearrangement produ880 (1 : 1 ratio), but isolation again proved
complicated.

o} TMS (@)
NO, 4+
)K/Noz ¥ ©i t- BuOJ\r 2 O-tBu
t-BuO OTf N02

376 51

Reagents and Conditiong) CsF, MeCN, 80 °C, 2.5 h, 1 : 1 ratio3%9 : 380
Scheme 122Reaction otert-butyl nitroacetat¢376) with benzyne

5.2.2 Optimisation Studies

Although the ratio ofa-arylated product was slightly superior ftert-butyl nitroacetate
(376), ethyl nitroacetat€368) was selected for optimisation studies due to asroercial
availability and the ease of product isolation.ralge of different conditions were tested in
order to try to improve the ratio of compouB@9 compared to side-produd?0 and also to
increase the reaction yield (Scheme 123, Table 11).

It was found that decreasing the temperature $jigh¢reased the amount 869, but below
40 °C the reaction did not work (Entries 2 and B)was more favourable to increase, rather
than decrease the concentration of the reactiotrié@sm and 5). The best ratio 369 : 370
was observed employing cesium fluoride in acetdaifdl M) at 80 °C (Entry 5), of 1.4 : 1,
but with a poor yield of product. Changing solvesgulted in no reaction (Entries 6-8), and
the use of TBAT as a fluoride source was also ewiVe, due to the low yield associated
with this reagent (Entry 9). A good yield was a&st@d using potassium fluoride in THF
(Entry 10); however the ratio was biased towar@suindesired produ@t70.
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(o) (0]

Sno, + L — o

+ 2 +
NO, EtOJ\( OEt
EtO OTf NO,

Ph
368 51 369 370

Reagents and Conditiong) See Table 11.
Scheme 1230-Arylation of ethyl nitroacetaté368) with benzyne

Table 11: Attempted optimisation af-arylation of ethyl nitroacetate

Fluoride Temperature  Concentration  Time® Ratio®of Combined
Entry? Solvent .

Source /°C M /h 369 :370 Yield® /%
1 CsF MeCN 80 0.2 35 1:1.7 48
2 CsF MeCN 40 0.2 120 1:1 18
3 CsF MeCN rt 0.2 no reaction
4 CsF MeCN 80 0.02 35 1:1.6 48
5 CsF MeCN 80 1 18 14:1 24
6 CsF PhMe 100 0.2 no reaction

PhMe/
7 CsF 100 0.2 no reaction
MeCN (1: 1)

8 CsF THF 60 0.2 no reaction
9 TBAT MeCN 80 0.2 1 1:1.2 10
10 KF/18-crown-6 THF Otort 0.2 48 1:2.8 67
11 KF/18-crown-6 THF 60 0.2 18 1:2 26

®Reactions performed on a 1 mmol sc&ks monitored by TLC for consumption &fl. “As determined by

integration of théH NMR spectrum of the crude produlisolated yield after column chromatography.
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5.2.3 Arylation of a-Substituted Nitroacetates

To probe the effect of having am-alkyl substituent already in place with the aim of
examining the scope of the reaction, ethyl 2-nitoppnoate(381) was investigated as a
starting material foo-arylation (Scheme 124, Table 12).

o) ™S 0} 0]
OEt
EtOJ\rNoz ¥ EtOJ><N02 * NO
OTf Ph 2
381

51 382 383

Reagents and Conditiong) See Table 12.
Scheme 124a-Arylation of ethyl 2-nitropropanoai@81) with benzyne

Table 12: Attempted optimisation afi-arylation of ethyl 2-nitropropanoa881)

Fluoride Temperature  no. of equiv. of Time® Ratio®of Combined
Entry? Solvent .
Source °C 51 /h 382 :383 Yield® /%
1 CsF MeCN 80 1.25 2.5 1:0 27
2 KF/18-crown-6 THF rt 1.25 15 1:35 66
3 CsF MeCN 80 2.5 18 1:0 30

®Reactions performed on a 1 mmol sc&ks monitored by TLC for consumption &fl. “As determined by

integration of the'H NMR spectrum of the crude materidbolated yield after column chromatography.

The standard conditions were applied, using bo#iuce (Table 12, Entries 1 and 3) and
potassium fluoride (Entry 2). Using the latter gakie usual mixture of desired-arylated
product382 and rearrangement produg83 in a good yield, but again as an inseparable
mixture and favouring the undesired prod@&3 (Entry 2). Surprisingly, using cesium
fluoride gave exclusively the desired prod@82, albeit in a low yield and with recovered
starting material (Entry 1). As TLC analysis hdwbwn total consumption of benzyne
precursor51 but not of starting materiaB81, the reaction was performed using 2.5
equivalents ob1, as opposed to 1.25 equivalents, but the yielchdidncrease, although all
starting material had been consumed (Entry 3).
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5.2.4 Synthesis of a New Benzyne Precursor

It was thought that if a benzyne precursor couldiged which was similar t61, but would
collapse faster to form benzyne, it might be pdesib carry out the reaction at a lower
temperature and hence reduce the amount of reamsery product. The idea was to
synthesise precurs@84, in which one of the silyl methyl groups has beeplaced by an
alkoxy group (Figure 20). It was hoped that thecebnegative nature of the oxygen would
destabilise the pentavalent silyl species afteoritle anion attack, and encourage faster
elimination to benzyné&”

I .
S
OTf
384

Figure 20: New benzyne precursor to be synthesised

It was expected that such a compound would be prorfeydrolysis, so the alkoxy group
chosen wasso-propoxy (R =i-Pr), as this should be more stable than its metlamalogue
(R = Me).

Synthesis of chlorigo-propoxy)dimethylsilane(386) followed a literature proceduf&’
Dichlorodimethylsilane(385) was treated withiso-propanol and urea and a fractional
distillation afforded the product in 66% yield (®che 125).

| (i) |
c-Se ci-Shoipr
385 386

Reagents and Condition@) i-PrOH, urea, rt, 4h, 66%.
Scheme 125Synthesis of chlorégo-propoxy)dimethylsilan€386)

A three-step procedure was then implemented to rgenenew benzyne precurs800
(Scheme 126). Slow addition of bromophei(®87) to silylating reagen386 at room
temperature provided silan888 after distillation in low vyield, as displacemenf o
iso-propoxide also occurred. Treatment3&8 with two equivalents ofert-butyllithium at
-78 °C followed by slow warming to room temperatuieitiated a retro-Brook
rearrangement to afford pher889 Triflation was completed using triflic anhydridegood
yield. The use of a non-agueous work-up provedréss in this reaction.
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OH - OH | OTf |

(i) Si. (i e (i P
T S T o Dk

387 388 389 390

Reagents and Condition@) 386, rt, 4 h, 33%; (ii) 2 equit-BuLi, THF, =78 °C to rt, 18 h, 58%; (iii) 7O,
i-Pr,NEt, CH,Cl,, =78 °C, 84%.
Scheme 126Synthesis of precurs@90

This precursor was then tested in therylation conditions with cesium fluoride and
acetonitrile, to see if the reaction could be peried at lower temperatures (Scheme 127,
Table 13).

O'Pr , o o

0 Sli/ (i
Eto)K/NOZ * @ > Eto)K(N02 * OEt
OTf Ph NO,
368 390 369 370

Reagents and Conditiong) CsF, MeCN, see Table 13.

Scheme 127a-Arylation using new benzyne precurg§90

Table 13: a-Arylation conditions for new precurs880

Entry ? Temperature C Time /h Ratio® of 368 : 369 : 370
1 rt 48 50:1:1
2 40 18 1.8:1:1
3 60 18 1:3.7:3.3

®Reactions performed on a 1 mmol scale using 2.5e@sF in MeCN (0.1M)"Reaction carried out in sealed

tube.°As determined by integration of thid NMR spectrum of the crude reaction material.

The reactions were difficult to monitor by TLC a@ursor390was unstable on silica and
products369 and370 had the same retention time as the starting naa@$B From Table

13 it is clear that reactions can be carried olbwaer temperatures compared to the original
precursor, but reactions were still very slow atsth reduced temperatures. The ratio of
desired produc369to undesire@70was also marginally improved, but not significgrgo.
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5.2.5 Use of Nitromalonates

To exploit the natural tendency of the aryl aniorcyclise onto the ester, the nitromalonate
391was explored. It was hoped that initial arylatwith benzyne would afford intermediate
392 Condensation with one of the esters and elinanadf the whole nitroacetate moiety
could afford393 the product ofi-arylation and ester migration to thetho position of the
phenyl ring (Scheme 128).

\@ o o )
O o

RO OR RO Nozo
RO OR e NO,

391 392 393

Scheme 128Proposed reaction of nitromalonates with benzyne

The reaction was attempted using diethyl nitromaiei394) and benzyne precurséil.
Again both successful fluoride sources were ingastid (Scheme 129). Unfortunately none
of the desired compoun895 was formed, only an intractable mixture of productdass
spectrometry did not indicate that any of the abproduct had been produced.

o)
EtO o
EtO OEt * 7
NO, oTf OEt
394 51 395

Reagents and Conditiong) CsF, MeCN, 80 °C; (ii) KF/18-crown-6, THF, rt

Scheme 129Attempteda-arylation reaction using diethyl-nitromalon#894)
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5.3 Attempteda-Arylation Reactions of Nitroamides

Thus far, all attempted arylation reactions haveleged esters as the protecting group of the
carboxylic acid. It was hoped that changing thisctionality to an amide would assist in
preventing the disadvantageous cyclisation sideticgg due to the decreased electrophilicity
of the amide moiety compared to the ester.

5.3.1 N-benzyl-2-nitroacetamide (397)

The synthesis ofN-benzyl-2-nitroacetamidg397) is previously describéf and is a
straightforward coupling between commercial reagietitence methyl nitroaceta{&96) was
reacted with the required amine to gB&7in 45% vyield (Scheme 130).

Q () 0
MeOJJ\/ N02 BnHNJJ\/NOZ

396 397

Reagents and Condition@) 5 equiv. HNBn, MeOH, rt, 3 d, 45%.
Scheme 130Synthesis ofN-benzyl-2-nitroacetamidé&97)

Unfortunately, attempted-arylation employing both cesium fluoride and petam fluoride
gave complex mixtures of products, none of whichtamed the correct mass of the product
398 (Scheme 131).

o ™S (i) or (ii) 0
NO
No, * @E BnHNJ\/ 2
BnHNJ\/ OTf Ph
397 51 398

Reagents and Conditiong) CsF, MeCN, 80 °C; (ii) KF/18-crown-6, THF, rt

Scheme 131Attempteda-arylation of nitroacetamid@98

It was clear that a different nitroamide would bquired if this idea was to be further
explored.
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5.3.2 N, N-diethyl-2-nitroacetamide (401)

The lack of success in the previous reaction cteldattributed to the acidic proton on the
secondary amide, and hence a tertiary amide ndedael tested to see if in fact this was the
problem. The acetamide synthesised for such dioeawasN,N-diethyl-2-nitroacetamide
(401). Formation of the bromoacetamid®0 was completed by treatment of bromoacetyl
bromide(399) with diethylaminé?*?> Subsequent reaction with solid-supported niaite-15
oC?%® afforded desired acetamid®1 and alcohol02 as the expected side product (Scheme
132)

0 ) o (i) 0 0
_— +
Br)]\/Br EtszBr c t2NJ\/No2 c tZNJ\/OH
399 400 401 402

Reagents and Conditiong) Et,NH, CH,Cl,, 0 °C to rt, 72 h, 85%; (ii) solid-supported nériMeCN, —-15
°C, 48 h, 109401
Scheme 132Synthesis of acetamidid1

Subjection 0f401 to the standard benzyne formation conditions adethto a complex
mixture of products, none of which could be ideatfas desired produd03 (Scheme 133).

o ™S 10 0
Et NJ\/NO2 + - Etszr NO,
2 OTf Ph
401 51 403

Reagents and Conditiong) CsF, MeCN, 80 °C, 3 h.
Scheme 133Attempteda-arylation of acetamidé03

The problem with both these reactions appears thdgast number of side-reactions that can
occur. Perhaps this is to be expected as bothn@yed and Larock** have recently
demonstrated the possible insertion of arynestimtcC-N bond of amides and also MiyaBe
has reported on the insertion into tikbond of amides.
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54 Rearrangement Reactions of Nitroacetates and Beyne

In section 5.2 it was shown that under certain @¢@ws benzyne can be encouraged to
undergo an insertion into the C-C bond of ethylaatetate(368) as the major reaction
pathway. Although this was not the original gohtlese experiments, this reaction presents
itself as an exciting opportunity for further exgton, and this Section will describe the
additional investigations undertaken.

As described in the introduction (see sectlof.2.3 the insertion of arynes into certain C-C
bonds has been well documented, but there is nm@raof such an insertion into the C-C
bond of ana-nitro carbonyl species. This reaction also presidurther areas for expansion,
as reduction of the produd04 should provide aminé05which could cyclise to form lactam
406. Therefore this reaction could provide a novdficient route into substitutedso-
indolinones406 (Scheme 134).

o D ¢ i 0
reduction
1 J\/Noz oR" T, oR' | __ NH
R'O , NO, NH,
R

R2 R2 R2

7 404 405 406

Scheme 134Proposed formation a§o-indolinones406via an aryne C-C insertion reaction

The best results so far have been found for etitrd acetatg368) and benzyne precursbi,
which in the presence of potassium fluorgie a 67% yield 369and370with a ratio of 1 :
2.8 respectively (Scheme 123).

5.4.1 Use of More Electrophilic Esters

To promote the reaction that was originally necgsta be suppressed required an alteration
of strategy. It was thought that increasing thexiebphilicity of the ester functionality should
increase the amount of rearrangement prodtiotded. Careful choice of ester was required
as the potential alcohol leaving group could nobbtter than ther-nitro group. Therefore an
ester with an alcohol component with a;pif 10 or higher was required.

The first target ester was 2,2,2-trifluoroethylifroacetatg411). A simple route was devised,

which was anticipated to eliminate some of the bygk side products encountered in the
other routes to such compounds (see Schemes 120132d Following a literature
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proceduré’® TMS protection of benzotriazolg407) with hexamethyldisilazane gaw08
which was then treated with half an equivalent lnbggene to give carbonyldibenzotriazole
(409)in 67% vyield after recrystallisation from toluenadahen subsequently stirring in excess
2,2,2-trifluoroethanol gave410.  Katritzky"'’ demonstrated that the potassium salt of
nitromethane can be used to displace benzotridzote similar compounds. Indeed, pre-
forming potassium nitromethane in DMSO and treatuittp 410 gave crudell1l which after a
careful low temperature work-up and distillatiofoafied pure product as a highly volatile oil
(Scheme 135).

N () @EN\\N (i) o (i) o
Ly . ULy o % —®_ §
H ™S

407 408 409 410

(iv)

o
ozN \)J\O/\

411

Reagents and Condition§) HMDS, THF, reflux, 18 h; (ii) GICO (20% in PhMe), CkCl,, 0°C to rt, 1 h,
67% over 2 steps; (iii) HOC)EF;, rt, 18 h, 66%; (iv) KCLHNO,, DMSO, 10 °C to rt, 16 h, 31%.
Scheme 135Formation o411

With desired acetatéll in hand, it was possible to test its reactivitytie C-C insertion
reaction (Scheme 136). Unfortunately, reactiorh\@it under standard conditions did not
give any of the expected produdts2 or 413 In fact degradation seemed to have occurred as
there were no CHNO, or CH,CF; peaks in the cruddH NMR of the reaction. The high
volatility of 411 and its failure to undergo the required reactindicated that this substrate
was not suitable to aid with the optimisation a$tteaction.

/o) ™S @
e SN JYNOH
0 OTf

411 51

Reagents and Conditiong) KF/18-crown-6, THF, rt.
Scheme 136Attempted reaction of aceta4d 1 with benzyne
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The next ester to be synthesised was the phersi €58 Although the pKa of phenol is
similar to that of the nitromethane leaving groiipyas hoped that it would be sufficiently
larger, and hence the rearrangement would stiliocc

Ester416 was accessible by two different routes. Firstlyigkelstein reaction oa-bromo

ester414 to give iodide415 followed by a very slow displacement reactionhwslver
218

nitrite” gave desired estdd 6 but in a very low yield for the last step (Schel3&).
(o] 0] (o] (i) (o]
P~ BT pro” ! pro MOz
414 415 416

Reagents and Condition@) Nal, acetone, rt, 16 h, then reflux 4 h, 74%#;AgNO,, EtO, rt, 5 d, 10%.
Scheme 137First synthesis 0416

An alternative synthesis was investigated, invajvihe formation of the cyanoformadd.8
from the chloroformatet172*° Displacement of the cyano group with the soditatt of
nitromethane4197?° gave the desired produtt6 but again in a very low yield for the final
step (Scheme 138).

jJ)\ 0] 0 (if) (o] ONa
PhO” CI PhOJ\CN PhOJ\/ NO. 42‘)\8
417 418 416 419

Reagents and Condition§) TMSCN, DABCO, rt 18 h, 88%; (ii#19, THF, rt, 48 h, 5%.
Scheme 138Alternative synthesis of estéd 6

Even though the synthetic route was clearly flavtedre was enough material to test in the
C-C insertion reaction. However subjection to si@ndard reaction conditions resulted in
only decomposition and none 420 or 421 was identified (Scheme 139).

fo) TMS (i)
PhO)K/Noz * - 7 PhO)J\/NOZ + @iﬁ
OTf

416 51

Reagents and Conditiong) KF/18-crown-6, THF, rt 12 h.
Scheme 139Attempted benzyne C-C insertion into est&6
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5.4.2  Use of Methyl Nitroacetate

As the use of more electrophilic esters had prawesuccessful, it was hoped that swapping
ethyl nitroacetatg368) for the less sterically encumbered commerciallpilable methyl
nitroacetat€396) would promote the desired reaction. Indeed,réagient gave greater yields
of desired423 overa-arylated produc#22 (Scheme 140, Table 14).

o ™S @ o o
MeOJ\/ NO, * @E MeOJ\fNOZ ' Olte
oTf Ph NO,

396 51 422 423

Reagents and ConditionSee Table 14.
Scheme 140Reaction of methyl nitroacetat@96) with benzyne

Table 14: Optimisation of C-C insertion reaction with metmyiroacetat¢396)

equiv. of Ratio of Combined

Entry ® Conditions
51 422 : 423 Yield /%°
1 KF/18-crown-6, THF, rt, 0.1M, 30 h 1.25 1:45 4 2
2 KF/18-crown-6, THF, rt, 0.25M, 48 h 1.75 1:53 65
3 KF/18-crown-6, Sc(OT§) THF, rt, 0.25 M, 24h 2.0 1:4 92

3Reactions were carried out on a 1 mmol scale amiitoted by TLC"As determined by integration of the

'H NMR of the crude reaction mixturéfter column chromatograph§in this case puré23was isolated.

Changing the number of equivalents of benzyne psecbl from 1.25 to 1.75 and
increasing the concentration (Table 14, Entriesnd 2) gave a 65% vyield of combined
productsina l: 5.3 ratio. The use of an oxypliewis acid to aid cyclisation onto the ester
(Entry 3) enabled isolation of pud23, in low yield.

The reduction and cyclisation tiso-indolinone 9a was then undertaken; the combined
product mixture from the best conditions found able 14 (Entry 2) was subjected to nickel
boride reduction by treatment with sodium borohgdrand nickel (II) chloride hexahydrate.
The resultantso-indolinone9a was isolated in a 77% yield (Scheme 141).
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o) o] . o)
NO 0]
Meo)k( 2+ OMe NH
Ph NO,

422 423 9a

Reagents and Condition@) NaBH,, NiCl,6H,0, MeOH, 0 °C to rt, 4 h, 77%.

Scheme 141Reduction and cyclisation teo-indolinone9a

5.4.3  Scope of Reaction

Using optimised conditions the reaction scope wagestigated to determine if alkyl
substituents would be tolerated on either the ba®zyrecursor or the nitroester. A model
methyl substituted benzyne precurgt#6 was synthesised. In a similar procedure to the
synthesis of novel benzyne precur880 (Scheme 126), silyl protection of bromo phea2il
afforded425which underwent the required retro-Brook rearranget and triflation to furnish
426 (Scheme 142).

OTMS

OH OoTf
©/Br 10) ©/Br (ii), (i) ©/TMS
424 425 426

Reagents and Condition§) HMDS, THF, reflux, 18 h; (iin-BuLi, THF, =78 °C to rt, 1 h; (iii)) TO, =78 °C,
20 min, 76% over 3 steps.

Scheme 142Synthesis of methyl benzyne precurd@t
Various nitroacetates were reacted with benzyneupsers51 and426 under the optimised

reaction conditions and the products of C-C ineartieduced to the desirésb-indolinones
9a-d (Scheme 143, Table 15).
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Reagents and Condition@) KF/18-crown-6, THF, rt; (ii) NiCJ.6H,0O, NaBH,, MeOH, 0 °C tort, 4 h.

Scheme 143Scope of C-C insertion reaction followed isg-indolinone synthesis

Table 15: Scope of reaction

L 5 , Time Combined Yield ) Yield 9
Entry? R R R Ratio 428 : 9 Product
/h 427 and 9 /% 1%
(o]
O
1 Me H H 48 65 1:55 77
9a
o)
0
L NH
=
2 Me H 4-Me 48 b - 13
9b®
(o]
NH
3 Et Me H 1.5 66 1:35 70 Me
9c
(o]
NH
4 Et Et H 1 0 - 25
Et

od

®Reactions were carried out on a 1 mmol scale, eyiiol.75 equiv. benzyne precursor in THF (0.25 K,
(4 equiv.) and 18-crown-6 (4 equiVP)solation without impurities was impossible at tetage The ratio was not
determined due to the inability to identify the twmin species in an impure product mixtubéield over 2

steps’ Isolated as a 1 : 1.2 mixture of regioisomers.
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Use of benzyne precursof26 (Table 15, Entry 2) provided the two regioisomeric
iso-indolinones9b in 13% vyield over two steps. Nitroacetates beporalkyl substituents
(Entries 3 and 4) were much faster to react in @€ insertion reactions, all benzyne
precursor being consumed in 1.5 hours. Their spoedingiso-indolinones9c and9d were
also readily synthesised.

5.4.4 Rearrangement Reactions af-Nitro Ketones

It was assumed that changing the ester group imitheacetate to a ketone would favour the
rearrangement reaction overarylation, again due to increased electrophilicitput of
interest and due to the lack of any literature ena, it was thought it would be beneficial to
test this theory. To this end, nitropropan@i80) was synthesised as its dicyclohexylamine
salt by reaction of phenolacetaé28) with potassium methanenitrona(é31) and then
treatment with dicyclohexylamif@ (Scheme 144). In its crystalline form it is matable
and hence can be stored and then freshly convent@i@mand to nitropropanone by treatment
with acid.

©
o} (i), (ii) o o0 (i) o}
NH,Cy OK
—_— 2V Y2
PhOJ\ Mo g‘% ® Mo, _N©
“® 0
428 429 430 431

Reagents and Condition@) 431, DMSO, 5 °C to rt, 18 h; (ii) HNGy 49%; (iii) 2M HCI, 1 h, quant..

Scheme 144Synthesis of nitropropanone

Nitropropanone(430) was reacted with benzyne precurdst in the usual manner to
investigate its reactivity in the-arylation reaction (Scheme 145, Table 16).

It was noted that using cesium fluoride in acetdaitat 80 °C (Table 16, Entries 2 and 4)
gave desired ketor#32 only, and naa-arylation product. The modest yields are atteldut
to aromatic impurities that were difficult to sepirvia chromatography thus lowering the
yield of clean product.

Use of alternative fluoride sources (Entries 1 @nhdower reaction temperatures (Entry 2),

different solvents (Entry 6) and increased presgttry 5) were unsuccessful for this
reaction.
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S+ L, —— @é

430 51

Reagents and Conditionsee Table 16.

Scheme 145Reaction of nitropropanone with benzyne

Table 16: Optimisation of C-C insertion reaction of benzymi® nitropropanone

Entry No. of equiv. of 51 Conditions Yield of 432/ %
1 1.25 KF/18-crown-6, THF, rt No prodfct
2 1.25 CsF, MeCN, 8tC, 2 h 40
3 1.25 CsF, MeCN, 6fC No reaction
4 0.9 CsF, MeCN, 88C, 2 h 42
5 1.25 CsF, MeCN, 8fC, 2 h, sealed tube No product
6 1.25 CsF, DME, 96C No reaction
7 1.25 TBAT, MeCN, 80C No reaction

*Typical reactions were carried out on a 1 mmolesadla 0.2 M concentratiofisolated yield after column

chromatography’A intractable mixture of products was formed.
As in the case of the nitroacetates, the abilitgyothesise such ketoné83 could enable a

facile synthesis ofiso-indolines 435 after a nitro-reduction/reductive-amination (Scheme
146).

Q reduction Q reduction
L
NO, NH,

433 434 435

Scheme 146Proposed reduction to foriso-indolines435

Due to time constraints, and deviation from themoaarylation research topic, this project
is to be continued by a co-worker.
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5.5 Conclusions and Future Work

Unsubstituted nitroacetates undergo C-C insergactions with benzyne as well the desired
a-arylation reaction. Optimisation studies were dicted but were unable to increase the
amount of desired product by a significant amoontnbke the reaction viable. Neither the
use of nitromalonates nor nitroamides providedtisfsatory solution.

o-Arylation was possible for methyl substituted étmytroacetate with no unwelcome
rearrangement product, but only in low isolateddge

A novel silylaryl triflate benzyne precurs@90, was successfully synthesised, and proved to
undergo benzyne formation at lower temperatures tit® corresponding trimethylsilyl
analogueb1.

The C-C insertion reaction was further optimised ahown to be a useful method for the
synthesis of substitutddo-indolinones9 in reasonable yields after a reduction/lactamisatio
sequence.

Nitropropanong430) was also shown to undergo the same C-C insertiaction, and in

future work this will be expanded upon to makeahegral for a range of nitroketones and a
reduction sequence should be a straightforward odetih affordiso-indolines435
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Chapter 6: Results and Discussion: Investigationsito the
Addition of Schollkopf Bis-Lactim Ethers to Arynes

6.1 Introduction

Based on the results in the previous two Chaptgarding the reactivity of glycine enolates
towards arynes an alternative strategy was condeiv& glycine equivalent was required
which has neither nucleophilic nitrogen lone pang:;, electrophilic carbonyl moieties. This
led us to consider the use of a classical auxHmased glycine equivalent im-arylation
reactions. Such molecules have been widely usdberdiastereoselective synthesisoef
amino acids (Figure 21§21°01%°

(0] >/

/ OMe Ph

/, Ph N N

HJ\O (rN ,/1|/\O | | Q
(o) N o

(0]
o PN
436 437 438 3 439
Schollkopf Seebach Dellaria Schollkopf Trost
Monolactim ethers  Imidazolidoniones Oxazinones Bis-lactim ethers Aza-lactones

Figure 21: Examples of auxiliary-based glycine equivalentdusethe synthesis of asymmetrec;amino acids
by Schéllkopf???**Seebach?® Dellarig?® and Trost®

Not only would the use of a chiral auxiliary corttbe stereochemical outcome of the
arylation, but the carbonyl and nitrogen functigied would be tied up in a heterocyclic
ring, minimising side reactions.

It was decided to explore the use of Schollkopisslactim ethe in the first instance as the
protected glycine equivalent, due to its complatk lof electrophilic carbonyl groups and the
reduced nucleophilicity of the ring nitrogen atomk.has also been successfully used by
Pearsoff*?in arylation reactions employing arene-mangangsarbonyl complexes as the
electrophilic arylating reagent.

6.1.1 Schollkopf's Bis-Lactim Ether
In the 1980's Schéllkopt?*?*°developed methodology for the enantioselectiveh®sis of

unnatural amino acids by the use of a chiral gly@nolate equivalent, the bis-lactim etBer
Deprotonation with alkyllithium bases occurs at thesubstituted carbon to generate anion
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440, followed by diastereoselective nucleophilic dttam an electrophile on the opposite
face to thaso-propyl group to giveanti adduct441l A wide range of electrophiles have been
employed such as alkylhalides, epoxides and aldlet3i%”%*° Acidic hydrolysis of the
bis-lactim ether releases the enantio-enrichedaeamino acid442 (Scheme 147).

E
OMe OMe
N N OMe (0]
ﬁ _nBuli U E® N|H/ _HH0 NH,
MeO - MeO 7 N LI(-D Meo)\/ N MeO

= = : E

/\ /\ =

PN

3 440 441 442

Scheme 147Schdllkopf’s bis-lactim ethe3 used for the formation of optically pure amino acld?2

It was hoped that the same strategy could be edilier the formation of aryl amino acids
444, by employing arynes as the electrophilic arylatieagent (Scheme 148).

Ar
OMe OMe |©
N 2R OMe (0]
/\|r n-BuLi N N/kl( H*/H,0

| )H/
R s LS NH,
MeO
MeO MeO™ ™7 |; Meo” >N

PN P z Ar

3 440 443 444
Scheme 148Potential use of Schollkopf’'s bis-lactim ethersiharylation reactions employing benzyne
6.2 Developinga-Arylation Methodology
6.2.1 Initial Observations

Deprotonation of a mixture of bis-lactiBiand dimethoxyaryne precurs88g8®® at —95 °C
using secbutyllithium, followed by warming to room tempeua¢ overnight and quenching
with water, afforded arylated addusa as an inseparable mixture of diastereoisomers (88
12 ratio) in a combined 45% yield (Scheme 149)e ®fder of addition was crucial. If either
of the starting materials were lithiated separatetg then combined, no desired reaction
occurred.
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MeO
OMe
N OMe 10) ; ~OMe
N+ OMe

MeO™ ™ ” Nﬂ/
: cl |
N OMe Meo)\/ N

PN
3 338 5a

Reagents and Condition@) 2 equiv.s-BuLi, THF, — 95 °C to rt, 18 h, then,8, 45%, 88 : 12 dr.

Scheme 149Arylation of bis-lactim etheB with dimethoxybenzyne

The data suggested the major diastereoisomer weasy/tiadduct by observation of a larger
Hi-H4 coupling constant)(= 6.3 Hz) than that for the minaantrisomer § = 3.1 Hz) (See
Appendix 1). nOe analyses also confirmed thisyféd2). This is also consistent with data
reported for similar compound® This was an interesting result as the expectefprma
diastereoisomer was tlanti-adduct as would be expected for arylation on theosite face
to theiso-propyl group.

NOE
f\ MeO
MeO H OMe

H =N

N/

OMe
MeO
Syn Anti
J(H¢,H,) = 6.3 Hz, major J(H4,H4) = 3.1 Hz, minor

Figure 22: J values and nOes falyn-andanti-diastereoisomers &fa

To confirm this theory, a crystal was grown suigafir X-ray analysis, and this did indeed
prove that the major diastereoisomer wasyofgeometry(Figure 23).
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Figure 23: X-ray structure obyndiastereoisomesa

To rationalise this stereochemical outcome, a mashawas proposed in which initial ack
of lithiated 440 onto the aryne occred as expected, on the opposite face toiso-propyl
group. Subsequent inteor intre-molecular proton transfer to tleearyl position with the
newly formed carbaniod45 gave planar specieBl6 Subsequent diastereoselecikinetic
protonation occurred on the less hindered facevi®synadductba (Scheme 1E£).

/©/0Me OMe
N OMe MeO (,/\A\ Ve MeO ©
|| s-BuLi  MeO 4_\>

N — H —N H

MeO™ > — o= Ne =/

z XX N N
OMe OMe

PN
3 440 445
MeO YEO\
: <f H H
OMe MeO OMe

; OMe H —N_©
N/A\W/ —

|
N OMe
MeO/k\/ OMe

PN
5a 446

Scheme 150Propose mechanism fosyndiastereoisomesa formatior
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To support this hypothesis, a deuterium-labellirgeziment was undertaken. Quenching the
reaction with DO as opposed to K gave deuterium incorporation only in thegdsition to
give 447, indicating that the second deprotonation had weduas suggested (Scheme 151).

Me0—< >—0Me
/\(OMe OMe D

N (i) R
| )\/OMe
Meo)\;/N * N| 1 |
: cl AN
N OMe MeO :
PN
3 338 44

~

Reagents and Condition§) 2 equiv.s-BuLi, THF, —95 °C to rt, 18 h then,D, 52%, 89 : 11 dr.

Scheme 151Deuterium-labelling experiment

6.2.2 Optimisation ofa-Arylation Reaction

With the aim of optimising both the yield and the a series of conditions were applied to
this reaction (Scheme 152, Table 17). Increadmegnumber of equivalents of chlori@88
to 1.75 and base to 3.0 (Entries 2 and 3) resuitad improved yield of addu&ia to 63%.

Due to the mechanistic hypothesis, it was necegsagxamine bulkier weak acids, with the
aim of improving the dr. Gratifyingly it was obsed that the use of 2,6-tért-butyl-4-
methylphenol (BHT¥*! at room temperature gave an improved dr of 94Er8ry 6) and an
increased yield of 75%. Quenching at —78 °C (Efrpr the use of other bulkier proton
sources such dsrt-butanol or citric acid (Entries 4 and 5) did notther improve the dr or
yield.

It was discovered that a single recrystallisatibbafrom ethanol gave the product in a >99 :
1dr.
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N OMe 0) OMe
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N+ __OMe
MeO™ ™ o N ﬁ(

|
<N OMe Meo)\./ N

PN
3 338 5a

Reagents and Condition§) s-BuLi, THF, —-95 °C to rt, 18 h then source of, I$ee Table 17.

Scheme 1520ptimisation of arylation reaction

Table 17: Optimisation conditions for arylation reaction

Entry? Equiv.  Equiv. Proton Temperature Yield® a4
338 s-BulLi Source of proton quench %

1 1 2.1 HO rt 45 88:12
2 1.25 25 HO rt 38 91:9
3 1.75 3.0 HO rt 63 89:11
4 1.75 3.0 citric acid rt 69 89:11
5 1.75 3.0 t-BuOH rt 60 92:8
6 1.75 3.0 BHT rt 75 94:6

7 1.75 3.0 BHT -78°C 57 91:9

*Typical reactions carried out on 1-2 mmol scalanhydrous THF. Deprotonation occurs at 2@5or 30
mins followed by overnight warming to room temperat "BHT = 2,6-ditert-butyl-4-methylphenol.
‘Combined yield of both diastereoisomers after coluthromatography'As determined by integration of
'H NMR spectra.

The use of fluoride precurs8B was also investigated under the optimised cordtias this
did not require such low temperatures388 and could be generated witkBuL.i rather than
s-BuLi (Scheme 153§
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Reagents and Condition@) 3 equiv.n-BuLi, THF, — 78 °C to rt, 18 h then BHT, 56%, 98 dr.

Scheme 153Arylation of bis-lactim etheB using benzyne derived from precur8&

Adduct5a was afforded and although the dr was the sameyighe was slightly reduced to
56%.

6.2.3 Hydrolysis of Adducts
The next process was to investigate the hydrolylskss-lactim ether addu&ato the amino

acid methyl este448 Subjection to standard, mild acidic conditiod$(M HCI, THF, room
temperaturéf* provided the expected amind8in 81% vyield (Scheme 154).

0
® Moo~ Nz

MeO

5a 448

Meo\©\
z OMe
- oM
MeO B N
PN

Reagents and Conditiong) 0.5 M HCI, THF, rt, 18 h, 81 %, 83 : 17 er.
Scheme 154Hydrolysis to methyl estet48

However, when the enantiomeric ratio 448 was determined by chiral HPLC, it was
discovered that some epimerisation had occurremhgliwydrolysis. The er o448 was 83 :
17 as compared to the 93 : 7 dr of the ad8act

None of the literature examples indicate any epsatéon during hydrolysis; however, this
could be explained by the fact that all of theréitare examples start from tlaati-adducts
compared to theynadductb5a. During the hydrolysis process, tautomerisatemg hence
epimerisation of the chiral centre is possible, th& anti-adducts are already in the most
thermodynamically favourable state, and any tautmagon before hydrolysis is complete
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will return the adduct to this diastereoisomer. tHis case, any tautomerisation is going to
favour conversion to the thermodynamically morelstanti-adduct, hence decreasing the
enantiomeric ratio once hydrolysis is complete. aAgroof of concept, the hydrolysis was
again attempted, but this time the reaction wasicjued before it had gone to completion.
'H NMR analysis of the crude material demonstrabed the remaining starting material had
decreased its diastereomeric ratio from 93 : 79a &, indicating that epimerisation was
occurring before hydrolysis took place.

To try to combat this undesirable degradation afadity, a range of different conditions
were examined, in which the acid, temperature, eotmation and solvent were varied and in
each case chiral HPLC analysis was used to determirether epimerisation had occurred
(Scheme 155, Table 18).
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Reagents and Condition§) See Table 18.

Scheme 155:Optimisation of hydrolysis reaction to reduce episation

Table 18: Optimisation of hydrolysis reaction

Entry ? Acid Solvent Temperature /°C Yield®/ % er®
1 0.5 M HCI THF rt 81 83:17
2 0.1 M HCI THF rt 73 71:29
3 0.5 M AcOH THF rt no reactidn /
4 0.5 M citric acid THF rt 56 /
5 0.5 M HCI THF 0 69 79:21
6 2 M HCI THF rt 66 73:27
7 0.5 M CSA THF rt 64 78 :22
8 2 M citric acid THF rt 42 72 :28
9 0.1 M HCI THF 0 66 91:9
10 0.5 M HCI THE 0 67 91:9
11 0.5 M HCI MeCN 0 89 93:7
12 0.5 M CSA THF 0 63 93:7

®Reactions were carried out on a 50 mg scale at%® M. concentration and were allowed to stir ovenhig

at the stated temperaturBCarried out at 0.03 MSIsolated yield after column chromatograptihe dr of

unreactecba had decreased to 79 : ZAs determined by chiral HPLC.

It was found that the use of either 0.5 M HCI irtaitrile (Entry 11) or 0.5 M CSA in THF
(Entry 12), both at 0 °C, did not result in anyslag optical purity. The yield was better for
the HCI hydrolysis, and these were the conditissedun future experiments. This result was

also shown to be reproducible and scalable toast b gram.

It was interesting to observe that although condgcthe reaction in acetic acid did not
result in any hydrolysis (Table 18, Entry 3), caolesable epimerisation of the starting
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material was observed. A test reaction was camigdin which5a was treated with an
excess of glacial acetic acid and allowed to stroam temperature for 5 days. As expected,
epimerisation had occurred and the dr ®d was now 12 : 82 in favour of the
thermodynamically more stablanti-diastereoisomer. This would be useful in order to
obtain, after hydrolysis, the opposite enantionfehea-aryl amino acid.

6.2.4 Scope of Reaction

The scope of the reaction was then investigatemstertain which substitution patterns and
functionality could be tolerated on the aryl uniA range of benzyne precursors were
employed, all containing@rtho-directing groups (ODGs) and either a chloride laotide
leaving group.

6.2.4.1 Synthesis of Benzyne Precursors
Although some of the benzyne precursors to be usethis reaction are commercially
available, several needed to be synthesised. Abic@tion of previously known benzyne

precursors were synthesised along with novel ones.

Both the di-benzyl and di-MOM ethed$0 and451were prepared from chlorohydroquinone
(449)using benzyl bromide and MOMCI respectively (Sckelho6).

OH OR
(i) or (i)
cl cl
OH OR
450: R = Bn
449 451: R = MOM

Reagents and Conditiong) BnBr, K,COs, acetone, reflux, 18 h, 650, (i) MOMCI, i-PrL,NEt, CH,Cl,,
0°Ctort, 18 h, 719451
Scheme 156Synthesis of di-benzyl and di-MOM ethe4§0and451

Dimethoxyaniline452 was functionalised in two different manners (Scheb®7). First
protection of the nitrogen as thert-butyl carbamate gavé53 followed by a standard
benzylation to give the benzyl, Boc-protected arid54 Secondly a reductive amination
employing formaldehyde and sodium cyanoborohydgaee dimethylanilinel55in a good
yield.
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Reagents and Condition§) Boc,0, DMAP, THF, rt, 48 h, 49%; (ii) BnBr, NaH, DMF,°C to rt, 3 h,
87%; (iii) HCHO, NaCNBH, AcOH, H0, MeOH, rt, 6 h, 75%.

Scheme 157Functionalisation of anilind52

A trimethoxy precursor 457 was synthesisedvia methylation of 4-chloro-2,5-
dimethoxypheno(456) employing iodomethane (Scheme 158).

OMe OMe
HO (i) MeO
Cl Cl
OMe OMe
456 457

Reagents and Conditiong) Mel, NaH, CHCI,, rt, 48 h, 65%.

Scheme 158Formation of trimethoxy benzyne precurd&’7

Dimethyl compoundt61 was synthesised according to a three step litergioceduré?233
Oxidation of hydroquinoné58 with manganese dioxide gave quincf&9 in good vyield.
Chlorination was achieved through addition of ambyd HCI to give460 which was
methylated under phase-transfer conditions to greeursot61 (Scheme 159).
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OMe OMe
0} (if) (iii)
Cl Cl
OH OMe

OH o
458 459 460 461

Reagents and Conditiong) MnO,, EtO, rt, 30 min, 73%; (ii) AcCl, MeOH, BC to rt, 18 h, 96%; (iii)
Me,SQ,, TBAB, KOH, CHCI,, H,O, rt, 48 h, 76%.
Scheme 159Synthesis of dimethyl precursé61

An alternative precursor containing an acetal dingc group 463 was prepared from
aldehyde462 and ethylene glycol under Dean-Stark conditiorché€gne 160).

[\
O H 0 o o

Cl cl

462 463

Reagents and Conditiong) HOCH,CH,OH, PTSAH,0 cat., PhMe, reflux, Dean-Stark, 24 h, 50%.
Scheme 160Acetal protection of162

Oxazoline467was synthesised from acié4 according to a procedure by MeyéfsAmide
formation with amino alcoho#65 and thionyl chloride promoted ring closure gal\&/ in
71% over three steps (Scheme 161).

@), (i) O._NH (iii) O.__N
Cl \i/\OH
NH, 465 Cl Cl
464 466 467

Reagents and Conditiong) SOC), 100 °C, 1 h; (iig65 CH,Cl,, 0°C to rt, 18 h; (iii)) SOG),
CH,CI,/PhMe (3 : 1), reflux, 30 min then rt, 2 h, 71% p8esteps.

Scheme 161Synthesis of oxazoline precurstg7
Two naphthalene aryne precursors were also sys#gtesi A modified literature procedure

by Evan$®** was carried out to give chloro precurd@d using a hypervalent iodine mediated
chlorination of468 employing iodosobenzene diacetate and chlorothytgtane. Over-
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chlorination was an issue; fortunately this coutrbsolved by the addition of stable free
radical TEMPO to the reaction to give a clean mohirination in 10 minutes (Scheme
162).

OMe OMe
0 ——
Cl
OMe OMe
468 469

Reagents and Condition@) Phl(OAc), TMSCI, CHCl,, 0°C, 1 h them68 TEMPO, CHCI,, 0°C, 10
min, 43%.
Scheme 162Chlorination of dimethoxynaphthaledé8

Using methodology developed within the Barrett grifla benzyne Diels-Alder reaction
using 1,4-difluoro-2,5-dimethoxybenzené41l) and 2-methoxyfuran(470) generated
regioisomeric speciegl71 and 472 after acid catalysed ring opening with 6 M HCI.
Methylation with iodomethane gave fluoro-naphthal@necursod73(Scheme 163).

OMe OMe OMe OMe OMe
F (), (ii) e X (iii) OO
o _—
F o 7 F
OMe UOM‘* OMe OH OMe OMe
41 470 471 and 472 473

Reagents and Conditiong) n-BuLi, THF, —=78°C, 15 min the70, —=78°C to 0°C, 3 h; (ii) 6 M HCI,
MeOH, reflux, 3 h, 53% over 2 steps, 1 : 4A8L: 472 (iii) Mel, NaH, DMF, rt, 20 h, 41%.
Scheme 163Synthesis of precursdi73

6.2.4.2a-Arylation Reactions

With the benzyne precursors in hand, examinatiothefscope of the optimisedarylation
was undertaken (Scheme 164, Table 19). Bisla8tiwas mixed with the required benzyne
precursor474 in THF at either —-95°C or -78°C. Then eithersecbutyllithium or n-
butyllithium, depending on the nature of the bemzpnecursor, was added dropwise and the
reaction allowed to warm to room temperature oggrnbefore being quenched with BHT.
Following hydrolysis the amines were immediatelgtpcted as the corresponditegt-buty!l
carbamates for ease of handling.

129



OMe OoDG

Ar
N . ‘. _OMe - (o]
i ii), (i
l IN + X L, N|/\|( (. J\/NHBoc
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: R3 :
- Z>CIF MeO™ Ar
PN AL
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Reagents and Condition@) n-BuLi, =78 °C to rt ois-BuLi, —95 °C to rt, THF then BHT, rt; (ii) 0.5 M@,
MeCN, 0 °C, 18 h; (iii) Bof, i-Pr,NEt, CHCl,, rt, 12 h, See Table 19.

Scheme 164Scope of aryne-arylation reaction

Table 19: Scope ofu—arylation reaction with different benzyne precussor

Benzyne Basé Yield Yield
Entry Ar product dr®
precursor 5° /% 6> /%
MeO OMe
MeO OMe
1 338 s-BuLi N ba 75 94:6 89 6a
C
NMe,
NMez
MeO OMe
2  Meo OMe 455  sBuli N 5b 41 928 96 6b
c
OMe
OMe
MeO OMe
3 ""e°‘©°""e 457  sBuLi 5¢ 37 94:6 59 6C

o

S 4

F —|=
MeO \ / OMe
4 MeO OMe 41 n-BulLi 5d 57  91:9 48+4b6 6d+6e
F
EtO OEt
EtO OEt 6f
5 cl 475  sBuLi 5f 72 92:8 98
~
BnO OBn
BnO OBn
6 450  sBuli ~ 5g 33 90:10 79 69
Cl
MOMO.
oo BON
/\@\ \ OMOM
7 c OMOM 451  sBuli 5h 52 89:11 66 6h
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Benzyne Basé Yield Yield
Entry Ar product dr®
precursor 5° /% 6> /%
F OMe | OMe
8 476 n-BuLi 5i 62 76:24 92 6i
OMe OMe
MeQ n-BuLi MeO
9 Dwe 88 Qm‘"e 5i 72 74:26 70 6i
F N
s-BulLi
OMe OMe
10 : 477 >/: 5k 67 70:30 67 6k
cl N
s-BulLi
o} o}
D 7
o} o}
11 478 5l 17 76:24 / /
cl N
o} n-BulLi o}
S N Lo
12 Nl 467 : Nl 5m 55 71:29 41 6m
cl ~N
n-BulLi
CF, CF; 50:50
13 479 5n 61 93 6n
cl N >09:19
F n-BuLi F
14 QO""‘* 480 QOM‘* 50 53 7327 62 60
F N
Cl OMe
15 481 s-BuLi / 5p / / / /
cl

®Reactions were carried out on a 1 mmol scale, eynpmobenzyne precursor (1.75 equiv.) and base (3.0

equiv.) in THF (0.2 M) at either —=78 °C (forBuLi) or —95 °C (fors-BuLi). After stirring for 1 h at low

temperature, the reaction was allowed to warm tonréemperature overnight and BHT (4 equiv.) waseddd

YIsolated yield ‘Determined byH NMR integration®HPLC analysis of a representative number of comgsun

5 determined that they undergo negligible racenosatipon hydrolysis to the corresponding amine; this

indicates that the er o should be the same as the dr5of See Appendix 2fsolated as a mixture of

regioisomers'Separable by chromatograpfgfter separation by chromatography.

Dimethylamino, methoxy, and fluoride analogues gadeluctsSb-d (Entries 2-4) with
excellent diasteroselectivities and as single liegmers except fobd which exhibited no
regioselectivity and gave fluoride addéct as a 1 : 1 mixture of regioisomers. Fortunately
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upon hydrolysis andN-Boc protection, the two isomeric carbamatds and 6e were
separable. The low yield foc can be rationalised by competing lithiation at the
position?*® Changing the nature of the protecting groupstiylgbenzyl, or MOM ethers
(Entries 5-7) gave adduct-h, again in good diasteroselectivities and yieldsegx for in
the case of the sterically demanding benzyl precuytS0. It was worth noting that under the
mild hydrolysis conditions, no deprotection of thi®M ether in adducbh was observed.
Altering the position of thgara-methoxy groups im338 to the ortho-476 and meta88
dimethoxy precursors provided addubisand5j in good yields (Entries 8-9), again with
complete arene regioselectivity. The diastereoselectivity for formation of thesects was
dramatically reduced to around 75 : 25. Althougmilar dioxole precursor478 did
participate in thex-arylation reaction, the yield was so low, that toygsis was not attempted
(Entry 11). The reaction of 3-Chloroanis® 7) proceeded without incident to give adduct
5k (Entry 10). The nature of this single directingpgp was varied from an ether to
oxazoline precurs6t® 467 and 1-chloro-2-(trifluoromethyl)benzefig479) affording their
respective adduct§m and5n in respectable yields (Entries 12-13). The oxaeoting in
5m partially hydrolysed under the mild, acidic hydsik conditions, and as well as desired
esterém, esterd82was also isolated in 12% yield (Figure 24).

o
MO J__NHBoc

o, [
o
/’:NHBOC

482

Figure 24: Side-product obm hydrolysis

Although there was no diastereoselectivity in tleemfation of adduct5n, the two
diastereoisomers were easily separable, and hbecamethyl estebn was obtained in high
enantiopurity. A fluoride on the anisole ring wadso tolerated, giving addusb (Entry 14),
however dichloride precursof81 gave a large mixture of unidentifiable regioisoimer
products (Entry 15). In all cases regiochemistagwonfirmed by using a mixture of 1D and
2D NMR analyses.

It is clear that, for all aryne precursors withauthelating substituent in tloetho position to
the Schollkopf glycine (Entries 8-15), the diastsedectivity of the reaction noticeably
decreased. It was possible that without this swiesit, there is twisting of the linked
6-membered rings out of plane, hence decreasing fsalectivity for the proton quench.
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Purification of several adduc&a-p proved difficult, however it was found that afiaitial
column chromatography with an ethyl acetate/hexarssdvent system, further
chromatography using a toluene/acetone solvenesystas successful in separating the
products from the starting material

Hydrolysis andN-Boc protection were high yielding in all casescept for oxazolinesm.
Chiral HPLC analysis of a representative numbercompounds6 indicated that no
racemisation had occurred on hydrolysis to theesponding amine under the optimised low
temperature conditions (See Appendix 2).

Several of the commercially available and syntlessisryne precursors did not work in the
a-arylation reaction (Figure 25).

OMe OMe OMe O/ O\
BnBocN O,N
Cl Cl Cl
OMe OMe OMe Cl
454 483 461 463
CF, OMe OMe OMe
[ )\ Cl Cl F
OMe OMe OMe
45 469 473

Figure 25: Benzyne precursors which were unsuccessful imutheylation reaction

Protected anilinet54 failed to react in the desired manner. GC-MS ymiglindicated a
possible Boc-transfer to the lithiated speciesadien of nitro precurset83 gave a complex
mixture of unidentifiable products, possibly duectompeting {Ar side reactions. Dimethyl
precursor461 remained unchanged under the reaction conditioDguterium quenching
experiments were undertaken, which showed Li/Charge and methyl deprotonation were
competing withortho lithiation. Lithiated acetaf#l63 failed to collapse to benzyne at room
temperature and starting materials were recovef@dluoromethyl precursod5 underwent
lithium/chlorine exchange rather than deprotonationgive trifluorotoluene by GC-MS.
Both naphthalene precurso#9 and473 failed to collapse to benzyne under the reaction
conditions.
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6.3 Developing the Synthesis of Quaternary Aryl Anmo Acids

6.3.1 Introduction

To extend this methodology for use in multi-companeeactions, it was considered that
guenching the key aza-enolate intermedié with an electrophile rather than a proton
source should provide quaternary Schollkopf addd8tsand hence quaternary aryl amino
acids485upon auxiliary cleavage (Scheme 165).

Ar, E
NSO 006 1Base T8eCor N -OMe o 0
] N 2
MeO b Rt P 2 E+ MeO ; MeO s
Al CIF ~ A E
PN
3 474 484 485

Scheme 165Proposed extension of tlearylation methodology to synthesise quaternaryuatid
6.3.2 Initial Observations and Optimisation

Carrying out the same procedure as fordkarylation reactions; benzyne precur888 and
Schdllkopf's bis-lactim ethe3 were allowed to react with 2.5 equivalentseébutyllithium
at —95 °C to carry out the requiredtho lithiation for benzyne formation fro338 and
deprotonation of bis-lactinB. After warming to room temperature, four equivide of
iodomethane were added and after stirring for 1rhgave, gratifyingly, the desired
guaternary speciet84ain a 88% yield and a dr of 85 : 15 (Scheme 16®|da0, Entry 1).
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OMe

N OMe OMe o
g 0.0
Meo™ cl MeO Nf%l/ °
S OMe Meo” N
A
3 338 484a

Reagents and Conditiong) s-BuLi, THF, —95 °C to rt; (ii) See Table 20.
Scheme 166Formation ofa-methyl, a-aryl adduct484a

Table 20: Methylation conditions tested for formation484a

Entry Methylating reagent Temperature / °C  Yield of 484d %° dr¢
1 Mel rt 88 85:15
2 Mel 0 - 86:14
3 Mel -78 92 96:4
4 MeSO, -78tort - 93:7

“Reactions were carried out on a 1 mmol scltethylating reagents were added at the stated ternpe and

stirred for 1 hour further at that temperatiitsolated yield%As determined by integration of thid NMR spectra

Lowering the temperature of iodomethane addition Go°C did not improve the
diastereoselectivity (Entry 2), but addition at8-°C increased the dr to 96 : 14 and the yield to
92 % (Entry 3). The use of dimethylsulphate asalernative methylating reagent did not
increase the dr (Entry 4), and provided a rangenoksirable side-products.

The major diastereoisomer was confirmed to haveigbgropyl and aryl moieties in ayn
relationship by’'H NMR NOESY analysis; a clear NOESY correlation Idobe observed
between the methyl group and the proton at C-3ufei@6).

NOESY
OMe
MeO Me
H =N
N/
3
OMe
OMe
484a

Figure 26: NOESY correlation observed fdB4a
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6.3.3 Scope of Reaction

The scope of the reaction was then examined tardate the nature of the electrophiles that
could be introduced at C-6 (Scheme 167, Table 21).

OMe

OMe
MeO : MeO N/Ql(OMe

Cl |
AN OMe MeO N

PN
3 338 484

Reagents and Conditiong) s-BuLi, THF, —95 °C to rt; (ii) See Table 21.

Scheme 167Formation of quaternary Schollkopf adducts emplgyarrange of electrophiles
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Table 21:

Different electrophiles employed in multi-componeggction

Entry? Electrophile R Time /h° Product Yield /%°  dr at C-6°
1 Mel Me 1 484a 92 96 : 4
2 BnBr Bn 6 484b 88 >08:2
3 AN P 1 484c 85 >08 ; 2
4 MOMCI PN 1 484d 53 95:5
5 X__Br \)n 1 484e 80 >98 : 2
6 j\/Br b 3 484f 51 >98 : 2

tBu-O tBu-O
7 AcCl Ac 6 484g 59 89 : 11
8 | ~ = | 5 484h 71 >98 : 2
= Br ~
N N
Ph. _*u .
9 PhCHO Y 12 484F 69 >08: %
OH
Ts< Ph X .
10 N 12 484 71 >98: 8
X T ‘
H Ph NHTs
o)
11 E/\( 1 484K 50 98 : 2
OH
BF5.OEt,

®Reactions were carried out on a 1 mmol scale in THE M) using 1.5 equiv. of halidg38 and 2.75 equiv.

s-BuLi at —95 °C, followed by warming to room tematire over 18 h, re-cooling to =78 °C and the amdivf 4

equiv. of electrophile’Reactions were monitored by GC-M8solated yield. Determined by*H NMR

integration. ®484i was converted to its benzoyl ester for isolationppses The adduct84i was obtained as a

mixture of epimeric alcohols (50 : 56pdduct484j was obtained as a mixture of epimeric amines (B3).
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Alkylations employing benzyl bromide, allyl bromi@ad propargyl bromide (Entries 2,3 and
5) proceeded smoothly, furnishing the desired pcts#tB4h 484cand484ein excellent yields
and high diastereoselectivity. Interestingly, actdlB4b displays a large upfield shift (around
2 ppm) at the C-3 proton compared to other anakguEhis indicates that the product has
adopted what Schollkopf describes as an “aryl gismbnformation in which the C-3 proton is
situated in the shielding cone of the aromatic.filgA single crystal X-ray crystallographic
analysis confirmed the presence of this conformaiticthe crystal lattice (Figure 27).

Upfield shift by 2ppm

Figure 27: X-ray crystal structure af84bshowing “aryl inside” conformation

Further alkylations with methyl chloromethyl ethetert-butyl bromoacetate and
2-(bromomethyl)-6-methylpyridine (Entries 4, 6 a8y provided adduct#€84d, 484f and
484h respectively, also with high diastereoselectivityjt with more modest vyields.
Acylation with acetyl chloride (Entry 7) affordectone484gin 59% yield, with a lower dr
of 89 : 11, most likely due to the less stericdfijpndered nature of this electrophile.
Replacing acetyl chloride with its correspondingiliYeb amide gave none of the required
product. An aldol type reaction with benzaldehyBatry 9), afforded alcohat84iin good
yield, which had to be protected as its benzoyrelsefore purification, due to problematic
retro-aldol reactivity of this alcohéf’ There was complete diastereoselectivity at Ce, b
no selectivity at the alcohol stereocentre (50 ). 5This was not the case for the similar
Mannich type reaction with tosyl imine (Entry 10yhere there was considerable
stereoselectivity at the amine stereocentre (&).: A possible explanation for this observed
selectivity can be derived by examining the twoside Zimmerman-Traxler type transition
states for such reactions, as proposed by Sch#lfkdpFor the reaction with benzaldehyde
(Figure 28), in TS A, with the phenyl group axial, is consistent withere being an
unfavourable 1,3-diaxial interaction with the methagroup. However, there is an equally
unfavourable interaction in TSB where the phenyl group now occupies the equatori
position, as there is now a 1, 2-gauche interactdath the bulky dimethoxyaryl group
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adjacent to it. It was considered that neithetheke transition states was lower in energy,
which would be consistent with the lack of diasteedectivity.

OMe
OH

Ph
L /s
L% om
MeO N/1§ €
P

MeO
PN
484i

1: dr >98:2
2: dr 50:50

1,2-Ph-Ar repulsion

1,3-diaxial
HO H ’ HO Ph
\-Ph WNH

N "
P oAr Ll Ar
—: R N_: \

MeO— | 1\ OM Meoir‘:‘—" OMe
TS*A TS™B

Figure 28: Transition state analysis to explain lack of dis=teelectivity at alcohol stereocentre

On the other hand, in the case of the Mannich i@aetith the tosyl imine (Figure 29), it was
postulated that with the tosyl group occupying guatorial position, there is a large steric
clash with the equatorial phenyl group in“TB. Therefore the prediction is that the major
diastereoisomer is derived from /& However, this has not been proved, due torhbility

to separate the two diastereoisomers despite mitmtt, @nd hence the inability to determine
their absolute configuration.
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OMe

NHTs
Ph
., J2
MeO Nl/é\/OMe
N
MeO Y
PN
484j
1: dr >98:2
2:dr 87:13
Steric clash
O 09\ /
S s _/
HN_ H Y
\ Ph W OH 1,2-Ph-Ar repulsion
i 1,3-diaxial v
A H o ar
o N-i
MeO—< | Za
1 -\_OMe Meoz,_A OMe
TS*A TS*B

Figure 29: Transition state analysis to explain stereocheynatiC-2 0f484;j

Finally, addition of R)-propylene oxide as the electrophile in the preseof boron

trifluoride etherate (Table 21, Entry 11) gave alwo484k. If (S-propylene oxide is used
instead, there was no reaction and indeed Schdllkoped significant levels of kinetic
resolution when such reactions were performed mitemic oxirane&>

In section 6.2, the scope of the methodology wasaestrated over a range oftho-
lithiation benzyne precursors. To establish timgt @f these precursors could be used to form
guaternary adducts, precurgbf9 was subjected to the benzylation conditions amdysor
477 to the allylation conditions, affording addue86 and487 respectively, again in good
yields and drs and with complete regioselectivitly these unsymmetrical benzynes. This
time the lack of a chelatingrtho substituent to the bis-lactim was no longer resplito
maintain high diastereoselectivity (Scheme 168).
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CF,

OMe  cF - @
* el (), (i) ., Bn

MeO” * ©/ Nl)QWOMe
S MeO Y N
/_\
3 479 486
OMe
OMe
N OMe o @ /
B (i), ()
Mmeo” N ¥ N, OMe
: cl | 'N
S MeO Y
/_\
3 477 487

Reagents and Condition@) n-BuLi, THF, =78 °C to rt; (ii) BnBr, =78 °C, 6 h7®%, >98 : 2 dr; (iii)s-BulLi,
THF, =95 °C to rt; (iv) allyl bromide, -78 °C, 1 6%, 95 : 5 dr.

Scheme 168:Formation of quaternary adducts from differentdyem precursors

6.3.4 Hydrolysis of Quaternary Adducts

With the success of the multi-component reactidaldished, the hydrolysis of the sterically
encumbered quaternary bis-lactim ethers was theamimed. 484a 484d and 484e
containing relatively less sterically demanding sitbents at the quaternary centre, were
subjected to standard, mild hydrolysis conditioesploying 0.5 M HCI in THF at room
temperature. The low temperature conditions intaaggile, which were used for the
standardx-arylation reactions in Section 6.2 were no longejuired, as there was no longer
the problem of racemisation at the quaternary eenRather than revealing the amino acid
esters, the quaternary methyl esters were isolaetheir corresponding valine dipeptides,
4883 488d and488ein good yields (Scheme 169). These hydrolysistieas were also
slow, taking on average 36-48 hours. The lesddddeimidate group had undergone
complete hydrolysis, but the imidate functional oo to the quaternary centre had
undergone incomplete cleavage to the peptide ktrénd which is common in the literature
for quaternary adductd’?*° When some of the bulkier adducts, @&8bwere subjected to
the same conditions, hydrolysis to the dipeptids wat complete after 1 week of stirring at
room temperature.
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OMe

MeO
.. R (). G o ,~rM
. OMe N

MeO N|/<|Nr Meo)l\:/ N NHBoc
MeO Y N ©

/_\
484a: R =Me 488a: 75%, 96 : 4 dr
484d: R = CH,0OMe 488d: 61%, 95 : 5 dr
484e: R = CH,C=CH 488e: 72%, >98 : 2 dr

Reagents and Condition@) 0.5 M HCI, THF, rt, 36 - 48 h; (ii) Ba©, i-PLNEt, CH,Cl,, rt, 48 h.
Scheme 169Hydrolysis of quaternary adducts to valine dipegsid

Possible mechanistic explanations for formatiothef peptide bond are shown in Figure 30.
Either a Krapcho-style elimination could occur, whthe chloride anion could attack the less
hindered imidate methyl group (Pathway A), or efiation of methanolia nitronium
formation to relieve strain could provide the amided upon hydrolysis (Pathway B).

Ar

E 2

o N H,0
N %/ 2
’ 4S)
/ MeO = MeOH
MeO z Va

/S

Pathway A Pathway B

ArR
H,N—<_0

MeO :

Figure 30: Possible mechanistic pathways for peptide formation

When analogud87, with a single methoxy group on the aromatic riwgs subjected to the
same reaction conditions that gave the dipeptided®®¥a a 1 : 1 separable mixture of
dipeptide489 and methyl este490 was afforded (Scheme 170). This is attributedhtre
being less steric congestion at the quaternarye&ent
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OMe

MeO (o)
0] NH,
LH ‘\\\\/ + MeO - N
MeO™ NH, Meo@
/_\ o
487 489 490

Reagents and Condition@) 0.5 M HCI, THF, rt, 36 h, 80%
Scheme 170Hydrolysis of less sterically hindered add48

The only example where the use of standard hydsoy@nditions resulted principally in the
formation of the amino acid monomer was in the adsacohol484k Mild acidic hydrolysis
gave lactond91in 80% vyield and 96% ee (Scheme 171). The alohtye alcohol to undergo
lactonisation under the reaction conditions cleartied the hydrolysis of this imidate.

(0]
[ o oy
MeO 7
MeOQOMe

/_\

484k 491

Reagents and Condition@) 0.5 M HCI, THF, rt, 48 h, 80%, 96% ee.
Scheme 171Hydrolysis of analogué84k

It was also assumed that keto#®84g would undergo hydrolysis, due to its non-stericall
encumbered nature. However, upon exposure to OBQY epimerisation of théso-propyl
group at C-3 occurs in near gquantitative yield,irggvanti adduct492 (Scheme 172). The
electron withdrawing effect of the carbonyl moighgsumably increases the acidity of the C-3
proton to such an extent that under acidic combtiepimerisation at this centre occurs to
afford the more thermodynamically stableti-adduct.
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OMe

OMe
0 (0]
0) 1 om
MeO Nl | OMe MeO N| | e
N
MeO™ N MeO
PN
4849 492

Reagents and Conditiong) 0.5 M HCI, THF, rt, 36 h, 95%, 88 : 12 dr.
Scheme 172Epimerisation at C-3 of84g

There are several examples in the literature, whedeolysis of quaternary Schollkopf adducts
to their corresponding amino acids has been acté$#é>*2*2*3|t was important to test these
conditions on methyl addudi84ato see if any are successful in the arylated sygt&cheme
173, Table 22, Entries 1-6). In all cases a metir dipeptide494 and desired produe95
was observed, but these two compounds were ind@para

The best result was found employing 0.25 M HCI alvent (Entry 2), which gave a 1 : 1
inseparable mixture of dipeptid®4 and desired methyl esté®5 Other combinations of HCI
and TFA in various solvents and at various tempeeat(Entries 1 and 3-6) gave poorer ratios.

Schollkopf reported that the use of high conceiutingt of acid in such hydrolysis reactions,
resulted in the formation of 2,5-dioxohexahydrogymas. It was also found to be the case for
this compound as treatment 484awith 6 M HCI (Entry 7) gave predominanty93 (Figure
31). The use of anhydrous HCI (generateditu) also gavet93 as the major product (Entry
8). It was also attempted to use a Lewis acidréonpte auxiliary cleavage (Entry 9), but with
no success.

OMe
MeOHN /<f°

NH
o} -

PN

493

Figure 31:2,5-dioxohexahydropyrazir®®3 produced under strongly acidic conditions
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MeO N| /<|(0Me
Meo)\;/ N
/-\
484a 494 495

Reagents and Condition§) See Table 22.
Scheme 173Different hydrolysis conditions for bis-lactidB5a

Table 22:Hydrolysis of adduct#84a

Entry ® Conditions 4§2t:i3b95 Other result
1 0.25 M HCI, THF, rt, 48 h 5:1
2 0.25 M HCl, rt, 48 h 1:1
3 0.2 M TFA, MeCN, rt, 72 h 2:1
4 0.5 M HCI, dioxane, rt, 72 h 13:1
5 0.1 M TFA, HO: MeCN (1: 3),40°C, 48 h 3:1
6 TFA, MeCN : HO (1 : 1), 60 °Ciw), 20 min 2:1
7 6 M HCI, THF, rt, 12 h . 493
8 TMSCI, MeOH, rt, 36 h - 493 major product
9 Sc(OTfy, H,O, THF, rt, 4 days - Complex mixture

®Reactions were carried out on a 20 mg s¢ale determined by integration of thd NMR spectra

At this point it was sensible to do a thorough soref various acidic conditions, as the only
two acids applied so far were HCl and TFA. Asltleet result in Table 22 (Entry 2) involved
the use of neat, aqueous acid at room temperdah@escreen was started by stirriéd@dain

an excess of a variety of 0.25 M acids of varyingli#&y and bulkiness for 48 hours (Scheme
174, Table 23, Entries 1-11). The Lewis acid, bondafluoride etherate, was also utilised
(Entries 12-13) as well as the acid cation exchaasgie, Amberlit&€ 15 (Entry 14).
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NH,
+ MeOJ>{
MeO@OMe

484a 494 495

Reagents and Conditiong) See Table 23.

Scheme 174Acid screen for hydrolysis agf84a
Table 23: Acid screen

Aqueous Concentration equiv. of Ratio®
Entry? PK & Solvent
acid /M acid 494 : 495

1 HCIO, -10 0.25 . excess 1:1.4
2 HBr -9 0.25 - excess 1:1
3 HCI -8 0.25 - excess 1:1
4 H,SO, -3 0.25 . excess 1:1.85
5 PTSA -2.6 0.25 - excess 1:1.2
6 HNG; -1.3 0.25 - excess 11:1
7 HBF, -04 0.25 - excess 2:1
8 TFA -0.25 0.25 - excess 1:1.4
9 CSA 1.2 0.25 - excess 1:11
10 citric acid 3.09 0.25 - excess incomplete
11 HCOOH 3.77 0.25 - excess incomplete
12 BROEL 0.25 THF 2.25 1:14
13 BROEL 0.25 HO 2.25 1:15
14 Amberlite 15 0.25 D 2.25 12:1
15 H,SO, 0.25 MeOH 2.25 3:1
16 H,SO, 0.25 THF 2.25 3:1
17 H,SO, 0.25 MeCN 2.25 15:1
18 H,SO, 0.25 PhMe 2.25 no reaction
19 H,SO, 0.5 - excess 1:13
20 H,SO, 1 - excess 1:3
21 H,SO, 3 - excess 1:74
22 H,SO, 5 - excess 1:7.7
23 H,SO, 6 - excess 1:11
24 H,SO, 9 - excess complex mixture

*Reactions were performed on a 20 mg sCals determined by integration of the NMR
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It is apparent from Table 23 (Entries 1-11) tha ttend in reactivity bears no correlation to
the pkK; of the acid in question. This indicates thasieither the nucleophilicity or the steric
bulk of the conjugate base that may be importatihé@se reactions. The best result from the
initial screen was employing 0.25 M sulfuric acln{ry 4), in which 1 : 1.85 ratio of
dipeptide494 to desired ested95 was obtained. This superior acid was then testeal
assortment of co-solvents (Entries 15-18) to s#é@sfcould enhance selectivity, but provided
far inferior results to the neat reaction. Anotkeries of reactions was then carried out at
different concentrations of sulfuric acid (Entrie®-24). Satisfyingly, the use of 6 M sulfuric
acid (Entry 23) resulted in a 1 : 11 ratio in favofidesired495.

This reaction was reproducible, and methyl e4&5 was isolated in a 56% vyield (Scheme
175). If the same conditions were also applieth&osterically least hindered analogl&,
the same result was obtained 42D was afforded in 58% yield. Chiral HPLC analysis
confirmed the expected high enantioselectivitiethete esters.

OMe
o
. R @) MeO&NHz
. OMe S R
Ry N™
)l\/N MeO R,
MeO™ ™
/-\
495: R = Me, R" = OMe,
484a: R = Me, R' = OMe 56%, 90% ee
487: R = CH,CH=CH,, R' = H 490: R = CH,CH=CH,, R = H,

58%, 90% ee

Reagents and Condition@) 6 M H,SQ,, rt, 72 h.
Scheme 175Hydrolysis of adductd85aand487to their quaternary amino acids

Unfortunately, when these conditions were agaitete®n some of the bulkier analogues,
they remained resistant to hydrolysis, or in soases decomposition was observed under the
strong, acidic conditions.

Due to the successful hydrolysis of analog8& with only one methoxy group, this suggests
that if the aryl group is derived from a less si@lty hindered benzyne precursor, then
hydrolysis would be more facile, as was observetlds* for unsubstituted aryl quaternary
bis-lactim ethers.
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6.3.5 Double Aryne Addition

As part of the studies into quaternary Schollkapflactims, it was thought interesting to see
whether the benzylic carbanion generated aftertiaddof the bis-lactim aza-enolate to the
first aryne could react further with a differentyiae, hence generating a quaternary biaryl
system. To investigate this theory, standardrylation conditions were employed with

dimethoxybenzyne. The resultant anion was theredotm -78 °C and the least sterically
hindered benzyne precursor, 1-chloro-2-(trifluortmygbenzend479)addedfollowed by an

equivalent ofm-butyllithium and then allowed to slowly warm toora temperature (Scheme
176).

OMe
CF
\ OMe OMe o 3
T ONO) A
+ g
MeO™ Meo N~ OMe
/;\ Cl (iii) CF, |
OMe cl MeO Y
PN
3 338 479 496

Reagents and Condition@) s-BuLi, THF, —95 °C to rt; (ii479, —78 °C; (iii)n-BuLi, =78 °C to rt, 20%.
Scheme 176Attempted double aryne addition

Although the reaction produced a very complex nmixiof products, it was possible to isolate
a compound assumed to be diad®6 in 20% vyield. The reaction was attempted several
times in which the order of addition was changeti #the number of equivalents of various
reagents slightly altered, but the yield of thisnpmund did not increase. Although the mass
was correct, NMR analysis revealed that the isdla@mpound was amind97, generated
by attack of the aryl carbanion onto the imidatelose proximity.'H NMR showed only six
aromatic protons, as opposed to the seven reqfaretb6, and the*C NMR chemical shift

for the hemiaminal ether quaternary centre is oleskat a lower chemical shift than is usual
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for imidate carbons. One of the imidate IR stregtghfrequencies is also missing frof86.
An nOe correlation can be observed between thedreimal ether methyl group and one of
the methoxy groups on the aryl group (Scheme 173).

6.4 Conclusions and Future Work

A general approach has been developed for the esistlof enantiomerically enrichexd
arylglycines, using arynes as electrophilic arglatieagents. The arynes were genenrated
an ortho-lithiation approach and Schdllkopf's bis-lactimhet 3 was employed as the
protected glycine equivalent. Diastereoselectolditaon, affordedsynadducts in up to 96 : 4
dr and with moderate to good yields and excellegtaselectivities. Hydrolysis provided a
variety of substituted arylglycines containing angea of functional groups without
racemisation. This work was published in 2011 igadic Letters$™

In an extension to this methodology, quaternary big+lactim ethers were synthesised in
good to excellent yields and high diastereoselggtivia a three-component coupling
reaction in which reaction of an electrophile witie intermediate benzylic anion gave a
range of C-alkyl and hydroxyalkyl derivatives. Hglysis of these quaternary acids gave the
constituent amino acid methyl esters in high emaetectivity for less substituted
compounds. Adducts with two methyl ethers on tiye unit tended to undergo hydrolysis to
the corresponding valine dipeptides. This work hasn submitted for publication in the
Belstein Journal of Organic Chemistry. Future waikh less substituted aryl components,
could allow the formation of a whole range of substd quaternary aryl amino acids with
the possibility of excellent enantioselectivitigseahydrolysis.

Some preliminary experiments showed that it wassiptes to generate a diaryl Schollkopf
adduct, but cyclisation to hemiaminal eth&a7 ensued. Future work could develop the
utility of this reaction towards synthesising quatey biaryl amino acids, compounds which
are traditionally difficult to prepare.

149



Chapter 7: Experimental Procedures
General methods

All manipulations and reactions of air or moistwensitive materials were carried out in
oven-dried glassware under an inert atmosphereitafgen. Solvents were distilled from
CaH, (CH.Cl,, PhMe, triethylamine, pyridinepn-hexanes), Na/BBO (tetrahydrofuran,
diethyl ether), or obtained as dry or anhydrousnfraldrich Chemical CompanyN( N-
dimethylformamide, acetonitrile, dimethysulfoxideOther solvents and all reagents were
obtained from commercial suppliers and used witHacther purification unless otherwise
stated. Thin layer chromatography was performegrmacoated silica gelJk; glass plates
with visualization under UV light or by staining thi potassium permanganate solution,
ninhydrin or Dragendorff's reagent. Flash colummochatography was either performed
using silica gel, particle size 40-@8& or on pre-packed Redisep cartridges (eluantgiges

in parenthesis). Melting points were determinedngisa hot-stage apparatus and are
uncorrected. IR spectra were recorded as thin filile absorption bands are reported in
wave number (cm?). Optical rotations were recorded at 25 °C on ekiRé&Imer 241
polarimeter with a path length of 1 dm, using tB88.8 nm D-line of sodium. Concentrations
(c) are quoted in g/100 mL. Elemental analyseswetermined by the University of North
London Analytical Service’H NMR spectra were recorded at 400 and 500 MHz and
referenced to the residual solvent peak at 7.26 PDBCL) and are quoted in ppm to 2
decimal places with coupling constand} o the nearest 0.1 HZC NMR were recorded at
100 and 125 MHz and referenced to the solvent & @gm (CDCJ) and are quoted in ppm
to 1 decimal place. High resolution mass spectrom@l, El, ESI) was carried out by the
Imperial College London Department of Chemistry M&pectrometry Service.
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4-Methoxypyridine N-oxide (172§%

172 was prepared according to a literature procetfir8odium (2.46 g, 107 mmol) was
added portion-wise to anhydrous MeOH (100 mL) &0 When liberation of hydrogen gas
ceased the ensuing mixture was allowed to warmmdmrtemperature and then added quickly
to a suspension of 4-nitropyridid-oxide (171) (10.0 g, 71.0 mmol) in anhydrous MeOH
(50 mL) and then heated to reflux overnight. Afteoling to room temperature, the reaction
mixture was concentrateid vacuoto give a cream solid which was treated with bgilin
CH.Cl, (100 mL). The resulting mixture was filtered ahd filtrate concentrateid vacuoto
provide a yellow solid. Recrystallisation from amet affordedl72 (6.15 g, 69%) as off-
white needles.

M.p. (acetone) 100-102 °C [fit? 103-106 °C]; R0.29 (CHCI, : MeOH 9 : 1);"H NMR (400

MHz, CDCE) 8 8.12 (d, 2H,J = 7.7 Hz, H), 6.80 (d, 2H,) = 7.7 Hz, H), 3.85 (s, 3H, OMe);
13C NMR (100 MHz, CDGJ) & 158.0, 140.1, 111.7, 56.1.
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4-Methoxypyridin-2(1H)-one (1743*

Method A:

174was prepared according to a literature proceéiira.solution of 4-methoxypyridinéd-
oxide(172)(1.00 g, 8.00 mmol) in acetic anhydride (33 mL) wasted to reflux for 6 hours.
After cooling to room temperature the solvent wamaevedin vacuo and the resulting
intermediate 2-acetoxy-4-methoxypyridine was ismdatusing a Kugelrohr distillation
apparatus (110 °C, 0.3 mmHg). The intermediate dissolved in a MeOH/FD mixture
(2:1 v/v, 10 mL) and stirred at room temperature ¥chour. The solvent was removied
vacuoand the residue was recrystallised from acetbmita yield 174 (0.59 g, 59%) as a
white crystalline solid.

Method B:

K>CGO; (1.24 g, 9.00 mmol) and Mel (0.560 mL, 9.00 mmaebre added sequentially to a
solution of 2,4-dihydroxypyridin€176) (1.00 g, 9.00 mmol) in anhydrous DMF (160 mL)
and stirred at room temperature. After 12 howS®; (0.620 g, 4.50 mmol) and Mel (0.280
mL, 4.50 mmol) were added and the ensuing mixttireed for 18 hours. Concentration of
the reaction mixturen vacuogave a residue which was taken up in EtOAc (50 ihd
washed with saturated aqueous J/8Hsolution (5 x 20 mL). The combined aqueous laye
were extracted with CH@I-PrOH (3 x 50 mL of a 3 : 1 v/v mixture). The camdxd organic
layers were concentrat@ad vacuoto givel74(0.60 g, 60%).

M.p. (acetonitrile) 138-140 °C;;R.78 (CHCl, : MeOH 10 : 1)!H NMR (400 MHz, CDCJ)

57.20 (d, 1HJ = 7.3 Hz, H), 5.97 (dd, 1H,) = 7.3, 2.5 Hz, B), 5.88 (d, 1H,) = 2.4 Hz, H),
3.79 (s, 3H, OMe)**C NMR (100 MHz, CDGJ) 8 169.7, 167.2, 134.4, 101.3, 97.1, 55.4.
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2-Chloro-4-methoxypyridine (169}%®

169was prepared according to a literature procetfiir&.solution of 4-methoxy-2-pyridone

(174) (0.06 g, 0.48 mmol) in phosphorus oxychloride (R)mwas heated at 95 °C for 16
hours. Removal of excess phosphorus oxychlandecuoprovided a yellow oil which was

cooled to 0 °C and carefully treated with saturat@deous NaHC{to pH 7. The resulting

mixture was extracted with EtOAc (3 x 10 mL), drieekr MgSQ, filtered and concentrated
in vacuoto give169(0.03 g, 45%) as a colourless oil which was usezulssequent reactions
without further purification.

R 0.68 (hexanes : EtOAc 1:1% NMR (400 MHz, CDQJ) & 8.19 (d, 1H,J = 5.8 Hz, H),

6.84 (d, 1HJ = 2.3 Hz, H), 6.76 (dd, 1H,) = 5.8, 2.3 Hz, B), 3.86 (s, 3H, OMe)**C NMR
(100 MHz, CDC}) 8 167.3, 152.6, 150.2, 109.7, 109.4, 55.6.
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4-Methoxypyridin-2-yl trifluoromethanesulfonate (175)

OMe

6>N" SOTf

175

Trifluormethanesulfonic anhydride (2.19 mL, 13.0 ofprwas added drop-wise to a stirring
solution of 4-methoxy-2-pyridong174) (1.48 g, 11.8 mmol) and 2,6-thrt-butyl-4-
methylpyridine (2.67 g, 13.0 mmol) in GEl, (60 mL) at room temperature, then stirred at
that temperature for 1 hour, after which a whitecgpitate had formed. The solvent was
removedin vacuoand the residue was washed with pentane, filtarat concentrateth
vacua The residue was purified by flash column chromgeaphy (EtOAc : hexanes 1 : 10) to
yield 175(2.83 g, 93%) as a pale brown oil.

R: 0.80 (EtOAc : hexanes 1 : T NMR (400 MHz, CDGJ) 3 8.19 (d, 1H, = 5.8 Hz, H),
6.89 (dd, 1HJ =5.8, 2.1 Hz, B), 6.64 (d, 1HJ = 2.1 Hz, H), 3.91 (s, 3H, OMe)**C NMR
(100 MHz, CDC}) 5 169.2, 157.3, 149.0, 118.5 (320 Hz), 111.1, 100.4, 55.8R 2950,
1608, 1567, 1492, 1421, 1320, 1138 %trm/z HRMS (CI) calcd. GH/FsNO,S: [M+H]*
258.0061; found: [M+H] 258.0054; Microanalysis calcd. forldsFsNO,S; C 32.69, H 2.35,
N 5.45; found C 32.76, H 2.19, N 5.39.
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2-Chloro-3-iodo-4-methoxypyridine (1)

A solution of anhydrous dso-propylamine (0.06 mL, 0.39 mmol) in THF (1 mL) was
cooled to —78 °C before-BuLi (0.24 mL of a 1.6 M solution in hexanes, 0:/380l) was
added and the resulting mixture stirred for a fart0 minutes at that temperature. A
solution of 2-chloro-4-methoxy pyridinél69) (0.04 mL, 0.35 mmol) in THF (1 mL) was
added and stirred for 1 hour at =78 °C before atigml of iodine (0.11 g, 0.42 mmol) in THF
(1 mL) was added drop-wise and stirred for a furthénour. The reaction was allowed to
warm to room temperature. After being quenched W@ (5 mL) the reaction mixture was
extracted with BEO (3 x 5 mL) and the combined organic layers weaslved with saturated
sodium thiosulphate solution (5 mL), dried over N Sfiltered and concentrated vacuo
The residue was purified by flash column chromaiphy (EtOAc : hexanes 1 : 2) to affdrd
(0.07 g, 75%) as white crystals.

M.p. (EtOAc/hexanes) 114-117 °C; ®10 (EtOAc : hexanes 1 : 10 NMR (400 MHz,
CDCl): 88.19 (d, 1HJ = 5.7 Hz, H), 6.63 (d, 1H,) = 5.7 Hz, H), 3.97 (s, 3H, OMe)**C
NMR (100 MHz, CDC}) 6 166.7, 156.1, 149.8, 105.1, 86.9, 57.0; IR 15G38] 1454 cnt;
HRMS (CI) calcd. @HsCINO: [M+H]", 269.9182; found [M+H] 269.9184; Microanalysis
calcd. for GH4CINO; C 26.74, H 1.87, N 5.20; found C 26.76, H51.R 5.18.
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N,N-Di-iso-propyl-4-methoxypyridin-2-amine  (180a) and 5,8-Dihydro-5,8-epoxy-4-
methoxyquinoline (182}%

OMe
OMe

51 3

LA 0D
6y Z |

N N P>

)\ *N

180a 182

n-BuLi (0.48 mL of a 1.6 M solution in hexanes, 0.7imol) was added drop-wise to a
stirring solution of diso-propylamine (0.11 mL, 0.77mmol) in THF (0.75 mL)-&t8 °C and
the resulting mixture allowed to stir for a furtl8& minutes at that temperature. Furan (1.02
mL, 14.00 mmol) and a solution of 2-chloro-4-metjyayridine (169) (0.08 mL, 0.70 mmol)

in THF (0.5 mL) were added simultaneously and thaction allowed to warm to room
temperature overnight. The reaction mixture wasceatratedn vacuobefore being taken
up in CHC} (10 mL) and washed with 10% NaHg®olution (10 mL), HO (10 mL) and
brine (10 mL). The organic layer was dried over3y, filtered and concentratad vacuo
toyielda 2.7 : 1.5 : 1 mixture df69 180aand182(0.078 g).

The compounds were separated by flash column chiogregphy (EtOAc : hexanes 1 : 4 to
EtOAc : hexanes 3 : 1) for analytical purposesftord 180aas an amber oil.

R:0.81 (EtOAc : hexanes 3 : I NMR (400 MHz, CDG) & 7.96 (d, 1HJ = 6.2 Hz, H),

6.11 (dd, 1H,J = 5.7, 2.1 Hz, B), 6.00 (d, 1HJ = 2.1 Hz, H), 4.25 (sept, 2H) = 6.9 Hz,i-

Pr), 3.76 (s, 3H, OMe},.28 (d, 12H,) = 6.9 Hz,i-Pr); *C NMR (100 MHz, CDGJ) 5 166.2,
159.4, 148.7, 98.9, 93.1, 52.1, 45.5, 20.7; HRKIB €alcd. GoHaoN,O: [M+H]*, 209.1654;
found: [M+H]" 209.1663.

Further elution gav&82 as a pale brown oil.
Rf 0.10 (EtOAc : CHG 4 : 1);'H NMR (400 MHz, CDC}) 57.96 (d, 1HJ = 6.0 Hz, H),
7.11 (m, 2H, 2 x =CH), 6.48 (d, 18,=6.0 Hz, H), 5.98 (s, 1H, CH), 5.59 (s, 1H, CH), 3.87

(s, 3H, OMe):3. (100 MHz, CDCJ): 175.2, 157.8, 146.5, 143.8, 142.2, 106.1, 8800,
56.4, 55.7.
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4-Methoxy-2-(2,2,6,6-tetramethylpiperidin-1-yl)pyridine (180bY??

OMe

51 3

6 /

180b

n-BuLi (0.32 mL of a 1.6 M solution in hexanes, 0.5inol) was added drop-wise to a
stirred solution of 2,2,6,6-tetramethylpiperidir®d9 mL, 0.51 mmol) in THF (0.75 mL) at
—78 °C and the resulting mixture allowed to stir &ofurther 30 minutes at that temperature.
Furan (0.70 mL, 9.2 mmol) and a solution of 4-meaypyridin-2-yl
trifluoromethanesulfonatg175) (0.12 g, 0.46 mmol) in THF (0.5 mL) were added
simultaneously and the reaction allowed to stir'# °C for a further 3 hours. The reaction
mixture was concentrated vacuobefore being taken up in CH{ILO0 mL) and washed with
10% NaHCQ solution (10 mL), HO (10 mL) and brine (10 mL). The organic layer was
dried over MgS@ filtered and concentrated vacuoto yield a 1 : 1 : 1 mixture df75, 180b
and 182 (0.09 g). Flash column chromatography (EtOAcexdnes 1 : 10) provided a
sample ofLl80bas an amber oil for analytical purposes.

R:0.88 (EtOAc : hexanes 3 : I NMR (400 MHz, CDGJ) & 8.32 (d, 1HJ = 5.7 Hz, H),
6.68 (dd, 1H,) = 5.7, 2.5 Hz, B), 6.60 (d, 1H,) = 2.4 Hz, H), 3.84 (s, 3H, OMe)..76 (m,
2H, CH), 1.56 (t, 4HJ = 6.2 Hz, 2 x CH), 1.13 (s, 12H, 4 x C# “*C NMR (100 MHz,
CDCl;) 5 166.0, 162.6, 148.5, 114.0, 107.5, 55.0, 54.3,409.3, 18.3IR 2967, 2927, 1589,
1562, 1465, 1440, 1253, 1162 ¢nHRMS (CI) calcd. GH24N»0: [M+H]*, 249.1967; found
[M+H] ", 249.1962.
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4-Methoxy-2-(2-methylprop-1-enyl)pyridine (184)

OMe
5|\3

N
6 N

184

A solution of ditsofpropylamine (0.16 mL, 1.16 mmol) in THF (1.25 mLasvstirred at —78
°C for 15 minutes before-BuLi (0.72 mL of a 1.6 M solution in hexanes, 1hénol) was
added and the resulting mixture stirred for a fart20 minutes at that temperature. A
solution of 2-chloro-4-methoxy pyriding69 (0.12 mL, 1.05 mmol) in THF (0.75 mL) was
added and stirred for 1 hour at —78 °C before Zhgiallyl magnesium chlorid¢185) (4.2
mL of a 0.5 M solution in THF, 2.10 mmol) was addidp-wise and the reaction warmed to
room temperature overnight. The reaction was quashetith HO (10 mL), extracted with
Et,O (3 x 10 mL), dried over MgSQfiltered and concentratdd vacuo The residue was
purified by flash column chromatography (EtOAc xaees 1 : 4) to yield84 (0.005 g, 3%)
as a yellow oail.

Rf 0.20 (EtOAc : hexanes 1 : 41 NMR (400 MHz, CDCJ) 8 8.42 (d, 1H,J = 5.8 Hz, H),
6.73 (d, 1HJ = 2.4 Hz, H), 6.65 (dd, 1HJ = 5.8, 2.5 Hz, B), 6.32 (s, 1H, =CH), 3.87 (s,
3H, OMe), 2.08 (s, 3H, C#i 1.96 (s, 3H, Ch); **C (100 MHz, CDGCJ) & 165.7, 150.2,
125.1, 109.5, 106.9, 55.0, 29.7, 27.3, 19.8; HRK&B ¢alcd. GoH13NO: [M+H]", 164.1075;
found [M+H]", 164.1074.
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4-Methoxypyridin-2-yl 4-chlorobenzenesulfonate (18pand
1-(4-Chlorophenylsulfonyl)-4-methoxypyridin-2(1H)-ane (191)

OMe OMe
5 | X3 0 o 5 | N 3
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Cl Cl
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4-Chlorobenzenesulfonylchloride (0.18 g, 0.84 mmejs added to a room temperature
solution of 4-methoxy-2(1H)pyridon@74)(0.10 g, 0.76 mmol), NE{0.12 mL, 0.84 mmol)
and DMAP (0.01 g, 0.08 mmol) in GBI, (10 mL). The reaction was stirred at room
temperature for 3 hours after which saturated agsid¢H,Cl| solution (10 mL) was added
and the aqueous phase extracted with@H(3 x 10 mL). The combined organic layers
were dried over MgS§) filtered and concentrated vacuo The residue was purified by
flash column chromatography (EtOAc : hexanes 1 todyield 189 (0.14 g, 59%) as a
colourless oll.

R: 0.81 (EtOAc : hexanes 3 : T NMR (400 MHz, CDGJ) 3 8.04 (d, 1H,J = 5.8 Hz, H),
8.00 (d, 2HJ = 8.6 Hz, Ar-H), 7.55 (d, 2H] = 8.7 Hz, Ar-H),6.77 (dd, 1H,)= 5.8, 2.2 Hz,
H®), 6.23 (d, 1H, = 2.1 Hz, H), 3.88 (s, 3H, OMe)**C (100 MHz, CDC}) 5 168.7, 158.4,
148.6, 140.8, 135.3, 130.1, 129.4, 110.3, 100.8;58 3095, 3023, 2944, 2846, 1062, 1565,
1488, 1438, 1376 cm HRMS (CI) caled. GH1:CINO,S: [M+H]*, 300.0097; found
[M+H]*,300.0093.

Further elution (EtOAc : hexanes 1 : 1) ga®d (0.02 g, 9%) as a white solid.

M.p. (EtOAc/hexanes) 149-150 °C; Rf 0.65 (EtOAcexdmnes 3 : 1)'H NMR (400 MHz,
CDCl;) & 8.06 (d, 2H,J = 8.7 Hz, Ar-H), 7.97 (d, 1H]) = 8.2 Hz, H), 7.54 (d, 2HJ = 8.7
Hz, Ar-H), 6.04 (dd, 1HJ = 8.2, 2.5 Hz, B), 5.67 (d, 1HJ = 2.5 Hz, H), 3.77 (s, 3H,
OMe); *C (100 MHz, CDCJ) 5 169.4, 161.5, 141.5, 135.3, 131.5, 131.1, 1293,2, 97.6,
56.0;IR 3459, 1644 (C=0) ch HRMS (CI) calcd. GHgF3INO,S: [M+H]*, 300.0097; found
[M+H]*, 300.0093.
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3-lodo-4-methoxypyridin-2-yl 4-chloro-2-iodobenzensulfonate (192)

OMeI OMe
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n-BuLi (0.05 mL of a 1.6 M solution in hexanes, 0.88nol) was added drop-wise to a
stirred solution of disopropylamine (0.01 mL, 0.08 mmol) in THF (0.5 mL)-at8 °C and
the resulting mixture allowed to stir for a furths minutes at that temperature. A solution
of 4-methoxypyridin-2-yl 4-chlorobenzenesulfon&i&9) (0.021 g, 0.07 mmol) in THF (0.5
mL) was added drop-wise and the reaction stirred78t°C for 1 hour before a solution of
iodine (0.02 g, 0.08 mmol) in THF (0.5 mL) was adldiFop-wise and the reaction mixture
allowed to stir for a further hour at that temparat The reaction was quenched with
saturated aqueous NEI solution (5 mL) and extracted with &t (3 x 10 mL). The
combined organic layers were washed with 10% sodhiosulphate solution (5 mL), dried
over MgSQ, filtered and concentratad vacuo The residue was purified by flash column
chromatography (EtOAc : hexanes 1 : 8) to yi@&RDa (0.003 g, 21%) as an amber oil.
Further elution (EtOAc : hexanes 1 : 1) gd@2 (0.016 g, 43%) as a white solid.

M.p. (EtOAc/hexanes) 113-136 °C; B.54 (EtOAc : hexanes 1 : 1% NMR (400 MHz,
CDCl) 58.14 (d, 1HJ = 2.0 Hz, H), 8.11 (d, 1HJ) = 8.6 Hz, K), 7.94 (d, 1H,J = 5.6 Hz,
H®),7.52 (dd, 1H, = 8.5, 2.0 Hz, B), 6.63 (d, 1HJ = 5.7 Hz, H), 3.98 (s, 3H, OMe)"*C
(100 MHz, CDC}) & 167.8, 158.7, 148.4, 142.1, 140.1, 132.8, 13(023,3, 128.4, 105.6,
93.1, 57.1jR 2985, 2944, 2879, 1579, 1560, 1475, 1382, 11863 tni"; HRMS(CI) calcd.
C12HoClIoNO,S: [M+H]*, 551.8030; found [M+H], 551.8016.
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3-lodo-4-methoxypyridin-2(1H)-one (193)

193

Sodium iodide (0.02 g, 0.13 mmol) was added portiuise to a cooled solution dfl-
chlorosuccinimide (0.017 g, 0.13 mmol) in trifluacetic acid (1 mL) at 0 °C and then
allowed to warm to room temperature. A solutiodahethoxy-2-pyridon€174)(0.014 g,
0.11 mmol) in AcOH (3 mL) was added drop-wise am@ tsolution stirred at room
temperature overnight. The reaction was quenchiéd MO (5 mL) and extracted with
CH.Cl; (3 x 5 mL). The combined organic layers were vedshith 10% sodium thiosulfate
solution (5 mL) and KD (5 mL), dried over MgS#) filtered and concentrated vacuo.The
residue was purified by flash column chromatografih,Cl, : MeOH 10 : 1) to afford 93
(0.011 g, 40%) as a dark yellow oil.

Rr 0.10 (EtOAc : hexanes 3 : T NMR (400 MHz, CDCJ) & 7.50 (d, 1HJ = 7.3 Hz, H),

6.13 (d, 1H,J = 7.3 Hz, H), 4.00 (s, 3H, OMe)*C (100 MHz, CDCJ) & 168.9, 164.4,
136.2, 94.8, 57.1, 29.7; IR 2921, 1623 (C=0), 14427, 1259, 1228, 1078 EmHRMS

(CI) calcd. GH/INO: [M+H] ", 251.9522; found [M+H], 251.9514.
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3-lodo-4-methoxypyridin-2-yl 4-chlorobenzenesulfonte (190)
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Para-chlorosulfonyl chloride (0.06 g, 0.29 mmol) wasdad portion-wise to a stirring
solution of 3-iodo-4-methoxypyridin-2(1H)-or{@93) (0.07 g, 0.26 mmol), NEt(0.04 mL,
0.29 mmol) and DMAP (0.003 g, 0.026 mmol) in &1 (10 mL) at 0 °C. The reaction
mixture was allowed to warm to room temperature atided for a further 3 hours.
Saturated aqueous NEI solution (10 mL) was added to the resulting geusolution and
then the aqueous layer extracted was with EtOAc18 mL). The combined organic layers
were dried over MgSgfiltered and concentrated vacuo.The residue was purified by flash
column chromatography (EtOAc : hexanes 1 : 2) &dyl90 (0.02 g, 19%) as a colourless
oil.

R: 0.65 (EtOAc : hexanes 3 : T NMR (400 MHz, CDCJ) 5 8.09 (d, 2H,J = 8.7 Hz, Ar-

H), 8.08 (d, 1H,) = 5.4 Hz, ), 7.58 (d, 2H,) = 8.7 Hz, Ar-H ), 6.67 (d, 1H] =5.6 Hz, H),
4.00 (s, 3H, OMe)**C (100 MHz, CDGJ) d 167.8, 148.5, 135.7, 130.9, 130.3, 129.3, 128.8,
105.7, 68.2, 57.1; IR 3095, 2958, 2927, 2858, 11BR1, 1479, 1288, 1087, 1004 tm
MS(CI) calcd. GoH1oCIINO,4S: [M+H]", 425.9064; found [M+H] 426; [M+NH,]", 443.
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4-Methoxypyridin-2-yl isopropylcarbamate (194)

194

Iso-propyl isocyanate (0.47 mL, 4.8 mmol) was added slowly tolaten of 4-methoxy-2-
pyridone(174) (0.2 g, 1.6 mmol) and DMAP (0.06 g, 0.5 mmol) ikHA (20 mL) at 0 °C
before the reaction mixture was heated at reflux7fd hours. The reaction was quenched
with 2 M HCI (2 mL) and BEO (20 mL) was added before the layers were seghraide
aqueous layer was extracted with@{20 mL) and then the combined organic layers edsh
with saturated aqueous NaHg@®olution before being dried over MggChiltered and
concentratedn vacuoto yield 194 (0.32 g, 96%) as a white solid which was used in
subsequent reactions without further purification.

M.p. (EtO) 164-166 °C; R0.82 (EtOAc : hexanes 1 : 4 NMR (400 MHz, CDCJ) &
10.50 (s, 1H, NH), 8.40 (d, 1H,= 8.3 Hz, H), 6.07 (dd, 1H,) = 8.2, 2.5 Hz, P, 5.87 (d,
1H, J = 2.6 Hz, H), 4.11 (sept, 1H) = 6.6 Hz,i-Pr), 3.84 (s, 3H, OMe), 1.31 (s, 3HPr),
1.29 (s, 3H,i-Pr);**C NMR (100 MHz, CDG) & 169.2, 166.3, 151.2, 132.7, 102.6, 97.6,
55.9, 43.2, 22.9R 3361 (NH), 2921, 2850, 1731 (C=0), 1648, 1486, 1&13; HRMS (CI)
calcd. GoH15N2O3: [M+H] ", 211.1083; found [M+H],211.1082.
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4-Hydroxy-3-iodopyridine-2(1H)-one (197)

A solution of iodine (2.51 g, 9.90 mmol) in warnogane (14 mL) was added portion-wise
over 5 minutes to a refluxing solution of 2,4-dihgxlypyridine (196) (1.00 g, 9.00 mmol)
and sodium carbonate (1.91 g, 18.0 mmol) K35 mL) and the resulting solution heated
at reflux for 20 hours. After being allowed to té@ room temperature and then to 5 °C the
solution was acidified with glacial AcOH to pH 4-5A cream precipitate was formed
instantly which was filtered and dried oves(R for 48 hours to givel97 (0.89 g, 42%)
which was used in subsequent reactions withoutdéumpurification.

M.p. (H0) 230 °C (decomp.);®.50 (CHCl, : MeOH 3 : 1);'H NMR (400 MHz, DMSO)
57.23 (d, 1HJ = 7.1 Hz, H), 7.18 (d, 1H,) = 7.2 Hz, H); **C NMR (100 MHz, DMSOY
167.7, 162.3, 135.7, 98.4, 73.6; IR 3253, 3104018330, 1322, 1289, 1042, 1020, 874, 779
cm® HRMS (Cl) calcd. @HsINO,: [M+H]*, 237.9365; found [M+H] 237.9371;
Microanalysis calcd. for §H4INO,; C 25.34, H 1.70, N 5.91; found C 25.26, H 1.6%.88.
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3-lodopyridin-2(1H)-one (201§*° and 5-lodopyridin-2(1H)-one (202)

A mixture of 2-hydroxypyriding200) (5.00 g, 52.6 mmol) ani-iodosuccinimide (13.0 g,
57.8 mmol) in acetonitrile (250 mL) was heated @flux overnight. The reaction mixture
was allowed to cool to room temperature before @&enmprecipitate of 3,5-diiodopyridin-
2(1H)-one was removed by filtration and the filiraibncentrateth vacuo The residue was
taken up in EtOAc (400 mL) and washed successivwdlly saturated sodium thiosulphate
solution (200 mL), HO (100 mL) and brine (100 mL). The organic layeaswdried over
MgSQ,, filtered and concentratesh vacuo The residue was purified by flash column
chromatography (hexanes »,6t5:1to 0: 1) to give al: 0.7 mixture2tfl and202(2.84

g, 25%) as a yellow solid.

201:R; 0.53 (CHC} : MeOH 20 : 1)H NMR (400 MHz, DMSO): 8.10 (dd, 1H,= 7.2, 1.9
Hz, H), 7.45 (dd, 1H) = 6.4, 1.9 Hz, ¥, 5.99 (t, 1H,J = 6.7 Hz, H); *C NMR (100 MHz,
DMSO0) 5 160.1, 150.2, 136.5, 107.0, 93.2.

202:R; 0.53 (CHC} : MeOH 20 : 1)!H NMR (400 MHz, DMSO 7.66 (d, 1H,) = 2.5 Hz,

H®), 7.57 (dd, 1HJ = 9.6, 2.6 Hz, ¥), 6.23 (d, 1HJ = 9.4 Hz, H); *C NMR (100 MHz,
DMSO) 5 161.6, 148.3, 142.3, 121.8, 66.4.
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3-lodopyridin-2-yl 4-chlorobenzenefulfonate (203) ad 1-(4-Chlorophenylsulfonyl)-3-
iodopyridin-2-(1H)-one (204)

4
5N Io 510 I
| o) |
6 i~ /é/ 6
N~ O N O
.0
Q oF
Cl cl
203 204

To a solution of 3-iodopyridin-2(1H)-on@01) and 5-iodopyridin-2(1H)-on€202) (2.41 g,
11.4 mmol) in anhydrous GBI, (80 mL) was added NE{1.75 mL, 12.5 mmol) and DMAP
(0.140 g, 1.14 mmol), followed by 4-chlorobenzersulfonyl chloride (2.63 g, 12.5 mmol)
and the reaction stirred at room temperature oghtni The reaction mixture was washed
with saturated aqueous NEI solution (50 mL) and kO (50 mL). The aqueous layers were
back extracted with CiCl, (2 x 50 mL). The combined organic layers were dirover
MgSQ,, filtered and concentratesh vacuo The residue was purified by flash column
chromatography (hexanes »>8t20 : 1 to 5 : 1) to give03(0.55 g, 12%) as a white solid.

M.p. (hexanes/EO) 74-76 °C; R0.13 (hexanes : B 20 : 1);'H NMR (400 MHz, CDC)) &

8.20 (dd, 1HJ) = 4.7, 1.7 Hz, B, 8.18 (dd, 1H,J = 7.8, 1.8 Hz, P}, 8.07 (d, 2H,) = 8.7 Hz,
Ar-H), 7.56 (d, 2H,J = 8.7 Hz, Ar-H), 7.00 (dd, 1H) = 7.7, 4.8 Hz, F); **C NMR (100
MHz, CDCk) & 156.9, 149.9, 147.3, 141.0, 135.6, 130.3, 1293,6, 83.3)R 3442, 1571,
1477, 1407, 1381, 1181 ¢mMHRMS (CI) calcd. GHsCIINOsS: [M+H]", 395.8958found

[M+H]*, 395.8951.

Further elution gav204 as a pale yellow oil for characterisation purposes

R: 0.08 (hexanes : B 20 : 1);"H NMR (400 MHz, CDCJ) 5 8.11 (dd, 1H,) = 7.4, 1.8 Hz,
H®), 8.07 (d, 2H,J = 8.7 Hz, Ar-H), 7.99 (dd, 1HJ = 6.9, 1.7 Hz, ¥, 7.53 (d, 2H,) = 8.8
Hz, Ar-H), 6.07 (t, 1H,J = 7.1 Hz, H); **C NMR (100 MHz, CDG)) 5 156.8, 150.5, 142.2,
134.2, 132.1, 131.7, 129.4, 107.8, 95.0; IR 316721(C=0), 1604, 1515, 1333, 1253, 1186,
1087 cni; HRMS (CI) calcd. GHsCIINO3S: [M+H]", 395.8958found [M+H]", 395.8969.
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2-Chloro-4-methoxy-3-(trimethylsilyl)pyridine (206)*??

OMe

N TMS

6 /

N~ Ci

206

Iso-propylmagnesium chloride (0.028 mL of a 2 M saatin THF, 0.056 mmol) was added
drop-wise to a stirring solution of 2-chloro-3-iedemethoxypyridine(1) (0.015 g, 0.056
mmol) in THF (1 mL) at room temperature and thailt@sy solution stirred for 30 minutes.
Chlorotrimethylsilane (0.029 mL, 0.224 mmol) wasled to the pale yellow solution and
stirred for a further 16 hours. The reaction wasnghed with saturated aqueousSH
solution (5 mL) and then extracted with &H, (3 x 5 mL). The combined organic layers
were dried over MgS§) filtered and concentratemh vacuo. 206 (0.010 g, 80%) was
identified as the sole product froflH NMR spectroscopic analysis of the crude matefiae
residue was purified by flash column chromatogragkyOAc : hexanes 1 : 3) for
characterisation purposes to yi@ldéas a pale yellow oil.

R: 0.30 (hexanes : # 4 : 1);'H NMR (400 MHz, CDGJ) 58.26 (d, 1H,J = 5.8 Hz, H),

6.71 (d, 1H,J = 5.8 Hz, H), 3.85 (s, 3H, OMe)).41 (s, 9H, TMS)**C NMR (100 MHz,
CDCly): 172.3, 157.5, 151.2, 121.6, 105.2, 55.5, 1.5.
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2-Butyl-4-methoxypyridine (209)

OMe

5 X3

6 —

209

tert-BuLi (0.24 mL of a 1.7 M solution in pentane, Gwnol) was added drop-wise to a
solution of 2-chloro-3-iodo-4-methoxypyridirig) (0.054 g, 0.2 mmol) in THF (2 mL) at —=78
°C and then stirred for 30 minutes at that tempeeain-BuLi (0.19 mL of a 1.6 M solution
in hexanes, 0.3 mmol) was added and the reactiowed to warm to room temperature
overnight. The reaction was quenched with satdratpieous NECI solution (2 mL) and
extracted with EtOAc (2 x 10 mL). The combinedanig layers were dried over MgaO
filtered and concentrated vacuo The residue was purified by flash column chrorgetphy
(EtOAcC : hexanes 1:4to 1: 1) to gi¥@9(0.0035 g, 13%) as pale yellow oil.

Rr 0.11 (EtOAc : hexanes 1 : 444 NMR (400MHz, CDCYJ) 8 8.34 (d, 1HJ = 5.6 Hz, H),
7.26 (m, 1H, H), 6.67 (d, 1HJ = 2.2 Hz, H), 3.83 (s, 3H, OMe), 2.74 (t, 2H,= 7.6 Hz,
CH,), 1.72 (m, 2H, Ch), 1.39 (m, 2H, Ch), 0.94 (t, 3H,J = 7.4 Hz, CH); HRMS (CI)
calcd. GoH1gNO: [M*H]*, 166.1232found [M*H]*, 166.1228.
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4-Methoxy-2-(2-methylallyl)pyridine (208)

OMe

208

tert-BuLi (0.24 mL of a 1.7 M solution in pentane, Gwnol) was added drop-wise to a
solution of 2-chloro-3-iodo-4-methoxypyridirig) (0.054 g, 0.2 mmol) in THF (2 mL) at —=78
°C and then stirred for 30 minutes at that tempeeat 2-methylallylmagnesium chloride (0.6
mL of a 0.5 M solution in THF, 0.3 mmol) was addetd the reaction allowed to warm to
room temperature overnight. The reaction was dueshonith saturated aqueous MG
solution (2 mL) and extracted with GEl; (2 x 10 mL). The combined organic layers were
dried over MgSQ filtered and concentrateid vacuo The residue was purified by flash
column chromatography (EtOAc : hexanes 1 : 10 td )Jlto give208(0.005 g, 15%) as pale
yellow oil.

R; 0.06 (EtOAC : hexanes 1 : 10} NMR (400MHz, CDCY) & 8.37 (d, 1H,) = 5.8 Hz, H),
6.72 (d, 1H,J = 2.4 Hz, H), 6.67 (dd, 1HJ = 5.6, 2.5 Hz, B, 4.88 (s, 1H, =CH), 4.79 (s,
1H, =CH), 3.84 (s, 3H, OMe), 3.50 (s, 2H, §HL.72 (s, 3H, Ch); *C NMR (100MHz,
CDCly) 5 166.2, 161.5, 150.4, 143.6. 113.0, 108.9, 1056),57.1, 29.7, 22.2R 2932 (C-
H), 1611 cn; HRMS (CI) calcd. GoHwNO: [M*H]*, 164.2243found [M*H]*, 164.1075.
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tert-Butyl 2-(diphenylmethyleneamino)acetate (296%°

0
t-BuOJ\/N P
Ph
290

290was prepared according to a literature procetfilra.solution oft-butyl 2-bromoacetate
(288) (0.50 mL, 3.4 mmol) in acetonitrile (5 mL) was tie@d with benzophenonimin@89)
(0.57 mL, 3.4 mmol) and dso-propylethylamine (0.59 mL, 3.4 mmol) and the r&sgl
mixture heated to reflux for 12 hours. The reacinas allowed to cool to room temperature
and most of the solvent removedvacuo The residue was partitioned betweesOH10
mL) and E2O (20 mL) and the organic layer dried over MgSfitered and concentrated
vacuo to yield 290 (0.99 g, 99%) as an off-white solid which was usedsubsequent
reactions without further purification.

M.p. (acetonitrile) 95-99 °C [fit” 111-112 °C]; R0.81 (EtOAc : hexanes 3 : T NMR
(400 MHz, CDC}) & 7.18-7.82 (m, 10H, Ar-H), 4.12 (s, 2H, @H1.46 (s, 9H{-Bu); *°C
NMR (100 MHz, CDC})) & 171.5, 169.9, 139.4, 137.6, 136.2, 132.4, 1303811, 128.8,
128.6, 128.3, 128.0, 127.7, 81.1, 56.3, 28.1; IR524.735 (C=0), 1623, 1446, 1367, 1216,
1149, 694 cn.
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oL-Phenylglycinetert-butyl ester (300§*2

t-BuO NH,

Ph
300

300was prepared according to a literature procetfieerchloric acid (1.7 mL of a 70% wt
solution in HO, 19.8 mmol) was added slowly to a solutiometi-phenylglycing(299) (2.0

g, 13.2 mmol) intert-butyl acetate (30 mL) at 0 °C and then the reacsitrred at room
temperature for 12 hours. The reaction mixture washed with KO (80 mL) and 1 M HCI
(50 mL). The combined aqueous layers were adjusigoH 9 with 10% aqueous NaOH
solution and then extracted with @&, (3 x 20 mL). The combined organic layers were
dried over MgSQ filtered and concentrated vacuoto yield 300 (2.0 g, 72%) as a pale
yellow oil which was used in the subsequent reactidhout further purification.

Rr 0.48 (CHCl, : MeOH 10 : 1)*H NMR (400 MHz, CDGJ) & 7.36 (m, 5H, Ar-H), 4.50 (s,

1H, CH), 1.93 (s, 2H, N}J, 1.41 (s, 9H}-Bu); 3C NMR (100 MHz, CDGJ) & 173.2, 140.9,
128.6, 127.7, 126.7, 81.5, 59.3, 27.9.
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tert-Butyl 2-(diphenylmethyleneamino)-2-phenylacetate296)

(o)

t-BuOJ\/ N\\rPh

Ph Ph

296

Benzophenoniming289) (0.48 mL, 2.90 mmol) was added to a solution oémpiglycine
tert-butyl ester(300) (0.30 g, 1.45 mmol) in C¥l, (5 mL) and the reaction stirred at room
temperature for 36 hours. The reaction mixture wisted with CHCI, (10 mL) and
washed with saturated aqueous8Hsolution (3 x 5 mL). The organic layer was drizver
MgSQ,, filtered and concentratemh vacuo The residue was purified by flash column
chromatography (hexanesfet 20:1) to remove most of the remaining benzophenioe.
On standing at room temperature colourless crysvatsed, which were filtered and washed
with n-pentane to yiel@96 (0.05 g, 10%) as colourless crystals for analypcaposes.

M.p. (hexanes/EtOAc) 78-80 °C; R.52 (EtOAc : hexanes 1 : 14 NMR (400 MHz,
CDCls) 8 7.75 (d, 2HJ = 7.2 Hz, Ar-H), 7.47 (m, 5H, Ar-H), 7.34 (m. 6Wr-H), 7.13 (dd,
2H,J = 6.4, 2.9 Hz, Ar-H), 5.03 (s, 1H, CH), 1.39 (s,,®Bu); **C NMR (100 MHz, CDCJ)

5 170.5, 169.7, 139.7, 139.6, 136.4, 130.3, 13®29,0, 128.6, 128.5, 128.3, 128.0, 127.8,
127.5, 81.3, 70.2, 28.0R 2977, 1736 (C=0), 1623 (C=N), 1575, 1490, 148871 1143;
HRMS (CI) calcd. GsHogNO,: [M+H]*, 372.1964found [M+H]", 372.1966.
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tert-Butyl 2-(1H-imidazole-1-yl)-2-oxoacetate (302%°

302 was prepared according to a literature procetflireert-Butyl alcohol (10.8 mL, 115

mmol) was added in one batch to a stirred solutfooxalyl chloride (10.0 mL, 115 mmol) in
THF (200 mL) at 0 °C. After 1 hour a solution ofidazole (23.5 g, 345 mmol) in THF (100
mL) was addedia dropping funnel over 30 minutes. After stirriray fa further 15 minutes

the reaction mixture was filtered and the imidazoyerochloride precipitate washed with
THF (100 mL). The filtrate was concentrated vacuoto give 302 (20.0 g, 89%) as a
yellow/orange oil which was used in subsequentti@as without further purification.

Rf 0.10 (hexanes : EtOAc 20 : T3 NMR (400 MHz, CDCJ) & 8.38 (s, 1H, B), 7.62 (s,

1H, H), 7.13 (s, 1H, B), 1.64 (s, 9H}-Bu); **C NMR (100 MHz, CDGJ) 5 164.8, 163.5,
137.9, 131.6, 116.8, 87.3, 27.7.
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tert-Butyl 2-oxo-2-phenylacetate (303}°

(o)

Ph m)J\O-tBu

o
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303 was prepared according to a literature procetftiréo a solution oftert-butyl 2-(1H-
imidazole-1-yl)-2-oxoacetat802) (4.71 g, 24.0 mmol) in THF (75 mL) at -50 °C wasledl
phenylmagnesium bromide solution (24.0 mL of a Bdltion in THF, 24.0 mmol) in THF
(25 mL)via dropping funnel over 1 hour with stirring. Thewwodn was allowed to warm to
room temperature over 3 hours and then pouredaetbh,O (200 mL). The reaction mixture
was extracted with BED (2 x 100 mL), the organic layers washed with &rfBO mL), dried
over MgSQO,, filtered and concentrateth vacuo The residue was purified by vacuum
distillation to give303(4.00 g, 81%) as a colourless ail.

b.p. 100 °C/0.4 Torr; §0.42 (hexanes : EtOAc 40 : T4 NMR (400 MHz, CDGJ) d 7.97

(d, 2H,J=7.4 Hz, Ar-H), 7.65 (t, 1H) = 7.5 Hz, Ar-H), 7.51 (t, 2H) = 7.7 Hz, Ar-H), 1.64

(s, 9H,t-Bu); **C NMR (100 MHz, CDGJ) 5 186.8, 163.7, 134.6, 132.5, 129.9, 128.8, 84.7,
28.1.

174



(E)-tert-Butyl 2-(benzhydrylimino)-2-phenylacetate (304)

o

t-Bqu\(/"YPh

Ph Ph

304

A mixture of diphenylmethanamine (0.44 mL, 2.54 niyntert-butyl 2-oxo-2-phenylacetate
(303) (0.50 g, 2.42 mmol) andara-toluene sulfonic acid monohydrate (0.02 g, 0.12alym
was heated to 100 °C overnight in the presence Afrdolecular sieves. After cooling to
room temperature the residue was purified by fladbmn chromatography (hexanes @&t

40 : 1) to give304(0.24 g, 27%) as an off-white solid.

M. p. (hexanes/BEO) 124-126 °C; R0.60 (hexanes : EtOAc 10 : 4 NMR (400 MHz,
CDCl3) 6 7.91 (dd, 2H,J = 7.8, 1.5 Hz, Ar-H), 7.25-7.48 (m, 13H, Ar-H), 5.84, 1H,
CH(Ph)), 1.62 (s, 9H-Bu); **C NMR (100 MHz, CDGJ) & 165.0, 159.3, 143.3, 134.6,
134.5, 130.9, 128.5, 128.4, 127.6, 127.0, 84.19,728.2; IR 3061, 3027, 2979, 2931, 1724,
1631, 1493, 1450, 1369, 1220, 1150, 1044 'cHRMS (CI) calcd. GsH2eNOo: [M+H] ™,
372.1964; found [M+H], 372.1963.
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tert-Butyl 1,3,3-triphenylaziridine-2-carboxylate (305)

O Ph
t-BUO)J\<N% Ph
Ph

305

To a solution of cesium fluoride (0.62 g, 4.08 mmoand tert-butyl 2-
(diphenylmethyleneamino)acetaf@90) (0.41 g, 1.36 mmol) in acetonitrile (25 mL) was
added drop-wise 2-(trimethylsilyl)phenyl trifluor@thanesulfonatg51) (0.41 mL, 1.70
mmol). The reaction was heated to 80 °C for 1 H&uminutes before being allowed to cool
to room temperature. The solvent was remawmedacuoand the residue partitioned between
Et,O (20 mL) and HO (20 mL) and the layers separated. The aquecasephas extracted
with ELO (2 x 10 mL), then the combined organic layeredirover MgS@Q filtered and
concentratedn vacuo The residue was purified by flash column chromgedphy (hexanes :
EtOAc 30 : 1) to give305(0.40 g, 63%) as a yellow oil.

Rr 0.26 (hexanes : EtOAc 30 : 4 NMR (400 MHz, CDC}) & 7.58 (d, 2H,J = 6.9 Hz, Ar-
H), 7.29-7.37 (m, 3H, Ar-H), 7.14 (m, 7H, Ar-H),82-6.86 (m, 3H, Ar-H), 4.01 (s, 1H,
CHCO,tBuU), 1.19 (s, 9Ht-Bu); *C NMR (100 MHz, CDGJ) d 167.2, 147.4, 139.0, 135.7,
130.1, 129.9, 129.3, 128.4, 128.3, 127.8, 127.8,51222.4, 120.8, 81.6, 57.9, 48.1, 2T;
3060, 2976, 2930, 1746, 1710, 1595, 1491, 1448718806, 1273, 1154, 1029, 764, 697,
HRMS (CI) calcd. GsHo6NO,: [M+H]", 372.1964found [M+H]",372.1975.
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(E)-tert-Butyl 2-(benzylideneamino)acetate (3084)°

308a

A mixture of tert-butyl aminoacetate hydrochloridd807) (1.0 g, 6.0 mmol), NEt(0.84 mL,
6.0 mmol) and MgS©(4.3 g, 30 mmol) in anhydrous GEl, (25 mL) was stirred at room
temperature for 1 hour before benzaldehyde (0.61, /D mmol) was added and the
suspension stirred for a further 12 hours at roemperature. The reaction mixture was
filtered, the filtrate washed with brine (2 x 10 jnand dried over MgSfbefore being
concentratedn vacuoto give 308a (1.24 g, 93%) as a pale yellow oil which was used
subsequent reactions without further purification.

Rf 0.50 (EtOAC : hexanes 1 : 164 NMR (400MHz, CDC}) 6 8.27 (s, 1H, HC=N), 7.78 (dd,
2H,J = 7.6, 1.8 Hz, Ar-H), 7.43 (m, 3H, Ar-H), 4.31 (@H,J = 1.1 Hz, CH)), 1.50 (s, 9H}-
Bu); **C NMR (100MHz, CDCJ) 3 169.4, 165.2, 135.8, 129.7, 129.0, 128.5, 81.4,62B.1.
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(E)-tert-Butyl 2-(4-chlorobenzylideneamino)acetate (3086)

B en

H

308b

A mixture of tert-butyl aminoacetate hydrochloridd07) (1.0 g, 6.0 mmol), NEt(0.84 mL,
6.0 mmol) and MgS©(4.3 g, 30 mmol) in anhydrous GEl, (25 mL) was stirred at room
temperature for 1 hour before 4-chloro-benzaldehyd@4 g, 6.0 mmol) was added and the
suspension stirred for a further 12 hours at roemperature. The reaction mixture was
filtered, the filtrate washed with brine (2 x 10 jnand dried over MgS©before being
concentratedn vacuoto give 308b (1.36 g, 90%) as a pale yellow oil which solidifien
standing to give an off-white solid which was usedsubsequent reactions without further

purification.

M.p. (CH.Cl,) 34-36 °C; R0.76 (EtOAc : hexanes 1 : 614 NMR (400MHz, CDC}) & 8.22
(s, 1H, HC=N), 7.71 (d, 2Hl = 8.5 Hz, Ar-H), 7.38 (d, 2H] = 8.5 Hz, Ar-H), 4.30 (d, 2H] =
1.1 Hz, CH), 1.49 (s, 9H{-Bu); *C NMR (100MHz, CDC}) & 169.2, 163.8, 137.1, 134.2,
129.5, 128.9, 81.6, 62.5, 28.1.
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tert-Butyl 2-((4-bromophenyl)(phenyl)methyleneamino)acete (312)

0 ©/ Br
tBu-O)J\/ N\\g““
Ph

312

Perchloric acid (12.1 mL of a 70% wt. solution inQ{ 200 mmol) was added to a solution of
glycine (310) (10 g, 133 mmol) irtert-butylacetate (150 mL) at 0 °C and then the reactio
stirred at room temperature overnight. The reactioxture was washed with,B (200 mL)
and 1 M HCI solution (150 mL) and then combinedesmys layers adjusted to pH 9 with 1 M
NaOH solution before being extracted with £ (3 x 150 mL). The combined organic
layers were dried over MgSQfiltered and concentratdd vacuoto give a pale yellow oil.
The residue was purified by vacuum distillation (80/2 mmHg) to givetert-butyl 2-
aminoacetat€311) as a colourless oil. A mixture of 4-bromobenzopren (9.46 g, 36.2
mmol), tert-butyl 2-aminoacetaté311)(4.85 g, 37.0 mmol) and camphor sulfonic acid (@17
0.74 mmol) in benzene (8 mL) was heated to 90 °Berpresence of 4 A molecular sieves for
3 days. The reaction mixture was allowed to cootdom temperature, filtered and washed
with Et,O (2 x 10 mL). The resulting solution was washeathwsaturated aqueous NaHgO
solution (20 mL), the organic layer dried over MgS@ltered, and concentraie vacuoto
give a brown semi-solid residue. Recrystallisafram petroleum ether 40-60 ga8&2 (0.45

g, 3%) as a pale pink solid and a 3 : 1 mixturesomers.

Rf 0.32 (EtOAc : hexanes 1 : 614 NMR (400MHz, benzene?i5 6.53-7.81 (m, 9H, Ar-H),
4.15 (s, 2H, CH), 4.10 (s, 2H, Ch), 1.34 (s, 9H,t-Bu), 1.33 (s, 9Ht-Bu); **C NMR
(100MHz, benzene% 5 170.0, 169.7, 169.1, 169.1, 139.8, 138.7, 13636,0, 132.3, 131.9,
131.7, 131.6, 131.5, 130.7, 130.6, 130.0, 129.B.012128.9, 128.7, 128.5, 128.3, 128.2,
128.0, 127.9, 127.8, 127.2, 126.9, 125.3, 122.8,&D.6, 56.4, 28.0, 27.5; HRMS (CI) calcd.
CioH21BrNO,: [M*H]*, 374.0756found [M*H]*, 374.0753.
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(2R*,3R*)-tert-Butyl 3-(4-bromophenyl)-1,3-diphenylaziridine-2-caboxylate (313)

To a solution of the 2 isomers (3 : 1 ratio) otert-butyl 2-((4-
bromophenyl)(phenyl)methyleneamino)aceta{812) (0.033 g, 0.09 mmol) and 2-
(trimethylsilyl)phenyl trifluoromethanesulfona(®1) (0.03 mL, 0.11 mmol) in acetonitrile (1
mL) was added cesium fluoride (0.040 g, 0.27 mnaulg the reaction stirred at room
temperature under nitrogen overnight. The reactimnture was washed with saturated
aqueous NELCI solution (5 mL) and KD (5 mL). The aqueous layers were extracted with
Et,O (3 x 5 mL) and the combined organic layers daedr MgSQ, filtered and concentrated
in vacuo The residue was purified by flash column chragedphy (EtOAc : hexanes 1 : 60)
to give313(0.016 g, 92 : 8 dr, 40%) as a yellow oil.

Rf 0.15 (EtOAc : hexanes 1 : 6034 NMR (400MHz, CDC}) major diastereoisomebd 7.48
(d, 2H,J = 8.7 Hz, H), 7.45 (d, 2H,) = 8.7 Hz, H), 7.13 (m, 3H, B**"), 7.07 (m, 2H, H),
7.01 (m, 2H, H), 6.84 (m, 1H, ¥), 6.80 (dd, 2H,) = 8.5, 1.0 Hz, §), 3.99 (s, 1H, CH), 1.22
(s, 9H,t-Bu); *C NMR (100MHz, CDCJ) major diastereoisome¥ 166.9, 147.0, 138.3, 135.0,
132.7, 131.6, 131.5, 130.9, 128.5, 128.0, 122.6,5,2120.8, 81.8, 57.4, 48.0, 27.7; HRMS
(CI) calcd. GsH2sBrNO,: [M*H]*, 450.1069found [M"H]*, 450.1055.
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tert-Butyl 2-(dibenzylamino)acetate (314Y°

o rPh
t-BuOJK/Nj
Ph
314

314 was prepared according to a literature procetlireA mixture of freshly distilled
dibenzylamine (13.0 mL, 67.7 mmol) atedt-butyl bromoacetaté288) (5.0 mL, 33.9 mmol)

in a mixture of EtOH and 1, 4 dioxane (20 mL: 20)mlas heated at reflux for 4 hours. The
reaction mixture was allowed to cool to room tenapare before the solvents were removed
in vacuo The residue was treated with 1 M KOH solution (80), extracted with O (3 x

50 mL), the organic layers washed with brine (50) rahd dried over MgS§) filtered and
concentratedn vacuo The residue was purified by flash column chromgeaphy (E2O :
hexanes 1 : 10) to giv&l4(9.52 g, 90%) as a white solid.

M.p. (hexanes/EO) 68-69 °C; R0.90 (hexanes : EtOAc 1 : 2J4 NMR (400 MHz, DMSO)
5 7.22-7.36 (m, 10H, Ar-H), 3.73 (s, 4H, Gh), 3.10 (s, 2H, CHCO:tBU), 1.41 (S, 9HI-

Bu); **C NMR (100 MHz, DMSOY 169.8, 138.8, 128.5, 128.2, 126.9, 80.1, 56.8,5%.7;
HRMS (ESI) calcd. GH2eNO,: [M+H] ", 312.1964found [M+H]", 312.1965.
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tert-Butyl 2-(benzyl(phenyl)amino)-3-phenylpropanoate §15)

oPh\|
t-BuOJj/ N. Ph
Ph
315

To a solution of cesium fluoride (0.62 g, 4.08 mjreoidtert-butyl 2-(dibenzylamino)acetate
(314) (0.42 g, 1.36 mmol) in anhydrous acetonitrile (3%)mvas added drop-wise 2-
(trimethylsilyl)phenyl trifluoromethanesulfonai@®1) (0.41 mL, 1.70 mmol) and then the
reaction mixture heated at 80 °C for 45 minutese Teaction mixture was cooled to room
temperature and the acetonitrile remouegacuo The residue was partitioned betweei®©H
(20 mL) and EXO (20 mL) and separated. The aqueous layer wHsefuextracted with O

(2 x 20 mL) and then the combined organic layereddrover MgSQ, filtered and
concentratedh vacuo The residue was purified by flash column chragedphy (hexanes :
Et,O 100 : 1) to give815(0.25 g, 47%) as a colourless oil.

R 0.27 (CHCI, : hexanes 1 : 5}H NMR (400 MHz, DMS0)5 7.07-7.25 (m, 12H, Ar-H),
6.63-6.69 (M, 3H, Ar-H), 4.74 (t, 1H, = 7.7 Hz, CKCO:Bu), 4.57 (d, 1HJ = 17.4 Hz,
NCH,Ph), 4.45 (d, 1HJ = 17.5 Hz, NCHPh), 3.23 (dd, 1HJ = 13.9, 7.8 Hz, CHCKPh),
3.11 (dd, 1H,) = 13.8, 7.6 Hz, CHCHPh), 1.25 (s, 9H;Bu); *C NMR (100 MHz, DMSO)

5 170.8, 148.3, 139.5, 137.8, 129.3, 128.7, 12828,1] 126.5, 126.3, 117.6, 114.5, 80.9,
64.5, 51.4, 35.4, 27.5; IR 3062, 3028, 2977, 24FR6 (C=0), 1599, 1503, 1453, 1367,
1147 cmt; HRMS (CI) calcd. GeHagNOy: [M+H]*, 388.2277; found [M+H], 388.2268.
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2-Ethoxy-N,N,N-trimethyl-2-oxoethanaminium iodide (322}°*

0
EtOJ\/ hMes
I

©
322

322was prepared according to a literature procetftimdel (4.4 mL, 70 mmol) was added to
a solution of ethyl 2-(dimethylamino)acet€821) (6.7 mL, 50 mmol) in ChLCl, (100 mL) at
—-15 °C, and then left at room temperature for 4&#avithout stirring. White crystals were
precipitated which were filtered and washed witktane (5 x 25 mL), before being dried
under vacuum to giv822 (11.1 g, 81%) as white crystals which was usedubsequent
reactions without further purification.

M.p. (CH:Cl,) 179-180 °C [lit:** 180-181 °C];'H NMR (400MHz, DMSO)d 4.42 (s, 2H,
CH,), 4.24 (q, 2H,J = 7.1 Hz, OCH), 3.22 (s, 9H, NM¢, 1.25 (t, 3H,J = 7.1 Hz,
OCH,CHs); *C NMR (100MHz, DMSO0)3 165.3, 63.1, 62.4, 53.7, 14.3; MS (El) calcd.
C/H17NO,: [M+H]", 146; found [M+H], 146.
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tert-Butyl 2-(dibenzylamino)-2-phenylacetate (324)

o r Ph
t-BuO N
Ph Ph

324

Cesium carbonate (0.81 g, 2.5 mmol), tetrabutylamomiodide (0.92 g, 2.5 mmol) and
BnBr (0.30 mL, 2.5 mmol) were added sequentially teolution of phenylglycingert-butyl
ester(300)(0.21 g, 1.0 mmol) in anhydrous DMF (10 mL) atmotemperature. The reaction
was then heated at 100 °C overnight before beimmpahed with saturated aqueous JAH
solution (10 mL) and then extracted with EtOAc (3&kmL). The combined organic layers
were washed with saturated NH solution (5 x 10 mL), dried over MgQQfiltered and
concentratedn vacuo The residue was purified by flash column chraygedphy (EtOAC :
hexanes 1: 100 to 1 : 80) to gi¥24(0.10 g, 25%) as a colourless oll.

R: 0.29 (EtOAc : hexanes 1 : 100 NMR (400 MHz, DMSO 7.44-7.26 (m, 15H, Ar-H),
4.32 (s, 1H, CH), 3.68 (s, 4H, NGPh), 1.49 (s, 9Hi-Bu); **C NMR (100 MHz, DMSO)»
170.5, 139.1, 136.7, 128.5, 128.3, 128.3, 127.8,1181.2, 65.6, 53.6, 27.8; IR 2976, 2930,
1727 (C=0), 1494, 1453, 1367, 1130 tmHRMS (Cl) calcd. GeH3oNOy: [M+H]*,
388.2277; found [M+H], 388.2285.
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(E)-N,N-Dibenzyl-2-tert-butoxy-2-(trimethylsilyloxy)ethenamine (331}

OTMS
t-Bu0” ™
Nan

331

331was prepared according to a literature procetflire-BuLi (4.4 mL of a 1.6 M solution
in hexanes, 7.0 mmol) was added drop-wise to aisalof diisopropylamine (1.1 mL, 7.7
mmol) in cyclopentylmethyl ether (5 mL) at 0 to® @nder argon and stirred for 30 minutes
at this temperature. A solution otert-butyl 2-(dibenzylamino)acetat€814) (2.0 g, 6.4
mmol) in cyclopentylmethyl ether (3.5 mL) was addedhe reaction mixture at the same
temperature over 5 minutes and stirred for a furBeminutes. Chlorotrimethylsilane (0.98
mL, 7.7 mmol) was added drop-wise to the reactioxture at 0 to ®C and stirred for 30
minutes at that temperature before being stirred@i temperature for a further 1.5 hours.
The reaction mixture was poured into a mixturec&f water and hexanes (20 mL:20 mL),
separated and the aqueous phase extracted withdsegax 20 mL). The combined organic
layers were washed with brine (20 mL), dried oveg3®, filtered and concentrateid
vacuobefore being dried under high vacuum (0.2 mmHg)3f® minutes to giv831 (2.2 g,
89%) as a yellow oil which was used in subsequesnttions without further purification.

'HNMR (400 MHz, CDC}) & 7.37-7.19 (m, 10H, Ar-H), 4.55 (s, 1H, CH), 3.8 @H,

NCH,Ph), 1.31 (s, 9Hi-Bu), 0.08 (s, 9H, TMS)¥C NMR (100 MHz, CDGJ) & 147.0,
139.9, 128.0, 126.6, 108.0, 79.6, 58.6, 29.2, -0.2.
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tert-Butyl 2-(dibenzylamino)hexanoate (334)

(o)

t-BuO NBn,

334

Methyllithium (0.97 mL of a 1.6 M solution in D, 1.55 mmol) was added drop-wise to a
solution of E)-N,N-dibenzyl-2-tert-butoxy-2-(trimethylsilyloxy)ethemane (331) (0.60 g,
1.55 mmol) in THF (8 mL) at —=78 °C in an oven-drigdhlenk flask under nitrogen. The
solution was stirred at —15 to —10 °C for 1 houfobe being re-cooled to —78 °(h-BulLi
(.06 mL of a 1.6 M solution in hexanes, 1.70 mmeofds added drop-wise at that
temperature followed by 3-bromoanis¢#®) (0.20 mL, 1.55 mmol) and the reaction allowed
to warm to room temperature overnight. The reactias quenched with saturated aqueous
NH,4CI solution (10 mL), extracted with EtOAc (2 x 2Q.ndried over MgSQ filtered and
concentratedh vacuo The residue was purified by flash column chragedphy (hexanes :
Et,O 100 : 1to 60 : 1) to give34(0.14 g, 25%) as a yellow oil.

Rf 0.56 (EtOAcC : hexanes 1 : 10}4 NMR (400 MHz, CDCJ) & 7.42-7.25 (m, 10H, Ar-H),
3.97 (d, 2HJ = 13.9 Hz, NCHPh), 3.59 (d, 2HJ = 13.9 Hz, NCHPh), 3.20 (t, 1HJ = 7.5
Hz, CH), 1.70 (m, 2H, C§), 1.55 (s, 9Ht-Bu), 1.42 (m, 2H, Ch), 1.23 (m, 2H, CH), 0.87

(t, 3H,J = 7.1 Hz, CH); *C NMR (100 MHz, CDGJ) 5 172.6, 140.0, 128.8, 128.2, 126.8,
80.7, 61.3, 54.5, 29.3, 28.4, 28.3, 22.4, 14.029B5, 1724 (C=0), 1494, 1454, 1390, 1253,
1139 cmi; HRMS (CI) calcd. G4H3sNO,: [M+H]*, 368.2590found [M+H]*, 368.2579.
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(2R*,4R*)-tert-Butyl 2,4-bis(dibenzylamino)-4-(2,5-dimethoxyphenl-3-oxobutanoate
(337)

O O
2 4 Nan

Bn,N _~__OMe
O,
MeO s
f
337

t-BuO

Methyllithium (1.34 mL of a 1.6 M solution in D, 2.14 mmol) was added drop-wise to a
solution of E)-N,N-dibenzyl-2-tert-butoxy-2-(trimethylsilyloxy)ethemane (331) (0.82 g,
2.14 mmol) in THF (21 mL) at =78 °C in an oven-driechlenk flask under nitrogen. The
solution was stirred at —15 to —10 °C for 1 houfiobe being re-cooled to —95 °C. 1-chloro-
2,5-dimethoxy benzen@38) (0.15 mL, 1.07 mmol) was added to the reactionsinced for
15 minutes at that temperature befaecBuLi (0.89 mL of a 1.26 M solution in
cyclohexane, 1.12 mmol) was added drop-wise at %Q5stirred for 15 minutes and the
reaction allowed to warm to room temperature oggri The reaction was quenched with
H,O (20 mL), extracted with ED (2 x 50 mL), dried over MgSQfiltered and concentrated
in vacuo The residue was purified by flash column chraygedphy (EtOAc : hexanes 1 :
20), followed by trituration with hexanes to gi887 (0.17 g, 0.25 mmol, 12%) as a white
solid.

M.p. (hexanes/EtOAc) 122-124 °C; R31 (hexanes : EtOAc 20 : 4 NMR (400 MHz,
CDCl;) 5 7.30 (d, 4H, = 7.2 Hz, Ar-H), 7.11-6.87 (m, 16H, Ar-H), 6.85d(dLH,J = 9.0, 3.0
Hz, H"), 6.73 (d, 1HJ) = 3.0 Hz, ), 6.66 (d, 1H,) = 9.0 Hz, H), 4.97 (s, 1H, ¥, 3.98 (d,
2H,J = 14.0 Hz, NCH,Ph), 3.98 (s, 1H, ¥, 3.83 (s, 3H, OMe), 3.65 (s(br), 4H*CH,Ph),
3.50 (s, 3H, OMe), 3.35 (d, 2H,= 14.0 Hz, NCH,Ph), 1.53 (s, 9Ht-Bu); *C NMR (100
MHz, CDCk) 6 205.5, 168.9, 153.2, 140.3, 138.3, 129.0, 12&38,71, 128.6, 128.4, 128.1,
128.0, 127.9, 127.8, 127.7, 126.7, 126.6, 126.8,2223.9, 118.1, 114.4, 111.9, 81.4, 70.0,
65.2, 55.6, 55.0, 54.7, 54.2, 28.3; IR 1735, 12486, 1454, 1367, 1224, 1139 ¢hHRMS
(ESI) calcd. GsH49N-Os: [M+H]*, 685.3641; found [M+H] 685.3625. Microanalysis calcd.
for Ca4H4gN2Os; C 77.16, H 7.06, N 4.09; found C 77.0, H 7.134.413; X-ray crystal data
CuHagN2Os M = 684.84, Monoclinic, P2(1), a=9.34676(10) A, b36.1319(3) A, ¢ =
13.86705(18) Ap = 90°,B = 103.1165(12)°y = 90°, V= 3803.59(8) A Z= 4, D= 1.196
Mg/m?®, u(Cu-Ka) = 0.616 mrt, T = 173 K, colourless blocky needles, 18283 imthelent
measured reflections, 3638 independent observexttiehs [F>4(F)], 329 parameters.
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(R*)-tert-Butyl 2-(dibenzylamino)-2-((1R*,2S*)-2-(dibenzylanino)-1-hydroxy-3,6-
dimethoxy-1,2-dihydrocyclobutabenzen-1-yl)acetate3d1)

O-tBu
Bn,N NBn,
HO 2

MeO OMe

341

Methyllithium (1.07 mL of a 1.6 M solution in ED, 1.71 mmol) was added drop-wise to a
solution of E)-N,N-dibenzyl-2-tert-butoxy-2-(trimethylsilyloxy)ethemane (331) (0.66 g,
1.71 mmol) in THF (17 mL) at =78 °C in an oven-drigchlenk flask under nitrogen. The
solution was stirred at —15 to —10 °C for 1 houiobe being re-cooled to —95 °C. 1-chloro-
2,5-dimethoxy benzen@38) (0.24 mL, 1.71 mmol) was added to the reactionstimced for

15 minutes at that temperature befaecBuLi (1.20 mL of a 1.34 M solution in
cyclohexane, 1.171 mmol) was added drop-wise at%®5stirred for 15 minutes and the
reaction allowed to warm to —40 °C. After stirrifog 2 hours at that temperature the reaction
was quenched with # (20 mL), extracted with ED (2 x 50 mL), dried over MgSQ
filtered and concentratedn vacuo The residue was purified by flash column
chromatography (EtOAc : hexanes 1: 20 to 1 : @@ive341(0.28 g, 24%) as a pale yellow
oil.

Rr 0.42 (hexanes : EtOAc 10 : T}4 NMR (400 MHz, CDC}) & 7.12-7.44 (m, 20H, Ar-H),
6.77 (d, 1HJ = 8.8 Hz, H), 6.67 (d, 1H,) = 8.8 Hz, H), 5.45 (s, 1H, OH), 4.61 (s, 1H?}
4.14 (s(br), 2H, RCHyPh), 3.90 (s(br), 2H, fCH,Ph), 3.90 (s, 3H, OMe), 3.85 (s, 1H)H
3.49 (d, 2H,J = 13.5 Hz, NCH,Ph), 3.41 (s(br), 2H, NCH,Ph), 3.38 (s, 3H, OMe), 1.09 (s,
9H, t-Bu); *C NMR (100 MHz, CDGJ) & 168.8, 149.5, 149.5, 139.0, 134.2, 133.9, 129.4,
129.2, 128.9, 128.8, 128.5, 128.4, 128.1, 128.0,92127.9, 127.3, 127.2, 126.6, 126.4,
115.5, 112.4, 81.0, 80.8, 67.5, 67.0, 57.4, 56599,554.4, 27.6; IR 1727, 1494, 1527, 750
cm™; HRMS (ESI) calcd. GHoN-Os: [M+H] ", 685.3641; found [M+H] 685.3623.
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(E)-(1-tert-Butoxyprop-1-enyloxy)trimethylsilane (343}

OTMS
t-BuO0”™ ™

343

343was prepared according to a literature procetfireBuLi (15.9 mL of a 1.6 M solution
in hexanes, 25.5 mmol) was added drop-wise to @tieal of diiso{propylamine (3.9 mL,
27.8 mmol) in cyclopentylmethyl ether (17 mL) a6®C under argon and the resulting
solution stirred for 30 minutes at that temperatufesolution oftert-butyl propanoate (3.5
mL, 23.2 mmol) in cyclopentylmethyl ether (6 mL) svadded to the reaction mixture at the
same temperature over 15 minutes and then stired & further 30 minutes.
Chlorotrimethylsilane (3.6 mL, 27.8 mmol) was addmdthe same temperature over 5
minutes followed by stirring for 1.5 hours. Theuwtly reaction mixture was poured into ice
water/hexanes (20 mL/20 mL) and extracted with hega(2 x 20 mL). The combined
organic phases were washed with brine (20 mL)ddweer MgSQ, filtered and concentrated
in vacuo The residue was purified by vacuum distillatiandive 343 (1.4 g, 30%) as a
colourless oil.

b.p. 68-72 °C/0.8 mmHdJH NMR (400 MHz, CDCY) & 3.90 (q, 1HJ = 6.6 Hz, CH), 1.49

(d, 3H,J = 6.5 Hz, CH), 1.32 (s, 9H{-Bu), 0.20 (s, 9H, TMS)*¥C NMR (100 MHZ,
CDCly) & 152.0, 85.4, 78.1, 29.0, 10.7, -0.1.
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(S*)-tert-Butyl2-((1R*,2S*)-1-hydroxy-3,6-dimethoxy-2-methyt1,2-
dihydrocyclobutabenzen-1-yl)propanoate (346)

t-BuO.__O

HO
2

MeO 2'

OMe

346

To a solution of )-(1-tert-butoxyprop-1-enyloxy) trimethylsilan@43) (0.22 g, 1.00 mmol)
in anhydrous THF (11 mL) at =78 °C in an oven dr&thlenk flask under nitrogen was
added drop-wise methyllithium (0.63 mL of a 1.6 Mluion in EtO, 1.00 mmol), the
solution was then warmed to —15 °C and stirredhait temperature for 1 hour. The reaction
was cooled to —78 °C and 1-fluoro-3, 5-dimethoxpzsne(83) (0.13 mL, 1.00 mmol) was
added drop-wise and stirred for 15 minutes at tiaperature before-BuLi (0.66 mL of a
1.6 M solution in hexanes, 1.05 mmol) was addeg-avise and stirred for 1 hour at =78 °C
before the reaction was allowed to warm to roomperature overnight. The reaction was
guenched with ED (20 mL), extracted with ED (2 x 20 mL) and the combined organic
layers dried over MgSg filtered and concentratad vacuo The residue was purified by
flash column chromatography (EtOAc : hexanes 1to3D: 15) to give346(0.09 g, 27%) as
an off white solid.

M.p. (EtOAc/hexanes) 42-47 °C; R.61 (hexanes : EtOAc 10 : T¥ NMR (400 MHz,
CDCls) 6 6.69 (d, 1H,J = 8.8 Hz, Ar-H), 6.63 (d, 1H] = 8.8 Hz, Ar-H), 4.05 (s, 1H, OH),
3.79 (s, 3H, OMe), 3.78 (s, 3H, OMe), 3.59 (q, I4; 6.8 Hz, H), 2.95 (s, 1H,) = 7.3 Hz,
H?), 1.49 (s, 9Ht-Bu), 1.38 (d, 3HJ = 7.0 Hz, CH?), 1.05 (d, 3H, = 7.3 Hz, CH?); *C
NMR (100 MHz, CDCY) & 174.9, 148.7, 148.5, 133.6, 133.1, 114.8, 11214,80.7, 56.4,
56.2, 47.4, 44.7, 28.1, 14.8, 13.1; IR 3471 (br,) (2975, 1725 (C=0), 1496, 1461, 1369,
1257, 1155 cil; HRMS (CI) calcd. @HsoNOs: [M+NH,4]*, 340.2124; found [M+Ng]*,
340.2126.
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tert-Butyl 4-(2,5-dimethoxyphenyl)-2-methyl-3-oxopentanate (345)

MeO 3',
O O 4

t-Buo” ¢ OMe

345

To a solution of )-(1-tert-butoxyprop-1-enyloxy) trimethylsilang43)(0.33 g, 1.60 mmol)
in anhydrous THF (16 mL) at =78 °C in an oven dr&thlenk flask under nitrogen was
added drop-wise methyllithium (0.09 mL of a 1.47 ddlution in EtO, 1.60 mmol), the
solution was then warmed to —15 °C and stirredhait temperature for 1 hour. The reaction
was cooled to —78 °C and 1-fluoro-3, 5-dimethoxpzsne(83) (0.12 mL, 0.80 mmol) was
added drop-wise and stirred for 15 minutes at tiaaiperature before-BuLi (0.53 mL of a
1.6 M solution in hexanes, 0.84 mmol) was addeg-avise and stirred for 1 hour at =78 °C
before the reaction was allowed to warm to 0 °@e Tfeaction was quenched withH(20
mL), extracted with BD (2 x 20 mL) and the combined organic layers doedr MgSQ,
fillered and concentratedn vacuo The residue was purified by flash column
chromatography (EtOAc : hexanes 1 : 20) to gd4b (0.06 g, 22%, 1 : 2 mixture of
unassigned diastereoisomers).

R 0.30 (hexanes : EtOAc 20 : 1); IR 2979, 1739 (G=D)14 (C=0), 1502, 1457, 1369,
1240, 1220, 1159, 1049; HRMS (Cl) calcdigsNOs: [M+NH4]*, 340.2124:found
[M+NH.]*, 340.2123.

Major Diastereoisomer'H NMR (400 MHz, CDCY) 5 6.80 (s, 1H, Ar-1§), 6.76 (d, 1H,) =
2.9 Hz, Ar-H), 6.66 (d, 1HJ = 2.9 Hz, Ar-H), 4.39 (g, 1H,J = 6.9 Hz, CH), 3.78 (s, 3H,
OMe), 3.74 (s, 3H, OMe), 3.59 (q, 1B1= 6.8 Hz, CH), 1.44 (s, 9Ht-Bu), 1.35 (d, 3H,) =
6.8 Hz, CH), 1.15 (d, 3HJ = 7.0 Hz, CH); *C NMR (100 MHz, CDGCJ) 5 206.5, 170.0,
153.8,129.7, 115.0, 112.6, 111.7, 81.5, 55.7,, 3638, 27.9, 16.1, 12.9.

Minor Diastereoisomer'H NMR (400 MHz, CDCY) 3 6.82 (s, 1H, Ar-), 6.74 (d, 1H, =
2.9 Hz, Ar-H), 6.73 (d, 1H]) = 2.9 Hz, Ar-H), 4.29 (g, 1H,J = 7.0 Hz, CH), 3.79 (s, 3H,
OMe), 3.74 (s, 3H, OMe), 3.49 (q, 1B1= 6.8 Hz, CH), 1.35 (s, 9Ht-Bu), 1.36 (d, 3H,) =
6.8 Hz, CH), 1.23 (d, 3HJ = 7.3 Hz, CH); **C NMR (100 MHz, CDGJ) & 206.5, 169.8,
150.9, 129.5, 114.9, 112.5, 111.5, 81.0, 55.9, 3%, 27.8, 16.5, 13.8.
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2-(Dibenzylamino)acetic acid (353§

o rPh
oo
Ph

353was prepared according to a literature procetflirelo a solution of glycing310) (5.0

g, 66.6 mmol) in HO (40 mL) was added KOH (13.3 g, 237 mmol) and Et@B mL).
BnBr (15.8 mL, 133.2 mmol) was added to the resglgolution slowlywia dropping funnel
and the reaction stirred at room temperature ogbtrand then refluxed for 30 minutes. The
solution was allowed to cool to room temperaturd #ren concentrated by about 5086
vacuo before being acidified to pH 6 with glacial AcOHA white solid precipitated
immediately which was collected by filtration anded over BOs for 48 hours to giv&853
(8.9 g, 34.9 mmol, 52%) as a white solid which wasd in subsequent reactions without
further purification.

M.p. (EtOH) 200-203 °C; R0.12 (hexanes : EtOAc 20 : 1§ NMR (400 MHz, DMSO)5

7.22-7.36 (m, 10H, Ar-H), 3.73 (s, 4H, GPh), 3.11 (s, 2H, CHgly); *C NMR (100 MHz,
DMS0)5172.4, 139.1, 128.5, 128.2, 126.9, 56.7, 53.3.
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Ethyl 2-nitro-2-phenylacetate (3693°? and Ethyl 2-(nitromethyl)benzoate (370)

o (o}
/\0 Noz /\0
O,N
369 370

To a solution of ethylnitroacetaté€368) (0.11 mL, 1.0 mmol), 2-(trimethylsilyl)phenyl
trifluoromethanesulfonaté1) (0.30 mL, 1.25 mmol) and 18-crown-6 (0.79 g, 3 mnmolTHF

(5 mL) at 0 °C was added potassium fluoride (0.13 qimol) and the reaction stirred at 0 °C
for 6 hours before warming to room temperature wiggt. A further batch of potassium
fluoride (0.11 g, 2 mmol) was added and the reacsiorred at room temperature for a further
24 hours. The reaction was quenched with saturatpegtous NECI solution (5 mL) and
extracted with EtOAc (2 x 10 mL). The organic layeas washed with saturated KCI solution
(4 x 10 mL) and then dried over Mgg@iltered and concentrated vacuo The residue was
purified by flash column chromatography (EtOAc x&éees 1 : 20) to give a 1 : 2.8 mixture of
369and370(0.14 g, 67%) as a pale yellow oil.

Rf 0.17 (EtOAc : hexanes 1 : 61 NMR (400MHz, CDCJ) both isomers 8.16 (dd, 1H, =
7.6, 1.4 Hz, Ar-H), 7.38-7.63 (m, 8H, Ar-H), 6.13, (LH, CH), 5.85 (s, 2H, GINO,), 4.28-
4.40 (m, 4H, 2 x OCh), 1.38 (t, 3H,J = 7.2 Hz, CH), 1.30 (t, 3H,J = 7.1 Hz, CH); *C NMR
(100MHz, CDC}) both isomers 166.2, 164.0, 133.1, 132.8, 131.6, 130.8, 138,21, 129.9,
129.1, 128.9, 90.8, 77.6, 63.4, 61.6, 14.2, IIRP931 (C-H), 1731 (C=0), 1530 (N}) 1348
(NO,) cmi*; HRMS (CI) calcd. GoH15N204: [M+NH,]*, 227.1032found [M+NH,]* 227.1037.
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tert-Butyl 2-nitroacetate (376§

o)
t-BuOJ\/ NO;

376

376 was prepared according to a literature procetitireolymer supported nitrite resin (0.5 g
of ca. 4 mmol/g resin, 2 mmol) was dried under vacuumrimght before acetonitrile (5 mL)
was added and the suspension stirred at room tetoperfor 30 minutes. The mixture was
cooled to —15 °C antkrt-butyl bromoacetat€288) (0.15 mL, 1 mmol) was added drop-wise
and the reaction stirred at —9G for 8 hours. The reaction was filtered throag$inter whilst
still cold and washed with small portions of &H, (5 x 1 mL). The residue was purified by
flash column chromatography (EtOAc : hexanes 1): tbOgive 376 (0.085 g, 53%) as a
colourless oil.

Rr 0.50 (EtOAc : hexanes 1 : 164 NMR (400MHz, CDC}) 5 5.07 (s, 2H, Ch), 1.52 (s, 9H,
t-Bu); *H NMR (100MHz, CDCJ) 5 160.7, 85.2, 76.8, 27.8.
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Ethyl 2-nitro-2-phenylpropanoate (3822 and Ethyl 2-(1-nitroethyl)benzoate (383)

0o
Ph

O,N

(0]

382 383

2-(trimethylsilyl)phenyl trifluoromethanesulfonatgl) (0.30 mL, 1.25 mmol) was added to a
solution of ethyl 2-nitropropanoa{@81) (0.13 mL, 1 mmol), potassium fluoride (0.17 g, 3
mmol) and 18-crown-6 (0.79 g, 3 mmol) in THF (5 ndrd stirred at room temperature for
1.5 hours. The reaction was quenched witd K6 mL), extracted with EtOAc (2 x 10 mL)
and the combined organic layers dried over MgSilered and concentratad vacuo The
residue was purified by flash column chromatogra(tyDAc : hexanes 1 : 40) to give a 1 :
3.5 mixture 0f382and383(0.15 g, 66%) as a yellow oil.

382 R;0.76 (EtOAc : hexanes 1 : 6} NMR (400MHz, CDC}) & 7.43-7.47 (m, 5H, Ar-H),
4.34 (q, 2HJ = 7.1 Hz, OCH), 2.27 (s, 3H, Ch), 1.31 (t, 3H,J = 7.1 Hz, OCHCHs); *C
NMR (100MHz, CDC}) & 167.2, 134.1, 129.9, 128.6, 127.5, 95.1, 63.22,280.1; IR 2931
(C-H), 1744 (C=0), 1554 (N£), 1342 (NQ) cm’; HRMS (CI) calcd. GH17N,04: [M+NH4]*,
241.1188found [M+NH,]*, 241.1185.

383 Rr 0.76 (EtOAcC : hexanes 1 : 614 NMR (400MHz, CDCY) & 8.02 (dd, 1H,J = 7.8, 1.3
Hz, Ar-H), 7.59 (dt, 1HJ = 7.9, 1.4 Hz, Ar-H), 7.49 (m, 2H, Ar-H), 6.69 (&, J = 6.9 Hz,
CH), 4.39 (g, 2H,J = 7.3 Hz, OCH), 1.92 (d, 3H,J = 6.9 Hz, CH), 1.41 (t, 3H,J = 7.1 Hz,
OCH,CHs); **C NMR (100MHz, CDGJ) & 166.6, 137.1, 132.8, 131.0, 129.6, 129.1, 127.0;
HRMS (CI) calcd. GiH17N,04: [M+NH,]*, 241.1188found [M+NH,]*, 241.1185.
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Chloro(iso-propoxy)dimethylsilane (386§

| o
\Sl.i’OIPr
Cl

386

To a solution of urea (30 g, 500 mmol)i#PrOH (38 mL), was added drop-wis& syringe-
pump at room temperature dichlorodimethylsilg385) (60 mL, 500 mmol) and then the
reaction allowed to stir at room temperature owgrhi The solution was filtereda cannula
under nitrogen and then purified by distillationgioe 386 (50 g, 66%) as a colourless oll.

B.p. 103-10%C [lit.**° 108-109C]; *H NMR (400MHz, CDC}) & 4.23 (sept, 1H) = 6.2 Hz,i-

Pr), 1.21 (d, 6HJ = 6.2 Hz,i-Pr), 0.46 (s, 6H, SiM&*C NMR (100MHz, CDCJ) 6 66.4, 25.2,
2.5.
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(2-Bromophenoxy){so-propoxy)dimethylsilane (388)

(l)iPr
.
/SLO

©/Br

388

2-bromopheno(387) (2 mL, 17.2 mmol) was added drop-wisa syringe pump over 4 hours
under argon to chloro-propoxy)dimethylsilane(386) (2.6 g, 17.2 mmol) at room
temperature. The resulting mixture was purifiedveguum distillation to giv&888 (1.56 g,
31%) as a colourless oil.

B.p. 65-70°C/0.15 mbar*H NMR (400MHz, CDCY) & 7.55-7.51 (m, 1H, Ar-H), 7.20-7.18
(m, 1H, Ar-H), 7.02 (dd, 1HJ = 8.1, 1.4 Hz, Ar-H), 6.85 (dt, 1H, = 7.7, 1.4 Hz, Ar-H),
4.29 (sept, 1H] = 6.1 Hz,i-Pr), 1.21 (d, 6HJ = 6.1 Hz,i-Pr), 0.30 (s, 6H, SiM#:

Due to the instability of the compound, no furtblearacterisation was possible and it was
carried on to the next stage.
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2-(iso-Propoxydimethylsilyl)phenol (389)

OH |

-
©/SI‘OiPr

389

To an oven dried Schlenk flask containing a sofutiof (2-bromophenoxy)(iso-
propoxy)dimethylsilang388) (13 g, 45 mmol) in anhydrous THF (100 mL) at —@8Was
added drop-wisgert-BuLi (53 mL of a 1.7 M solution in pentane, 90 minwvia syringe
pump over 10 minutes. The resulting solution widewed to warm to room temperature
overnight before being quenched with saturated @egeNH,CIl solution (100 mL). The
ensuing mixture was extracted with@t(3 x 100 mL), the combined organic layers washed
with brine (100 mL), dried over MgS@nd concentrateith vacuo The residue was purified
by vacuum distillation to affor889 (5.52g, 58%) as a colourless oil.

B.p. 68-70 °C/ 0.23 mbattd NMR (400MHz, CDC4) & 8.75 (s, 1H, Ar-OH), 7.30-7.26 (m,
1H, Ar-H), 7.15 (dd, 1HJ = 7.3, 1.7 Hz, Ar-H), 6.87 (dt, 1H,= 7.3, 0.8 Hz, Ar-H), 6.82 (d,
1H,J = 8.1 Hz, Ar-H), 4.22 (sept, 1H,= 6.1 Hz,i-Pr), 1.29 (d, 6HJ = 6.1 Hz,i-Pr), 0.42 (s,
6H, SiMe); °C NMR (100MHz, CDCJ) & 162.2, 133.5, 131.6, 129.6, 119.5, 115.8, 66.9,
255, 0.0; IR 3331 (OH), 1595, 1438, 1277, 125223lZni; HRMS (ESI) calcd.
C11H160,Si: [M+H]*, 211.1154; found [M+H] 211.1159.
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2-(iso-Propoxydimethylsilyl)phenyl trifluoromethanesulfonate (390)

OoTf

390

Di-isopropylethylamine (5.4 mL, 31.2 mmol) and triflic rgmride (5.3 mL, 31.2 mmol)
were added sequentially to a Schlenk flask comginia solution of 2-
(isopropoxydimethylsilyl)phenof389) (5.5 g, 26 mmol) in anhydrous GEl, (150 mL) at
=78 °C and then stirred for a further 30 minuteshait temperature. The solvent was
removedin vacuobefore anhydrous hexane (50 mL) was added toetsidue. The solution
was filteredvia a filter cannula under nitrogen and then concésdriaa vacuo The residue
was purified by vacuum distillation to gid90 (7.5 g, 84%) as a colourless oil.

B. p. 125°C/2 mbar*H NMR (400MHz, CDC4) & 7.70 (dd, 1H,] = 7.3, 1.9 Hz, Ar-H), 7.49-
7.44 (m, 1H, Ar-H), 7.37 (dt, 1H,= 7.3, 0.7 Hz, Ar-H), 7.32 (d, 1H,= 8.4 Hz, Ar-H), 4.09
(sept, 1H,J = 6.2 Hz,i-Pr), 1.19 (d, 6H,) = 6.0 Hz,i-Pr), 0.47 (s, 6H, SiMg °C NMR
(100MHz, CDC}) & 154.6, 136.6, 131.7, 131.4, 127.5, 119.6, 118,54f 320), 65.8, 25.6,
-0.3; IR 2974, 1599, 1420, 1247, 1205, 1134, 1088; HRMS (ESI) calcd. GHo:NO,SSi:
[M+NH_]*, 360.0913; found [M+NE*, 360.0916.
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N-Benzyl-2-nitroacetamide (3973

o)
BnHNJ\/ NO,

397

397was prepared according to a literature procetfdi@enzylamine (8.2 mL, 75 mmol) was
added drop-wiseia dropping funnel to a solution of methyl nitroatet¢896) (1.38 mL, 15
mmol) in MeOH (20 mL) and stirred at room temperatfor 3 days. The reaction mixture
was then concentrated vacuq and acidified to pH 4 with 1 M HCI solution, befobeing
extracted with EtOAc (3 x 50 mL). The combinedaig layers were washed with brine (20
mL), dried over MgSQ filtered and concentrated vacuo The residue was purified by
flash column chromatography (GEl,) to give397(1.31 g, 45%) as a white solid.

M.p. (CH.Cl,) 84-86 °C [lit*** 87-89 °C]; R 0.24 (CHCl,); '"H NMR (400MHz, CDC}) 5

7.39-7.28 (m, 5H, Ar-H), 6.73 (s(br), 1H, NH), 5.(s} 2H, CHNO,), 4.52 (d, 2H,) =5.7 Hz,
CH,Ph); **C NMR (100MHz, CDGJ) 5 160.3, 136.6, 128.9, 128.0, 127.8, 77.7, 44.1.
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2-Bromo-N,N-diethylacetamide (40032

/\vaBr
K

400

400 was prepared according to a literature procetfdr&.solution of bromo acetyl bromide
(399) (0.87 mL, 10mmol) in CKCl, (1 mL) was added drop-wise to a solution of
diethylamine (2.08 mL, 20 mmol) in GBI, (9 mL) at 0 °C and then stirred for a further 15
minutes at this temperature before being allowestitoat room temperature for 1 hour. The
reaction mixture was poured inte®l (10 mL), extracted with Cil, (2 x 10 mL) and then
CHCI; (2 x 10 mL) before the combined organic layersendnied over MgSg) filtered and
concentratedn vacuo to give 400 (1.65 g, 85%) as an orange oil which was used in
subsequent reactions without further purification.

Rr 0.33 (CHCL); *H NMR (400MHz, CDC}) & 3.84 (s, 2H, ChBr), 3.38 (m, 4H, ChCHs),

1.25 (t, 3H,J = 7.2 Hz, CHCH), 1.13 (t, 3H,J = 7.2 Hz, CHCHs); °C NMR (100MHz,
CDCls) 3 166.1, 43.0, 40.6, 26.3, 14.4, 12.5.
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N,N-Diethyl-2-nitroacetamide (401§>*

/\vaNoz
N

401

Polymer supported nitrite (4.04 g of 4mmol/g resif,2 mmol) was dried under vacuum
over night before acetonitrile (35 mL) was added #re resultant suspension stirred at room
temperature for 30 minutes before being cooled 16 C. A solution of 2-brombkN-
diethylacetamid€400) (1.57 g, 8.1 mmol) in acetonitrile (5 mL) was add&op-wise and
then the reaction stirred for 48 hours at —15 e reaction was filtered whilst still cold
through a sinter and washed with £&H, (5 x 5 mL) before the filtrate was concentrated
vacua The residue was purified twice by flash colurhnoenatography (EtOAc : hexanes 1 :
5 then CHCI,) to give401(0.13g, 10%) as a colourless oil.

Rr 0.23 (CHCL,); *H NMR (400MHz, CDC}) & 5.27 (s, 2H, CbNO,), 3.45 (g, 2HJ = 7.1
Hz, CHCHg), 3.25 (g, 2H, = 7.2 Hz, CHCHs), 1.24 (t, 3H,J = 7.2 Hz, CHCH), 1.18 (t,
3H, J = 7.2 Hz, CHCHsy); *C NMR (100MHz, CDCJ) 5 169.1, 75.2, 42.2, 12.8.
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1-(Trimethylsilyl)- 1H-benzo[d][1,2,3]triazole (4083

408

408 was prepared according to a literature procetfirdexamethyldisilazane (21 mL, 100
mmol) was added to a solution of benzotriazdi@7) (5.96 g, 50 mmol) in THF (100 mL)
and heated to reflux overnight. Concentrationvacuo afforded408 (9.12 g, 95%) as a
colourless oil which was used in subsequent reastathout further purification.

'H NMR (400MHz, CDC}) 58.14 (d, 1H,J = 8.3 Hz, Ar-H), 7.04 (d, 1H] = 8.3 Hz, Ar-H),
7.47 (m, 1H, Ar-H), 7.36 (m, 1H, Ar-H), 0.71 (s, 9RMS); **C NMR (100MHz, CDCJ) &
146.7, 127.2, 125.9, 123.6, 119.9, 111.2, 0.34.
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1,1-Carbonyldibenzontriazole (409§

409

409was prepared according to a literature procetfifehosgene (11.9 mL of a 20% soln. in
PhMe, 23.8 mmol) was added slowly to a solution df(trimethylsilyl)-1H-
benzo[d][1,2,3]triazol€408) (9.12 g, 47.7 mmol) in C¥l, (14 mL) at 0 °C and then stirred
at room temperature for 1 hour. The reaction metuas filtered to removed the precipitate
formed, and the filter cake was washed with anhyslr@HCl,. The white solid was
recrystallised from PhMe to givi9(4.21 g, 67%) as white needles.

M.p. (PhMe) 201-203 °C [Iit'® 182-183 °C];H NMR (400MHz, CDC}) 8.24 (m, 2H, Ar-

H), 7.79 (m, 1H, Ar-H), 7.63 (m, 1H, Ar-H}°C NMR (100MHz, CDCJ) & 145.8, 145.0,
132.6, 130.9, 126.8, 121.0, 113.5.
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2,2,2-Trifluoroethyl 1H-benzo[d][1,2,3]triazole-1-carboxylate (410)

(0]
Q\I;I/U\O/\CFs
N=N
410

1,1-carbonyldibenzontriazol@09) (3.5 g, 13.2 mmol) was stirred in 2,2,2-trifluctioenol
(15 mL, 137 mmol) overnight at room temperaturdlwaik the solid had dissolved. Excess
alcohol was removeth vacuoand the residue dissolved in €F, (20 mL) before being
washed with 3% KOH solution (15 mL). The orgaragdr was dried over MgS(filtered
and concentrateith vacuo The solid remaining was purified by recrystaitisn from PhMe
to give410(2.15 g, 66%) as white crystals.

M.p. (PhMe) 89-91 °C*H NMR (400MHz, CDC4) & 8.17 (d, 1H,J = 8.3 Hz, Ar-H), 8.08 (d,
1H, J = 8.3 Hz, Ar-H), 7.71 (m, 1H, Ar-H), 7.55 (m, 1Hs-H), 4.98 (g, 2H,J = 7.9 Hz,
CH,CFs); °C NMR (100MHz, CDCJ) & 147.7, 145.9, 131.5, 130.8, 126.3, 122.3)}; =
278 Hz), 120.7, 113.2, 63.3 (@ = 38 Hz); IR 1768 (C=0), 1454, 1413, 1332, 121I'cm
HRMS (ESI) calcd. 6H7FsN3O: [M+H]", 246.0490; found [M+H] 246.0482.
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2,2,2-Trifluoroethyl 2-nitroacetate (411)

o
F3C/\O)K/ NO,
411

To a solution of potassiutert-butoxide (1.12 g, 10 mmol) in DMSO (25 mL) at 1D Was
slowly added nitromethane (0.54 mL, 10mmol) anchtkarred at 10 °C for a further 10
minutes.  2,2,2-trifluoroethyl 1H-benzo[d][1,2,3dtzole-1-carboxylate(410) (1.23 g, 5
mmol) in DMSO (25 mL) was added drop-wis& syringe pump and then the resulting
solution stirred for 2 hours at 10 °C before bealpwed to stir at room temperature
overnight. The reaction mixture was poured int®H100 mL) and acidified to pH 3-4 with
10% AcOH solution. The solution was extracted WitH,Cl, (3 x 75 mL) and then the
combined organic layers washed witbCH(75 mL) and pH 9 buffer (Aldrich) (50 mL). The
organic phase was dried over Mgs@iltered and concentratesh vacuo using a low
temperature water bath and low pressure. Vacustillaion of the crude material gavd 1
alongside some residual DMSO. The mixture wasrtake in EtO (20 mL) and washed
with H,O (3 x 10 mL). The ethereal layer was dried oveyS@, filtered and concentrated
in vacuousing a low temperature water bath and low prestugive puret1l1 (0.29g, 31%)
as a colourless oll.

B.p. 65-70°C/0.10 mbar*H NMR (400MHz, CDC}) 55.29 (s, 2H, CbNO), 4.64 (q, 2H,)

= 8.0 Hz, CHCF); **C NMR (100MHz, CDG)) 5 160.5, 122.1 (q,ck = 277 Hz), 75.4, 61.9
(0, &.r = 38 Hz); IR 1780 (C=0), 1572 (N}) 1410, 1349 (Ng), 1284 crit; MS (CI) calcd.
C4HgF3N20,: [M+NH4]*, 205; found [M+NH]* 205.
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Phenyl 2-iodoacetate (4157°

SN

415

A mixture of phenyl bromoaceta(é14)(1.43 mL, 10 mmol) and Nal (1.92 g, 12.8 mmol) in
acetone (7 mL) was stirred at room temperaturerogiet and then heated to reflux for 4
hours. The reaction was allowed to cool to roomperature, before being filtered and
washed with BO (3 x 10 mL). The filtrate was concentratedracuobefore being taken up
in E6O (20 mL) and washed with,B® (10 mL) and brine (10 mL). The organic layer was
dried over MgS@ filtered and concentratech vacuo The residue was purified by
recrystallisation from bD to give415(1.93 g, 74%) as a pale brown solid.

M.p. (H:0) 68-69 °C [li?>> 75-77 °C]; R0.78 (EtOAc : hexanes 1 : 164 NMR (400MHz,
CDCly) 8 7.44 (t, 2H,J = 7.9 Hz, Ar-H), 7.29 (t, 1HJ = 7.6 Hz, Ar-H), 7.15 (dd, 2H] =
8.2, 1.3 Hz, Ar-H), 3.94 (s, 2H, GH; *C NMR (100MHz, CDGCJ) & 167.5, 150.6, 129.5,
126.3, 121.0, -6.0.
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Phenyl carbonocyanidate (418)°

<)\OJ?\CN

418

418was prepared according to a literature procetfdrérimethylsilyl cyanide (1.25 mL, 10
mmol) was added slowly to a mixture of phenyl cbformate(417)(1.25 mL, 10 mmol) and
1,4-diazabicyclo[2.2.2]octane (0.006 g, 0.06 mnawiyl the reaction allowed to stir at room
temperature overnight. TMSCI was removed by vacdistillation and the remaining solid
was dried under vacuum to givd.8 (1.3 g, 88%) as an off white solid which was used
subsequent reactions without further purification.

M.p. (CH,Cl,) 49-51°C [lit**° 48-50 °C]; R0.6 (CHCl,); *H NMR (400MHz, CDC}) 5 7.46
(t, 2H,J = 7.5 Hz, Ar-H), 7.36 (t, 1H) = 7.4 Hz, Ar-H), 7.20 (dd, 2Hl = 7.4, 1.1 Hz, Ar-
H); **C NMR (100MHz, CDCJ) & 149.1, 142.5, 130.1, 127.8, 120.5, 109.1; IR 2@5),

1762 (C=0), 1725, 1481, 1234, 1215tm
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Phenyl 2-nitroacetate (416)

O\Oj\/ NO,

416

Method A:

A solution of silver nitrite (1.81 g, 11.8 mmol) Et,O (5 mL) was cooled to 0 °C, before a
solution of phenyl 2-iodoaceta¢15)(1.54 g, 5.88 mmol) in ED (11 mL) was added drop-
wise via syringe pump. The solution was then stirred atrdemperature for 5 days. The
reaction mixture was filtered and washed with(E{(3 x 10 mL) and then the filtrate
concentratedn vacuo The residue was purified by flash column chraygedphy (EtOAC :
hexanes 1 : 10) to giv&l6(0.10 g, 10%) as a colourless oil.

Method B:

To a solution of NaH (0.12 g, 3 mmol) in anhydrolildF (3 mL) was added drop-wise
nitromethane (0.16 mL, 3 mmol) at room temperatuard then stirred for a further 15
minutes. A solution of phenyl carbonocyanid&é8) (0.44 g, 3 mmol) in THF (4.5 mL)
was added drop-wise to the reaction mixture and gtered at room temperature for 48
hours. The reaction was acidified to pH 3 with H@I solution, before being extracted with
EtOAc (3 x 20 mL). The combined organic layers evedried over MgSQ filtered and
concentratedn vacuo The residue was purified by flash column chraygedphy (EtOAC :
hexanes 1 : 10) to giv&l6(0.027 g, 5%) as a colourless oil.

Rr 0.23 (EtOAc : hexanes 1 : 184 NMR (400MHz, CDC}) 87.42 (t, 2H,J = 7.9 Hz, Ar-
H), 7.31 (t, 1H,J = 7.4 Hz, Ar-H), 7.17 (m, 2H, Ar-H), 5.40 (s, 2BH,NO,); *C NMR

(100MHz, CDC}) & 160.2, 149.7, 129.7, 127.0, 120.9, 76.2; IR 1768(), 1560 (NQ),

1492, 1339, 1186 (N cm*; HRMS (CI) calcd. GH11N204 [M+NH,]*, 199.0719; found
[M+NH4]*, 119.0719.

209



Methyl 2-nitro-2-phenylacetate (4225°° and Methyl 2-(nitromethyl)benzoate (423)

(o) (0]
MeoJ\/No2 MeO
Ph O:N
422 423

2-(trimethylsilyl)phenyl trifluoromethanesulfonatgl) (0.42 mL, 1.75 mmol) was added to a
solution of methyl nitroacetai@96) (0.09 mL, 1 mmol), potassium fluoride (0.23 g, 4 aim
and 18-crown-6 (1.06 g, 4 mmol) in THF (4 mL) insaaled tube and stirred at room
temperature for 48 hours. The reaction was dilutgtdi EtOAc (10 mL) and washed with
saturated aqueous KCI solution (4 x 5 mL), befoeendy dried over MgS®) filtered and
concentratedn vacuo The residue was purified by flash column chrageaphy (EtOAC :
hexanes 1:30) to give a 1 : 5.3 mixturet@R and423(0.12 g, 62%) as a yellow oil.

423:R; 0.38 (EtOAC : hexanes 1 : 3 NMR (400MHz, CDC}) both isomers 8.17 (dd, 1H,
J=7.7,1.4 Hz, Ar-H), 7.65 (td, 1H,= 7.5, 1.5 Hz, Ar-H), 7.58 (td, 1H,= 7.6, 1.4 Hz, Ar-
H), 7.42 (dd, 1HJ = 7.5, 1.2 Hz, Ar-H), 5.88 (s, 2H, GNO,), 3.93 (s, 3H, OMe)**C NMR

(100MHz, CDC}) both isomer 166.6, 133.1, 133.0, 131.6, 130.6, 130.2, 130.07,%p.4;
IR 1711 (C=0), 1558 (N§), 1272 (NQ), 1082 cm: HRMS (CI) calcd. GH1aN;Oq:

[M+NH,4]*, 213.0875; found [M+Nk*, 213.0877.
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Isoindolin-1-one (9a}*’

o)

e

9a

Nickel(ll)chloride hexahydrate (0.12 g, 0.51 mmuias added to a solution d22 and423
(0.10 g, 0.51 mmol, 1 : 8422: 423 in MeOH (5 mL) at 0 °C, followed by the slow atiin

of sodium borohydride (0.096 g, 2.6 mmol) at themsdemperature. The reaction was stirred
for 15 minutes at 0 °C and then stirred at roomptnature for 4 hours. The reaction was
quenched by drop-wise addition of 1 M HCI until gH Solid NaHCQ was then added
portion-wise until pH 9, followed by the removal tife MeOHin vacuo The remaining
aqueous layer was extracted with EtOAc (3 x 5 rnttgn the organic layers washed with brine
(10 mL), dried over MgS§) filtered and concentratdd vacuoto give a yellow solid. The
residue was purified by flash column chromatograp@if,Cl, : MeOH 30 : 1) to give9a
(0.052 g, 77%) as a white solid.

M.p. (CH:.Cly/MeOH) 152-154 °C [lit®>" 149-151 °C]; R0.17 (EtOAc : hexanes 1 : 10}
NMR (400MHz, CDC}) & 7.89 (dd, 1H,) = 8.3, 1.2 Hz, Ar-H), 7.58 (dt, 1H,= 7.6, 1.1 Hz,
Ar-H), 7.49 (t, 2H,J = 7.2 Hz, Ar-H), 6.36 (s(br), 1H, NH), 4.47 (s, 2BH,); *C NMR
(100MHz, CDC}) 5 172.3, 143.7, 132.2, 131.7, 128.0, 123.7, 12%RB.4
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4-methyl-2-(trimethylsilyl)pheny! trifluoromethanesulfonate (426§°°

\@[TMS
oTf
426

Hexamethyldisilazane (2.1 mL, 10 mmol) was added $olution of 2-bromo-4-methylphenol
(424) (0.6 mL, 5 mmol) in THF (100 mL) and the mixturedbted to reflux overnight. The
reaction was allowed to cool to room temperaturi@reethe solvent was removea vacuo
The crude material was re-dissolved in anhydrou§ %0 mL) and cooled to —78 °C, before
n-BuLi (3.45 mL of a 1.45 M solution in hexanes, 5nol) was added drop-wise. The
resultant solution was stirred for 30 minutes a8 2 and then at room temperature for 30
minutes. The reaction was re-cooled to —78 °Ctafiid anhydride (1.26 mL, 7.5 mmol) was
added drop-wise. After 20 minutes of stirring at8-°C, the reaction was quenched with
saturated aqueous NaHg®olution and extracted with £ (3 x 50 mL). The combined
organic layers were dried over Mgf@iltered and concentrated vacuo The residue was
purified by flash column chromatography (hexanesjite 426 (1.21 g, 76%) as a colourless
oil.

R; 0.89 (hexanes{H NMR (400 MHz, CDCY) & 7.30 (s, 1H, Ar-H), 7.21 (m, 2H, Ar-H), 2.36

(s, 3H, CH), 0.36 (s, 9H, TMS)**C NMR (100 MHz, CDGJ) &153.1, 137.2, 136.7, 132.2,
131.7, 119.3, 118.5 (de.r = 320 Hz), 20.8, -0.8.
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6-methylisoindolin-1-one®* and 5-methyisoindolin-1-one (9bY®°

9b

4-methyl-2-(trimethylsilyl)phenyl trifluoromethang$onate (426) (0.39 g, 1.25 mmol) was
added to a solution of methyl nitroaceté266) (0.092 mL, 1 mmol), potassium fluoride (0.17
g, 3 mmol) and 18-crown-6 (0.79 g, 3 mmol) in THFNIL) and stirred at room temperature
for 48 hours. The reaction was quenched with atgédraqueous Nj&I solution (5 mL),
extracted with EtOAc (2 x 10 mL) and the combinegamic layers washed with saturated KCI
solution (5 x 5 mL) before being dried over Mgs®ltered and concentratad vacuo The
residue was subjected flash column chromatogra@t@®Ac : hexanes 1:10) to give an
inseparable mixture of methyl 5-methyl-2-(nitromdjbhenzoate, methyl 2-nitro-2-m-
tolylacetate, methyl 4-methyl-2-(nitromethyl)bentmamethyl 2-nitro-2-p-tolylacetate and
some other impurities as a yellow oil (110 mg) whigas carried on to the reduction stage
without further purification.

Nickel(Il)chloride hexahydrate (0.12 g, 0.50 mmofds added to the residue of the first step
(0.11 g) in MeOH (2.5 mL) at 0 °C, followed by thp®rtion-wise addition of sodium
borohydride (0.095 g, 2.95 mmol) at the same teaipez. The reaction was stirred for 15
minutes at 0 °C and then stirred at room tempedtur4 hours. The reaction was quenched
by drop-wise addition of 1 M HCI until pH 5. SoldaHCQ was then added portion-wise
until pH 9, followed by the removal of the MeORvacuo The remaining agueous layer was
extracted with EtOAc (3 x 5 mL), then the orgaragdrs washed with brine (10 mL), dried
over MgSQ, filtered and concentrateth vacuoto give a yellow solid. The residue was
purified by flash column chromatography (&, : MeOH 30 : 1) to give a 1 : 1.2 mixture of
the two regioisomers 08b (0.019 g, 13% over 2 steps) as a white solid.

Rf 0.72 (CHCl,: MeOH 1 : 10);*H NMR (400MHz, CDC}) both isomersd 7.87 (s(br), 1H,
NH), 7.84 (s(br), 1H, NH), 7.74 (d, 1H,= 8.3 Hz, Ar-H), 7.66 (s, 1H, Ar-H), 7.35 (m, 2A-

H), 7.28 (m, 2H, Ar-H), 4.41 (s, 4H, 2 x GH2.45 (s, 3H, Ch), 2.44 (s, 3H, Ch);C NMR

(100MHz, CDC}) both isomers 172.3. 172.3, 144.2, 142.4, 141.0, 138.0, 13238,3], 129.7,
129.0, 123.9, 123.6, 123.4, 122.9.
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3-methylisoindolin-1-one (9cf®*

0

@NH

9

Nickel(ll)chloride hexahydrate (0.086 g, 0.36 mmeids added to a solution 882 and383
(0.083 g, 0.36 mmol, 1 : 332: 383 in MeOH (2 mL) at 0 °C, followed by the slow atiloin

of sodium borohydride (0.068 g, 1.8 mmol) at thenedemperature. The reaction was stirred
for 15 minutes at 0 °C and then stirred at roompenature for 3 hours. The reaction was
guenched by drop-wise addition of 1 M HCI until @4 Solid NaHCQ was then added
portion-wise until pH 9, followed by the removal tife MeOHin vacuo The remaining
aqueous layer was extracted with EtOAc (3 x 5 rnttgn the organic layers washed with brine
(10 mL), dried over MgS§) filtered and concentratdd vacuoto give a yellow solid. The
residue was purified by flash column chromatograp@i,Cl, : MeOH 30 : 1) to givedc
(0.037 g, 70%) as a white solid.

M.p. (CH:Cl/MeOH) 110 °C [lit?® 112-114 °C]; R0.23 (EtOAc : hexanes 1 : 1614 NMR
(400MHz, CDC}) 6 8.03 (s(br), 1H, NH), 7.84 (d, 1K= 7.5 Hz, Ar-H), 7.56 (dt, 1H] = 7.4,
0.9 Hz, Ar-H), 7.46 (d, 1H) = 7.5 Hz, Ar-H), 7.43 (dd, 1H] = 7.4, 0.6 Hz, Ar-H), 4.70 (q,
1H, J = 6.7 Hz, NCHAr), 1.50 (d, 3Hl = 6.7 Hz, CH); **C NMR (100MHz, CDC}) & 171.2,
149.0, 131.8, 131.7, 128.0, 123.7, 122.2, 52.3.20.
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3-Ethylisoindolin-1-one (9df®*

NH

9d

2-(trimethylsilyl)phenyl trifluoromethanesulfonatgl) (0.42 mL, 1.75 mmol) was added to a
solution of ethyl 2-nitrobutanoa(®.15 mL, 1 mmol), potassium fluoride (0.23 g, 4 atyhand
18-crown-6 (1.06 g, 4 mmol) in THF (4 mL) and stdrat room temperature for 1 hour. The
reaction was quenched with saturated aqueougCNsblution (5 mL), extracted with EtOAc
(2 x 10 mL) and the combined organic layers washigl saturated KCI solution (5 x 5 mL)
before being dried over MgS(Xiltered and concentrated vacuo The residue was subjected
flash column chromatography (EtOAc : hexanes 1t@@)ive an inseparable mixture of ethyl
2-(1-nitropropyl)benzoate and ethyl 2-nitro-2-phioyanoate and some other impurities as a
yellow oil (0.14 g) which was carried on to theuetion stage without further purification.

Nickel(Il)chloride hexahydrate (0.14 g, 0.59 mmaf)s added to the residue of the first step
(0.14 g) in MeOH (3 mL) at 0 °C, followed by the rppon-wise addition of sodium
borohydride (0.11 g, 2.95 mmol) at the same tentpexa The reaction was stirred for 15
minutes at 0 °C and then stirred at room tempexdtur4 hours. The reaction was quenched
by drop-wise addition of 1 M HCI until pH 5. SoldaHCGQ was then added portion-wise
until pH 9, followed by the removal of the MeOhlvacuo The remaining aqueous layer was
extracted with EtOAc (3 x 5 mL), then the orgaragdrs washed with brine (10 mL), dried
over MgSQ, filtered and concentrateith vacuoto give a yellow solid. The residue was
purified by flash column chromatography (&, : MeOH 30 : 1) to givéd (0.040 g, 25%
over 2 steps) as a white solid.

M.p. (CH:Cl/MeOH) 102 °C [IiZ®® 103-105 °C]; R0.56 (CHCl,: MeOH 1 : 10);'H NMR
(400MHz, CDC}) 6 8.19 (s(br), 1H, NH), 7.84 (d, 1K= 7.5 Hz, Ar-H), 7.54 (dt, 1H] = 7.4,
1.1 Hz, Ar-H), 7.45 (d, 1H) = 7.4 Hz, Ar-H), 7.42 (dd, 1H] = 7.4, 0.7 Hz, Ar-H), 4.60 (dd,
1H,J = 6.8, 4.8 Hz, NCHAr), 2.02 (ddq, 1H,= 14.8, 7.4, 4.6 Hz, AB CH, 1.71 (ddq, 1H/
= 14.4, 7.3, 7.3 Hz, AB C}), 0.96 (t, 3H,J = 7.4 Hz, CH); **C NMR (100MHz, CDC}) &
171.6, 147.5, 132.3, 131.7, 128.0, 123.7, 122.2,58.4, 9.5.

215



Dicyclohexylammonium 2-oxopropylideneazinate (428§

429 was prepared according to a literature proceffiré solution of potassiuntert-
butoxide (6.73 g, 60 mmol) in DMSO (38 mL) was @xbto 15 °C. Nitromethane (3.66 mL,
60 mmol) was added at a rate so that the inteampérature did not rise above 25 °C and
then the reaction cooled to 5 °C. Phenylacetaf& (&1L, 30 mmol) was added and the
reaction allowed to warm to room temperature oggrni The reaction mixture was poured
into ice (18 g) and then diluted with brine (20 nidgfore being neutralised to pH 7 with 1M
HCI solution. The mixture was extracted with £H (2 x 40 mL), and the resulting aqueous
layer acidified to pH 1 with 1M HCI solution. Thesjueous solution was extracted withCEt
(3 x 40 mL) and the combined ethereal layers drmter MgSQ and filtered.
Dicyclohexylamine (6.00 mL, 30 mmol) was added te tsolution which was then
concentratedn vacuoto around 100 mL. On cooling a solid precipitatedich was
recrystallised from acetonitrile to givi9(4.2 g, 49%) as pale yellow crystals.

M.p. (acetonitrile) 152-154 °C [If£* 135-139 °C]H NMR (400MHz, CDC}) & 6.84 (s, 1H,
CH=NGO,), 3.15 (m, 2H, 2 x CHN), 2.00 (s, 3H, COC}}, 1.99 (m, 4H, cyclohexyl-H), 1.76
(d, 4H,J = 13.2 Hz, cyclohexyl-H), 1.61 (d, 2H,= 12.2 Hz, cyclohexyl-H), 1.42 (m, 4H,
cyclohexyl-H), 1.21 (m, 6H, cyclohexyl-H)*C NMR (100MHz, CDGJ) & 187.0, 112.5,
53.0, 29.1, 28.5, 25.2, 24.8.
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1-(2-(Nitromethyl)phenyl)ethanone (432)

Nitropropanong430) was prepared from its dicyclohexylamine g6, by treatment with
2M HCI solution for 1 hour and subsequent extractigth CHCI, (x 3), drying over MgS©
and concentratiom vacuoto give a white solid*H NMR (400MHz, CDC}) & 5.27 (s, 2H,
CH,;NOy), 2.33 (s, 3H, COCH).

2-(trimethylsilyl)phenyl trifluoromethanesulfonatgl) (0.49 mL, 2.0 mmol) was added to a
solution of nitropropanon@30) (0.21 g, 2.2 mmol) and cesium fluoride (0.91 g, Bat) in
acetonitrile (15 mL) and heated to 80 °C for 1 hiellowed by cooling to room temperature.
The reaction was quenched with saturated aqueoufN$dlution (10 mL), before being
extracted with CkCl, (3 x 10 mL) and then the organic phases dried Mg®Q,, filtered
and concentrateth vacuo The residue was purified by flash column chramgedphy
(EtOACc : hexanes 1 : 25) to gi¥d2(0.15 g, 42%) as a pale yellow solid.

M.p. (EtOAc/hexanes) 82-84 °C; R.50 (EtOAc : hexanes 1 : 25¥ NMR (400MHz,
CDCls) 6 7.95 (m, 1H, Ar-H), 7.60 (m, 2H, Ar-H), 7.39 (m, liAr-H), 5.78 (s, 2H,
CH,NO,), 2.65 (s, 3H, COCH; *C NMR (100MHz, CDGJ) & 200.4, 137.0, 133.3, 132.6,
130.6, 130.2, 129.1, 77.4, 28.5; IR 1673 (C=0),018%0,), 1421, 1378, 1359, 1256 (N
cm™; HRMS (CI) calcd. @H13N»03: [M+NH,4]*, 197.0926; found [M+NH*, 197.0926.
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(2-Chloro-1,4-phenylene)bis(oxy)bis(methylene)dibeaene (450)

OBn

Cl
OBn

450

K2CGOs (9.5 g, 69.0 mmol) was added to 2-chloro-1,4-bead®I (449) (2.0 g, 13.8 mmol) in
acetone (25 mL). BnBr (4.1 mL, 34.5 mmol) was added the mixture heated to reflux
overnight. The mixture was allowed to cool to rodemperature and was filtered,
concentratedh vacuoand purified by flash column chromatography (EtQAexanes 1 : 50
to 1 : 20) to givel50(2.9 g, 65%) as a white solid.

M.p. (EtOAc : hexanes) 68-69 °C; R.27 (EtOAc : hexanes 1 : 10} NMR (400 MHz,
CDCl) 6 7.49 - 7.35 (m, 10H, Ar-H (Bn)), 7.08 (d, 1Bi= 3.0 Hz, Ar-H), 6.92 (d, 1H) =

9.0 Hz, Ar-H), 6.81 (dd, 1HJ = 8.9, 3.0 Hz, Ar-H), 5.12 (s, 2H, GAh), 5.03 (s, 2H,
CH.Ph); *C NMR (100 MHz, CDGJ)) & 153.6, 148.9, 137.1, 136.9, 128.9, 128.8, 128.3,
128.2, 127.7, 127.5, 124.4, 117.5, 116.1, 114.11,,7721.0; IR 1498, 1453, 1381, 1207, 1014
cm b HRMS (ESI) calcd. @H1/CINaOy: [M + NaJ*, 347.0815; found [M + N&] 347.0809.
Microanalysis calcd. for §H1,CIO,: C, 73.96; H, 5.28. Found: C, 74.19; H, 5.39.
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2-Chloro-1,4-bis(methoxymethoxy)benzene (451)

OMOM

Cl
OMOM

451

MOMCI (5.25 mL, 69.2 mmol) was added drop-wise to a swiubf 1,4-dihydroxy-2-
chlorobenzen¢449) (2.00 g, 13.8 mmol) and ésojpropylethylamine (14.5 mL, 83.0 mmol)
in CH,CI, (30 mL) at 0 °C. After the addition was completes mixture was stirred at room
temperature overnight, filtered, washed with, CH and concentrateh vacuo.The residue
was purified by flash column chromatography (Reali€e20g), CHCI,) to give451(2.28 g,
71%) as a colourless oil.

Rr 0.76 (EtOAc : hexanes 1 : 164 NMR (400 MHz, CDCJ) 8 7.11 (d, 1HJ = 2.9 Hz, Ar-
H), 7.09 (d, 1H,J = 8.8 Hz, Ar-H), 6.89 (dd, 1H) = 9.0, 2.9 Hz, Ar-H), 5.17 (s, 2H,
CH,OMe), 5.10 (s, 2H, CkOMe), 3.53 (s, 3H, OMe), 3.47 (s, 3H, OM&IC NMR (100
MHz, CDCk) & 152.7, 148.1, 124.6, 118.8, 118.2, 115.9, 96.23,956.6, 56.2; IR 1492,
1218, 1190 cit; HRMS (ESI) calcd. @H1sCINaOs: [M + NaJ*, 255.0400; found [M +
Na]*, 255.0397. Microanalysis calcd. fopd813ClO4: C, 51.62; H, 5.63. Found: C, 51.58; H,
5.62.
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tert-Butyl 4-chloro-2,5-dimethoxyphenylcarbamate (453)

H OMe
_N

Boc

Cl
OMe

453

Boc,O (2.56 g, 11.73 mmol) was added to a solution-ofildro-2,5-dimethoxyaniliné452)
(2.0 g, 10.66 mmol) and DMAP (0.39 g, 3.20 mmol)TIHF (25 mL). The mixture was
stirred at room temperature for 48 hours and thaurgad in to HO (50 mL) and extracted
with CH,Cl, (2 x 50 mL). The combined organic layers werehgaswith HO (25 mL) and
brine (25 mL) and then dried over MggQiltered and concentrated vacuo The residue
was purified by flash column chromatography (EtQA®xanes 1 : 20 ) to givb3 (1.5 g,
49%) as a white solid.

M.p. (EtOAc/hexanes) 102-103 & NMR (400 MHz, CDCJ) & 7.95 (s (br), 1H, NH), 7.09
(s (br), 1H, Ar-H), 6.89 (s, 1H, Ar-H), 3.92 (s, 3BMe), 3.86 (s, 3H, OMe), 1.56 (s, 9H,
Boc); 3¢ NMR (100 MHz, CD.) 6152.7, 149.4, 141.7, 127.8, 114.3, 112.4, 103.6,80
56.9, 56.5, 28.5; IR 3440 (N-H), 1720 (C=0), 152083, 1402, 1150 ch HRMS (ESI)
calcd. GaH1gCINNaQ,: [M+Na]*, 310.0822; found [M+N4d] 310.0827.
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tert-Butyl benzyl(4-chloro-2,5-dimethoxyphenyl)carbamag¢ (454)

OMe

BocBnN
Cl

OMe

454

tert-butyl 4-chloro-2,5-dimethoxyphenylcarbam##53) (0.50 g, 1.73 mmol) was dissolved
in DMF (8 mL). BnBr (0.26 mL, 2.21 mmol) was addadd the mixture cooled to 0 °C
before NaH (0.09 g of a 60% dispersion in minergl221 mmol) was added portion-wise.
The reaction was stirred for 45 minutes at 0 °ieethe ice bath was removed and the
reaction stirred room temperature for a furtheradire. The reaction was quenched by
pouring onto ice/kD (25 mL) and then the mixture was extracted witBAc (2 x 25 mL).
The combined organic layers were washed wi® KP5 mL) and brine (25 mL) before being
dried over MgS@ filtered and concentrat® vacuo The residue was purified by flash
column chromatography (Redisep (40 g) heptane @AEt heptane 1 : 5) to givéb4 (0.57

g, 87%) as a white solid.

M.p. (EtOAc/heptane) 79-80 °C;; R.33 (EtOAc : heptane 1 : 5JH NMR (400 MHz,
CDClg) 6 7.20-7.41 (m, 5H, Ar-H (Bn)), 6.88 (s(br) , 1H,-A), 6.34 (s(br), 1H, Ar-H), 5.10
(s(br), 1H, CHPh), 4.62 (s(br), 1H, Ci#®h), 3.72 (s, 3H, OMe), 3.61 (s, 3H, OMe), 1.51 and
1.36 (2 x s, 9H{-Bu). *°C NMR (100 MHz, CDGJ) & 155.5, 149.6, 148.6, 138.5, 130.2,
129.0, 128.4, 127.5, 121.0, 114.7, 113.9, 80.8,5%.2, 52.9, 28.5; IR 1686 (C=0), 1505,
1377, 1164 cit;, HRMS (ESI) calcd. §H24CINNaOs: [M+Na]*, 400.1292; found [M+N4]
400.1300.
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4-Chloro-2,5-dimethoxyN,N-dimethylaniline (455)

OMe
Me,N

Cl
OMe

455

Sodium cyanoborohydride (1.5 g, 24.0 mmol) was dddi¢h stirring at room temperature to
a solution of 4-chloro-2,5-dimethoxyanilir{d52) (1.0 g, 5.3 mmol), glacial AcOH (1 mL)
and formaldehyde (50 mL of a 37% aqueous soluiiohjeOH (150 mL). After 6 h at room
temperature, the mixture was quenched with 1M HECin() and diluted with EtOAc (200
mL). The solution was washed with saturated aquétalsCQ (100 mL) and the organic
layer was dried over MgSQfiltered and concentrated vacuo The residue was purified by
flash column chromatography (GEl,) to give chloride455(0.85 g, 75%) as an orange oil.

Rf 0.22 (CHCl,); *H NMR (400 MHz, CDCJ) 5 6.88 (s, 1H, Ar-H), 6.61 (s, 1H, Ar-H), 3.89
(s, 3H, OMe), 3.86 (s, 3H, OMe), 2.82 (s, 6H, NM&’C NMR (100 MHz, CDGJ) & 149.3,
146.9, 142.1, 114.8, 113.6, 104.7, 57.3, 56.2,;4R41507, 1448, 1380, 1209, 1132, 1032
cm; HRMS (ESI) calcd. @H1sCINO2: [M + H]*, 216.0791; found [M + H] 216.0785.
Microanalysis calcd. for gH14CINO;,: C, 55.69; H, 6.54; N, 6.49. Found: C, 55.53; 5%

N, 6.44.
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1-Chloro-2,4,5-trimethoxybenzene (457)

OMe
MeO

Cl
OMe

457

Mel (0.50 mL, 8.00 mmol) and NaH (0.32 g of a 60Kpdrsion in mineral oil, 8.00 mmol)
were added at 0 °C to a solution of 4-chloro-2raathoxypheno(456) (1.0 g, 5.3 mmol) in
DMF (20 mL) and the mixture was stirred at room penature for 48 h. The reaction was
guenched with KD (25 mL) and extracted with EtOAc (3 x 25 mL). Témmbined organic
layers were dried over MgS(filtered and concentrated vacuo The residue was purified
by flash column chromatography (EtOAc : hexanes4) to give457 (0.95 g, 88%) as a
colourless oil.

R 0.75 (EtOAc : hexanes 1 : 34 NMR (400 MHz, CDCJ) & 6.85 (s, 1H, Ar-H), 6.54 (s,
1H, Ar-H), 3.84 (s, 3H, OMe), 3.83 (s, 3H, OMe)73.(s, 3H, OMe)**C NMR (100 MHz,
CDCl;) 6 149.4, 148.6, 143.7, 114.0, 113.2, 99.3, 57.33,566.5; IR 1508, 1465, 1438,
1206, 1169 cit; HRMS (ESI) calcd. 6H1:CINaOs: [M + NaJ*, 225.0294; found [M + N&]
225.0277. Microanalysis calcd. foeld;,CIO3: C, 53.35; H, 5.47. Found: C, 53.41; H, 5.59.
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2,3-Dimethylcyclohexa-2,5-diene-1,4-dione (458

o)

e

(o)

459

459 was prepared according to a literature procetfire,3-dimethylbenzene-1,4-di¢458)
(0.90 g, 6.51 mmol) was dissolved in anhydrouOEL00 mL) and then manganese dioxide
(4.53 g, 52.1 mmol) was added and the reactiomedtiat room temperature. After 30
minutes the reaction was stopped, filtered throoefite®, and washed with D (50 mL).
The filtrate was concentrated vacuo and the residue purified by recrystallisation from
hexane to givé59(0.65 g, 73%) as a bright yellow solid.

M.p. (hexane) 51-52 °C [I#* 55 °C];*H NMR (400 MHz, CDCJ) 5 6.72 (s, 2H, 2 x =CH),
2.03 (s, 6H, 2xCh); *C NMR (100 MHz, CDGJ) 5 187.6, 114.2, 136.5, 12.4.
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6-Chloro-4-methoxy-2,3-dimethylphenol (460)°

OMe

Cl
OH

460

460 was prepared according to a literature procetfir&nhydrous MeOH (25 mL) was
cooled to 0 °C, before acetyl chloride (2.79 mL23®imol) was added and then the mixture
stirred at the same temperature for 30 minu#s9 (0.534 g, 3.92 mmol) was added in one
portion, and once all the solid had dissolved,dbeling bath was removed and the reaction
stirred at room temperature overnight. The reactioxture was concentrated vacuoto
give 460 (0.71 g, 96%) as a yellow-brown solid which wagdisn subsequent reactions
without further purification.

M.p. (MeOH) 42-43 °C*H NMR (400 MHz, CDCY) & 6.67 (s, 1H, Ar-H), 5.20 (s, 1H, OH),
3.75 (s, 3H, OMe), 2.21 (s, 3H, QK 2.12 (s, 3H, Ch); *C NMR (100 MHz, CDGJ) &
151.6, 143.8, 126.0, 125.6, 116.1, 108.5, 56.4, 12.1.
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1-Chloro-2,5-dimethoxy-3,4-dimethylbenzene (4613

OMe

Cl
OMe

461
461 was prepared according to a literature procetfiird60 (0.67 g, 3.6 mmol) was
dissolved in CHCI, (12 mL), before tetrabutylammonium bromide (0.33.§8 mmol) was
added, followed by a solution of KOH (0.60 g, 1Mm&hol) in KO (12 mL). The mixture was
stirred vigorously at room temperature and dimetiiyate was added in 3 portions at hour
intervals (0.4 mL, 0.4 mL, 0.22 mL, 10.8 mmol). eTheaction was stirred for a further 3
hours and then a 2 M NaOH solution (5 mL) was adaledl then stirred for 48 hours. The
layers were separated, and the aqueous layer viiesctexi with CHCI, (2 x 10mL). The
combined organic layers were washed wioHdried over MgS@Q filtered and concentrated
in vacuo The residue was purified by flash column chraygedphy (Redisep (12 g) EtOAc :
heptane 1 : 10) to giv&61 (0.55 g, 76%) as a colourless oil.

Rf 0.47 (EtOAc : heptanes 1 : 161 NMR (400 MHz, CDCJ) 8 6.72 (s, 1H, Ar-H), 3.77 (s,

3H, OMe), 3.75 (s, 3H, OMe), 2.22 (s, 3H, gH2.10 (s, 3H, Ch); *C NMR (100 MHz,
CDCl;) 5154.1, 148.2, 132.6, 125.4, 124.6, 109.7, 60.7,,363.2, 12.2.
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2-(3-Chlorophenyl)-1,3-dioxolane (463§°

[\
o_ 0O
EELC,

463
A solution of 3-Chlorobenzaldeyd&62) (1.0 mL, 8.8 mmol),p-toluenesulfonic acid
monohydrate (0.05g, 0.27 mmol) and ethylene gly6d9 mL, 10.6 mmol) in PhMe was
heated to reflux for 24 hours under Dean-Stark tmms. The reaction was allowed to cool
to room temperature and was then diluted with Et@2@0 mL) before being washed with
1M NaOH solution (30 mL), kO (100 mL) and brine (100 mL). The organic layasvdried
over MgSQ, filtered and concentratad vacuo The residue was purified by flash column
chromatography (Redisep (120 g) EtOAc : heptanel@):to give463 (0.81 g, 50%) as a
colourless oll.

Rf 0.73 (EtOAc : heptanes 1 : 84 NMR (400 MHz, CDC}) 8 7.48 (m, 1H, Ar-H), 7.34 (m,

3H, Ar-H), 5.80 (s, 1H, CH acetal), 4.12 (m, 2H, {;H1.04 (m, 2H, Ch); *C NMR (100
MHz, CDCk) § 140.3, 134.6, 129.9, 129.5, 126.8, 124.9, 1055.6
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2-(3-Chlorophenyl)-4,4-dimethyl-4,5-dihydrooxazolg467)

O__N

3,

467

467 was prepared according to a literature proceuBeChlorobenzoic acig464) (2.00 g,
12.8 mmol) was dissolved in thionyl chloride (2.8,n88 mmol) and heated to 100 °C for
one hour. After being allowed to cool to room temgture, the excess thionyl chloride was
removedn vacuo The crude acid chloride was dissolved in,CH (6 mL) and this solution
was added drop-wise to a solution of 2-amino-2-ylptbpan-1-ol(465) (2.44 mL, 25.5
mmol) in CHCI, (6 mL) at 0 °C. After the addition was complétes reaction was allowed
to stir at room temperature overnight. The reactwas filtered to remove the white
precipitate and washed with @GEl,, before being concentratédvacuo The crude alcohol
was dissolved in C§Cl, (10 mL) and PhMe (3.5 mL), before thionyl chlori¢®8 mL, 38
mmol) was added and the reaction heated to refAxsoon as reflux had been obtained the
reaction was allowed to cool to room temperature then stirred for 2 further hours. ,®l
was added carefully to destroy excess thionyl afdofaround 20 mL) and then 1 M NaOH
solution was added until the pH = 11. The mixtwees extracted with EtOAc (2 x 100 mL)
and the combined organic layers were dried over @g8ltered and concentrated vacuo
The residue was purified by flash column chromaipby (Redisep (120 g) EtOAc :
heptanes 1 : 20 to 1: 5) to gi¥67 (1.9 g, 71%) as a colourless oil.

Rr 0.69 (EtOAc : heptane 1 : 43 NMR (400 MHz, CDGCJ) & 7.95 (m, 1H, Ar-H), 7.81

(ddd, 1H,J = 7.8, 0.9, 0.9 Hz, Ar-H), 7.42 (m, 1H, Ar-H), 3.8m, 1H, Ar-H), 4.11 (s, 2H,

OCH,), 1.38 (s, 6H, 2xCH); **C NMR (100 MHz, CDGJ) & 161.2, 134.6, 131.4, 130.1,
129.8, 128.6, 126.5, 79.5, 68.0, 28.6.
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2-Chloro-1,4-dimethoxynaphthalene (469}*

469

A solution of iodosobenzene diacetate (0.38 g, inbibl) in anhydrous CHl, (5 mL) was
cooled to 0 °C before TMSCI (0.30 mL, 2.21 mmolsvealded drop-wise. The reaction was
stirred for a further hour at 0 °C before a soltid 1,4-dimethoxynapthaler{é68) (0.20 g,
1.04 mmol) and TEMPO (0.016 g, 0.10 mmol) in anbydrCHCI, (2 mL) was added drop-
wise to the reaction mixture. After 15 minutes tkaction was complete and the mixture
was concentrateth vacuo The residue was purified by flash column chragedaphy
(Redisep (12 g) heptane to EtOAc : heptanes 1a §ive469(0.10 g, 43%) as a white solid.

M.p. (EtOAc/heptanes) 80-81 °C [fit: 76-80 °C]; R0.42 (EtOAc : heptane 1 : 3 NMR
(400 MHz, CDC}) & 8.21 (d, 1H,J = 8.4 Hz, Ar-H), 8.06 (d, 1H] = 8.0 Hz, Ar-H), 7.57
(ddd, 1H,J = 8.2, 6.9, 1.3 Hz, Ar-H), 7.49 (m, 1H, Ar-H), 6.78, (LH, Ar-H), 3.98 (s, 3H,
OMe), 3.97 (s, 3H, OMe}*C NMR (100 MHz, CDGJ) & 152.5, 145.6, 129.3, 127.7, 125.9,
125.6, 122.8, 122.7, 121.9, 105.8, 61.6, 56.1.
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7-Fluoro-4,5,8-trimethoxynaphthalen-1-ol (471 and 6-Fluoro-4,5,8-
trimethoxynaphthalen-1-ol (472)°

OMe OMe OMe OMe
DSOS ®
F
OMe OH OMe OH

471 and 472 were prepared according to a literature procetfuré,4-difluoro-2,5-
dimethoxybenzen¢1) (0.522 g, 3.0 mmol) was dissolved in THF (10 mbfaooled to
—78 °C. n-BuLi (1.88 mL of a 1.6 M solution in hexanes, 3bnol) was added drop-wise
and the reaction stirred at —78 °C for a furthemiibutes. 2-methoxyfuraf#70) (0.42 mL,
4.5 mmol) was added in one portion and then thetiastirred at =78 °C for 1 hour and
then at 0 °C for 2 hours. The reaction was theengoed with HO and extracted with
EtOAc (3 x 20 mL). The combined organic layers averied over MgSQ filtered and
concentratedn vacuo The residue was dissolved in MeOH (20 mL) arid 6ICI solution

(5 mL), and the reaction heated to reflux for thneers. After allowing the reaction to cool
to room temperature, the mixture was concentrate@cuoand then taken up in GBI, (30
mL). The solution was washed with® (20 mL) and then brine (20 mL), before beingdirie
over MgSQ, filtered and concentrateéd vacuo The residue was purified by flash column
chromatography (Redisep (40 g) heptane to,@H : heptanes 10 : 1) to give a 1 : 1.5
mixture of471and472(0.4 g, 53% over 2 steps) as a colourless oil.

Rf 0.52 (CHCl,); *H NMR (400 MHz, CDGJ) both isomers 9.31 (s, 1H, OH), 9.05 (s, 1H,
OH), 6.86 (m, 2H, Ar-H), 6.77 (m, 2H, Ar-H), 6.68,(1H, 4. = 11.5 Hz, Ar-H), 6.64 (d,
1H, Jy.r = 13.3 Hz, Ar-H), 4.07 (s, 3H, OMe), 4.03 (s, 3bMe), 3.92 (s, 3H, OMe), 3.90 (s,
3H, OMe), 3.87 (s, 3H, OMe), 3.87 (s, 3H, OMEE NMR (100 MHz, CDGJ) both isomers
0 97.8 (dJc.r = 25.7 Hz), 97.1 (dJc.r = 27.9 Hz), 63.3 (dJc.r = 6.6 Hz), 63.0 (dJc-r = 2.9
Hz), 58.1, 58.1, 57.1 ,56.9.
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2-Fluoro-1,4,5,8-tetramethoxynaphthalene (4735

OMe OMe

k=

OMe OMe

473

473 was prepared according to a literature proceti4@1and472(0.37 g, 1.5 mmol) were
dissolved in DMF (3.5 mL) and then NaH (0.073 gao80% dispersion in mineral oil, 1.8
mmol) was added, followed by Mel (0.11 mL, 1.8 mjnanhd then stirred at room
temperature for 20 hours. The reaction was quenendd H,O (5 mL), extracted with
EtOAc (3 x 10 mL), and the combined organic laydreed over MgS@ filtered and
concentratedn vacuo The residue was purified by flash column chragedphy (Redisep
(12 g) CHCI,) to give473(0.16 g, 41%) as an off-white solid.

M.p. (CH,Cly) 119-121 °C [Iit® 116-117 °C]; R0.27 (CHCl,); *H NMR (400 MHz, CDCY)
56.85 (d, 1H,) = 8.6 Hz, Ar-H), 6.76 (d, 1H] = 9.2 Hz, Ar-H), 6.73 (d, 1Hl4.r = 12.7 Hz,
Ar-H), 3.93 (s, 3H, OMe), 3.92 (s, 3H, OMe), 3.89 8H, OMe), 3.87 (s, 3H, OMé&JC
NMR (100 MHz, CDC}) 8 154.0 (d,Jc.r = 242.7 Hz), 154.1 (dlc.r = 11 Hz), 151.8 (dJc.r
= 2.2 Hz), 150.8 (djc.r = 5.9 Hz), 136.2 (dJc.r = 13.2 Hz), 124.3 (dlc.r = 2.9 Hz), 117.3,
109.2, 107.2, 98.7 (dc.£ = 26.5 Hz), 62.9 (dc.r = 2.9 Hz), 57.8, 57.7, 57.2.
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General Procedures fora-Arylation Reactions

er
: oM
N|/\|/ e

N
MeO

PN

General Procedure A:secBuli (in cyclohexane, 3.0 equiv) was added dropeatio imidate

3 (1 equiv) and benzyne precurstf4 (1.75 equiv) in THF (0.2 M) at —95 °C. The mixture
was maintained at —95 °C for 30 min, before beilhgned to warm to room temperature
overnight. 2,6-Di-tert-butyl-4-methylphenol (4 equiin THF (0.5 M) was added to the
reaction mixture which was stirred for 1 h furtlarroom temperature. @ was added and

the mixture was extracted with EtOAc (x 3). The tamed organic layers were washed with
brine, dried (MgS@), filtered and concentrated vacuo

General Procedure B:n-BuLi (in hexanes, 3.0 equiv) was added drop-wiséertidate3 (1
equiv) and benzyne precurstr4 (1.75 equiv) in THF (0.2 M) at =78 °C. The mixtweas
maintained at —78 °C for 30 min, before being aldwto warm to room temperature
overnight. 2,6-Di-tert-butyl-4-methylphenol (4 eguin THF (0.5 M) was added and the
mixture stirred at room temperature for 1 hOHwas added and the mixture was extracted
with EtOAc (x 3). The combined organic layers werashed with brine, dried (MgS)
filtered and concentrated vacuo
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(2R,5R)-2-(2,5-Dimethoxyphenyl)-5tso-propyl-3,6-dimethoxy-2,5-dihydropyrazine (5a)

Imidate 5a was prepared according to general procedure Atjrggafrom

OMe
Q/ imidate 3 (0.18 mL, 1.00 mmol), 2-chloro-1,4-dimethoxybenze89)
MeO : OMe (0.25 mL, 1.75 mmol) an&-BuLi (2.14 mL of a 1.4 M solution in
)NU cyclohexane, 3.00 mmol). Purification by flash eotu chromatography
MeO™ N (hexanes to EtOAc : hexanes 1 : 10) gaa€0.24 g, 94 : 6 dr, 75%) as an
S off-white solid: M.p. (EtOAc/hexanes) 111-113 °C; R.2 (EtOAc :
5a hexanes 1 : 10)a]p?®> = -108 ¢ 1.0, CHC}); IR 1687, 1501, 1463,

1231, 1047 cit; *H NMR (400 MHz, CDGJ) major isomerd 6.90 (d, 1H,
J=8.9 Hz, Ar-H), 6.81 (dd, 1H] = 8.9, 3.1 Hz, Ar-H), 6.64 (d, 1H,= 3.0 Hz, Ar-H), 5.64
(d, 1H,J = 6.1 Hz, CHAr), 4.05 (dd, 1H,= 6.1, 3.7 Hz, CHPr), 3.87 (s, 3H, OMe), 3.75 (s,
3H, OMe), 3.72 (s, 3H, OMe), 3.64 (s, 3H, OMe),&2(th, 1H,i-Pr), 1.19 (d, 3HJ) = 6.9 Hz,
i-Pr), 0.91 (d, 3H,J = 6.8 Hz,i-Pr); **C NMR (125 MHz, CDG)) major isomerd 163.3,
161.9, 153.6, 151.7, 130.5, 114.2, 113.1, 112.81,&56.7, 55.5, 53.4, 52.8, 52.6, 30.9, 20.7,
17.5; HRMS (CI) calcd. GH2sN,04[(M + H]*, 321.1814; found [M + H] 321.1824.
X-ray crystal data GH24N,0; M = 320.38, Monoclinic, P2(1)/c, a=12.43258(16) &=
17.07734(17) A, ¢ = 8.35561(11) &,= 90°,p = 109.0094(14)°%y = 90°, V= 1677.28(4) A
Z= 4, D= 1.269 Mg/m, p(Cu-Ka) = 0.091 mrit, T = 173 K, colourless tabular needles,
34557 independent measured reflections, 3892 imakme observed reflections [Fo@F)],
208 parameters.
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4-((2R,5R)-5-1s0-Propyl-3,6-dimethoxy-2,5-dihydropyrazin-2-yl)-2,5-dmethoxy-N,N-
dimethylaniline (5b)

NMe, Imidate 5b was prepared according to general procedure Atjrsjafrom
OMe imidate 3 (0.18 mL, 1.00 mmol), 4-chloro-2,5-dimethokiyN-
Me0/©/ dimethylaniline 455 (0.38 g, 1.75 mmol) ansglBuLi (2.14 mLofa 1.4 M
N;\l(onne solution in cyclohexane, 3.00 mmolRurification by flash column
Meo)l\./N chromatography (Redisep (12 g), heptane to EtOAweptane 1:20),
/\ followed by (Redisep (12 g), GBI, : heptane 1 : 1) gaveb (0.15 g, 92 :
8 dr, 41%) as a yellow oil: R0.53 (EtOAc : hexanes 1 : 10%]p>° =
5b -81.5 € 0.1, CHCH); IR 1692, 1592, 1460, 1233, 1209 ¢ntH NMR
(400 MHz, CDC}) major isomed 6.40 (s, 1H, Ar-H), 6.12 (s, 1H, Ar-H),
5.63 (d, 1HJ = 6.1 Hz, CHAr), 4.02 (dd, 1H] = 6.2, 3.6 Hz, CiHPr), 3.85 (s, 3H, OMe),
3.68 (s, 3H, OMe), 3.67 (s, 3H, OMe), 3.62 (s, Be), 2.84 (s, 6H, NMg, 2.42 (m, 1Hj-
Pr), 1.17 (d, 3HJ = 7.0 Hz,i-Pr), 0.88 (d, 3HJ = 7.6 Hz,i-Pr); *C NMR (100 MHz,
CDCls) major isomerd 163.0, 162.2, 155.8, 146.7, 144.5, 135.0, 10403.6. 60.7, 55.5,
55.5, 54.2, 52.8, 52.8, 42.5, 31.1, 20.0, 17.7; HR&SI) calcd. G@H3oN304: [M + H],
364.2236; found [M + H] 364.2240. Microanalysis calcd. ford8,9NsO4: C, 62.79; H,
8.04; N, 11.56. Found: C, 62.83; H, 8.12; N, 11.44.

(2R,5R)-2-is0-Propyl-3,6-dimethoxy-5-(2,4,5-trimethoxyphenyl)-%-dihydropyrazine
(5¢)

OMe Imidate 5¢ was prepared according to general procedure Atjrgiarom
/©/0Me imidate3 (0.18 mL, 1.00 mmol), 1-chloro-2,4,5-trimethoxylaene(457)
MeO™ (0.35 g, 1.75 mmol) an&-BuLi (2.14 mL of a 1.4 M solution in
N/"\|r0Me cyclohexane, 3.00 mmol). Purification by flashuroh chromatography
Me0)|\./N (hexanes to EtOAc : hexanes 1:8) g&ex(0.13 g, 94 : 6 dr, 37%) as a
/\ yellow solid: M.p. (EtOAc : hexanes) 72-74 °G;(RL1 (EtOAc : hexanes
1:10); [a]p®® = -35.6 € 0.9, CHC}); IR 1693, 1519, 1436, 1231, 1202
5¢c cm % *H NMR (400 MHz, CDGJ) major isome® 6.56 (s, 1H, Ar-H), 6.54
(s, 1H, Ar-H), 5.57 (d, 1H) = 6.1 Hz, CHAr), 4.02 (dd, 1H = 6.1, 3.6
Hz, CH-Pr), 3.88 (s, 3H, OMe), 3.86 (s, 3H, OMe), 3.733d, OMe), 3.67 (s, 3H, OMe),
3.60 (s, 3H, OMe), 2.42 (m, 1lHpPr), 1.16 (d, 3HJ = 6.9 Hz,i-Pr), 0.87 (d, 3HJ = 6.8 Hz,
i-Pr); *C NMR (100 MHz, CDGJ) major isomerd 163.1, 162.0, 151.5, 148.7, 143.2, 120.9,
111.6, 98.3, 60.3, 57.2, 56.2, 56.0, 53.0, 52.55,520.8, 19.6, 17.4; HRMS (CI) calcd.
C1gH27N20s: [M + H]*, 351.1920; found [M + H] 351.1916. Microanalysis calcd. forgC
H26N2Os: C, 61.70; H, 7.48; N, 7.99. Found: C, 61.79; B87 N, 7.87.
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(2R,5R)-2-(3-Fluoro-2,5-dimethoxyphenyl)-5tso-propyl-3,6-dimethoxy-2,5-
dihydropyrazine  and (2R,5R)-2-(4-Fluoro-2,5-dimethoxyphenyl)-5kso-propyl-3,6-
dimethoxy-2,5-dihydropyrazine (5d)

Imidates 5d was prepared according to general

MeO F MeO procedure B, starting from imidag(0.18 mL, 1.00
\C[ \©\ mmol), 1,4-difluoro-2,5-dimethoxybenzene 41
- OMe OMe

N|/\|(OMG N;\(OMG (0.39 g, 1..75 mmol) and-BuLi (1.88 mL of .a 1._6 M
oo N | |N solution in hexanes, 3.00 mmol). Purification by
/\ MeO™ ™ flash column chromatography (Redisep (12 @),
N heptane to EtOAc : heptane 1 : 10), followed by

5d (Redisep (12 g), PhMe : acetone 50 : 1) gade

(0.19 g, 56%, as a 1 : 1 mixture of regioisomets; 9
9 dr for each isomer) as a white solid: M.p. (EtOAwexanes) 54-56 °C;;F0.62 (EtOAcC :
hexanes 1 : 10Jn]p?® = -108.8 ¢ 1.2, CHC}); IR 1691, 1519, 1497, 1232, 1209 ¢ntH
NMR (400 MHz, CDC}) major isomersd 6.73 (d, 1HJyr = 12.9 Hz, Ar-H), 6.67 (d, 1H,
Ju.r = 9.6 Hz, Ar-H), 6.60 (dd, 1Hl.r = 12.8 Hz,J = 3 Hz, Ar-H), 6.34 (dd, 1H}y.r = 1.6
Hz,J = 3.1 Hz, Ar-H), 5.56 (d, 1H] = 5.1 Hz, CHAYr), 5.56 (d, 1Hl = 6.2 Hz, CHAYr), 4.02
(m, 2H, 2 x CH-Pr), 3.81 (s, 3H, OMe), 3.76 (s, 3H, OMe), 3.683(d, OMe), 3.60 (s, 3H,
OMe), 2.43 (m, 2Hi-Pr), 1.16 (d, 3HJ = 7.4 Hz,i-Pr), 1.16 (d, 3H) = 7.2 Hz,i-Pr), 0.86
(d, 3H,J = 7.0 Hz,i-Pr), 0.85 (d, 3HJ = 6.4 Hz,i-Pr); **C NMR (100 MHz, CDG)) major
isomersd 163.7, 163.7, 161.9, 161.3, 155.7 Jd+= 244.1 Hz), 155.6 (dJc.r = 11.0 Hz),
151.9 (d,Jc.F = 242.7 Hz), 151.7 (dlc.r = 8.1 Hz), 141.5 (dlc.r= 11.0 Hz), 140.1 (dlc.r=
11.8 Hz), 136.0 (dJc-r= 3.7 Hz), 125.0 (dJc.r =3.7 Hz), 114.4 (dJc.r = 3.7 Hz), 108.4 (d,
Jo.r= 2.9 Hz), 102.4 (d)c.r= 22.8 Hz), 101.6 (dlc.r =22.1 Hz), 62.1 (dJc.r= 5.1 Hz), 60.6
(d, Jer= 3.7 Hz), 57.0, 56.9, 55.7, 53.9 (#,r= 4.4 Hz), 53.3, 52.8, 31.0, 19.9, 19.9, 17.6;
% NMR (200 MHz, CDGJ) 5-128.5, -134.1; HRMS (ESI) calcd1#,5FN.NaQ;: [M +
Na]*, 361.1540; found [M + N&] 361.1536. Microanalysis calcd. for;8,3FN,Os: C,
60.34; H, 6.85; N, 8.28. Found: C, 60.27; H, 61938.24.
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(2R,5R)-2-(2,5-Diethoxyphenyl)-5tso-propyl-3,6-dimethoxy-2,5-dihydropyrazine (5f)

Imidate 5f was prepared according to general procedure Atirsiafrom
imidate3 (0.18 mL, 1.00 mmol), 2-chloro-1,4-diethoxybenzéhes) (0.31
mL, 1.75 mmol) and-BuLi (2.30 mL of a 1.3 M solution in cyclohexane,
3.00 mmol). Purification by flash column chromatography (hexare
EtOAc : hexanes 1 : 10), ga®é (0.25 g, 91 : 9 dr, 72%,) as an off-white
solid: M.p. (MeOH) 68-70 °C; R0.58 (EtOAc : hexanes 1 : 1Qy]p*° =

5f -125.3 € 0.1, CHCH); IR 1689, 1500, 1433, 1232 ¢cim'H NMR (400

MHz, CDCk) major isome 6.77 (d, 1HJ = 8.8 Hz, Ar-H), 6.68 (dd, 1H,

J =9.4, 2.9 Hz, Ar-H), 6.49 (d, 1H,= 3.1 Hz, Ar-H), 5.59 (d, 1H] = 6.2 Hz, CHAr), 3.99
(g, 2H,J = 7.0 Hz, OEt), 3.93 (dd, 1Hl = 6.8, 3.5 Hz, CkPr), 3.84 (q, 2HJ = 7.0 Hz,
OEt), 3.60 (s, 3H, OMe), 3.52 (s, 3H, OMe), 2.34 UM, i-Pr), 1.31 (t, 3H) = 7.0 Hz, OEY),
1.27 (t, 3H,J = 7.0 Hz, OEt), 1.09 (d, 3H,= 7.0 Hz,i-Pr), 0.80 (d, 3HJ = 6.8 Hz,i-Pr); **C
NMR (100 MHz, CDCJ) major isomerd 163.5, 162.3, 153.2, 151.2, 131.0, 114.6, 114.5,
114.5, 65.6, 64.0, 60.6, 53.5, 52.8, 52.7, 31.10,207.7, 15.3, 15.1; HRMS (ESI) calctC
H29N2O4: [M + H]*, 349.2127; found [M + H] 349.2121. Microanalysis calcd. fofd8gN-
204: C, 65.49; H, 8.10; N, 8.04. Found: C, 65.45; H83N, 7.99.

/©/0Et
EtO z
- OMe
N
|
Meo)\i/ N
PN

(2R,5R)-2-(2,5-Di(benzyloxy)phenyl)-5tso0-propyl-3,6-dimethoxy-2,5-dihydropyrazine

(59)
Bn |midate5g was prepared according to general procedure Ajrsggafrom

o]
/©/ imidate3 (0.18 mL, 1.00 mmol), benzyl precursts0(0.57 g, 1.75 mmol)
BnO : OMe and s-BulLi (2.14 mL of a 1.4 M solution in cyclohexang00 mmol).
H Purification by flash column chromatography (Regi¢12 g), heptane to
MeO™ EtOAc : heptane 1 : 10), followed by (Redisep ()2RhMe : acetone 50 :
7N 1) gave 5g (0.16 g, 90 : 10 dr, 33%) as a white solid: M.p.
5g (EtOAc/hexanes) 53-55 °C;; R).54 (EtOAc : hexanes 1 : 1Qg]p>° =

~75.9(c 1.1, CHC}); IR 1688, 1500, 1453, 1231, 1194 ¢mH NMR
(400 MHz, CDC$) major isomer 7.26 - 7.49 (m, 10H, Ar-H (Bn)), 6.89 (d, 18z 8.9 Hz,
Ar-H), 6.83 (dd, 1HJ = 9.0, 2.7 Hz, Ar-H), 6.69 (d, 2H,= 2.9 Hz, Ar-H), 5.76 (d, 1H] =
6.2 Hz, CHAr), 5.13 (s, 2H, GiRh), 4.97 (s, 2H, CHPh), 4.02 (dd, 1H) = 6.2, 3.7 Hz, CH
Pr), 3.68 (s, 3H, OMe), 3.61 (s, 3H, OMe), 2.41 {id,J = 6.8, 3.7 Hzj-Pr), 1.17 (d, 3HJ
= 6.8 Hz,i-Pr), 0.86 (d, 3H, = 6.8 Hz,i-Pr); *C NMR (100 MHz, CDGJ) major isomerd
163.7, 162.1, 153.3, 151.2, 138.0, 137.5, 131.8,712128.7, 128.4, 127.8, 127.6, 127.3,
115.1, 114.8, 114.5, 71.5, 70.7, 60.7, 55.4, 58218, 52.7, 31.1, 20.0, 17.7; HRMS (ESI)
calcd. GgHzNoNaOs: [M + NaJ*, 495.2259: found [M + N&] 495.2260.
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(2R,5R)-2-(2,5-Di(methoxymethoxy)phenyl)-5so-propyl-3,6-dimethoxy-2,5-
dihydropyrazine (5h)

omom midate 5h was prepared according to general procedure Atirsia
/©/ from imidate3 (0.18 mL, 1.00 mmol), MOM precursd51 (0.41 g,
Momo 1.75 mmol) ands-BuLi (2.31 mL of a 1.3 M solution in cyclohexane,
Q/ 3.00 mmol). Purification by flash colunshromatography (Redisep
(12 g), heptane to EtOAc : heptane 1 : 10) d&iv¢€0.20 g, 88 : 12 dfr,
AN 52%) as a yellow oil: R 0.38 (EtOAc : hexanes 1 : 10g]p® =
-121.0 ¢ 1.0, CHC}); IR 1691, 1497, 1435, 1232, 1147, 1003 tm
'H NMR (400 MHz, CDCJ) major isomerd 7.08 (d, 1HJ = 9.0 Hz,
Ar-H), 6.90 (dd, 1H,J = 8.9, 3.0 Hz, Ar-H), 6.76 (d, 1H,= 2.9 Hz, Ar-H), 5.59 (d, 1H] =
6.1 Hz, CHAr), 5.17 (m, 4H, 2 x G®), 4.01 (dd, 1H) = 6.2, 3.7 Hz, CHPr), 3.68 (s, 3H,
OMe), 3.60 (s, 3H, OMe), 3.51 (s, 3H, OMe), 3.443d, OMe), 2.40 (td, 1H) = 6.8, 3.7
Hz, i-Pr), 1.15 (d, 3HJ = 6.8 Hz,i-Pr), 0.86 (d, 3HJ = 6.8 Hz,i-Pr); *C NMR (100 MHz,
CDCls) major isomerd 163.7, 161.8, 152.5, 150.5, 131.4, 117.0, 11616,5, 95.8, 95.4,
60.7, 56.1, 56.0, 54.0, 52.8, 52.7, 31.2, 20.07;JMRMS (ESI) calcd. &H2gNoNaGs: [M +
Na]*, 403.1845; found [M + N&] 403.1848. Microanalysis calcd. fofd8,eN,Os: C, 59.98;
H, 7.42; N, 7.36. Found: C, 58.87; H, 7.50; N, 7.27

5h

(2R,5R)-2-(3,4-Dimethoxyphenyl)-5tso-propyl-3,6-dimethoxy-2,5-dihydropyrazine (5i)

OMe Imidate 5i was prepared according to general procedure Bjrgjadrom
MeO imidate 3 (0.18 mL, 1.00 mmol), 1-fluoro-3,4-dimethoxybenee@d76)
\© (0.23 mL, 1.75 mmol) and-BuLi (1.88 mL of a 1.6 M solution in hexane,
. ome 3.00 mmol). Purification by flash column chromatography (Repig&?2
)I\/|N g), heptane to EtOAc : heptane 1 : 5) gavé.20 g, 76 : 24 dr, 62%) as a
WeO yellow oil: R 0.43 (EtOAC : hexanes 1 : 1l]p®° = —=9.1 € 0.1, CHC});
IR 1691, 1514, 1460, 1234 &mn'H NMR (400 MHz, CDC}) major
5i isomerd 6.84 - 6.90 (m, 3H, Ar-H), 5.15 (d. 11,= 4.9 Hz, CHAr), 3.99
(t, 1H,J = 4.8 Hz, CHt+Pr), 3.86 (s, 3H, OMe), 3.85 (s, 3H, OMe), 3.75 (s
3H, OMe), 3.66 (s, 3H, OMe), 2.22 (td, 1HF 6.8, 4.5 Hzj-Pr), 1.09 (d, 3HJ = 6.8 Hz,i-
Pr), 0.82 (d, 3HJ = 6.8 Hz,i-Pr); *C NMR (100 MHz, CDGJ) major isomed 164.6, 162.1,
148.8, 148.4, 132.9, 120.1, 111.3, 111.0, 61.%,5%6.0, 56.0, 52.8, 52.8, 32.0, 20.0, 18.3;
HRMS (ESI) calcd. €H24N-NaQy: [M + NaJ', 343.1634; found [M + N&] 343.1639.

/:\
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(2R,5R)-2-(3,5-Dimethoxyphenyl)-5tso-propyl-3,6-dimethoxy-2,5-dihydropyrazine (5j)
Me0\©/OMe Imidate 5j was prepared according to general procedure Bjrgjarom
< imidate 3 (0.18 mL, 1.00 mmol), 1-fluoro-3,5-dimethoxy beneg88)
N/:YOMe (0.23 mL, 1.75 mmol) and-BuLi (1.88 mL of a 1.6 M solution in hexane,
Meo)l\./N 3.00 mmol).Purification by flash column chromatography (Redi§&2 g),
P heptane to EtOAc : heptane 1 : 20) g&y€0.23 g, 81 : 19 dr, 72%) as a
. yellow oil: R 0.51 (EtOAc : hexanes 1 : 10)]p> = =59 € 1.0, CHC});
IR 1692, 1595, 1456, 1202, 1151 ¢m'H NMR (400 MHz, CDCJ)
major isomerd 6.51 (d, 2HJ = 2.3 Hz, Ar-H), 6.37 (t, 1H) = 2.3 Hz, Ar-H), 5.13 (d, 1H)
= 4.9 Hz, CHAr), 3.98 (t, 1H] = 4.7 Hz, CH-Pr), 3.77 (s, 6H, 2 x OMe), 3.74 (s, 3H, OMe),
3.66 (s, 3H, OMe), 2.20 (m, 1HpPr), 1.09 (d, 3HJ = 6.8 Hz,i-Pr), 0.82 (d, 3HJ = 6.8 Hz,
i-Pr); °C NMR (100 MHz, CDGJ) major isomerd 164.7, 161.8, 160.7, 142.5, 106.3, 99.5,
61.3, 59.9, 55.5, 55.4, 52.8, 32.1, 20.0, 18.3; MRMESI) calcd. GH24N.NaQ,: [M + Na]’,
343.1634; found [M + Nd] 343.1623.

5j

(2R,5R)-2-is0-Propyl-3,6-dimethoxy-5-(3-methoxyphenyl)-2,5-dihydopyrazine (5k)

ome Imidate5k was prepared according to general procedure Atirgjairom

©/ imidate 3 (0.18 mL, 1.00 mmol), 3-chloroanisol@77) (0.21 mL, 1.75
N;\/OMe mmol) ands-BuLi (2.14 mL of a 1.4 M solution in cyclohexan®,00
)I\/|N mmol). Purification by flash column chromatograp(®edisep (12 g),
MeO

/\ heptane to EtOAc : heptane 1 : 10), followed bydiBep (12 g), PhMe :

5k

acetone 50 : 1) gavek (0.20 g, 70 : 30 dr, 76%) as a yellow oik B.55
(EtOAc : hexanes 1 : 10jp]p® = -9.7 € 1.3, CHC}); IR 1670, 1583,
1460, 1364, 1171, 1015 ¢m*H NMR (400 MHz, CDC}) major isomerd
6.94 (m, 1H, Ar-H), 6.89 (m, 1H, Ar-H), 6.81 (m, 2r-H), 5.19 (d, 1H,) = 5.1 Hz, CHA),
3.99 (t, 1H,J = 4.8 Hz, CH-Pr), 3.79 (s, 3H, OMe), 3.76 (s, 3H, OMe), 3.6731d, OMe),
2.20 (td, 1HJ = 6.8, 4.2 Hzj-Pr), 1.08 (d, 3H,) = 6.8 Hz,i-Pr), 0.81 (d, 3H) = 6.8 Hz,i-
Pr); *C NMR (100 MHz, CDGJ) major isomerd 164.8, 161.9, 159.6, 141.7, 129.3, 120.5,
113.7, 112.9, 61.3, 59.8, 55.4, 52.9, 52.9, 32010,218.3; HRMS (ESI) calcd. 16H,,N-
-NaGQs: [M + NaJ*, 313.1528; found [M + N&] 313.1519.
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(2R,5R)-2-(Benzo[d][1,3]dioxol-5-yl)-5tsopropyl-3,6-dimethoxy-2,5-dihydropyrazine
(51)

0/\0 Imidate 5| was prepared according to general procedure Atjrsjafrom
@ imidate 3 (0.18 mL, 1.00 mmol), 5-chloro-1,3-benzodiox¢&r8) (0.15
= mL, 1.25 mmol) andsecBuLi (1.79 mL of a 1.4 M solution in
N|/:\|r0Me cyclohexane, 2.50 mmolRurification by flash column chromatography
Meo)\:/N (Redisep (12 g), heptane to EtOAc : heptane 1,.fb0dpwed by (Redisep
PN (12 g), PhMe : acetone 50 : 1) gabke(0.052 g, 76 : 24 dr, 17%) as a
yellow oil: Rr 0.48 (EtOAc : hexanes 1 : 1Ql]p?° = -11 € 2.0, CHC});

51 IR 1691, 1515, 1462, 1237 ¢in*H NMR (400 MHz, CDCJ) major
isomerd 6.83 (d, 1HJ = 1.8 Hz, Ar-H), 6.80 (dd, 1H] = 1.8, 0.4 Hz, Ar-H), 6.77 (s, 1H,
Ar-H), 5.94 (s, 2H, OCHD), 5.11 (d, 1H,J = 5.1 Hz, CHAr), 3.97 (t, 1H] = 4.8 Hz, CH+
Pr), 3.74 (s, 3H, OMe), 3.66 (s, 3H, OMe), 2.21 {tH,J = 6.8, 4.5 Hzj-Pr), 1.08 (d, 3HJ
= 6.8 Hz,i-Pr), 0.79 (d, 3H,) = 6.8 Hz,i-Pr); *C NMR (100 MHz, CDG)) major isomer
0164.5, 161.9, 147.7, 146.9, 134.2, 121.3, 108.8,5.0101.2, 61.4, 59.4, 53.0, 52.8, 32.1,
19.9, 18.1; HRMS (ESI) calcd. 1§,:N204: [M + H]*, 305.1501; found [M + H]
305.1533.

2-(3-((R,5R)-5-is0-Propyl-3,6-dimethoxy-2,5-dihydropyrazin-2-yl)pheny)-4,4-
dimethyl-4,5-dihydrooxazole (5m)

1.75 mmol) and-BuLi (1.88 mL of a 1.6 M solution in hexane, 3.00
mmol). Purification by flash column chromatography (Redig&2 g),
heptane to EtOAc : heptane 1 : 5) followed by (Regi(12 g), PhMe :
acetone 50 : 1) gavam (0.20 g, 71 : 29 dr, 55%) as a yellow oik R
0.32 (EtOAc : hexanes 1 : 1Qp]p®° = -19 € 1.0, CHC)); IR 1691,
1648, 1303, 1237, 1193, 1062 ¢m'H NMR (400 MHz, CDC))
major isomerd 7.97 (s, 1H, Ar-H), 7.91 - 7.82 (m, 1H, Ar-H), 1.4 7.34 (m, 2H, Ar-H),
5.25 (d, 1HJ =5.1 Hz, CHAr), 4.11 (s, 2H, GB), 4.03 (t, 1H,) = 4.7 Hz, CH-Pr), 3.77 (s,
3H, OMe), 3.67 (s, 3H, OMe), 2.25 (td, 1H+ 6.8, 4.5 Hzj-Pr), 1.40 (s, 6H, 2 x CHji, 1.11
(d, 3H,J =6.9 Hz,i-Pr), 0.81 (d, 3H,) = 6.8 Hz,i-Pr); *C NMR (100 MHz, CDGJ) major
isomerd 164.8, 162.2, 161.5, 140.5, 130.3, 128.5, 1283,4, 79.3, 67.8, 61.2, 59.7, 52.9,
52.9, 31.9, 28.6, 20.0, 18.1; HRMS (CI) calcdgHzsN3s03: [M + H]*, 358.2131; found [M +
H]*, 358.2131.

MeO

(j/L from imidate3 (0.18 mL, 1.00 mmol), oxazoline precurgki7 (0.36 g,
I8
PN

0/>i Imidate 5m was prepared according to general procedure Bijnga
SN
“_OMe
I
N
m

5
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(2R,5R)-2-is0-Propyl-3,6-dimethoxy-5-(3-(trifluoromethyl)phenyl)-2,5-dihydropyrazine
(5n)

cF, Imidate5n was prepared according to general procedure Birgdrom
©/ imidate 3 (0.18 mL, 1.00 mmol), 1-chloro-2-(trifluoromethlgBnzene
: OMe (479 (0.23 mL, 1.75 mmol) and-BuLi (1.88 mL of a 1.6 M solution in
H hexane, 3.00 mmol)Purification by flash column chromatography
MeO™ (hexanes to EtOAc : hexanes 1 : 20) gand0.20 g, 50 : 50 dr, 61%) as

N a yellow oil. Further chromatography (EtOAc : heaarl : 10) gavén

5n as a single diastereoisomer; (8 (EtOAc : hexanes 1 : 10)]p* =
-130.2 £ 0.45, CHC}); IR 1697, 1437, 1331, 1240, 1165, 1127 triH
NMR (400 MHz, CDC}) 8 7.65 - 7.45 (m, 4H, Ar-H), 5.29 (d, 18 = 5.0 Hz, CHAr), 4.05
(t, 1H,J = 4.6 Hz, CH+Pr), 3.80 (s, 3H, OMe), 3.69 (s, 3H, OMe), 2.26 {H,i-Pr), 1.11
(d, 3H,J =6.9 Hz,i-Pr), 0.79 (d, 3HJ = 6.8 Hz,i-Pr); *C NMR (100 MHz, CDGJ) 5 165.2,
160.8, 140.9, 131.2, 130.4 (.r = 32.4 Hz), 128.5, 124.6 (4. = 3.9 Hz), 124.2 (qlcr =
272.0 Hz), 124.0 (qJc.r = 3.6 Hz), 61.0, 59.1, 52.7, 52.7, 31.7, 19.671%F NMR (200
MHz, CDCk) 5 -62.6; HRMS (ESI) calcd. H2:FsNO: [M + H]*, 329.1477; found [M +
H]*, 329.1478.

(2R,5R)-2-(4-Fluoro-3-methoxyphenyl)-5tso-propyl-3,6-dimethoxy-2,5-dihydropyrazine
(50)

F Imidate50 was prepared according to general procedure Bingidrom
MeO imidate 3 (0.18 mL, 1.00 mmol), 1,4-difluoro-2-methoxybenegd80)
(0.20 mL, 1.75 mmol) and-BuLi (1.88 mL of a 1.6 M solution in

N/:\'/O'we hexa.ne, 3.00 mmol)Purification by flash column chromatography
Moo )I\/N (Redisep (12 g), heptane to EtOAc : heptane 1 ; fdllowed by
: (Redisep (12 g), PhMe : acetone 50 : 1) gawé).16 g, 73 : 27 dr, 53%)
as a yellow oil: R 0.56 (EtOAc : hexanes 1 : 1@l]p® = —20.0 € 1.0,
50 CHCL); IR 1691, 1515, 1462, 1237 ¢in'H NMR (400 MHz, CDC})
major isomerd 7.00 (m, 2H, Ar-H), 6.86 (m, 1H, Ar-H), 5.15 (d, 1Bi=
4.9 Hz, CHAr), 3.99 (t, 1H] = 4.5 Hz, CH+Pr), 3.85 (s, 3H, OMe), 3.74 (s, 3H, OMe), 3.66
(s, 3H, OMe), 2.22 (td, 1H,= 6.8, 4.4 Hzj-Pr), 1.08 (d, 3HJ = 6.8 Hz,i-Pr), 0.79 (d, 3H)
= 6.8 Hz,i-Pr); **C NMR (100 MHz, CDG)) major isomerd 164.9, 161.6, 151.5 (dc.r =
244.9 Hz), 147.4 (dcr = 11.0 Hz), 136.5 (dc.r = 3.7 Hz), 120.3 (dJcr = 6.6 Hz), 116.0
(d, Jo.r = 18.4 Hz), 113.3 (dJcr = 2.2 Hz), 61.2, 59.4, 56.4, 53.0, 52.9, 31.99198.1;'°F
NMR (200 MHz, CDC}) 5-138.0; HRMS (ESI) calcd. H2,FN,O3: [M + H]*, 309.1614;
found [M + HJ', 309.1617.

PN
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(2R,5R)-2-(D,2,5-Dimethoxyphenyl)-5tso-propyl-3,6-dimethoxy-2,5-dihydropyrazine
(447)

OMe

o)

MeO M
e N|/§|r0e

N
MeO

PN

447

secBulLi (3.0 equiv) was added drop-wise to a solutbmmidate3 (0.36 mL, 2.0 mmol) and
388(0.50 mL, 3.5 mmol) in THF (10 mL) at —95 °C. Timéxture was maintained at —95 °C
for 30 min, before being allowed to warm to roormperature overnight. J®» (1 mL) was
added and the mixture stirred for 1 hour furthemoaim temperature. 40 was added and the
mixture extracted with EtOAc (x 3). The combinedjamic layers were washed with brine,
dried (MgSQ), filtered and concentrated vacuo The residue was purified by flash column
chromatography (EtOAc : hexanes 1 : 10) to gi4& (0.33 g, 89 : 11 dr, 52%) as an off-
white solid.

M.p. (EtOAc/hexanes) 62-63 °C; P®.2 (EtOAc : hexanes 1 : 1Qg]p® = -121.3 ¢ 1.0,
CHCL); IR 1685, 1501, 1463, 1224 ¢cm'H NMR (400 MHz, CDCJ) major isomerd 6.90
(d, 1H,J = 8.9 Hz, Ar-H), 6.81 (dd, 1H] = 8.9, 3.1 Hz, Ar-H), 6.64 (d, 1H,= 3.0 Hz, Ar-
H), 4.04 (d, 1HJ = 3.4 Hz, CH-Pr), 3.87 (s, 3H, OMe), 3.75 (s, 3H, OMe), 3.723H,
OMe), 3.64 (s, 3H, OMe), 2.46 (m, 1HPr), 1.19 (d, 3HJ = 6.9 Hz,i-Pr), 0.91 (d, 3HJ =
6.8 Hz,i-Pr); °C NMR (125 MHz, CDGJ) major isomer 163.4, 161.8, 153.7, 151.7, 130.4,
114.1, 113.2, 112.9, 60.4, 56.8, 55.6, 52.7, 53®9, 19.7, 17.5; HRMS (CI) calcd.
Ci7H24N204: [M + H]¥, 322.1877; found: [M + H] 322.1877.
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(R)-Methyl 2-amino-2-(2,5-dimethoxyphenyl)acetate (43)

(0]
Meo)bi NH;

MeO

448

0.5 M HCI (0.92 mL, 0.46 mmol) was added to a sofutof 5a (0.066 g, 94 : 6 dr, 0.21
mmol) in MeCN (1 mL) and the mixture stirred at® @vernight. Saturated aqueous,8@;
was added to pH 8-9 and the mixture was extraciéd BEtOAc (3 x 5 mL). The combined
organic layers were washed with brine, dried (MgS®ltered and concentrated vacuo
The crude material was dried under vacuum for b hetnove the valine methyl ester, and
purified by flash column chromatography (€3+ : MeOH (NHs) 30 : 1) to give448(0.042

g, 89%, 86% ee) as an amber oil.

R 0.47 (CHCl;: MeOH (NHs) 30 : 1);[a]p?® = =74 € 1.0, CHC}); IR 3382, 1733, 1497,
1463, 1221, 1020 crh *H NMR (400 MHz, CDC}) & 6.84 - 6.78 (m, 3H, Ar-H), 4.72 (s,
1H, CHAr), 3.79 (s, 3H, OMe), 3.77 (s, 3H, OMe){/B(s, 3H, OMe), 2.09 (s(br), 2H, NH
¥C NMR (100 MHz, CDGJ) 6 174.8, 153.7, 150.9, 129.8, 114.8, 113.5, 11611,5%5.7,
54.8, 52.3; HRMS (CI) calcd. 1gH1eNO4: [M + H]*, 226.1079; found [M + H] 226.1082.
The enantiomeric excess was determined by HPLCIRBHPACK® IC, 292 nm, hexane :
i-PrOH =60 : 40, 1.0 mL/min]: 14.999 min (major}.@65 min (minor).
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General Procedure for imidate hydrolysis andN-Boc protection

o)
MeOJ\/NHBoc
Ar

6

General Procedure:0.5 M HCI (2.25 equiv) was added to bis-imid&tél equiv) in MeCN
(0.1 M) and the mixture stirred at 0 °C overnigbaturated aqueous MzO; was added to
pH 8-9 and the mixture was extracted with EtOAx (8 mL). The combined organic layers
were washed with brine, dried (MgQfiltered and concentrated vacuo The residue was
re-dissolved in CkECl, (0.1 M) and diso-propylethylamine (2.1 equiv) and B2 (2.2
equiv) were added and the mixture stirred at roemperature overnight. The reaction
mixture was concentratad vacuoand purified by flash column chromatography (EtOAc
hexanes 1 : 5) to give the desired carbantates

(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(2,5-dimethoxyphenyl)acetat (6a)

o Prepared according to the general procedure, rgjaftom imidate5a

MeOJI\/NHBoc (0.10 g, 0.32 mmol), carbamata (0.093 g, 89%) was obtained as a
=_ _ome colourless oil: R 0.54 (EtOAc : hexanes 1 : 55]p* = —107.6 ¢ 1.04,

1eo Q CHCL); IR 3366, 1747, 1709, 1499, 1222, 1158 tmH NMR (400
MHz, CDCL) & 6.88 (s(br), 1H, NH), 6.81 (d, 2H,= 1.4 Hz, Ar-H), 5.66
(d, 1H,J = 8.8 Hz, Ar-H), 5.42 (d, 1H) = 9.1 Hz, CHAr), 3.77 (s, 3H,
OMe), 3.76 (s, 3H, OMe), 3.68 (s, 3H, OMe), 1.439d, Boc):**C NMR
(125 MHz, CDC}) 6 171.8, 155.3, 153.6, 151.1, 126.7, 116.0, 11412,2, 79.9, 55.7, 55.6,
54.5, 52.5, 28.3; HRMS (ESI) calcd;é8,sNNaQs: [M + Na]*, 348.1423; found [M + N3]
348.1415.

6a
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(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(4-(dimethylamino)-2,5-
dimethoxyphenyl)acetate (6b)

0 Prepared according to the general procedure, rejaftom imidate5b
MeOJI\/NHBoc (0.035 g, 0.096 mmol), carbamae (0.034 g, 96%) was obtained as a
~__ome Yellow oil: R 0.51 (EtOAc : hexanes 1 : 5p]p?° = —83.2 ¢ 1.0, CHCH);
IR 3374, 1746, 1712, 1487, 1457, 1215, 1157 ¢l NMR (400 MHz,
NMe, CDCly) & 6.46 (d, 1HJ = 2.9 Hz, Ar-H), 6.41 (d, 1H] = 2.6 Hz, Ar-H),
6b 5.64 (d, 1HJ = 8.5 Hz, NH), 5.51 (d, 1Hl = 8.7 Hz, CHAr), 3.79 (s, 3H,
OMe), 3.75 (s, 3H, OMe), 3.74 (s, 3H, OMe), 2.826(4, NMe), 1.47 (s,
9H, Boc); **C NMR (125 MHz, CDGJ) 5172.2, 155.8, 155.2, 146.6, 143.5, 131.3, 105.5,
104.5, 79.9, 58.3, 55.5, 54.1, 52.5, 42.0, 28.4M3RES]I) calcd. @H-oN,Os: [M + H],
369.2026; found [M + H] 369.2025.

MeO

(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(2,4,5-trimethoxyphenyl)acetate (6c¢)

o Prepared according to the general procedure, regaftom imidate5c
MeOJV_NHBoc (0.041 g, 0.12 mmol), carbamaée (0.025 g, 59%) was obtained as a

~_OMe colourless oil: R 0.52 (EtOAc : hexanes 1 : 5)x]p* = -52.0 ¢ 0.7,
Moo Q CHCL); IR 3366, 1746, 1708, 1512, 1464, 1206, 1158'ct NMR (400

OMe MHz, CDCk) 8 6.87 (s, 1H, Ar-H), 6.54 (s, 1H, Ar-H), 5.63 (41 =8.5

6c Hz, NH), 5.41 (d, 1HJ = 8.8 Hz, CHAr), 3.91 (s, 3H, OMe), 3.87 (s, 3H,

OMe), 3.83 (s, 3H, OMe), 3.72 (s, 3H, OMe), 1.4794. Boc);**C NMR

(125 MHz, CDC}) 6172.1, 155.3, 151.3, 149.7, 143.1, 117.1, 113B,7,979.9, 56.5, 56.4,
56.1, 54.0, 52.5, 28.3; HRMS (ESI) calcdd>sNNaO;: [M + Na]*, 378.1529; found [M +
Na]*, 378.1521. Microanalysis calcd. for8.sNO;: C, 57.45; H, 7.09; N, 3.94. Found: C,
57.38; H, 6.95; N, 3.86.
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(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(3-fluoro-2,5-dimethoxyphetyl)acetate (6d)

o Prepared according to the general procedure, regaftom imidate5d
Meo)]\_/NHBoc (0.051 g, 0.15 mmol), carbamakel (0.025 g, 48%) was obtained as a
~_OMe colourless oil: R 0.71 (EtOAc : hexanes 1 : 5x]p* = -50.1 ¢ 1.4,
Mw@[ CHCl); IR 3380, 1747, 1712, 1497, 1435, 1231, 115821dd *; *H
NMR (400 MHz, CDC}) 4 6.68 - 6.64 (m, 2H, Ar-H), 5.68 (d, 1H,=
6d 8.1 Hz, NH), 5.51 (d, 1H] = 8.4 Hz, CHAr), 3.89 (s, 3H, OMe), 3.79 (s,
3H, OMe), 3.75 (s, 3H, OMe), 1.46 (s, 9H. Bot NMR (125 MHz,
CDCls) 5171.4, 155.7 (dJc.r = 247.6 Hz), 155.5 (dlc.r = 10.5 Hz), 155.0, 139.1 (de.r =
11.9 Hz), 132.3 (dJc.r = 3.5 Hz), 109.5, 103.4 (dc.r = 22.6 Hz), 80.1, 61.4, 55.8, 53.7,
52.8, 28.31°F NMR (200 MHz, CDGJ) -127.5; HRMS (ESI) calcd. H.,NNaGs: [M +
Na]*, 366.1329; found [M + N&] 366.1332. Microanalysis calcd. forg,,NOs: C, 55.97;
H, 6.46; N, 4.08. Found: C, 56.07; H, 6.54; N, 4.09

F

(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(4-fluoro-2,5-dimethoxyphetyl)acetate (6e)

o Prepared according to the general procedure, regaftom imidate5d
Meo)J\/NHBoc (0.051 g, 0.15 mmol), carbamaée (0.024 g, 46%) was obtained as a

~~_OMe colourless oil: R 0.53 (EtOAc : hexanes 1 : 5x]p*° = -74.5 ¢ 1.1,
Meog CHCL); IR 3382, 1747, 1709, 1510, 1315, 1217, 1036'cid NMR

F (400 MHz, CDC}) 8 6.98 (d, 1HJ4.r = 9.2 Hz, Ar-H), 6.71 (d, 1H}4.r =

6e 12.5 Hz, Ar-H), 5.65 (d, 1H) = 8.4 Hz, NH), 5.41 (d, 1H) = 8.8 Hz,

CHAr), 3.87 (s, 3H, OMe), 3.79 (s, 3H, OMe), 3.813H, OMe), 1.46 (s,

9H, Boc);**C NMR (125 MHz, CDG)) 5171.6, 155.2, 152.6 (dc.r = 247.0 Hz), 151.1 (d,
Jor= 8.3 Hz), 141.3 (dJc.r = 11.1 Hz), 121.2 (dlc.F = 3.6 Hz), 116.1, 101.2 (de.r = 22.5
Hz), 80.1, 57.1, 56.3, 54.1, 52.6, 28% NMR (200 MHz, CDGJ) 5-130.7; HRMS (ESI)
calcd. GgHooNNaQs: [M + NaJ', 366.1329; found [M + N&] 366.1325. Microanalysis calcd.
for C16H2oNOg: C, 55.97; H, 6.46; N, 4.08. Found: C, 56.05; ’526 N, 3.92.
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(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(2,5-diethoxyphenyl)acetat€6f)

o Prepared according to the general procedure, rejaftom imidate 5f
MeOJ\_/NHBOC (0.033 g, 0.095 mmol), carbamadé (0.033 g, 98%) was obtained as a
~_OEt colourless oil: R 0.55 (EtOAc : hexanes 1 : 5alp®° = -72.4 ¢ 1.4,
Eto@ CHCL); IR 3459, 1748, 1712, 1498, 1476, 1214, 1159,716di"; 'H
NMR (400 MHz, CDC}) & 6.91 (s(br), 1H, Ar-H), 6.81 (m, 2H, Ar-H),
6f 5.67 (d, 1H,J = 9.0 Hz, NH), 5.43 (d, 1H] = 9.1 Hz, CHAr), 4.11-3.89
(m, 4H, 2 x OEt), 3.71 (s, 3H, OMe), 1.47 (s, 9HbcRB 1.40 (q, 6H,) =
6.8 Hz, 2 x OE1)*C NMR (125 MHz, CDG)) & 171.9, 155.3, 152.9, 150.3, 126.9, 116.7,
114.9, 113.0, 79.8, 64.4, 64.0, 54.8, 52.4, 2813€,114.7; HRMS (ESI) calcd.gH,7/NNaGs:
[M + Na]*, 376.1736; found [M + N3] 376.1735. Microanalysis calcd. ford8,7NOg: C,
61.17; H, 7.70; N, 3.96. Found: C, 61.21; H, 7/473.87.

(R)-Methyl 2-(2,5-di(benzyloxy)phenyl)-2-{ert-butoxycarbonylamino)acetate (6g)

o Prepared according to the general procedure, regaftom imidate5g
Meo)K_/NHBoc (0.039 g, 0.08 mmol), carbamdig (0.03 g, 79%) was obtained as a white
_ _oen solid: M.p. 88-90 °C; R0.58 (EtOAc : hexanes 1 : 5p]p*° = -71.4 ¢
/©/ 1.3, CHC}); IR 3747, 1736, 1698, 1499, 1453, 1217, 1160'cfil NMR
BnO
(400 MHz, CDC}) & 7.46 - 7.33 (m, 10H, Ar-H (Bn)), 7.03 (s(br), 1At-
69 H), 6.88 (m, 2H, Ar-H), 5.68 (d, 1H,= 8.8 Hz, NH), 5.54 (d, 1H] = 8.9
Hz, CHAr), 5.10 (s, 2H, CHPh), 5.03 (s, 2H, CHPh), 3.66 (s, 3H, OMe),
1.47 (s, 9H, Bocy*C NMR (125 MHz, CDGJ) 6 171.7, 155.2, 153.0, 150.3, 137.0, 136.8,
128.6, 128.6, 128.0, 127.9, 127.5, 127.2, 127.7,111115.2, 113.5, 79.9, 70.8, 70.6, 54.5,
52.5, 28.4; HRMS (ESI) calcd. »8H3;NNaQs: [M + NaJ*, 500.2049; found [M + N3]
500.1983. Microanalysis calcd. fordEl31NOg: C, 70.42; H, 6.54; N, 2.93. Found: C, 70.51;
H, 6.51; N, 2.86.
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(R)-Methyl 2-(2,5-di(methoxymethoxy)phenyl)-24ert-butoxycarbonylamino)acetate
(6h)
o Prepared according to the general procedure, regairtdbm imidatebh
Meo)]\_/NHBoc (0.076 g, 0.20 mmol), carbamadé (0.051 g, 66%) was obtained as a
~._OMOM colourless oil: R 0.49 (EtOAc : hexanes 1 : 5p]p*°> = -80.5 ¢ 1.1,
MOMOQ CHCL); IR 3361, 1747, 1709, 1497, 1150, 992 tmH NMR (400
MHz, CDCk) 6 7.08 - 6.97 (m, 3H, Ar-H), 5.68 (d, 1d,= 8.8 Hz,
6h NH), 5.51 (d, 1HJ = 8.9 Hz, CHAYr), 5.19 - 5.12 (m, 4H, 2 x OgH
3.72 (s, 3H, OMe), 3.50 (s, 3H, OMe), 3.59 (s, 8#je), 1.47 (s, 9H, Boc);’C NMR (125
MHz, CDCk) 6 171.7, 155.2, 152.1, 149.6, 127.5, 118.5, 117.8,7,05.1, 94.9, 80.0, 56.1,
56.0, 54.2, 52.6, 28.3; HRMS (ESI) calcdgdy”NNaQs: [M + Na]*, 408.1634; found [M +
Na]", 408.1632.

(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(3,4-dimethoxyphenyl)acetad (6i)

o Prepared according to the general procedure, regaftom imidate5i
Meo)I\/NHBoc (0.025 g, 0.08 mmol), carbamaé (0.024 g, 92%) was obtained as a
- colourless oil: R 0.52 (EtOAc : hexanes 1 : 5alp?° = -11.7 ¢ 1.4,
CHCL); IR 3361, 1745, 1708, 1513, 1461, 1257, 1160'cid NMR
OMe (400 MHz, CDC}) 6 6.93 - 6.84 (m, 3H, Ar-H), 5.51 (d (br), 18,= 6.0
6i Hz, NH), 5.25 (d, 1H) = 7.1 Hz, CHAr), 3.90 (s, 3H, OMe), 3.89 (s, 3H,
OMe), 3.75 (s, 3H, OMe), 1.46 (s, 9H, Bot)c NMR (125 MHz, CDG))
0 171.8, 154.8, 149.2, 149.2, 129.3, 119.5, 11118,2, 80.2, 57.3, 55.9, 53.4, 52.7, 28.3;
HRMS (ESI) calcd. @HoaNNaGs: [M + NaJ', 348.1423; found [M + N&] 348.1423.
Microanalysis calcd. for gH23NOe: C, 59.09; H, 7.13; N, 4.31. Found: C, 58.91; HO57 N,
4.29.

MeO
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(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(3,5-dimethoxyphenyl)acetad (6j)

(o)
Meok NHBoc

MeO : OMe

6j

Prepared according to the general procedure, regaftom imidate5j
(0.024 g, 0.07 mmol), carbama6g (0.016 g, 70%) was obtained as a
colourless oil: R 0.50 (EtOAc : hexanes 1 : 5}]p® = -9.2 € 0.3,
CHCL); IR 3372, 1745, 1714, 1462, 1206, 1158 ttH NMR (400 MHz,
CDCl) 8 6.53 (d, 2H,J = 2.1 Hz, Ar-H), 6.43 (t, 1H) = 2.1 Hz, Ar-H),
5.54 (br d, 1HJ = 5.9 Hz, NH), 5.26 (d, 1H] = 7.3 Hz, CHAr), 3.81 (s,
6H, 2 x OMe), 3.76 (s, 3H, OMe), 1.47 (s, 9H, BA&Z NMR (125 MHz,

CDCls) 6171.4, 161.1, 154.8, 139.0, 105.2, 100.4, 80.%,%5.4, 52.7, 28.3; HRMS (ESI)
calcd. GgHo3NNaOs: [M + NaJ’, 348.1423; found [M + N&] 348.1435.

(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(3-methoxyphenyl)acetate (6k)

o)
MeOJ\:/ NHBoc

e

6k

Prepared according to the general procedure, rejaftom imidate5k
(0.082 g, 0.28 mmol), carbamaék (0.055 g, 67%) was obtained as a
colourless oil: R 0.47 (EtOAc : hexanes 1 : 5x]p® = -32.6 ¢ 1.0,
CHCL); IR 3370, 1743, 1705, 1489, 1253, 1157 triH NMR (400 MHz,
CDCl;) 6 7.32 - 7.28 (m, 1H, Ar-H), 6.98 - 6.88 (m, 3H, HAj; 5.56 (d,
1H, J = 6.4 Hz, NH), 5.32 (d, 1H] = 7.5 Hz, CHAr), 3.83 (s, 3H, OMe),
3.75 (s, 3H, OMe), 1.46 (s, 9H, Bocd)iC NMR (125 MHz, CDG)

171.5, 159.9, 154.8, 138.3, 129.9, 119.4, 114.®.81180.2, 57.5, 55.3, 52.7, 28.3;
Microanalysis calcd. for gH,1NOs: C, 61.0; H, 7.17; N, 4.74. Found: C, 60.89; H)97.N,

4.71.
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(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(3-(4,4-dimethyl-4,5-dihydiooxazol-2-
yl)phenyl)acetate (6m)

o] Prepared according to the general procedure, regaftom imidate5Sm
Meo)l\;/NHBOC (0.058 g, 0.16 mmol), carbamaien (0.024 g, 41%) was obtained as a
2 colourless gum: R0.36 (EtOAc : hexanes 1 : 53]p*° = -13.7 € 1.0,
ﬁ CHCL); IR 3444, 1745, 1708, 1649, 1354, 1202, 116I'chd NMR
No (400 MHz, CDC}) 8 7.94 - 7.90 (m, 2H, Ar-H), 7.49 (d, 18= 7.5 Hz,
6m Ar-H), 7.40 (t, 1H,J = 7.7 Hz, Ar-H), 5.65 (d (br), 1H = 6.2 Hz, NH),
5.36 (d, 1H,J = 7.2 Hz, CHAr), 4.12 (s, 2H, Gi®), 3.72 (s, 3H, OMe),
1.44 (s, 9H, Boc), 1.39 (s, 6H, 2 x @H*C NMR (125 MHz, CDG) 5 171.3, 161.5, 154.7,
137.3, 130.1, 128.8, 128.8, 128.3, 126.8, 80.2,, 8.7, 57.4, 52.8, 28.4, 28.3; HRMS (ESI)
calcd. GgH,7N,Os: [M + H]™, 363.1920; found [M + N&] 363.1915.

(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(3-(trifluoromethyl)phenyl) acetate (6n)

o] Prepared according to the general procedure, rgjaftom imidate 5n

MeoJYN"|Boc (0.037 g, 0.11 mmol), carbamaén (0.035 g, 93%) was obtained as a
- yellow oil: R 0.57 (EtOAc : hexanes 1 : 5plp® = -62.6 € 1.1, CHCS);
F3c© IR 3367, 1745, 1705, 1327, 1158, 1125 ttH NMR (400 MHz, CDC)) &
7.65 - 7.60 (m, 3H, Ar-H), 7.51 (t, 18,= 7.7 Hz, Ar-H), 5.74 (d (br), 1H}

6n = 5.3 Hz, NH), 5.42 (d, 1H] = 6.9 Hz, CHAr), 3.76 (s, 3H, OMe), 1.46 (s,
9H, Boc);**C NMR (125 MHz, CDG)) 5 170.8, 154.7, 138.2, 131.2 (¢
= 32.3 Hz), 130.6, 129.3, 125.3, 123.8 Jgr = 272.4 Hz), 123.7, 80.5, 57.2, 53.0, 28%;
NMR (200 MHz, CDC)) 8-62.5; HRMS (ESI) calcd. fgH:sFsNNaQ,: [M + NaJ',

356.1086; found [M + N&] 356.1089.

249



(R)-Methyl 2-(tert-butoxycarbonylamino)-2-(4-fluoro-3-methoxyphenyl)@etate (60)

o] Prepared according to the general procedure, rgjafiom imidate5o0
Meo)]\i/NHBoc (0.080 g, 0.26 mmol), carbamaé® (0.051 g, 62%) was obtained as a

yellow oil: R 0.48 (EtOAc : hexanes 1 : 5p]p*° = -5.3 € 0.95, CHCY);

MeOQ IR 3386, 1743, 1707, 1515, 1158 ¢nfH NMR (400 MHz, CDCY) & 7.07
F (dd, 1H,J=10.9, 8.3 Hz, Ar-H), 6.99 (dd, 1K= 7.8, 1.5 Hz, Ar-H), 6.93 -

60 6.89 (m, 1H, Ar-H), 5.61 (d, 1H} = 5.9 Hz, NH), 5.28 (d, 1H] = 7.0 Hz,

CHAr), 3.91 (s, 3H, OMe), 3.75 (s, 3H, OMe), 1.46 9H, Boc):**C NMR (125 MHz,
CDCl;) 3171.4, 154.74, 152.3 (de.r = 247.1 Hz), 147.9 (dlc.r = 10.9 Hz), 133.3, 119.4 (d,
Jor = 6.8 Hz), 116.3 (dJc.r = 18.6 Hz), 112.4, 80.4, 57.2, 56.3, 52.8, 28B:NMR (200
MHz, CDCk) 6 -135.3; HRMS (ESI) calcd. gH,0FNNaGs: [M + NaJ*, 336.1223; found [M
+ NaJ', 336.1220.
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General Procedure for the synthesis of quaternary &ollkopf adducts

OMe

2,

MeO N|/<|(0Me

MeO
PN

4

484

General Procedure:secBuLi (2.15 mL of a 1.28 M solution in cyclohexar®2/5 mmol)
was added drop-wise with stirring to imidé8e0.18 mL, 1.00 mmol) and 2-chloro-1, 4-
dimethoxybenzene3B88) (0.21 mL, 1.50 mmol) in THF (5 mL) at —95 °C. Thexture was
maintained at —95 °C for 30 min, before being aldwto warm to room temperature
overnight. The mixture was re-cooled to =78 °C wkiam electrophile (4 equiv) was added
and stirring was continued at —=78 °C until GC-MQlgsis indicated that the reaction was
complete. The mixture was warmed to room tempegand HO (5 mL) was added and the
mixture extracted with EtOAc (15 mL x 3). The comdxl organic layers were washed with
brine (5 mL), dried (MgS®), filtered and concentrated vacuo

(2R,5R)-2-(2,5-Dimethoxyphenyl)-5tso-propyl-3,6-dimethoxy-2-methyl-2,5-
dihydropyrazine (484a)

Imidate484awas prepared according to the general procedomeloging
OMe Mel (0.25 mL, 4.00 mmol) as the electrophile at =@ for 1 h.
@ Purification by flash column chromatography (EtOA®xanes 1:15to 1
MeO N;<(°Me : 8) gave484a(0.307 g, 94 : 6 dr, 92%) as an off-white solid:pM.
LN (EtOAc/hexanes) 32-34 °C;;R.55 (EtOAc : hexanes 1 : 4)a]p®® =
MeO™ -88.3 € 1.2, CHC}); IR 1688 (C=N), 1671 (C=N), 1497, 1462, 1224,
a 1201 cm®; *H NMR (400 MHz, CDGJ) major isomerd 7.03 (d, 1HJ =
484a 2.3 Hz, Ar-H), 6.80 (m, 2H, Ar-H), 3.95 (d, 1H= 3.2 Hz, CHiPr), 3.81
(s, 3H, OMe), 3.64 (s, 6H, 2 x OMe), 3.64 (s, 3H)&), 2.47 (dsept, 1H,
J=6.8, 3.2 Hzj-Pr), 1.64 (s, 3H, C¥), 1.20 (d, 3HJ = 6.9 Hz,i-Pr), 0.87 (d, 3HJ = 6.7
Hz, i-Pr); *C NMR (125 MHz, CDGJ) major isomerd 166.5, 162.4, 153.2, 152.3, 133.9,
113.9, 112.6, 111.8, 59.9, 58.8, 56.0, 55.5, 52274, 30.0, 26.1, 19.8, 17.1; HRMS (ESI)
calcd. GgH,7N2O4: [M + H]¥, 335.1971; found [M + H] 335.1979.

251



(2R,5R)-2-Benzyl-2-(2,5-dimethoxyphenyl)-5so-propyl-3,6-dimethoxy-2,5-
dihydropyrazine (484b)

OMe Imidate484bwas prepared according to the general procedomeloging
BnBr (0.48 mL, 4.00 mmol) as the electrophile at8—"TC for 6 h.
MeG N%?'ZOMe ?urification by flash column chr?matograprly (EtOAxanes 1 : 15 tol
Jy'" : 8) gave484b (0.360 g, >98 : 2 dr, 88%) as a yellow solid: M.p.
MeO™ (EtOAc/hexanes) 86-88 °C; P.4 (EtOAc : hexanes 1 : Ju]p>° = 9.6
N (c 0.8, CHCY); IR 1692 (C=N), 1668 (C=N), 1497, 1461, 1299, 0,23

484 1193 cni’; 'H NMR (400 MHz, CDCY) & 7.24 (dd, 3H,J = 5.1, 2.1 Hz,

Ar-H), 7.19 (d, 1HJ = 2.7 Hz, Ar-H), 7.07 (m, 2H, Ar-H), 6.85 (m, 2Hr-Al), 3.84 (s, 3H,
OMe), 3.70 (s, 3H, OMe), 3.67 (s, 3H, OMe), 3.663(d, OMe), 3.48 (AB, 2H) = 12.2 Hz,
CH,Ph), 2.11 (d, 1H) = 3.0 Hz, CHiPr), 2.08 (m, 1Hi-Pr), 0.89 (d, 3H, = 6.7 Hz,i-Pr),
0.71 (d, 3H,J = 6.6 Hz,i-Pr); *C NMR (125 MHz, CDG)) & 163.7, 162.3, 153.2, 152.5,
136.3, 134.0, 131.3, 127.5, 126.5, 114.2, 113.2,0,63.3, 60.1, 56.1, 55.6, 52.6, 52.2, 44.3,
29.8, 19.5, 17.4; HRMS (ESI) calcd483:N:04: [M + H]*, 411.2284; found [M + H]
411.2272. X-ray crystal dataFs0N204 M = 410.50, Monoclinic, P2(1), a=9.97411(9) A, b
= 13.15260(10) A, ¢ = 17.19106(14) &,= 90°, = 103.3454(9)°y = 90°, V= 2194.32(3)
A3, 7= 4, D= 1.243 Mg/ni, u(Cu-Ka) = 0.682 mnit, T = 173 K, colourless blocks, 57518 /
8630 independent measured reflections, 8100 indkperobserved reflections [Fo&)],
550 parameters.
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(2R,5R)-2-Allyl-2-(2,5-dimethoxyphenyl)-5iso-propyl-3,6-dimethoxy-2,5-
dihydropyrazine (484c)

OMe Imidate484cwas prepared according to the general procedorgloging
allyl bromide (0.35 mL, 4.00 mmol) as the electribplat =78 °C for 1 h.
@ / Purification by flash column chromatography (EtOA®xanes 1:15to 1

MeO : 10) gave484c(0.305 g, >98 : 2 dr, 85%) as a colourless ojl; (R52

Moo N (EtOAcC : hexanes 1 : 3)p]p®® = -59.5 ¢ 1.0, CHCY); IR 1689 (C=N),
P 1670 (C=N), 1498, 1299, 1227, 1140 ¢nfH NMR (400 MHz, CDCY) &
484c 7.04 (d, 1H,J = 2.7 Hz, Ar-H), 6.81 (m, 2H, Ar-H), 5.73 (m, 1H,

CH=CH;,), 5.11 (m, 2H, CH=C}), 3.88 (d, 1H,) = 3.5 Hz, CHiPr), 3.80
(s, 3H, OMe), 3.68 (s, 3H, OMe), 3.67 (s, 3H, OM&J6 (s, 3H, OMe), 2.96 (dd, 1=
13.1, 7.1 Hz, CHCH=CH,), 2.91 (dd, 1H,) = 13.0, 7.7 Hz, CbCH=CH,), 2.40 (dsept, 1H,
J=6.9, 3.7 Hzj-Pr), 1.17 (d, 3H,) = 6.9 Hz,i-Pr), 0.86 (d, 3H) = 6.8 Hz,i-Pr); °C NMR
(125 MHz, CDC}) & 163.9, 163.2, 153.2, 152.4, 133.4, 133.3, 11914,.4, 113.1, 112.2,
62.2, 61.2, 56.1, 55.6, 52.7, 52.4, 43.8, 30.59,107.7; HRMS (ESI) calcd. gH2oN,04: [M
+ HJ*, 361.2127; found [M + H] 361.2112.

(2S,5R)-2-(2,5-Dimethoxyphenyl)-5iso-propyl-3,6-dimethoxy-2-(methoxymethyl)-2,5-
dihydropyrazine (484d)

Ole Imidate484dwas prepared according to the general procedomeloging
/ MOMCI (0.30 mL, 4.00 mmol) as the electrophile at8-"C for 1 h.
MeO }§8Me Purification by flash column chromatography (EtOA®xanes 1:15to0 1

' - 5) gave484d (0.20 g, 95 : 5 dr, 53%) as an off-white solid: M.p

(EtOAc/hexanes) 48-50 °;R.29 (EtOAc : hexanes 1 : 4j]p*° = -64.2
(c 1.1, CHCY); IR 1696 (C=N), 1501, 1464, 1230, 1136 ¢mtH NMR
(400 MHz, CDC%) major isomerd 6.81 (m, 3H, Ar-H), 4.11 (d, 1H =
8.9 Hz, CHOMe), 4.02 (d, 1HJ = 3.3 Hz, CHiPr), 3.86 (d, 1HJ = 8.9
Hz, CH,OMe), 3.78 (s, 3H, OMe), 3.67 (s, 9H, 3 x OMe),&8(3, 3H, CHOCHs), 2.43
(dsept, 1HJ = 6.8, 3.3 Hzj-Pr), 1.18 (d, 3HJ = 6.9 Hz,i-Pr), 0.84 (d, 3HJ = 6.7 Hz,i-Pr);
3C NMR (125 MHz, CDGJ) major isomer 164.4, 162.9, 153.2, 152.3, 131.5, 113.9, 113.2,
112.2, 77.8, 63.0, 61.0, 59.8, 56.3, 55.6, 52.76,520.3, 19.8, 17.4; HRMS (ESI) calcd.
C1oH29N20s: [M + H]*, 365.2076; found [M + H] 365.2071.
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(2R,5R)-2-(2,5-Dimethoxyphenyl)-5tso-propyl-3,6-dimethoxy-2-(prop-2-ynyl)-2,5-
dihydropyrazine (484e)

OMe Imidate 484e was prepared according to the general procedure,
employing propargyl bromide (0.59 g of an 80% wtPhMe solution,
/C: 4.00 mmol) as the electrophile at =78 °C for 1 trifitation by flash
|

MeO -~ -OMe  column chromatography (EtOAc : hexanes 1 : 10 to5) gave484e

Meo)l\:/N (0.285 g, >98 : 2 dr, 80%) as a white solid: Mpt(Ac/hexanes) 59-
AN 60 °C; R 0.38 (EtOAc : hexanes 1 : 43]p>° = -58.8 ¢ 1.3, CHCY);
484e IR 1692 (C=N), 1667 (C=N), 1500, 1228, 1033 &mtH NMR (400

MHz, CDCk) & 6.84 (m, 3H, Ar-H), 4.16 (d, 1Hl = 3.6 Hz, CHiPr),
3.78 (s, 3H, OMe), 3.72 (s, 6H, 2 x OMe), 3.713d, OMe), 3.21 (dd, 1H] = 16.1, 2.6 Hz,
CH,C=CH), 3.16 (dd, 1HJ = 16.1, 2.6 Hz, ChC=C), 2.39 (dsept, 1Hl = 6.8, 3.6 Hzj-Pr),
1.97 (t, 1H,J = 2.6 Hz, GCH), 1.18 (d, 3H,) = 6.9 Hz,i-Pr), 0.84 (d, 3H,) = 6.8 Hz,i-Pr);
13C NMR (125 MHz, CDGJ) 6 164.2, 163.0, 153.2, 152.3, 132.1, 144.5, 11318,6] 80.7,
70.7, 62.5, 61.3, 56.5, 55.6, 52.8, 52.7, 30.79,107.7; HRMS (ESI) calcd. gH,7N,04: [M
+ H]*, 359.1971; found [M + H] 359.1967.

tert-Butyl 2-((2R,5R)-2-(2,5-Dimethoxyphenyl)-5tso-propyl-3,6-dimethoxy-2,5-
dihydropyrazin-2-yl)acetate (484f)

oM . .
eo Imidate 484f was prepared according to the general procedure,
/ O-tBu

employing tert-butyl bromoacetatg0.59 mL, 4.00 mmol) as the

MeO L_ome electrophile at =78 °C for 3 h. Purification by dta column
" o)l\/lN chromatography (EtOAc : hexanes 1 : 10 to 1 : Sedad@4f (0.220 g,
e Y
/\ >98 : 2 dr, 51%) as a colourless oik, R52 (EtOAc : hexanes 1 : 4);

[a]p® = -43.3 € 0.9, CHCH); IR 1728 (C=0),1691 (C=N),1498,
484f 1356, 1230, 1153 cry *H NMR (400 MHz, CDCJ) & 6.86 (m, 1H,
Ar-H), 6.77 (m, 2H, Ar-H), 3.96 (d, 1Hl = 4.6 Hz, CHiPr), 3.78 (s,
3H, OMe), 3.75 (s, 3H, OMe), 3.72 (s, 6H, 2 x OM&B2 (AB quartet, 2HJ) = 14.1 Hz,
CH.Ph), 2.20 (m, 1Hi-Pr), 1.40 (s, 9Ht-Bu), 1.08 (d, 3H, = 6.8 Hz,i-Pr), 0.80 (d, 3HJ =
6.8 Hz,i-Pr); *C NMR (125 MHz, CDCJ) 8 170.2, 164.1, 162.6, 153.2, 152.4, 132.9, 114.8,
114.7, 113.0, 79.9, 62.2, 61.4, 57.0, 55.6, 52265,545.1, 31.3, 27.9, 19.9, 18.4; HRMS
(ESI) calcd. GaHasN-Og: [M + H]*, 435.2495; found [M + H] 435.2485.
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1-((2R,5R)-2-(2,5-Dimethoxyphenyl)-5iso-propyl-3,6-dimethoxy-2,5-dihydropyrazin-2-
yl)ethanone (484q)

Imidate484gwas prepared according to the general procedomeloging
acetyl chloride (0.29 mL, 4.00 mmol) as the elguhite at =78 °C for 3 h.

OMe
o}
@ Purification by flash column chromatography (EtOAdexanes 1 : 5)
MeO Nl' M gave 484g (0.215 g, 89 : 11 dr, 59%) as a yellow solid: M.p.
N

MeO™ (EtOAc/hexanes) 83-84 °C;;{R0.33 (EtOAc : hexanes 1 : 4]p®° =
A ~183.3 €0.9, CHCH: IR 1679 (C=N), 1630 (C=0), 1487, 1356, 1209,
484g 1176 cm*; *H NMR (400 MHz, CDCJ) major isomerd 7.05 (d, 1HJ =

2.9 Hz, Ar-H), 6.87 (m, 2H, Ar-H), 4.80 (d, 1H,= 10.3 Hz, CHPr),
3.82 (s, 3H, OMe), 3.80 (s, 3H, OMe), 3.79 (s, 8Mle), 3.51 (s, 3H, OMe), 2.28 (s, 3H,
CHa), 2.39 (dsept, 1H] = 10.3, 6.7 Hzj-Pr), 1.01 (d, 6H,) = 6.7 Hz,i-Pr); **C NMR (125
MHz, CDCk) major isomerd 172.1, 160.5, 153.5, 151.5, 136.0, 126.3, 11619,7, 113.7,
112.5, 58.3, 57.2, 56.4, 55.8, 53.6, 26.9, 23.33,188.8; HRMS (ESI) calcd. 16H2/N,Os;
[M + H]*, 363.1920; found [M + H] 363.1912.

(2R,5R)-2-(2,5-Dimethoxyphenyl)-5tso-propyl-3,6-dimethoxy-2-((6-methylpyridin-2-
yl)methyl)-2,5-dihydropyrazine (484h)

Imidate 484h was prepared according to the general procedure,
employing 2-(bromomethyl)-6-methylpyridin@®.74 g, 4.00 mmol) in
THF (5 mL) as the electrophile at —=78 °C for 5 hrification by flash
column chromatography (EtOAc : hexanes 1 : 5 to1) gave484h
(0.300 g, >98 : 2 dr, 71%) as a yellow oif, 17 (EtOAc : hexanes 1 :
4); [a]p® = 3.4 € 1.0, CHC}); IR 1692 (C=N),1668 (C=N),1497,

484h 1356, 1227, 1031 ¢y *H NMR (400 MHz, CDCY) & 7.43 (t, 1H,J =

7.6 Hz,Ar-H), 7.18 (d, 1HJ = 2.7 Hz, Ar-H), 7.01 (d, 1H] = 7.6, Ar-

H), 6.84 (m, 3H, Ar-H), 3.82 (s, 3H, OMe), 3.70 8, OMe), 3.67 (s, 3H, OMe), 3.66 (s,
3H, OMe), 3.64 (AB quartet, 2H), = 12.0 Hz, CHPh), 2.51 (s, 3H, CH, 2.17 (d, 1HJ =
3.2 Hz, CHiPr), 2.13 (m, 1Hi-Pr), 0.93 (d, 3H) = 6.8 Hz,i-Pr), 0.73 (d, 3H,) = 6.7 Hz,i-
Pr); *C NMR (125 MHz, CDGJ) d 163.3, 162.5, 157.4, 156.6, 153.3, 152.5, 13533,8],
122.4, 120.6, 114.1, 113.3, 112.5, 63.2, 60.0,,56862%, 52.6, 52.4, 46.5, 29.8, 24.4, 19.6,
17.4; HRMS (ESI) calcd. GH3N304: [M + H]*, 426.2393; found [M + H] 426.2372.
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((25,5R)-2-(2,5-Dimethoxyphenyl)-5iso-propyl-3,6-dimethoxy-2,5-dihydropyrazin-2-
yl)(phenyl)methyl benzoate (484i)

Imidate 484i was prepared according to the general procedure,
employing PhCHQ(0.41 mL, 4.00 mmol) as the electrophile at =78 °C
for 12 h. The residue was then taken up in,CKH(5 mL) and benzoyl
chloride (0.23 mL, 2 mmol) and DMAP (0.61 g, 5 minatided, before
the mixture was stirred at room temperature ovétnig he mixture was
guenched with BD (5 mL) and extracted with EtOAc (2 x 5 mL), befor
being dried (MgS6@), filtered and concentrated vacuo Purification by
flash column chromatography (PhMe) gave a 1 : ltuneof benzoyl
protected alcohol484i (0.366 g, >98 : 2 dr, 69%) as a colourless oil0F61(PhMe)ja]p>

= - 103.8 ¢ 1.0, CHC}); IR 1722 (C=0), 1691(C=N), 1498, 1273, 1238, 1229 H
NMR (400 MHz, CDC}) both isomers 8.02 (d, 2H,J = 7.3 Hz, Ar-H), 7.94 (d, 2H] = 7.4
Hz, Ar-H), 7.51 (m, 2H, Ar-H), 7.38 (m, 4H, Ar-HY.36 (s, 1H, CK¥dBz), 7.33 (s, 1H,
CHOBz), 7.27 (m, 6H, Ar-H), 7.19 (m, 4H, Ar-H), 6.98, 1H,J = 3.0 Hz, Ar-H), 6.92 (d,
1H, J = 2.5 Hz, Ar-H), 6.80 (m, 4H, Ar-H), 3.91 (s, 3BMe), 3.88 (s, 3H, OMe), 3.81 (d,
1H,J = 3.8 Hz, CHtPr), 3.71 (s, 3H, OMe), 3.70 (s, 6H, 2 x OMe), 3(683H, OMe), 3.67
(s, 3H, OMe), 3.66 (s, 3H, OMe), 2.58 (d, 1Hs 3.4 Hz, CH-Pr), 2.17 (m, 1Hi-Pr), 2.06
(m, 1H,i-Pr), 0.94 (d, 3H) = 6.9 Hz,i-Pr), 0.91(d, 3H,) = 6.8 Hz,i-Pr), 0.71(d, 3H) = 6.7
Hz, i-Pr), -0.14 (d, 3H,J = 6.8 Hz,i-Pr); *C NMR (125 MHz, CDGJ) both isomers
0 166.0, 165.9, 164.4, 164.3, 160.9, 159.6, 153.3, 153.0, 152.6, 152.6, 137.8, 137.7, 137.4,
132.7, 132.7, 130.8, 130.7, 129.8, 128.7, 129.1, 128.6, 128.3, 128.3, 128.0, 127.8, 127.8, 127.
4,125.3, 116.2, 114.5, 114.0, 113.7, 113.4, 113.3, 78.4, 77.1, 68.1, 66.7, 60.4, 59.6, 56.9, 56.

4, 55.6, 55.5, 52.8, 52.6, 52.4, 52.3, 30.4, 29.8, 21.5, 19.5, 17.4, 15.5. HRMS (ESI) calcd.
Ca1H3sN206: [M + H]*, 531.2495; found [M + H] 531.2485.
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N-(((2S,5R)-2-(2,5-dimethoxyphenyl)-5isopropyl-3,6-dimethoxy-2,5-dihydropyrazin-2-
yl)(phenyl)methyl)-4-methylbenzenesulfonamide (484

OMe Imidate484j was prepared according to the general procedongloging
NuTs & solution of E)-N-benzylidene-4-methylbenzenesulfonamide (1.04 g,
. pPh 4.00 mmol) in THF (5 mL) as the electrophile at =8 for 12 hours.
MeO -~ ] OMe  pyrification by flash column chromatography (EtOAgexanes 1 : 20 to
Meo)lyN 1 : 8), followed by recrystallisation from EtOH gaa 87 : 13 unassigned
AN mixture of tosyl aminegl84j (0.411 g, >98 : 2) as a white solid; M.p.
484j (EtOH) 135-136 °C; R0.47 (EtOAc : hexanes 1 : 4); IR 1690 (C=N),

1498, 1234, 1159 cry *H NMR (400 MHz, CDC}) both isomers> 7.32
(m, 3H, Ar-H), 7.09 (m, 7H, Ar-H), 6.94 (m, 10H, At), 6.82 (dd, 2H,J = 9.0, 2.8 Hz, Ar-
H), 6.75 (dd, 2H, = 8.9, 3.3 Hz, Ar-H), 6.28 (d, 1H,= 8.1 Hz, GH), 5.81 (d, 1HJ = 8.6
Hz, NH), 5.78 (d, 1HJ = 8.3 Hz, NH), 5.61 (d, 1H] = 8.4 Hz, GH), 3.86 (s, 6H, 2 x OMe),
3.80 (s, 3H, OMe), 3.74 (s, 3H, OMe), 3.71 (s, BMe), 3.67 (s, 6H, 2 x OMe), 3.51 (s, 3H,
OMe), 2.58 (d, 1HJ = 3.7 Hz, CHiPr), 2.46 (d, 1HJ = 2.9 Hz, CHiPr), 2.34 (s, 3H, C§),
2.31 (s, 3H, Ch), 2.07 (m, 1Hj-Pr), 1.94 (m, 1Hi-Pr), 0.85 (d, 3H,) = 7.2 Hz,i-Pr), 0.83
(d, 3H,J = 7.5 Hz,i-Pr), 0.61 (d, 3H, = 6.7 Hz,i-Pr), 0.61 (d, 3H, = 6.7 Hz,i-Pr); **C
NMR (125 MHz, CDC}) both isomersd 165.3, 164.7, 160.7, 160.0, 152.9, 152.7, 152.0,
142.2, 141.9, 138.8, 138.3, 137.1, 136.1, 130.9,212129.1, 128.8, 128.7, 128.4, 127.3,
127.0, 126.9, 126.9, 126.8, 126.7, 116.3, 114.8,111113.8, 113.7, 113.0, 67.4, 66.7, 61.8,
60.4, 60.4, 60.0, 56.2, 55.9, 55.9, 55.7, 52.96,582.5, 52.5, 30.6, 30.3, 21.3, 21.3, 19.5,
19.5, 17.7, 17.5; HRMS (ESI) calcdz:83gN306S: [M + HJ", 580.2481; found [M + H]
580.2463.
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(R)-1-((2R,5R)-2-(2,5-Dimethoxyphenyl)-5iso-propyl-3,6-dimethoxy-2,5-
dihydropyrazin-2-yl)propan-2-ol (484k)

oM Imidate484k was prepared according to the general procedomeloging

e
@ oH R-propylene oxidg0.28 mL, 4.00 mmol) and BFOEL (0.49 mL, 4.00
MeO N/”' ome mmol) as the electrophile at =78 °C for 1 h. Paaffion by flash column
MeO | 'N chromatography (EtOAc : hexanes 1 : 5to 1 : 1)egi84k (0.186 g, >98
PN : 2 dr, 50%) as a yellow oil;{R0.21 (EtOAc : hexanes 1 : 3p]p>° = -61
484k °C (€ 0.7, CHC}); IR 3433 (OH), 1689 (C=N), 1670 (C=N),1498, 1229,
1050 cm*; *H NMR (400 MHz, CDCJ) 4 6.84 (m, 2H, Ar-H), 6.77 (dd,
1H, J = 8.9, 3.0 Hz, Ar-H), 4.07 (s(br), 1H, OH), 7.23 (H,J = 3.9 Hz, CH+Pr), 3.80 (m,
1H, CHOH), 3.80 (s, 3H, OMe), 3.77 (s, 3H, OMe), 3.773d, OMe), 3.76 (s, 3H, OMe),
2.41 (m, 2H, CH), 1.62 (m, 1H;-Pr); **C NMR (125 MHz, CDGJ) 5 167.5, 165.0, 153.2,
151.2, 134.5, 114.6, 113.9, 112.8, 66.1, 64.4, 68616, 55.7, 53.0, 52.8, 47.5, 31.5, 23.6,
20.1, 19.4; HRMS (ESI) calcd o8H3:N20s: [M + H]*, 379.2233; found [M + H] 379.2217.
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(2R,5R)-2-Benzyl-5iso-propyl-3,6-dimethoxy-2-(3-(trifluoromethyl)phenyl)-2,5-

dihydropyrazine (486) CF
3

<

-~ Bn

Nl/QWOMe

N
MeO

PN

486

n-BuLi (2.14 mL of a 1.4 M solution in hexane, 3.0Mnol) was added drop-wise to imidate
3 (0.18 mL, 1.00 mmol) and 1-chloro-2-(trifluoromgfvenzene 479 (0.23 mL, 1.75
mmol) in THF (5 mL) at =78 °C. The mixture was ntained at —78 °C for 30 min, before
being allowed to warm to room temperature overnighe mixture was re-cooled to =78 °C,
BnBr (0.48 mL, 4.00 mmol) was added to the mixtangl stirred at =78 °C for 6 h. The
mixture was warmed to room temperature an® H5 mL) was added and the mixture
extracted with EtOAc (15 mL x 3). The combined anigdayers were washed with brine (5
mL), dried (MgSQ), filtered and concentratad vacuo The residue was purified by flash
column chromatography (EtOAc : hexanes 1 : 20)ite 486(0.220 g, >98 : 2 dr, 67%) as a
yellow solid.

M.p. (EtOAc/hexanes) 31-33 °C; ®.71 (EtOAc : hexanes 1 : dn]p™ = -46.6 ¢ 1.5,
CHCL); IR 1689 (C=N), 1436, 1328, 1117 cim*H NMR (400 MHz, CDC}) 5 7.88 (m, 2H,
Ar-H), 7.52 (m, 2H, Ar-H), 7.25 (m, 3H, Ar-H), 7.1&, 2H, Ar-H), 3.83 (s, 3H, OMe), 3.75
(d, 1H,J = 2.7 Hz, CHiPr), 3.72 (s, 3H, OMe), 3.15 (AB quartet, 2Hs 8.1 Hz, CHPh),
2.12 (m, 1H,-Pr), 0.91 (d, 3H, = 6.9 Hz,i-Pr), 0.54 (d, 3H,) = 6.8 Hz,i-Pr); *C NMR
(125 MHz, CDC}) 5163.8, 161.0, 158.8, 145.2, 136.5, 130.5, 130.8,212127.7, 126.6,
125.8 (q,Jc.r = 245 Hz),124.0, 123.8, 64.8, 60.4, 52.5, 52.3, 46.9, 31913,117.0:°F NMR
(200 MHz, CDC}) 5-62.8; HRMS (ESI) calcd. £H26FN20y: [M + H]*, 419.1946; found
[M + H]*, 419.1942.
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(2R,5R)-2-Allyl-5-iso-propyl-3,6-dimethoxy-2-(3-methoxyphenyl)-2,5-dihydopyrazine

(487) OMe

O
NﬁMe
Meo)l\/ N

PN
487

secBuLi (2.73 mL of a 1.1 M solution in cyclohexaneD@ mmol) was added drop-wise to
imidate3 (0.18 mL, 1.00 mmol) and 3-chloroanis@#'7) (0.21 mL, 1.75 mmol) in THF (5
mL) at —95 °C. The mixture was maintained at —95&C30 min, before being allowed to
warm to room temperature overnight. The mixture wagooled to =78 °C before allyl
bromide (0.35 mL, 4.00 mmol) was added to the me&xtand stirred at =78 °C for 6 h. The
mixture was warmed to room temperature an® H5 mL) was added and the mixture
extracted with EtOAc (15 mL x 3). The combined anigdayers were washed with brine (5
mL), dried (MgSQ), filtered and concentratad vacuo The residue was purified by flash
column chromatography (GBI, : hexanes 1 : 1) to giv87(0.240 g, >98 : 2 dr, 76%) as a
colourless oll.

Ri 0.69 (EtOAc : hexanes 1 : Iu]p®®> = -101.6 ¢ 0.9, CHCh); IR 1689 (C=N), 1602,
1434, 1236, 1142 crhi *H NMR (400 MHz, CDCJ) & 7.25 (t, 1H,J = 8.0 Hz, Ar-H), 7.15
(dd, 1H,J = 7.9, 0.9 Hz, Ar-H), 7.11 (t, 1H,= 2.0 Hz, Ar-H), 6.81 (dd, 1H] = 8.1, 2.0 Hz,
Ar-H), 5.64 (m, 1H, CHCH,), 5.09 (m, 2H, CH=C}), 3.96 (d, 1HJ = 4.1 Hz, CHiPr),
3.82 (s, 3H, OMe), 3.81 (s, 3H, OMe), 3.71 (s, 8Me), 3.03 (dd, 1HJ = 13.2, 7.4 Hz,
CH,CH=CH,), 2.64 (dd, 1H,J = 13.1, 7.1 Hz, CbCH=CH,), 2.17 (m, 1Hj-Pr), 1.03 (d,
3H, J = 6.9 Hz,i-Pr), 0.66 (d, 3H, = 6.8 Hz,i-Pr); *C NMR (125 MHz, CDGJ) 5 163.5,
162.8, 159.1, 145.7, 133.7, 128.7, 119.1, 118.8,011111.9, 64.1, 61.2, 55.1, 52.5, 52.5,
46.0, 31.7, 19.6, 17.7; HRMS (ESI) calcdidN,Os: [M + H]*, 331.2022; found: [M +
H]*, 331.2015.
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(R)-Methyl 2-((R)-2-(tert-butoxycarbonylamino)-2-(2,5-
dimethoxyphenyl)propanamido)-3-methylbutanoate (488)

MeO

488a

0.5 M HCI (1.9 mL, 0.93 mmol) was added to imid48#a(0.138 g, 0.41 mmol) in THF (3
mL), and the resulting mixture stirred at room temgpure for 36 h. Saturated aqueous
NaCO;s solution was added drop-wise until pH 9. The mmgtwas poured into 4@ (5 mL),
and extracted with EtOAc (3 x 5 mL). The combimedanic layers were washed with brine
(5 mL), dried (MgSQ), filtered and concentratad vacuo The residue was re-dissolved in
CH.CI; (3 mL), and sequentially dsopropylethylamine (0.16 mL, 0.90 mmol) and BOc
(0.19 g, 0.86 mmol) were added. The mixture wegestat room temperature for 48 h, after
which the mixture was concentrated vacuo The residue was purified by flash column
chromatography (C¥Cl, : MeOH (NH;) 30:1) to give488a(0.134 g, 75%, 96 : 4 dr) as a
yellow gum.

R 0.74 (CHCl, : MeOH 10 : 1)ja]p® = -12.2 € 0.8, CHC}); IR 3429 (NH), 1731 (C=0),
1688 (C=0), 1464, 1223, 1168, 1143 ¢mH NMR (400 MHz, CDCJ) major isomerd 7.11
(d, 1H,J = 2.3 Hz, Ar-H), 6.85 (m, 2H, Ar-H), 6.28 (s(br)H22 x NH), 4.52 (dd, 1HJ =
8.7, 5.1 Hz, CHPr), 3.82 (s, 3H, OMe), 3.72 (s, 3H, OMe), 3.673(3, OMe), 2.11 (m, 1H,
i-Pr), 1.96 (s, 3H, Ch), 1.35 (s, 9H, Boc), 0.92 (d, 38= 6.8 Hz,i-Pr), 0.82 (d, 3H) = 6.9
Hz, i-Pr); *C NMR (125 MHz, CDGCJ) major isomer 174.3, 172.0, 154.2, 153.1, 151.0,
129.6, 115.6, 113.2, 112.2, 79.1, 60.4, 57.2, 55586, 52.0, 31.4, 28.3, 24.3, 19.0, 17.6;
HRMS (CI) calcd. GoH3sN-O;Na: [M + NaJ, 461.2264; found [M + N&] 461.2204.
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(R)-Methyl 2-((S)-2-(tert-Butoxycarbonylamino)-2-(2,5-dimethoxyphenyl)-3-
methoxypropanamido)-3-methylbutanoate (488d)

0.5 M HCI (0.62 mL, 0.31 mmol) was added to imio48dd (0.050 g, 0.14 mmol) in THF (1
mL), and the resulting mixture stirred at room temgpure for 36 h. Saturated aqueous
NaCO;s solution was added drop-wise until pH 9. The mmgtwas poured into 4@ (5 mL),
and extracted with EtOAc (3 x 5 mL). The combimedanic layers were washed with brine
(5 mL), dried (MgSQ), filtered and concentratad vacuo The residue was re-dissolved in
CH.CI, (2 mL), and sequentially dsoJropylethylamine (0.050 mL, 0.31 mmol) and BOc
(0.064 g, 0.29 mmol) were added. The mixture wased at room temperature for 48 h,
after which the mixture was concentratedvacuo The residue was purified by flash column
chromatography (C¥Cl; : MeOH (NHs) 50:1) to give488d (0.040 g, 61%, 95 : 5 dr) as a
colourless oll.

R 0.19 (CHCl, : MeOH 20 : 1)ja]p® = -1.3 € 1.05, CHC)); IR 3412 (NH), 1743 (C=0),
1716 (C=0),1682 (C=0), 1496, 1467, 1229, 1169, 1057%; *H NMR (400 MHz, CDCJ)
major isomed 7.05 (d, 1HJ = 2.52 Hz, Ar-H), 6.83 (m, 2H, Ar-H), 6.33 (s(bf)H, NH),
4.56 (dd, 1HJ = 8.8, 5.0 Hz, CHPr), 4.39 (d, 1H,) = 9.3 Hz, CHOMe), 3.92 (s(br), 1H,
CH,OMe), 3.80 (s, 3H, OMe), 3.72 (s, 3H, OMe), 3.663d, OMe), 3.42 (s, 3H, OMe),
2.13 (m, 1Hj-Pr), 1.37 (s, 9H, Boc), 0.93 (d, 3Bi= 6.8 Hz,i-Pr), 0.84 (d, 3HJ = 6.9 Hz,i-
Pr); *C NMR (125 MHz, CDC}) major isomed 172.0, 171.4, 154.4, 153.1, 151.4, 126.7,
116.0, 113.5, 112.2, 79.2, 73.5, 63.3, 59.0, 53%9, 55.5, 51.9, 31.3, 28.3, 18.9, 17.5;
HRMS (ESI) calcd. gzH3gN-OgNa: [M + NaJ', 491.2369; found [M + N&] 491.2351.
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(R)-Methyl 2-((R)-2-(tert-Butoxycarbonylamino)-2-(2,5-dimethoxyphenyl)pent-4
ynamido)-3-methylbutanoate (488e)

MeO
\
(0]

H
N. = OMe
MeOJ\/ NHBoc

0.5 M HCI (0.40 mL, 0.20 mmol) was added to imidé84e(0.032 g, 0.089 mmol) in THF
(2 mL), and the resulting mixture stirred at rocemperature for 36 h. Saturated aqueous
NaCO;s solution was added drop-wise until pH 9. The mmgtwas poured into 4@ (5 mL),
and extracted with EtOAc (3 x 5 mL). The combimedanic layers were washed with brine
(5 mL), dried (MgSQ), filtered and concentratad vacuo The residue was re-dissolved in
CH.Cl, (1.5 mL), and sequentially aso-jpropylethylamine (0.034 mL, 0.20 mmol) and
Boc,O (0.041 g, 0.19 mmol) were added. The mixture stiaged at room temperature for 48
h, after which the mixture was concentratedvacuo The residue was purified by flash
column chromatography (GBI, : MeOH (NH) 50:1) to give488e(0.032 g, 72%, > 98 : 2
dr) as a colourless oail.

R 0.24 (CHCI, : MeOH 20 : 1){a]p®° = -12.4 € 0.7, CHC}); IR 3405 (NH), 1740 (C=0),
1712 (C=0),1682 (C=0), 1496, 1468, 1226 tH NMR (400 MHz, CDC}) 5 7.13 (s, 1H,
Ar-H), 7.00 (s(br), 1H, NH), 6.86 (m, 2H, Ar-H),48 (s(br), 1H, NH), 4.55 (dd, 1H,= 8.3,
4.9 Hz, CH-Pr), 3.80 (s, 3H, OMe), 3.77 (s, 3H, OMe), 3.673(d, OMe), 3.60 (br d, 1H]

= 15.7 Hz, CHC=CH), 3.40 (br d, 1H) = 14.8 Hz, CHC=CH), 2.15 (m, 1Hj-Pr), 2.08 (s,
1H, C=CH), 1.42 (s, 9H, Boc), 0.95 (d, 3H,= 6.9 Hz,i-Pr), 0.87 (d, 3H,) = 6.9 Hz,i-Pr);
3C NMR (125 MHz, CDGJ) 5 171.9, 171.3, 154.1, 153.2, 150.8, 127.1, 115814,11, 112.5,
79.9, 79.5, 72.0, 62.9, 57.7, 55.9, 55.6, 51.9%4,348.3, 26.2, 19.0, 17.5; HRMS (ESI) calcd.
Co4H3aN,07Na: [M + NaJ', 485.2264; found [M + N&] 485.2246.
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(R)-Methyl  2-((R)-2-Amino-2-(3-methoxyphenyl)pent-4-enamido)-3-metyibutanoate
(489)

MeO

s o
MeO ;N NH,

A0

489

0.5 M HCI (0.69 mL, 0.34 mmol) was added to imidd&¥ (0.051 g, 0.15 mmol) in THF
(2.5 mL), and the resulting mixture stirred at rotemperature for 36 h. Saturated aqueous
NaCO;s solution was added drop-wise until pH 9. The mmgtwas poured into 4@ (5 mL),

and extracted with EtOAc (3 x 5 mL). The combimedanic layers were washed with brine
(5 mL), dried (MgSQ), filtered and concentrated vacuo The residue was purified by flash
column chromatography (EtOAc : hexanes 1 : 5) @ g89 (0.020 g, 40%, 95 : 5 dr) as a
colourless oll.

Rr 0.54 (EtOAc : hexanes 1 : In]p® = 3.3 € 1.6, CHC}); IR 3367 (NH), 1742 (C=0),
1675 (C=0), 1493, 1438, 1259 cn'H NMR (400 MHz, CDCJ) major isomes 8.10 (d,
1H,J = 9.0 Hz, NH), 7.29 (m, 1H, Ar-H), 7.19 (dd, 28i= 7.8, 1.0 Hz, Ar-H), 6.84 (m, 1H,
Ar-H), 5.70 (m, 1H, CHCH,), 5.22 (m, 2H, CHCH=CH,), 4.45 (dd, 1HJ = 9.1, 4.9 Hz,
CHi-Pr), 3.83 (s, 3H, OMe), 3.77 (s, 3H, OMe), 3.26, (8iH,J = 13.5, 6.3 Hz, CH=C}),
2.71 (dd, 1H,J = 13.4, 8.3 Hz, CH=C}}, 2.15 (m, 1Hj-Pr), 1.80 (s(br), 2H, N§}, 0.83 (d,
3H,J 6.9 Hz,i-Pr), 0.80 (d, 3HJ = 6.9 Hz,i-Pr); *C NMR (125 MHz, CDGCJ) major isomer
5174.2,172.5, 159.7, 144.5, 133.6, 129.4, 12017,8, 112.8, 111.6, 62.3, 57.0, 55.2, 52.0,
44.9, 31.2, 18.9, 17.5; HRMS (ESI) calcdigy/N,Os: [M + H]*, 335.1971; found: [M +
H]*, 335.1960.
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(3R,5R)-3-Amino-3-(2,5-dimethoxyphenyl)-5-methyldihydrofuan-2(3H)-one (491)

o)

? —NH;

~

MeO@OMe

491

0.5 M HCI (0.23 mL, 0.11 mmol) was added to imidé8dk (0.020 g, 0.050 mmol) in THF
(0.5 mL), and the resulting mixture stirred at rotemperature for 48 h. Saturated aqueous
NaCO;s solution was added drop-wise until pH 9. The mmgtwas poured into 4@ (5 mL),

and extracted with EtOAc (3 x 5 mL). The combimedanic layers were washed with brine
(5 mL), dried (MgSQ), filtered and concentrated vacuo The residue was purified by flash
column chromatography (GBI, : MeOH (NH;) 40:1) to give491(0.010 g, 80%, 96% ee) as
a colourless oil.

R: 0.48 (CHCIl, : MeOH (NH) 20:1); [a]p?® = -13.6 € 1.4, CHC}); IR 2932(NH), 1760
(C=0), 1494, 1229 ci; *H NMR (400 MHz, CDC}) 3 7.01 (d, 1H, = 2.9 Hz, Ar-H), 6.89
(d, 1H,J = 8.8 Hz, Ar-H), 6.83 (dd, 1H] = 8.9, 2.9 Hz, Ar-H), 4.52 (m, 1H, GEHs), 3.86
(s, 3H, OMe), 3.80 (s, 3H, OMe), 2.90 (dd, 1Hs 13.2, 6.4 Hz, Ch), 2.04 (dd, 1HJ =
13.1, 8.4 Hz, Cbh), 1.84 (s(br), 2H, Nb), 1.49 (d, 3H,J 6.2 Hz, CH); **C NMR (125 MHz,
CDCls) 8 179.5, 153.7, 150.4, 131.6, 113.3, 113.0, 11253,650.4, 55.9, 55.8, 46.3, 14.2;
HRMS (ESI) calcd. @H1eNO4: [M + H]*, 252.1236; found [M + H] 252.1231. The
enantiomeric excess was determined by HPLC. [CHIRACK® IC, 254 nm, hexanei:
PrOH =60 : 40, 1.0 mL/min]: 11.146 min (major),4%2 min (minor).
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1-((2R,59)-2-(2,5-Dimethoxyphenyl)-5isopropyl-3,6-dimethoxy-2,5-dihydropyrazin-2-
yl)ethanone (492)

OMe
(0]

MeCl N/¢0Me

MeO N

492

0.5 M HCI (0.55 mL, 0.27 mmol) was added to imidéddg(0.044 g, 0.12 mmol) in THF (2
mL), and the resulting mixture stirred at room temgpure for 36 h. Saturated aqueous
NaCO;s solution was added drop-wise until pH 9. The mmgtwas poured into 4@ (5 mL),
and extracted with EtOAc (3 x 5 mL). The combimedanic layers were washed with brine
(5 mL), dried (MgSQ), filtered and concentrated vacuo The residue was purified by flash
column chromatography (EtOAc : hexanes 1 : 8) @ ¢P2(0.042 g, 95%, 88 : 12 dr) as a
yellow oil.

R 0.55 (EtOAC : hexanes 1 : 4j]p> = 13.7 € 1.0, CHC}); IR 1747 (C=0), 1681 (C=N),
1503, 1416, 1223, 1050 ¢m*H NMR (400 MHz, CDCY) major isomer 7.15 (d, 1HJ =

3.0 Hz, Ar-H), 6.87 (d, 1H) = 8.9 Hz, Ar-H), 6.82 (dd, 1HI] = 8.9, 3.0 Hz, Ar-H), 4.30 (d,
1H,J =10.5 Hz, CHPr), 3.82 (s, 3H, OMe), 3.79 (s, 3H, OMe), 3.773{4, OMe), 3.63 (s,
3H, OMe), 2.74 (m, 1H-Pr), 2.40 (s, 3H, Ck), 1.16 (d, 3H,) = 6.5 Hz,i-Pr), 0.82 (d, 3H)

= 6.8 Hz,i-Pr); *C NMR (125 MHz, CDGJ) major isomerd 169.7, 153.7, 151.2, 143.9,
137.4, 124.6, 116.3, 115.6, 113.9, 112.9, 62.4,886.6, 55.8, 52.4, 28.9, 20.9, 19.6, 19.0,
14.7; MS (ESI) calcd. H27N»0s: [M + H]*, 363; found: [M + H], 363.
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(R)-Methyl 2-(tert-Butoxycarbonylamino)-2-(2,5-dimethoxyphenyl)propanate (495)

(o)

NHB
wao < NHBee
MeOOOMe

495

Imidate484a(0.10 g, 0.30 mmol) was stirred in 6 M$0, (1 mL) at room temperature for 3
days. Saturated aqueous,8&; solution was added drop-wise until pH 9. The om&twas
poured into HO (5 mL), and extracted with GBI, (3 x 5 mL). The combined organic
layers were washed with brine (5 mL), dried (MggQiltered and concentratad vacuo
The residue was re-dissolved in &Hb (2 mL), and sequentially dso-propylethylamine
(0.11 mL, 0.66 mmol) and BgO (0.14 g, 0.63 mmol) were added. The mixture stased
at room temperature for 48 h, after which the mixtwas concentratesh vacuo The
residue was purified by flash column chromatografffODAc : hexanes 1 : 5) to givi95
(0.057 g, 56%, 90% ee) as a colourless oil.

R: 0.54 (EtOAc : hexanes 1 : 3n]p®° = -36.8 € 0.6, CHC4); IR 3435 (NH), 1741 (C=0),
1717 (C=0), 1495, 1272 ¢ *H NMR (400 MHz, CDCJ) 8 7.06 (s, 1H, Ar-H), 6.80 (s(br),
2H, Ar-H), 6.14 (s, 1H, NH), 3.80 (s, 3H, OMe), 8.5, 3H, OMe), 3.71 (s, 3H, OMe), 1.97
(s, 3H, CH), 1.33 (s, 9H, Boc)**C NMR (125 MHz, CDGCJ) 5 174.9, 154.0, 153.2, 150.7,
130.6, 115.4, 112.6, 112.2, 79.2, 59.4, 56.2, 5558, 28.3, 22.6; HRMS (ESI) calcd.
C17H25NOgNa: [M + NaJ, 362.1580; found [M + N4&] 362.1563. The enantiomeric excess
was determined by HPLC. [CHIRALPACKIC, 254 nm, hexanei:PrOH = 90 : 10, 1.0
mL/min]: 8.533 min (major), 10.813 min (minor).
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(R)-Methyl 2-Amino-2-(3-methoxyphenyl)pent-4-enoate490)

o)
MeO~ NH,
N A
o)
490

Imidate487 (0.024 g, 0.073 mmol) was stirred in 6 M30, (1 mL) at room temperature for
3 days. Saturated aqueous,8i@; solution was added drop-wise until pH 9. The omat
was poured into O (5 mL), and extracted with GBI, (3 x 5 mL). The combined organic
layers were washed with brine (5 mL), dried (MggQ@iltered and concentratad vacuo
The residue was purified by flash column chromaippy (EtOAc : hexanes 1 : 3) to give
490(0.010 g, 58%, 90% ee) as a colourless oil.

R 0.65 (EtOAC : hexanes 1 : I]p™ = 12.1 € 1.4, CHC}); IR 2963 (NH), 1731 (C=0),
1493, 1438, 1259 cri *H NMR (400 MHz, CDCJ) & 7.30 (m, 1H, Ar-H), 7.14 (m, 2H, Ar-
H), 6.89 (dd, 1H,J = 7.8, 2.3 Hz, Ar-H), 572 (m, 1H, Gi€H,), 5.21 (m, 2H,

CH,CH=CH,), 3.85 (s, 3H, OMe), 3.76 (s, 3H, OMe), 3.00 (d#f, J = 13.6, 6.7 Hz,

C=CH,), 2.69 (dd, 1HJ = 13.7, 7.8 Hz, C=C}), 1.91 (s(br), 2H, Nb); °C NMR (125

MHz, CDCk) & 175.5, 159.7, 144.4, 132.9, 129.4, 120.0, 117127, 111.5, 63.1, 55.3,
52.6, 44.6; HRMS (ESI) calcd.1¢H1gNOs: [M + H]*, 236.1287; found [M + H] 236.1285.

The enantiomeric excess was determined by HPLCIRBHPACK® IC, 254 nm, hexane :
i-PrOH =60 : 40, 1.0 mL/min]: 3.773 min (major),.299 min (minor).
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Adduct 497

OMe

secBuLi (2.1 mL of a 1.3 M solution in cyclohexane/2 mmol) was added drop-wise to
imidate 3 (0.18 mL, 1.0 mmol) and 2-chloro-1, 4-dimethoxybeme(388) (0.21 mL, 1.5
mmol) in THF (5 mL) at —95 °C. The mixture was ntained at —95 °C for 30 min, before
being allowed to warm to room temperature overnigidl then re-cooled to -78 °C. A
solution of 1-chloro-2-(trifluoromethyl)benzer{879) (0.23 mL, 1.75 mmol) in THF (2.5
mL) at —78 °C was transferreth cannula to the reaction flask-BuLi (1.25 mL of a 1.6 M
solution in hexane, 2 mmol) was added drop-wisthéoreaction and stirred at =78 °C for 30
minutes before the reaction was allowed to warmotom temperature. Saturated aqueous
NH4CI solution (5 mL) was added and the mixture exedavith EtOAc (3 x 10 mL). The
combined organic layers were washed with briner(il(, dried over MgSQ filtered and
concentratedn vacuo The residue was purified by flash column chraygedaphy (EtOAC :
hexanes 1 : 10) to giv&97(0.093 g, 20%) as a yellow oil.

R 0.37 (EtOAC : hexane 1 : 5)a]p?® = 111.6 ¢ 0.3, CHCY); IR 2853, 1666 (C=N), 1498,
1220, 1130 cit; *H NMR (400 MHz, CDCY) 5 7.67 (d, 1H,J = 7.5 Hz, Ar-H), 7.64 (d, 1H,
J=17.8 Hz, Ar-H), 7.50 (t, 1H] = 7.6 Hz, Ar-H), 7.09 (d, 1H] = 2.9 Hz, Ar-H), 6.94 (d, 1H,
J=8.9 Hz, Ar-H), 6.87 (dd, 1H] = 8.9, 3.0 Hz, Ar-H), 3.84 (s, 3H, OMe), 3.75 (&, J =
3.5 Hz, CH-Pr), 3.75 (s, 3H, OMe), 3.53 (s, 3H, OMe), 3.403(d, OMe), 3.22 (s (br), 1H,
NH), 2.32 (m, 1H,-Pr), 1.10 (d, 3H,) = 6.8 Hz,i-Pr), 0.05 (d, 3H,) = 6.5 Hz,i-Pr); °C
NMR (125 MHz, CDC}) &163.2, 153.5, 152.3, 146.1, 137.2, 128.4, 127.9(d, Jo.r = 33.1
Hz), 127.3, 126.3 (dJc.r = 5.5 Hz), 125.9, 123.7 (de.r = 274.0 Hz), 114.4, 112.9, 112.5,
95.9, 69.2, 66.1, 56.2, 55.7, 53.1, 51.3, 26.07,235.3;'%F NMR (200 MHz, CDGJ)
5-57.6; HRMS (ESI) calcd. &HsFsN;04: [M + H]*, 465.2001; found [M + H] 465.1989.
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Appendices
Appendix 1

'H NMR for 5a showing major and minor diastereoisomer

CDCl3, 400 MHz
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Appendix 2

HPLC traces, showing lack of racemisation for commqus5a, 5f and5j

o
MeOJ\i/ NH,

OMe
/©/ Derived fromba, 94 : 6 dr. Peak Time Area
MeO 1 14.999  93.119
2 24.665 6.881
448

CHIRALPACK® IC, 292 nm, hexaneiso-propanol = 60 : 40, 1.0 mL/min

u fl w
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o
MeOJ\E/NHZ

/©/0Et Derived frombf, 92 : 8 dr.
EtO

Peak Time Area
1 14.463 92.46
2 34.465 7.54
CHIRALPACK® IC, 254 nm, hexaneiso-propanol = 60 : 40, 1.0 mL/min
] ] § §
j A ! :
Racemic [\\ 84% ee
‘ \
/\ \
}
|
|
\\

)?\/NHZ Peak Time Area
MeO = Derived from5j, 74 : 26 dr 1 9.312 7276
@\ 2 20.203  27.24
MeO OMe
CHIRALPACK® IC, 254 nm, hexaneiso-propanol = 60 : 40, 1.0 mL/min
i e—— ——————————
; J g :
\ Racemic [\ 46% ee
\
|
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