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Abstract
This thesis describe the extensive investigationinto the platinum-catalyseddouble addition

of nucleophilesto alleneA1T A ET DAOOEAOI AOh 1 60 A mAEinddio Ol
methanes (BIMs), which are important compounds with potential llogically important
properties. The first chapter will describe the backgraind of both inter- and intramolecular
addition reactions to allenes with a range of different nucleophiles and array of meteatalysts.
The latter part of this chapter will focus on the twosynthetic strategiesfor BIM formation,
firstly, the classical aproach involving the Friedel-Crafts reaction between indoles and
carbonyl compounds using protic or Lewis acid catalysind secondly the more recent
methods involving the use of transition metal catalysis for the additiorof ET AT I A@ndsOT A

such as dtynes, allenes and cyclopropengia direct double hydroarylation.

Thefirst part of the results and discussion chapter describes the attempts to expand the scope
of the inter-intermolecular addition reaction of heteroatom and heteroaromatic nucleophiles
to a model allene, generating a range of b@ibstituted products. Despite an extensive
investigation of both nucleophiles (e.g. imidazole, pyrazole, thiophenol and aniline) and the
reaction conditions (e.g. incorporation of silver salts for chloride abstretion and gold
catalysis), we could not extend the method efficiently enough for the formation of these
compounds. Therefore, the second part of this chapter focuses on the successful intra
intermolecular platinum-catalysed addition reaction of an externbindole to an indolyl allene
with subsequent formation of AT AT A UBIMA @ tiis- and ailydic derivatives.

X

PtCl; (5 mol %), N /
X \ _ MeOH(3eas)
1 ,4-Dioxane, 1 hour,
N ./ mw, 130 C
s \

6-endo cycles 2,3'-BIM Tris- and allylic-indoles

This section descriles the optimisation of the reaction conditions to favour the formation of

the desireA  ¢BIM; &n investigationto determine the effect that substituents on either the

indolyl allene or the external indole ha on the overall formation of the¢ h-BINd and the 6endo

cycles, and a detailed mechanistic investigation to determine the overatiechanism of the
reaction. A trend was foundwith EDGEA O1T OOET ¢ OEA /&l Oi MBMMEanhdithel A& (
EWGfavouring the formation of the 6-endo cycles or the tris and allylic derivatives. The
mechanistic investigation revealed that the éendo cycles are intermediates in the formation

I £ OEBA\V, with a glatinum carbene complex as the key intermediate between the three

products.
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Abbreviations

Ar = Aromatic

BIM = Bisindolylmethane

Biphep = ¢ h-Bis@liphenylphosphino)-p h-pigieenyl
Bn = Benzyl

Bs = Broad singlet

Bt = Broad triplet

n-BuLi =n-Butyl Lithium

13C = Carbon NMR

oC = Celcius

CAAC = Cyclic (alkyl)(amino) carbene

CAN = Ceric Ammonium Nitrate

cm! = Inverse centimetres (Units for wavenumber)
D = Deuterium

$ Db /£ FBis@iphenylphosphino)ferrocene
DCM = Dichloromethane

Egs. = Equivalents

Et = Ethyl

EDG = Electron Donating Group

EWG = Electron Withdrawing Group

FTMS = Fourier Transform Mas Spectrometry
g = Gram(s)

1H = Proton NMR

Hr =Hour(s)

Har = Aromatic Proton

HRMS = High Resolution Mass Spectrometry
Hz = Hertz

IR z Infrared Spectroscopy

M = Metal

Me = Methyl

mg =Milligrams
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Min = Minute

mL = milliliters

Mol =Mole(s)

mmol = Millimole(s)

M.p. = Melting Point

MS = Mass Spectroscopy

MW = Microwave

M/Z = Mass to charge ratio

NBS = NBromosuccinamide

NHC =N-Heterocyclic carbene ligands
NMR = Nuclear Magnetic Resonance
NOE = Nuclear Overhauser Effect
NSI = Nano Sprajonisation

Nuc = Nucleophile

OAc = Acetate

OTf = Triflate

Pet = Petroleum Ether

Ph = Phenyl

Ppm = Parts Per Million

i-Pr = Isc-propyl

Rbf = Round bottomed flask

rt = Room temperature

Sat. = Saturated

Sol. = Solution

T = Temperature

TBAF = Tetran-butylammonium fluoride
Temp = Temperature

THF = Tetrahydrofuran

TLC = Thin Layer Chromatography

Vol = Volume
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Chapter 10 Introduction



1.0 History of allenes

Over the past few decades, allenes have gone from being regarded as chemical curiosities to
being well known structures in organic synthesis, natural products and pharmaceuticals. The
earliest citing regarding the structure of allenes was reported in 187%y the first Nobel

I AOOAAOA ET AEAT EOOOUKh * 8 ed i®& coddel Bud unyslalEs
stereochemistry But, it wasnot until 1887 that Burton and Pechmann were able to synthesise
highly unstable molecules. It was the absence of analytical instrumentation at the time which
made it difficult to confirm the exact structure of the allene and to distinguish it from its
corresponding alkyne3 It was this, coupled with the idea that they were unstable that delayed
the progress in this area of chemistry. Therefore, it wasot until advances in structural
investigation tools emerged that Jones and eworkers in 1954 were able to confirm the

structure of OEA AEOOO Al 1AT A OcCi OOET EA AAEAS

Figure 1. Structure of the first synthesised allene, glutinic acid.

After the initial identification of allenes, chemists were proposing the existence of allenic
natural products, however due to the lack of analytical tools they were incorrectly
characterising these compounds. For example, in 1924 Staudinger and Ruzick®lshed their
characterisation of pyrothrolone 25 (Figure 2) to contain a terminal allene, however upon

further spectroscopic investigation it was found to contain a conjugated dien® (Figure 2).6

HO

Figure 2. Incorrect structure of pyrothrolone 2 containing an allene moiety and the correctly characterised structure of
pyrothrolone 3 containing a conjugated diene moiety.

Allene chemistry has thrived since the discovery of allenic natural products and scientists have
reported the existence of allenes in over 150 natural products. The first known example was
mycomycin4 (Figure 3)isolated in 1952 by Celmer and Solomoriswhich is an optically active

allene known for its anti-biotic properties.
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Other examples of allenes from natural products and also as pharmaceutical agents include the
grasshopper ketone5 (Figure 4), isolated in 1968 from the flightless grasshoppeRamalea
Micropterag (R)-cytallene 6 and (R)-adenallene 7 (Figure 4) which are inhibitors of HIV and

Hepatitis B replication?

NH; NH,

= X N
H N N
e U
o) N N N
nlOH /g /g.\@‘\\\\OH
HO H . W H
e o A\

Figure 4. Structures of naturally occruing allene; grasshopper keton® and structures of pharmaceutical agentsR)-cytallene 6
and (R)-adenallene?.

The importance of allenes in natural products with biological activity and their growing
interest in organic synthesis, organometallic chemistry, pharmaceutical and industrial
applications has led to an increase in the number of pathways for their synthesi® The use of
allenes as building blocks in organic chemistry is because of their unique structures, which
allow them to exhibit high levels of chemeg regio and stereoselectivity in numerous

transformations,t which will be discussed in examples found within this thesis.

1.1. Structure of allenes

Sincetheir first identification , chemists have been fascinated with the unique structure of
allenes because they contain eumulated diene function, which makes them highly reactive in
comparison to alkenes and alkynes. Allene is the parent compound of the cumulene family,
which contains 3 (or more for cumulenes) carbon atoms in two cumulated double bonds. The
central carbon d allene is sp hybridised and the two terminal carbons are $ybridised, with

OE A @boids keing orthogonal to each other and therefore not conjugatedFigure 5).
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The resulting allenic structure has an angle of 180with the four substituents arranged in an
elongated tetrahedral conformation?2 They have a €axis through the three linear carbons and
two perpendicular G axes through the central sp carbon. It is the orientation of thegeorbitals
and the substitution on the two sp carbons that give allenes axial chirality and optical
properties. The relevance of allenes for use in stereoselective syeisis or in processes that
require stereocontrol has resulted in an increase in procedures to synthesise chiral

allenestoaz 141 1 1 AT AGO AAT AA ARAOAOEAAA AO AEOEAO OA«

OUI 1 AGOU 10 BAEOOUI I A G prEpharaxisotididion Giguke) AT 1 OAET

Asymmetric
A
' \\\\\B
H \\H A \D D_C \\H H \\H A \D
el > B A N Y AN | PV E
s H \va,/ \¢C',/ C.,
B //D ) 8 D B
S) (R)

Dissymmetric

H e A A
> =D B *s
B\\\\‘ '/’”D X
(S) (S)

Figure 6. Structures to show the asymmetric (no symmetry element) allenes and the dissymmetric (contain @roper axis of
rotation) allenes.

Chiral allenes either asymmetric or dissymmetric can exist as two enantiomeric forms and we
can assign the absolute configurationR (clockwise) or S (counter-clockwise) to these
enantiomers using the method by Cahn, Ingold and PrelégThe configuration isassigned by
looking down the G axis of the molecule and placing the substituent with the highest atomic
number from the vertical position at the top (position1, Figure 7). Then the substituent with
the highest atomic number in the horizontal axis takeprecedence (position3, Figure 7), with

the example inFigure 7 showing the (S)}configuration.
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(S)—Conﬂguratlon
Figure 7. Assignment of absolute configuration using Cahn, Ingold and Prelog method.

The similarity of the allene structure b those of alkenes and alkynes means it is essential to be
able to identify the allenic functionality using analytical techniques. Ultravioletisible
spectroscopy is not a common technique for characterising allenes because the two orthogonal
Azbonds lack conjugation, therefore allenes cannot absorb light above 200 nm. However,
Infrared (IR) and Nuclear Magnetic Resonance (NMR) spectroscopy are good techniques for

identifying their key features and characterising allenes.

IR spectroscopy is an ideal toofor quickly identifying the allenic moiety in a compound. It
allows for the identification of the C=C=C feature, with an asymmetric stretching adsorption
band observed around 1950 cnt (usually between 1900 and 2000 cmi), although if the allene
is symmetrically substituted then it does not exhibit this characteristic adsorptionéBut, IR
does not give detailed information about the substituents on the allene, which is why we use
1H-NMR. The four equivalent protons of the parent allene give a signatound 4.55 ppm.
However if the allene becomes substituted with either methyl or ethyl groups, then a slight
ppm shift down-field for the allenic protons attached to the substituted carbon is observed (H
in Figure 8).15 These allenic protons appear in aigher field than ethylenic protons which
indicates that the spcarbon andits norA T 1T E O Gdxbadls/exernt a longerrange anisotropic

contribution to the shielding of the terminal protons??

d

\\\ a oH \\\\CCH3 oH \\\CH20H3
aH 'Hb aH ("
Ha = 4.5 ppm Ha = 4.49 ppm Ha = 4.54 ppm
Hp, = 4.94 ppm Hp = 5.03 ppm
H. = 1.58 ppm Hc. = 1.95 ppm
Hg = 0.99 ppm

Figure 8. Unsubstituted and sibstituted allenes with their respective chemical shifts to show that substituted allenes give a
downfield shift.
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Another key importance to identifying allenes usingH NMR is the exceptionally large coupling
constant that is observed between Kand H,, which is reported to be between 6.5 and 7 Hz.
This is aF coupling which is normally too small to detect, but is detectable in allenic structures
AAAAOOA OEABT EAOAADET -Hbhomd And thdbible BoEdXurti¥est away.
This has been supported by theoretical studiesAlongside thelH NMR datawe can also use
13C NMR to identify allenes because of their central sp carbon which gives an extrenayvn-

field chemical shift of around 200210 ppm and substituting the allene with alkyl groups causes

a slight up-field shift of this central carbon atom:é

1.2. Synthesis of allenes

Over the past few decades, synthetic routes for allene synthesis using readily available starting
materials and simple and effective conditions have been explored. With a rapid growth in
publications for their synthesis, we lave seen routes developed to form a range of monali-,

tri- and tetra-substituted allenest1013 Although various starting materials can be used for

allene synthesis, the most commonly reported syntheses use alkynes, with examples including

the isomerization of alkynes using a strong base e.g. KOH and high temperatures to
deprotonate the propargylicG( AT T A O1T &£ Oi OEA AQjséhemedisA a
the metatmediated Sc 8 1 OAT AT PEET EA OOAOOEOOOEI T OAAAOI
2a, Scheme 1) and the Crabbé homologation of alkynes using paraformaldehyde to

incorporate the extra carbon (Reactior3, Scheme 1)
Thesg 6 OT OOA OOAO A OATCA 1T &£ AE£AEAOAT O 1 AOAT O
T Aluminium mediated synthesis, aeliable method for direct H addition on propargylic
ethers, halides or alcohols using aluminium hydrides, such as LiAlkind DIBALH
(Reaction2b, Scheme 1).19
T Lithium, zinc and magnesium mediated synthesis (Reactidt, Scheme 1).19
T And copper mediated gnthesis, this is the most common method for allene synthesis
which was first reported in 1968 by P. Rona and P. CrabBéit is one of the most

versatile procedures because it can be used to make a range of different allenes as well

as achieving chiralitytransfer (Reaction2d, Scheme 1).19
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- I n=2=00%
14 n=3

R? R R
_ 1 / R,Culi N\ __ &
Reaction 2d R'——= \ R / \
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Reaction 3 R + N

18 19 20
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+ HCHO* i-Pr,NH ———————>= /T |
R 21 )\22

Scheme 1 Methods for allene synthesis: isomerisation of alkynes (reactioh); metal-mediated Si26reactions using aluminium
hydrides (2b), lithium (2c), organo-cuprates (2d) and the Crabbe homologation 8).

The examplesin reactions 2,give rise to a range of substituted allenes that can possess axial
chirality. However, within this thesis it is mainly mono and di-substituted allenes that are used
and these are synthesised using th€rabbé homologation method (Reaction 3Scheme 1).21
The Crabbé homologation is readily used because of its simplicity, flexibility, effectiveness and
use of low cost reagents and starting materials. Crabbé and-emrkers first discovered this

reaction in 1979 whilst trying to synthesise the nornatural steroid dinordrin. 22
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It was a failed Mannich reaction which gave them the allemgteroid after a onestep
homologation of the acetylenic derivative using formaldehydeN,N-diisopropylamine and
copper (1) bromide refluxing in dioxane2! Experimental and theoretical calculations support

the Crabbé homologation reaction occurringia a two-step mechanisng324.2526

The first step involves the formation of an iminium sal@5 viaa Mannich type reaction between
formaldehyde 19 and the amine20. The terminal alkyne24 is activated by complexation with
copper that allows it to undergo an addition reaction to the iminium salt25 to form a
propargylamine intermediate 268 4 Hprdton o the nitrogen on this intermediate undergoes
a 1,5sigmatropic rearrangementviaan ¢ 6 OUDBPA [ AAEAT EOI  O1 A&l Oi

21 with elimination of the imine species22 (Scheme 2).

Reflux, Dioxane ——.—— J\
+  (CHxO0), + i-Pr,NH N

CuBr A

N
0 (<
R—=——=——Cu (CH,0),+ i-PrNH 2 \lN6 R#

24 Y(BY ) 26

25 Cu-Br
Mannich Step 1,5-Hydride shift

Scheme 2 The proposed mechanism for Crabbé homologation of terminal alkynes using paraformaldehyid® copper(l) bromide
and diisopropylamine 20.
The original Crabbé homologation conditions described above only allow for the formation of
mono-substituted allenes this major limitation has led chemists to explore the scope and
AEFEAEAT AU T £ OEEO OUI OEAVEA. AE DiaE&epbé@lteb O
effect of copper salts (CuBwsCul), amines (N,Ndiisopropylamine vsN,N-dicyclohexylamine)
and dso microwave irradiation vsreflux on the synthesis of monesubstituted allenes. They
found that simple variations in these conditions could lead to higher yields, shorter reaction
times and toleration of a wider range of substituents (ReactioA, Scheme 3). However, these
conditions are limited to paraformaldehyde, with no allene formation occurring with either

aldehydes or ketones.
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So, the Ma group in 20028 developed a procedure that uses the cosdffective Znk and
morpholine to produce a range of 1,3lisubstituted allenes from aromatic/aliphatic aldehydes
and terminal alkynes (ReactiorB, Scheme 3. In 2013, the Ma group also published results for
the synthesis of trisubstituted allenes using Cdland pyrrolidine in a one pot reaction of the

terminal alkyne and the corresponding ketone (Reactio, Scheme 3).29

@)
H)I\H CuX (X=Brorl)
i-ProNH or HNCy,, Dioxane

> /_' A
Reflux or mw radiation (110 °C - 150 °C) R 21
(6] R2
Rl —— RZJJ\H Znl, (0.8 eqs) /*—/ B
18 Morpholine, Toluene, 130 °C R 27
L R"’
R3” “R4 Cdl, (0.8 eqgs)
- /—' C
Pyrrolidine, Toluene, 130 °C g1 28 R4

Scheme 3 Modified Crabbé homologation reactions to form mong di- and tri-substituted allenes.
The modified Crabbé homologation using CuBr, ifH, HCHO andioxane under microwave
irradiation at 150 oC is used for the synthesis of numerous substituted allenes and the ease of

these reactions makes it ideal for the synthesis of starting material allenes within this thesis.

1.3. Metal coordination chemistry of _allenes

The metalcatalysed addition of heteroatom nucleophiles to unsaturated molecules such as
alkenes, alkynes and allenes is a wedistablished area of organic chemistri? It is a very useful
method for the formation of different cyclic heteroatomcontaining products by intramolecular
nucleophilic addition and a range of different acyclic products from the intermolecular

nucleophilic addition.

Depending on the carbon of the allenic system where the addition occurs, several products can
be obtained, . allyl derivatives by addition to terminal carbons; vinyl derivatives to the
central carbon, or double addition products to the terminal carbon with saturation of the

second double bond Figure 9).
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Figure 9. Possible poducts from both the intra- and intermolecular addition of heteroatom nucleophiles to allenes.

The successful nucleophilic addition occurs when metals such as Pt and Au (Au(lll) and
AAGETTEA ' 0j)qq AAO AO OO1 £066 1 pA K EBBEAMA e O
unsaturated molecule3! The metal coordination to alkenes and alkynes occurgia £2 mode

only.

The metalalkene interaction is described by both the donor and acceptor ability of alkenes;
the donor interaction results from the donation of electronA AT OEOU &£0T I OEA
alkene to vacant dorbital of the metal (A, Figure 10). As well as the acceptor interaction
resulting from the flow of electron-density from the metals df OAEOAIT ET 01 OEA
alkene (B, Figure 10). These two interactions involve both carbons of the alkene and result in

bond-lengthening and change of angle in the C=C bond.

H/ H /
0 ///"C, O/D///C O
oM l S l
0 :C O :C O
S S
H H H H
A B
Donor interaction Acceptor interaction

Figure 10 . Metatalkene coordination, highlighting the donor and acceptor abilitie®f the C=C bond.

But the metal coordination to allenes is more complex due to its unique structure with two
consecutive double bonds. Two types of coordination with metals have been proposed. The
AT 1 1 T4 mode, similar to that observed for alkenes Rigure 11), where the metal
coordinates to one or the other of the two C=C bond29 (Figure 11), this depends on the
electronic properties of the ligands and the substituents on the allene, with the metal shifting
towards either the central carbon30 (Figure 11) or one of the terminal carbons of the allene
31 (Figure 11).
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4EA OAATT A AT 1T OAEMddE hidh in@Ieb the diré€dt cébEdidatian of the
metal to the central carbon of the allene and can be described by three types of structures; the
K-allylic cation 32, a zwitterionic carbene33 AT A 1-doordinated bent allene34 (Figure
11).32 The coordination mode of metals to allenes is important to explain the reactivity of these
systems and also to determine the stereochemical outcome of transformatis involving axial
to-centre chirality transfer, where the stereochemical information is maintained ir29 and 34,
but is lost in 32 and 33 because the three carbons and their substituents are positioned in the

same planes?

//
&

%

M M M"
\/l\\\\\\\
+ _ —~— N
1 /+\ \\\\\\‘
32 33 34

Figure 11. Possible modes of metadllene coordination.

The metal coordination to allenes is shown to be more complex than that for alkenes and
alkynes, this is also true for the selectivity of allenes. Alkenes and alkynesth possess steree
(cis- or trans-addition to form stereoisomers) and regioselectivity (to provide constitutional
isomers), with alkynes also possessing chemoselectivity (single or double addition), these
issues also arise in allenes. Bubecause of th&€ O Ox 1 | GLdeing thdy Also have
positional selectivity issues Figure 12), because of the challenge of addition towards a specific
double bond34

R? R! R2

I N
/oA N \\ /NN

Regioselectivity Regioselectivity Regioselectivity
Stereoselectivity Stereoselectivity Stereoselectivity
Chemoselectivity Chemoselectivity

Positional Selectivity

Figure 12. The selectivity problems that arise in alkenes, alkynes and allenes.

26



The ability for transition metals such as Au and Pt to coordinate to unsaturated molecules has
shown an exceptional growth in their transformations to functionalised cyclic and acydi
compounds. The next two sections of this thesis will look at the development of this area of
chemistry using metal catalysis, in particular, Au and Pt, for both interand intramolecular

addition of heteroatom and heteroaromatic nucleophiles to allenes.

1.4. Metal catalysed intermolecular hydrofunctionalisation of

allenes

Intermolecular hydrofunctionalisation of allenes has grown over recent years with the
addition of either carbon-based nucleophiles e.g. indoles, pyrroles and arenes or heteroatom
nucleophiles e.g. sulphur, nitrogen and oxygen, across the unsaturated carbdouble bond to
give a range of allylic derivatives. There is great scope in these types of reactions with different
complexities and properties of the products being achieved dependinon the type of metal
catalyst and nucleophile applied. This has resulted in numerous reports for the
hydrofunctionalisation of allenes with a variety of different metals such as Pd, Ru, Rh, Au
(Au(ll) and cationic Au(l)) and Pt(Il).35 However, as it is nore relevant for this thesis, this
introduction will mainly summarise the use of Au, Pt catalysis and some relevant examples of
Pd catalysis for the intermolecular addition of sulphur, nitrogen, oxygen and carbeased

nucleophiles to allenes.

1.4.a. Metal-catalysed intermolecular hydrothiolation of allenes

The metalcatalysed addition of sulphur nucleophiles to allenes to form allylic products is rare.
This is partly due to sulphurs high affinity to transition metals3é therefore this process has
been reported to a lesser extent than that of hydroalkoxylation and hydroamination. In fact,
only a few examples of hydrothiolation using Au and Pd catalysis as well as In(#liratalysis
have been reported, where interestingly and in contrast to all the othetheteroatom

nucleophiles, the sulphur nucleophiles add regioselectivity to the central carbon of the allene.

In 1996, Ogawas and coworkers reported the regioselective formation of terminal vinylic
sulphide products 36 (Scheme 4) via the palladium acetate catalysed addition of benzenethiol

35 (Scheme 4) to the central carbon of allene®1.

SPh
R!
Pd(OAc), (3 mol % 1
. . PhsH (OAc); (3 mol %) R\/K
21 35 THF, Reflux, 2 hrs 36

Scheme 4. Palladium acetate catalysed hydrothiolation of allenes using benzenethiol.
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The first step of the mechaism proposes ligand exchange of the acetoxyl groups of the catalyst
with PhS to form the active Pd(SPh)catalyst which coordinates with the allene at the internal

C=C bond. Subsequesynthio-b Al 1 AAAGET 1 1 AAIQQ&adih Gtériaddigte OE A
37, which undergoes immediate quenching by PhSH to form the vinylic sulphide produ@é

with catalyst regeneration (Scheme 5).

R1
AcOH \—

PhSH R’
Pd(OAc), ;i» Pd(SPh), A-—» \:

Pd(SPh),
SPh
SPh R
1 PhSH 23
R _Pd(SPh),

Scheme 5 Mechanism for he palladium acetate catalysed hydrothiolation of allenes using benzenethiol.

Later in 200739 the same group reported their results for the bisthiolation of allenes with
diphenyl disulphide 38 in the presence of palladiumphosphine catalyst Pd(PPk. with

subsequent formation of the bisthiol speciegl0 (Scheme 6).

C
N\ Pd(PPh3), (5 mol %) Cy@ SPh
. + (PhS), >
1.8 mmol 1.5 mmol CH3CN, Reflux, 12 hrs
38 39 40 SPh

91% (E/Z = 67/33)
Scheme 6 Palladiumphosphine catalysed bisthiolation of cyclohexylallene using dipheny! disulphide nucleophile.
The proposed mechanism for this reaction involve the oxidative addition of diphenyl
disulphide 39 to the Pd(0) complex Pd(PP¥). to generate the active catalystil. The catalyst
coordinates to the allene allowing thiopalladation of the allene at the terminal or central
carbon forming either a vinylpalladium intermediate42 1 O -allylpAlladium intermediate 43.
Finally, reductive elimination occurs forming the bisthol product 40 with regeneration of the

catalyst (Scheme 7).39
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Pd(PPh3),

Cy SPh
14_<; -2 PPhs | |2 PPh,
40 SPh Pd(PPh3), (FIs)?
(SPh),Pd(PPhs),
41
Cy d(SPh)(PPha),

d(SPh)(PPhs),

Scheme 7. Catalytic cycle for the palladiurrcatalysed bisthiolation reaction of cyclohexyallene.

In 20094 the same conditions were used for the addition of énzenethiol to cyclohexylallene
with regioselective formation of the vinylic sulphide @6a in scheme 8) in good vyield.
Regioselectivity of the reaction could be controlled using different catalysts Pd(PBh or

Pt(PPhs)4 for the formation of the two different regioisomers Scheme 8).

c SPh SPh
Y
—. + PhSH Catalyst Cy\/& Cya%)\
38 35 MeCN 36a 44
Catalyst (mol %) 36a 44
Pd(PPhs), (5)" 82 0
Pt(PPhg)s (3)™ 3 58

*=12 hours reflux **=40°C, 36 hrs
Scheme 8 Reaction scheme and results for controlling the regioselectivity of the hydrothiolation reaction.

In 2010, the group of Yamamotea published their findings for allene hydrothiolation using
gold catalysis as a continuation from investigations into hydroalkoxylation*! and
hydroamination 42 Successful double addition of an arysulphur nucleophile thiophenol 35, to
the central spcarbon of moncaryl allenes 45 was achieved using AuBr with resulting
formation of the dithioacetal speciest6 (Scheme 9. A double catalytic cycle $cheme 9 was
proposed and proceeds with then-situ formation of the active catalyst47 vialigand exchange.
This coordinates to the allene activating it toward intermolecular nucleophilic addition with
subsequent formation of the importantelectron-rich vinyl sulfide intermediate 48, a second
nucleophilic addition occurs at the stable carbocationforming the final compound after

protonation 46 (Scheme 9.
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AuBr3 (5 mol %)

. + PhSH L, Ph/>(
/ CH,Cl,, RT, 5 mins

Ph 45 35 PhS 46 SPh

PhSH PhS—AuX,

46 P
Ph |
AUX2 ;_c_‘_
Me Ph
Ph PhSH
SPh 35
SPh

PhS— AuX, <—— PhSH + AuBr,

4T | (x=sPh/Br)
SPh
XoAuU Me
SPh
PhS + PH —— AuX,
PH SPh
Ph 48

PhSH
Scheme 9 Reaction scheme and proposed catalytic cycle for gedatalysed hydrothiolation of allenes.

Recently, in 2015 Leeet aB’ found that the soft Lewis acid InGlwas far superior than Au(l) for
catalysing the dehydrative thiolation of allenols. This reaction involves the intermolecular
foomal S¢ 6 AAAEOQOETT 1 £ 04 Ao tieCalle@oh 50QGA ford a Gaadel of

functionalised dienes51 (Scheme 10).

InCls (5 mol %) R*  SAr

OH
/}\/./ ArSH 49

R 7 CHClj, 70 °C, R AN
R2

mw, 10 mins
50 Ar = pOZNCGH4 51
(22 examples,
Yields = 38 - 100%)

R3

Scheme 10. InCh-catalysed dehydrative thiolation of allenols.

The reaction works well with a range of substituted allenols, including those containing
heterocycles and alkynes, as well as working well with a range of differetftiol nucleophiles
where electron-withdrawing substituents on the thiophenol gave better results than strongly
electron-donating ones. The superior performance of In(lll) over Au(l) in the reaction was
suggested to be due to the better stability of the dne products51 in the presence of In(lll)vs
Au(l).
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These examples highlight the relative ease at which the thiol nucleophiles can add to the
central carbon of the allene and shows that the addition of the thiol to terminal carbon of the
allene israre. However, recently in 2015 Pritzius and Bref® published their results for the
rhodium-catalysed hydrothiolation of terminal allenes with thiophenol35 for the subsequent

formation of branched allylic thioethers52 and their corresponding sulfoness3 (Scheme 11).

(o)

" o —Ph
1 mol % [{Rh(cod)Cl},] 1
2 mol % L1 ‘ 2.5 equiv m-CPBA, R ‘
EtOH (0.2 M), -15 °C, 16 hrs 52 DCM, 0°C, 1 hr 53
—=+=——= + PhSH o
T 21 35 o 0
R 0 é N/

F
S
F><O X R N~ “ph
e PPh,
o PPh,
0
FFo 99:1 52:52' 99:1 53:53'

92% Yield 92% Yield
92% e.e. 92% e.e.

Scheme 11. Reaction procedure for the rhodiumcatalysed hydrothiolation of allenes with thiophenol.

The reaction was reported to work well with a range of thiols and allenes, with high regiand
enantioselectivities of the allylic thioethers as well as obtaining enantiomerically pure forms
of the sulfones after oxidation of the thioether withm-CPBA#3

1.4.b. Metal-catalysed intermolecular hydroalkoxylation of allenes

Inter- or intramolecular addition of oxygen nucleophiles to allenes is known as
hydroalkoxylation and involves the addition of alcohols across unsaturated C=C bonds with
the formation of various allylic alcohols, ethers and oxygen containing heterocycles. The
intramolecular addition has beenmore reported than that of the intermolecular addition,
which has proven to be a challenging reaction. However, the development of new and more
efficient transition metal complexes has shown a growth in the number of reports of metal
catalysed intermolecuar hydroalkoxylation. Although our focus is on the gold and platinum
catalysed reactions, it is important to highlight that this reaction has great potential with other
transition metals allowing the formation of different allyl, vinyl ethers and acetal ppducts. For
example, Pd, Ir, Rh and Ru catalysed hydroalkoxylation reactions of allenes have been

discussed in detail in the review by Mufioz4
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Over the years, several groups have developed transformations of allenes using gold catalysis
to form both alkyl primary -allylic ethers and alkyl tert-allylic ethers, which are important
structures found in natural products and used as building blocks in organic synthesisThe
group of Widenhoefers identified that this reaction was sensitive to the nature of fjands and
counterions. Therefore, screening of these led the group to report the first regicand
stereoselective synthesis of(E)-alkyl allylic ethers 54 using Au(l)-N-heterocyclic carbene

(NHC) complexes with AgOTf in toluene (Reaction $cheme 12).

The reaction works for di, tri- and tetra-substituted allenes and a range of primary and
secondary alcohols, with the alcohols adding to the less hindereak more electron rich
terminus of the allene. Alongside this report, the group of Yamamotbreported that PhsPAu(l)
cationic complexes could also be used for the successful hydroalkoxylation of allenes with good

yields.

This reaction also works well with 1,2 and 1,3substituted allenes as well as a range of
different alcohols. It follows a similar patern to the reaction with Au(l)-NHC complexes with
alcohol addition at the terminal, less hindered carbon of the allene giving the corresponditig
allylic ether 55 (Reaction 2,Scheme 12).

R (NHC)AUCI (5 mol %) R! OR
R AgOTf (5 mol %) _ W
1) ==\, * ROH > 5

R4 Toluene, 23 °C 2 3 R4

2 ’ R R

R 17 54

(22 examples, Yields = 40 - 96%)

R PPh3AuCI (5 mol %) R’ OR
: + ROH AgOTf (5 mol %) _ 7
2) \ N 3 Neat, 30 °C R2 R3
R2 28 R 55

(12 examples, Yields = 13 - 99%)

Scheme 12. Reaction schemes fanydroalkoxylation using Au(l)-NHC complexes and Au(#PPhs complexes respectively.
Widenhoefer et al#s proposed that the reaction occurs through an outesphere mechanism
xEOE OEA | O-achlAcCeEtiva@ thA @rmiAal @=C bond of the allene. Neophilic
addition at the less hindered sp carbon from the opposite face of the metal forms the

corresponding allylic ether54 (Mechanism 1,Scheme 13).

Whereas, the group of Yamamoté proposed that the alcohol nucleophile adds through an
inner-sphere mechanism. They suggested that the gold coordinates to the allene for activation,
the nucleophile is then coordinated to the gold forming a trcoordinate complex57, with
transfer of thealcohol to the terminal carbon of the allene intramolecularly to form th&-vinyl -

gold complex58. E-Allylic ethers 54/55 are obtained in both cases.
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Yamamoto suggested th&-isomer is obtained after isomerisation aroundthe G-C bond of the

Z-vinyl-gold complex58 (Mechanism 2,Scheme 13).

®
[RuL] - [AuL]
i \ R |
RQH R\=-—;_— . N—. ROH
56 56
H® @
[AuL]--ROH
Rt
57
R X OR Mechanism 1 (AL] Mechanism 2
[AuL] [AuL]
61
R
K 58 8’H
---. [AuL
Hig /A o ALl
— / o)
e N R R%
O RN OR K 60 o >
54/55 59 H
E-Allylic Ether Isomerisation step

Scheme 13. Reaction mechanismsproposed by Widenhoefer Mechanism 1) and Yamamoto Mechanism 2) for the
hydroalkoxylation of allenes.

In 2009, Paton and Masera$ carried out DFT studies on the mechanism of the Au(l)
hydroalkoxylation. They proposed that the alcohol addition to the allene is the ratémiting
step and proceedsvia an outer-sphere mechanism where the alcohol can attack either of the
sp? carbons irreversibly from the opposdte face of the coordinated catalystTheir calculations
found that the product from attack at the least hindered carbon, experimentally obtained, was
thermodynamically more stable than the product from attack at the more hindered carbon.
However, this product was calculated to be the kineti product. This led them to propose that
the primary/secondary-allylic ethers are formed by goldcatalysed isomerisation of the kinetic

products, the tert-allylic ether, via a cyclic sixmembered ring intermediate (Scheme 14).
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AN AUINHC] -

/
ROH
OR 62 66 OR
- ® 1t [Au] @ BE:
_[AY] [Aul._
\ "‘ —_— —_— ‘:/
i RO.. _OR ;
RO._ _OR ‘H @ RO, _OR
H H™ =
63 - 64 65

Scheme 14. Proposed mechanism for the interconversion of the kinetically stable tedllyic ether to the thermodynamically stable
primary -allylic ether.

The use of Au(l) catalysis for the hydroalkoxylation of allenes to foritert-allylic ethers has not
been readily reported. In fact, one of the first reports for the synthesis dért-allylic ethers
involved the use of toxic mercury (ll) saltst” However, in 2008 the group of Le€ reported
high regioselectivity for tert-allylic ethers vs primary-allylic ethers upon excess alcohol
addition to cyclopropenes using Au(l) catalysidMoreover, in 2010they provided experimental
evidence for the goldcatalysed isomerisation oftert-allylic ethers to primary-allylic ethers as
proposed by DFTcalculations (Scheme 14) and found that using Au(l}NHC complexes in DMF
with an excess of alcohol retarded thissomerisation process and high regioselectivity for the
tert-allylic ether 68 product was achieved(99:1, 68:69, Scheme 15).4°

R1 R1 R2 R'] R2
(IPr)AuCI/AgOTf (10 mol %)
. - OR |
4 DMF, 0 °C, 24 hrs _OR
R® &7 ROH (10 egs) 68 69

Scheme 15. Reaction scheme for Au(Hcatalysed hydroalkoxylation for the synthesis ofert-allylic ethers.

More recently, in 2016 Leeet al30 reported their results for the successful Au(ljcatalysed
intermolecular hydroalk oxylation of enantiopure 1,3disubsituted allenes Echeme 16). These
reactions have been previously reported with poor chirality transfer due to rapid racemisation
of the allene4145However, they found that using their previously published reaction condions

they could obtain the allylic ether with a high degree of chirality transfer.

H H R’
—:< + ROH  (IPr)AuCI/AgOTf (10 mol %) :
R{ 22 (10 egs) DMF, 0 °C, 24 hrs Ro/\/\Rz
27 70

Scheme 16. Reaction scheme for Au(tcatalysed hydroalkoxylation of 1,3disubstituted allenes.
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They reported the reaction to work well with a range of alcohol nucleophiles and a variety of
substituted 1,3-disubstituted allenes where functional groups play an important role in
achieving excellent regioselectivitiesThe reaction is reported to also be highly stereoselective
in terms of E/Z products, with E selectivity occurring, the group proposed reasoning for this
selectivity (Scheme 17). Au can coordinate to either face of the allene activating it towards the
nucleophilic addition, this occursanti to the Au.The nucleophilic addition to complex71 will
occur with a lower energy barrier because it hakesssteric hinderance, giving intermediater 2,
which undergoes protodeauration to form theE-allylic ether 70.

L
ROH I

Au
H ////“ ( :< Barrler H////, (i _\H
- \ 7
N

Hindered face

L

Lower Energy Higher Energy

Barrier Barrier

OR
H//////,,
R772Y R R2

AuL

x|

H Iy, H///
1, R2
R1 70/ R2 R1 73
OR
Observed Not Observed

Scheme 17. Proposalfor the E-selectivity of Au(l)-catalysed hydroalkoxylation of 1,3disubstituted allenes.

The use of Pt catalysis for dihydroalkoxylation has been far less reported than that of Au(l),
with only one reported example by Mufiozt al.in 20105 They observal the double addition
of alcohol nucleophiles to the terminal carbon of allenes with complete saturation of the
internal C=C bond to form the corresponding aliphatic acetal speciggl (Scheme 18). This

contrasts with the Au(l)-catalysed reaction where onlysingle addition is observed.
R’ 1

\ PtCl, (5mol %) R OR
70°C, 20 hrs

21 ROH 74 OR

Scheme 18. Reaction scheme for Pt(IFcatalysed dihydroalkoxylation reaction for the synthesis of aliphatic acetals.
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The reaction is reported to only work with mono-substituted allenes anda range of different
alcohols. The proposed mechanism begins with the coordination of platinum to the allene, this
has recently been supported by a new NMR technique called spin saturation transfer difference
(SSTD) which has been developed by the gro&p.

This technique allowed them to study the dynamic behaviour of the Rillene complex in

Ol 1 00ETTh ATA EAO OEIi xT OEAO OEA bi AOGET &I EO
fashion in the ground state, allowing for addition of the alcohol nuctiphile to the terminal

carbon of the allene. Instead of protonolysis as seen in the getdtalysed reaction, this step is
followed by protonation of the internal carbon of the allene, assisted by an extra molecule of
methanol to form the platinum-carbene ntermediate 79 which undergoes a 1,2H shift to give

intermediatesy T 7 Y6 8

This has been identified by DFT calculations as a resting state on the catalytic cycle and is
observed as an enol ether activated by the platinum and ready for the second additiof
alcohol to form intermediate 81.53 Protonation of the platinum centre and reductive
elimination occur with formation of the aliphatic acetal species74 (Scheme 19). A full
mechanistic study has been carried ouby our group and more details will be discesed in
relation with the mechanisms proposed in this thesiwithin the corresponding sectionof the

results and discussion chapter.
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Scheme 19. Proposed mechanism for the Pt(IFcatalysed dihydroalkoxylation of allenes to form aliphatic acetals.
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1.4.c. Metal-catalysed intermolecular hydroamination of allenes

Acyclic and heterocyclic nitrogen containing compounds are important componestof many
naturally occurring and biologically active molecules as well as being useful building blocks for
organic synthesis. Therefore, effective and atoraconomical processes for the synthesis of
functionalised amine derivatives have been published oveecent years with hydroamination

receiving considerable interest.

Of interest to this thesis is the metaktatalysed hydroamination of allenes, which can occwia
intra-54 or intermolecular processes, with a wide range of different catalysts being used for the
intermolecular process. For example, group IV metat8,Zr and Ti, which catalyse the formation
of imines and Pd(II¥657 and R85 complexes which catalyse the formatin of allylic amines,

as well as Au(l), Au(lll) and Pt(lI¥° which will be discussed in more detail.

Nishina and Yamamoto were the first group to report the use of Au(IHja catalysis for the
hydroamination of allenes using aryl amines. The reaction uses Bt to catalyse the addition
of aniline 83 (Reaction 1 and 2Scheme 20) to non-chiral 21 and chiral 27 allenes at ambient
temperature giving good to high yields of the corresponding allylic amine84a and 84b
(Reaction 1 and 2Scheme 20). This reaction b reported to work well with mono-substituted
aryl- and alkyl allenes as well as 1;8isubstituted allenes in which transfer of chirality is
observed to give enatiomerically enrichedE-allylic amines 84b with high ee. Mechanistic
insight into the reaction suggests that it proceeds similarly to mechanism 2cheme 13, where
an aniline-gold complex like57 forms and coordinates to the less hindered face of the allene .
The E-alllyic amine is proposed to form via isomerisation between Z and E vinyl gold
interm ediatess! These factors solve the four selectivity problems positional chema, regio-

and stereoselectivity of substituted allenes, which are described in section 1¥4.

The addition of aryl amines to allenes has also been studied by other groups and2010 the
group of Widenhoefef2 reported their Au(l) -NHC catalysed hydroamination reaction for the
successful addition of primary andN-alkyl anilines to mono-substituted and 1,% and 1,3
disubstituted allenes. For example, the addition of-$romo-N-methylaniline 86 to 3-methyl-
1,2-butadiene 85 using Au(l) catalysis to give the correspondingN-Methyl-N-prenylaniline 87

as a single regioisomer showing the reaction to have good diastereoselectivity as well as
excellent regioselectivity (Reaction 3Scheme 20). The group propose that the reaction can
proceed either by an innersphere (Mechanism 1Scheme 13) or an outer-sphere mechanism
(Mechanism 2,Scheme 13) because there was not enough data to decide between the two.
However, since then, mechanistic stud& using gold catalysis have identified that the outer

sphere mechanism is most likely to be correct.6°
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0,
Reaction 1 /—.=—— + PhNH, _ AuBr3 (10 mol %) R1/\/\NHAr

THF, 30 °C
R! 21 83 ' 84a

84a =R' = Ph (78%)

NHAr

N H AuBr3 (10 mol %)
Reaction 2 "™+ PRNH 2
/ “R 2 THF, 30°C RN R
R2 27 83 84b
R? = Ph, R® = Me (68%, 88% ee)

(94% ee)
Br
Me H (L)AuCI (5 mol %) Me
Reaction 3 LY 5 __AGOTf(5mol%) )\/\
U / Dioxane, 12 hrs, 45 °C Me X N
Mé Me |
85 86 L = P(t-Bu),-o0-biphenyl 87 Me
(94%)
CIAuPAr3 (10 mol %)
Reaction 4 >: _,,“\\\H AgOTf (10 mol %) _ R
Toluene, 80 °C, 12 hrs k/
PAr; = PPhy(o-tolyl) 90

RS = PhCHj; (83%)

Scheme 20. Reaction schemes for Au(lll) and Au(l) catalysed hydroamination of nechiral and chiral allenes to fom allylic
amines.

Alongside the addition of aryl amines, the group of Yamamot® also published their results
for the Au(l)-catalysed reaction involving the addition of aliphatic nitrogen nucleophiles,
morpholine 89 (Reaction 4,Scheme 20), to allenes88 using Au(l)-phosphine systems to form
a range of different allylic amines90 depending on the substituents. Studies of this reaction
found that the Au(l)-phosphine system combined with a silver source as well as variations on
the steric environment around the gold centre enhances the intermolecular addition of the
nitrogen nucleophile. This enables the reaction to work with less reactive nucleophiles and

increases the yield of the corresponding allylic amine.

Hydroamination reactions involving the addition of the nitrogen nucleophile to the more
substituted carbon of the allene to form MNertiary allylic amines has not received as much
attention. However, in 2008, the group of Widenhoefép reported their results for the Au(l)-
NHC catalysed addition oN-unsubstituted carbamates to allenes forming a range ®&-tertiary
allylic amines. The reaction was reported to work well with 1,1 and 1,3disubstituted, tri-
substituted and tetra-substituted allenes. For example, the addition of -Buorenylmethyl
carbamate91 (Scheme 21) to 3-methyl-1,2-butadiene 85 (Scheme 21) using Au(l)-catalysis

to form the correspondingN-tertiary allylic carbamate 92 (Scheme 21).
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93a, which is in a rapid and reversible interconversion with93b 54 forming the vinyl-gold
complex 94, this complex loses a proton to form95 which then undergoes protonolysis to

release theN-tertiary allylic amine 92 (Scheme 21).

Me (L)AuCI (5 mol %) NHFmoc
wH AgOTf (5 mol %) =
':\"‘ + FmocNH, ) o
H Dioxane, 24 hrs, 23 °C Me Me
Me 85 91 L = 1,3-bis(2,6-di-iPr-phenyl) 92
imidazol-2-ylidine (94%)

Me

>:._,,.\\\\\H
‘ “H

Me  93b AL

e v b

.—..\\\\\\ H R ___,.,\\\\\\ H
BN vy

M 85 ‘ HoNFmoc
© M AuL 2
®
93a
®

NH,Fmoc

AulL Me
Me

94

AuL
Me Me /
X/ NHFmoc
FmocHN Z Me @
H

92 ©)
Me
95
AulL

Scheme 21. Reaction scheme and proposed mechanism for Au@atalysed hydroamination usingN-unsubstituted carbamates to
form N-tertiary allylic amines.

Addition of the larger nitrogen nucleophiles to allenes has been well reported with gold
catalyss, however the addition of smaller nitrogen nucleophiles such as ammonia and
hydrazine has not received as much attention, probably because of their selectivity problems
and the ability for them to form Werner complexes, which deactivate the catalyStlt was the
group of Bertrand that explored the addition of both ammonié and hydrazines” nucleophiles

to allenes using Au(I}CAAC complexes to form a range of structures with addition of these
nucleophiles to eitherthe terminal carbon of allene or the central carbon of the allene. The
group identified that the addition reaction would only proceed if the gold centre of the catalyst

is coordinated to a CAAC ligand and is rendered cationic by chloride abstraction.
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Bertrand reported that NHs; addition occurs at the terminal carbon of the allene for mong di-
and tri-substituted allenes, forming a mixture of mone, di- and tri-substituted amines, with
selectivity being controlled by variation of the NH:allene ratio. For exanple, 40:1 (NH:allene)
gives selectivity for the moneallylic amine 97, whereas 1:4.5 (NRtallene) gives selectivity for

the tri-substituted amine 99 (Scheme 22).

However, addition of hydrazine, NH4 100, to allene96 occurs at the central and terminal
carbon of the allene forming a mixture of imine and allylhydrazine respectively. For example,
the addition of NbHs 100 to 1,2-propadiene 96 gives a 2:1 mixture of hydrazonel01 and
allylhydrazine 102 (Scheme 22) with high yield.
e
H

NHj3 (40:1, NH5:Allene) AN AN AL A N
Catalyst A (4.3 mol %), 175 °C, 16 hrs. 97 98 99
(96% Yield, 97:98:99 = 6.2:1:0)
NHj3 (1:4.5, NHg:Allene) i
g : ~ (91% Yield, 97:98:100 = 1:6:73)
96 Catalyst A (1.4 mol %), 165 °C, 36 hrs.
100 N,H,, Catalyst B (5 mol %) Y / \\ _
130 °C, 14 hrs. N HN—NH Dipp—N
HaN" 101 102
(2:1, 98%) ad
/ _
Ph Ph H3N B(CsFs)s
Catalyst A
NH,, Catalyst A (5 mol ¢
3, Catalyst A (5 mol %) ~  Ph AN Ph
175 °C, 44 hrs.
NH,
Ph Ph
>: :< 104, (79% yield) Dipp—N
Ph 103 Ph Ph Ph
Au
101 N,H,, Catalyst A or B (5 mol %) Ph Ph cl KB(CeFa)
150 °C, 4 hrs. | 65
/N L Catalyst B
H,N

105, (79% yield)

Scheme 22. Reaction schemes for the addition of ammonia and hydrazine to allenes using AtGAAC complexes to yield allylic
amines and imines.

Bertrandss also reported that addition of both ammonia and hydrazine to allenes works well
with tetra substituted allenes, e.qg. tetrgophenyl-1,2-propadiene 103, where steric factors affect
the regioselectivity of the reaction resulting in the selective formation ofthe mono-
hydroamination product 104 from NHs addition at the central carbon of the allene and the
selective formation of hydrazonel05 (Scheme 22) from the addition of hydrazine at the

central carbon of the allene with high yields.
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In 201058 the Toste graup reported their results from the full mechanistic investigation into
the hydroamination of allenes with carbazate nucleophiles. They achieved tHig investigating
the reaction of methyl carbazate with the symmetrical allene 1;diphenylhepta-3,4-diene 106
in the presence the Au(l) catalyst, P#PAUNTS, with subsequent formation of the allyl
derivative 107 (Scheme 23).

NH,NHCO,Me (2.5 egs)

Ph\/\/./\/\Ph PPhsAuNTf, (9 mol %) Ph N ~_-Ph
MeNO,, 45 °C, 12 hrs
HN
~
106 107 NHCO,Me

> 95% conversion

Scheme 23. Reaction scheme for hydroamination of dsubstituted allene with methyl carbazate forming tle corresponding allylic
carbazate.

The group investigated the mechanism of this transformation to determine the role of each
reagent in the catalytic cycle and the composition of the ratémiting transition state. They
carried out kinetic analysis, DFT alculations, NMR experiments, chirality transfer and
Hammett analysis to establish that the reaction is first order with respect to Au and the allene,
and zero order with respect to the nucleophileThey determined that the goldallene complex
is rapidly exchanging between the two diasteromeric faces of the,Gymmetric allene. Their
findings led them to propose an outersphere mechanism where the activation of the Au(l)
AAOAT UOO O1 A Oi 1-ber Allen&dol® Golnpléx 1G9 AsEtheCQratetimiting

transition state and the nucleophilic addition occurs afterwardg Scheme 24) 6769
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Scheme 24. Proposed outersphere mechanism for the hydroamination of symmetrical allene 1;@diphenylhepta-3,4-diene in the
presence ofAu(l) catalyst PrsPAUNT%.

It is clear to see that the hydroamination of allenes using Au(l) and Au(lll) complexes has
received a lot of attention over the years with a range of different allylic amines being formed.
However, the use of platinum catalysifias received far less attention with only one reported
example by Toups and Widenhoefer in 201€6. They reported the use of Pt(ll}catalysts for the
addition of secondary alkylamines to monesubstituted allenes to selectively formE-allylic
amines in goodto high yields. Based on work by Panunat al.’0 the group suggested the use
of neutral mono(phosphine) complexes, however these led to low yields and poselectivities
leaving the group to explore the use of cationic platinum bis(phosphine) complexes@their
relevant phosphine bite angles. This led them to the (dppf)PtCtatalyst which allowed the
reaction to occur with several different monaesubstituted allenes forming the corresponding
allylic amines in good vyields. For example, the addition of bewl n-butyl amine 113 to
phenylallene112 in toluene at 80°C for 38 hours gave the correspondind=-allylic amine 114
(Scheme 25) in a >50:1E/Z ratio.
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—— Ph ClI HNR,
PH 112 cis-115
®
NHR,
® Cl
(P-P)Pt< PR XX
118 . "NHR, (2)-116
PtCI(P-P)
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Scheme 25. Reaction scheme and proposed mechanism for tHet(ll) -catalysed hydroamination of allenes with secondary
alkylamines.
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115, achieved after initial chloride abstraction using AQOTF to form the cationic Amine
complex 118, followed by displacement of HNRby the free allene Outer-sphere addition of
the amine to115 forms the vinyl-platinum complexZ-116, which undergoes protonation with
free amine, followed by an intermolecular protonolysis of the RC bond to release the allylic

amine 114 with regeneration of the cationic platinum amine complex118 (Scheme 25).

1.4.d. Metal catalysed intermolecular hydr oarylation of allenes

Metal-catalysed hydroarylation is an atoraeconomical process for the functionalisation of
arenes, generating a variety of useful aromatic compounds with potential biological activities
via the addition of aromatic GH bonds across € multiple bonds. Reports for intermolecular
hydroarylation have only recently flourished in comparison to the intramolecular process.
Most intermolecular hydroarylation examples reported are carried out with gold catalysis,
with the first reported example by Skouta and Li in 200872 They used Au(lll) catalysis as a
mixture of AuCk/AgOTT for the addition of electronrich arenes, like mesitylenel19, with
allenes, such as -phenylpropa-1,2-diene 112, to form the corresponding E-allylic arene
product 120 in high yield (Scheme 26).
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The reaction is reported to work well with a range of substituted arenes, however when highly

electron rich indoles were tested, the reaction did not proceed.

Ph A
. AUCI5/AgOT (5 mol %)
: Dioxane, 105 °C, 18 hrs
H
112 119

120
(70%)

Scheme 26. Reaction scheme for Au(llicatalysed hydroarylation of allenel15.
The group of Gagn® proposed a similar reaction with the addition of methoxy substituted
arenes to unhindered monosubstituted allenes to fornmE-allylic products using a catalytic
amount of (4-CFGHs-O)xsPAUCI/AgBR. For example, the addition of 1,3, rimethoxybenzene
122 to ethyl 2,3-butadienoate 121 to form the corresponding allylic product 123 in a 90%

yield (Scheme 27). The reaction with indoles, pyrroles and furans was again unsuccsal.

OMe
OMe
P coet
EtO,C (4-CI-CgH40)3PAUCI (5 mol %) 2
AN AgBF, (5 mol %)
MeO OMe
MeO oMe CH2Cl RT, 2hrs
121 122 123

(90%)
Scheme 27. Reaction scheme for Au(¥atalysed hydroarylation of allene.

Although the above examples do not extend to highly electron rich indoles, pyrroles and furans,
there are examples where gold catalysis has ba successfully used to synthesise-allylic
indoles. In 2009, the group of Widenhoefét reported the use of Au(I}NHC complexes for the
addition of N-Me, NH and 2 and 5 substituted indoles to morp1,3 and tetra-substituted
allenes. For example, the addition of 1;8imethylindole 125 to dimethyl 2,3-
butadienylmalonate 124 catalysed by a 1:1 mixture of LAuUCI and AgOTf to form the

corresponding 3-allylic indole 126 product as a single regieand stereocisomer Scheme 28).

45



The group proposed that the mechanism will most likely mirror that of the hydroalkoxylation
and hydroamination reactions, via an outer-sphere attack, although they report that the

hydroarylation process with differentially substituted allene displays lower regioselectivity in

comparison.
MeO2C AN LAUCI (5 mol %),
>—\7 + AgOTf (5 mol %)
MeO,C —— N\ Dioxane, RT, 48 hrs
124 125 P P
= O
i-Pr i-Pr

Scheme 28. Reaction scheme for Au(INHC catalysed hydrogylation of allene with indole.
Che and ceworkers 75 were the first group to report the enantioselective hydroarylation
reaction of racemic allenes with indoles, using a 1:2 mixture ¢8)-(-)-MeOGbiphep(AuCl), and
AgOTTf as thecatalytic systemto synthesise the corresponding 3allyl indoles with moderate
enantioselectivity. For example, the reaction of Mnethylindole 127 with 1,3-diphenylallene
128 using the cataytic mixture gives the corresponding 3alkylated indole 129 in an 85% yield
with 41% ee(Scheme29).

’ ((S)-(-)-MeO-biphep)(AuCl), (2.5 mol %) O
AN . AgOTf (5 mol %) AN
N ’ Toluene, 25 °C, 16 hrs N

127 '\ H 128 \ 129
(85%, 41% ee)

Scheme 29. Reaction scheme for Au(izatalysed enantioselective hydroarylation of racemic allenes with indole.
The reaction was reported to work well with a range of 1,3liaryl allenes, giving good yields
and moderate enantioselectivities, with higher enatioselectivity and yields being achieved
when the para position of the aryl moiety contained an electron withdraving group. The group
carried out DFT calculations, which revealed that the free indole undergoes intermolecular
addition to the Au-allene intermediate and this addition contributes to the enatioselectivity of

the reaction.
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Although gold has been readjl reported for hydroarylation of allenes, other metals have been
used for this type of reaction. For example, in 2012 Suresh and Swatihneported a new route
for the formation of indolo[2,3-c]pyrane-1-ones via palladium catalysed reaction of allenes
with indole-2-carboxylic acid derivatives, with comparison of Adl reactivity and GH
functionalisation. In addition, platinum catalysis has been reported for the successful
hydroarylation of allenes. For example, Mat al?7in 2009 reported the highly regioseletive
PtCl catalysed reaction of substituted indoled31 x E O-&llenpls 130. This allowed formation
of the indole derivatives bearing a énmemebered ether rings at position 3132 in moderate

isolated yields (Scheme 31).

R RS
p— . N g PtCI4 (5 mol %)
, N THF, RT
R
130 R2  OH 131 \R3 132\

R3
(16 Examples, 42 - 74%)

Scheme 31. PtC-AAOAT UOA A -idndish@Eriddles, afi@dipg indole derivatives bearing énemebered ether rings132.
This reaction has been reported to work well with a range dfl-unprotected indoles as well as

ones bearing substituents in position 5, however, wherN-protected indoles are used the

isolated yields are lower.

The group also carried out deuteriumlabelled experiments to determine the mechanism of the
reaction and found that addition of the allenol to the activated indole occurs first, followed by

the cyclisation to form the desired product’®

The use of platinum for the hydroarylation of allenes with indoles has also been reported by
the Mufioz group in 201278 This isthe only reported platinum example for the double addition
of indole to the allene, and it is based on their previously published work for the
dihydroalkoxylation reaction.ss They reported the same reaction conditions for the successful
incorporation of indole and substituted indoles onto allenes, with subsequent formation of
o h-lmisBindolylmethane (BIM). For example, the PtGlcatalysed reaction of cyclohexylallene
38 with N-methylindole 127 gives the correspondingo h-BIN 133 in a 90% vyield (Scheme
32).
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38 127
(3 eqs)

. PtCI, (5 mol %),
\ . @ Me(2)H (3 eqgs)
N\ THF, 70 °C, 20 hrs

Scheme 32 Reaction scheme for Pt(IFcatalysed hydroarylation of allene with substituted indoles.

This platinum catalysed reaction is different to the gold catalysed reaction, where we observe
the formation of 3-allylic indoles via single indole addition. Here, the platinum catalysed
reaction mirrors that of the dihydroalkoxylation process with the addition of two molecules of
indole to the terminal, less hindered carbon of the allene with complete saturation of the
internal bond to give the corresponding BIM.These BIMs are key products from the work
carried out in this thesis; they are biologically active molecules and will be discussed in detalil
later in the thesis.

The group found that methanol is a key additive for the reaction with an increase in yield
observed when 3eqs of methanol were added. This has been investigated in more depth in
relation to the mechanism of formation of acetals described ischeme 33. Mechanistic studies

ruled out the formation of acetal species as an intermediate for the bisinddhtion and instead
OEAU DPOiT b1 OA OEAO OEA bl AOEtd3hion Albwing thecaddtidnA O O
of the first indole molecule giving the vinylPt intermediate 136, which is analogous to the gold
reaction. Again, instead of protodemetall@on to form the allylic derivative, protonation of the

internal carbon to form the carbenel38 is observed.

This step is likely to be where the methanol plays its role by acting as proton shuttle to aid the
exchange of protonsvia the transition state 137. Following this, a 1,2H shift occurs forming
intermediate 139 where a 2d indole unit adds to form the final intermediate 140. Finally,
protonation of the platinum alongside reductive elimination occurs to form theo h-BiNd 133
(Scheme 33).
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1,2-H Shift

Scheme 33. Proposed mechanism for the double indole addition to allenes catalysed by RtCI
Other nitrogen containing aromatic nucleophiles such as pyrazole and imidazole have been
reported for their successful addition to allenes vth the formation of allylic branched alkaloid
derivatives. These were reported by Breiet al.”® using Rh catalysis with a variety of different
ligands, the addition of pyrazole and imidazole to allenes has been explored in this thesis and

will be discussed in the results and discussion section.
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1.5. Metal catalysed intramolecular addition of _indoles to allenes.

As mentioned earlier, metalcatalysed intramolecular nucleophilic addition to allenes is a
broad area of chemistry with a range of metals such as Ru, Pd, Rh, Au and Pt catalysing the
addition of nitrogens?, oxygens?, sulphurt2 and carborp3 based nucleophiles. These reactions
are synthetic routes to a variety of different heterocyclic compounds of importance to both

chemical synthesis and pharmaceuticals because of their diverse properties.

Metal-catalysed intramolecular addition of indolesto allenes is significant to this thesis, in
particular, the cyclisation of indoles tethered with allenes in either the C3, C2 or N position.
This is a relatively new area with only a few examples for each position having been reported
in the last decade.However, it has become a particularly important area because of the
biological and physical applications of the resulting heterocyclic compounds containing a
carbazole unit. These are key molecular motifs found in a variety of natural products, for
example the Murraya trees, which are grown in southern Asia, as well as being present in many

mono- and polymeric materialss4

1.5.a. Metal catalysed intramolecular reaction of C3 substituted indolyl allenes

The first example involving the cyclisation of 3allenylindole derivatives was reported in 2012
by Ma et al.85 when they developed an Au(Bcatalysed method for the formation of
dihydrocyclopenta[b] indole derivatives. These cyclopentdd] indole units are found in a wide
range of indole alkaloids, such agaxilline 141 (Figure 13) which is used as a selective blocker

of high conductance calciurractivated potassium channelgs

141 A OH
Paxilline

Figure 13. Structure ofpaxilline highlighting the cyclopentalb] indole unit in blue.
The group established that an electroawithdrawing group on the allene is essential for the
transformation to proceed as it selectively activates the two C=C bonds of the allene moiety
allowing for C2-H functionalisation of the indole unit. Optimisation of conditiors found that the
PhsPAUCI/AgOTT catalytic system was the best for catalysing the cyclisation of indedélenoate
142 forming the corresponding dihydrocyclopentap] indole 143 (Scheme 34).
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MeO,C R4

: COzMe
1
R®  Au(PPh3)CI (5 mol %) R
R! \ AgOTf (5 mol %) _
N Toluene, 110 °C, 9 hours N R4
\ 2 | RS
R R2
142 143
R'=H,
R2=Ts, 95% (NMR Yield)
R3=R*=Me

Scheme 34. Reaction scheme for &(l)-catalysed cycloaddition of indoleallenoates with formation of corresponding
dihydrocyclopenta[b] indole 143.

Various substituted indolylallenes were investigated and reported to work well with alkyl,
alkoxy or halide groups on the indole unit (R), different protecting groups (R2) Ts, Bz, SePh,
CQPh or COMe as well as with different alkyl or cycloalkyl groups at Rand R, giving the
corresponding products in excellent yields. The proposed mechanism involves the
coordination of the cationic gold pecies to the allene, activating it towards attack by the C2 of
the indole with formation of the vinyl gold intermediate 144. Deprotonative aromatisation of
intermediate 144 followed by demetallation generates dihydrocyclopenta] indole 143 via

intermediate 146, with regeneration of the cationic gold catalyst §cheme 35).
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Scheme 35. Proposed mechanism for the Au(fratalysed cycloaddition of indoleallenoate.
A similar method for the formation of these dihydrocyclopenta] indole 143 (Scheme 34) has
been reported by Wanget al8? via in situ formation of the 3-allenyl indole 142 from the 3-

alkenylation of indole in the presence of triflic acid.

In 2013 Sanzet als8 reported their results on the Au(l)-catalysed cycloisomerisation of 3
allenylmethylindoles, containing one carbon more between indole and allene, for the synthesis
of 4,9-dihydro-1H-carbazoles. This is the first efficient methodology using gold catalydisr the
synthesis of 4,9dihydro-1H-carbazoles despite their importance in natural products such as
dihydrotubingensins A (147) and B (148) (Figure 14).87.89
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N
H 147

Figure 14 . Natural product dihydrotubingensins A and B containing the 4;8ihydro-1H-carbazole unit.

Initial reactions carried out by the group identified that cycloisomerisation of disubstituted
allene derivatives yielded a mixture of carbazole regioisomers, faxample the reaction of 3
(1-cyclopropyl-1-phenylhepta-2,3-dien-1-yl)-1-methly-1H-indole 149, using PRPAUNT% as
the catalyst at-78 °Cyielded a mixture of regioisomersl50 and 151 in a ratio of 1:2.3(Scheme
36). However, after extensive screening of catalytic systems and solvents, they established that
appropriate combination of catalyst and solvent could alter the regioselectivity of the reaction
due to the formal alkyl migration involved in the formation of @mpound 151 as explained by
the proposed mechanism irscheme 37.

Ph \.
N\ _PhsPAuUNTf, (5 mol %)
A\ DCM -78°C
N n-Pr N
151 Ph

149 \ n-Pr
1:2.3 (150:151)

Scheme 36. Au(l)-catalysed cycloisomerisation of disubsituted indolyl allene using method B.

Selective formation of both dihydrocarbazole isomerd50 and 151 could be achievedvia the
proposed methods A and B. Method A uses a combination of (PERAUCI/AgOTT in toluene to
selectively producel50, whereas method B uses PERAuUNT®, in DCM to selectively produce
151.

After a comprehensive study into the influee of substituents on the starting substrate, it was
revealed that allenylindoles with di or tri -substituted allene moieties regioselectively react to
form the expected regioisomerl50 in good yields. Whereas, the unexpected regioisomébl
is isolated from allenylmethylindoles with a quaternary centre at the allylic carbon using
method B if the terminal carbon of the allene is unsubstituted or monsubstituted with a bulky
alkyl group. The group have proposed a mechanism which suggests that the formatiminl 50

and 151 could occurviatwo pathways A and B.
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Firstly, the allene is activated by coordination of the gold catalyst allowing for the
intramolecular addition of indole at the more nucleophilic position C3 generating either
spirocycle 153 or 156. Inpathway A, spirocyclel53 evolvesvia a 5-exo cyclisation to give the

gold carbenoid154 . Rearomatisation of this triggers the ring opening of the cyclopropane ring

forming the vinyl gold intermediate 155, which undergoes demetallation to yield productl50
(Scheme 37).

154 |

H
\
Me Me
R? [A]
R \) Pathway A

Pathway B1

Pathway B3

R“ ([AuT

158\
Me

Scheme 37. Proposed mechanism for the cycloisomerisation of-8llenylmethylindoles via various pathways to generate the two
regioisomers 150 and 151.

Pathway B generates spirocycl&é56, this intermediate can evolve in 3 different ways; pathway
B1 involves the ring opening to intermediatesl57 and 155 to give the corresponding product
150. The two other pathways to form regioisomer51, involve a 1,2alkyl shift of the carbon

containing Rt and R through either pathway B2 with subsequent protodemetallation of the
cationic gold intermediate 160, or the stepwise pathway B3, which involves the formation of
the gold carbenoid species 158 which undergoes cyclisation, ring opening and
protodemetallation to afford the final regioisomer151 (Scheme 37). The group have obtained

some evidence for the viability for pathways A and B3.
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Another example using C3 functionalised indolyl allenes was reported by Alcaidg al.20 in
2013, when they reported the metalcatalysed carbocyclisation and oxycyclisation of G3
OA OE A-a@lldnals 161 AT A-allgnones 164. They observed different cyclisation in the

presence or absence of a protecting group on the nitrogen atom.

For example, they established that the Agatalysed reaction of substituted, -allenol 161
would give either oxycyclisation in the presence of th&l-(2-pyridyl)sulfonyl protecting group
yielding compound 162 or in the absence of a protecting group benzannulations would occur
to yield compound 163. They also reported the carbocyclisatiorfunctionalisation of 161
would occur when the allene reacts with an allyl bromide in the presence of Rzhtalyst

forming further functionalised benzannulations 163 (Scheme 38).

HO
R3 R3
R2 R? R? \
N cat. Au or Pd | N \
= R'=H =
4 N 4 N
R X H R? = H (Au Catalysis) R X \
R? = C4H, (Pd Catalysis) R
163a = 85% 161a = R®=R*=R®=H, X = CH 162a = 83%
163b = 78% 161b = R3=R*=R® = Me, X = CH 162b = 57%
163c = 67% 161¢c = R3=R*%= H, RS = i-Pr, X = CH 162c = 55%
163d = 73% 162d = 65%

161d = R®=R*=R% = H, X = C-Me

Scheme 38. Reaction scheme for the gold and palladium oxgnd carbo-cyclisation of C3tethered-J -allenols 161.

The Aucatalysed reaction of C3ethered-allenones was also reported to give two types of
cyclisation when a protecting group was present. Foexample, the substituted C3ethered-
allenone bearing theN-(2-pyridyl)sulfonyl protecting group could undergo carbocyclisation to
give the cyclopentaindolone compoundsl65 as the major product and the furylindole
derivatives 166 as the minor compounds Scheme 39). However, when no protecting group is
present on the nitrogen atom only the furylindole 166 is formed via the respective

oxycyclisation (Scheme 39).

cat. Au cat. Au

166a = 80% 164a = R%=R*=R%=H, X = CH 165a = 58%
166b = 62% 164b = R3=R%=R°% = Me, X = CH 165b = 55%

Scheme 39. Reaction scheme for the gold catalysed oxand carbo-cyclisation of C3tethered-4 -allenones173.
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1.5.b. Metal catalysed intramolecular reaction of C2 substituted indolyl allenes

There are very few reported examples for the reaction of these C2 substituted indolyl allenes,

with the earliest reported example by Widenhoeferet al.in 20069t and 2007 22 with the use of

gold-phosphine and bis(gold)phosphine complexes for the synthesis of carbazole derivatives.
Their first report highlighted the use of the Au[P(tBu).(o-biphenyl)]Cl and AgOTf catalytic

system r the 6-exo-hydroarylation of the internal double bond of 2allenyl indoles 167a with

selective formation of carbazole derivativesl68 (Scheme 40). Other catalytic systems were

found to be either inactive (e.g. Ag(l) and Pd(ll)) or displaying poor selesiity (e.g.

AuCI/AgOTf) for hydroarylation with selective formation of isomer169 over 168 (Scheme

40).

The optimised conditions were found to selectively form carbazole derivative468 from a

range of allenyl indoles possessing either an electredonating 167b or electron-withdrawing

167c group on the indole as well as with substituents on the internal67d or terminal 167e

carbon of the allenyl moiety Scheme 40). It was also established that axiayl chiral allenyl

indoles could transfer their chirality from the allene to the newly formed stereogenic carbon

centre upon cyclisation with selective formation of theE-alkene.

R3
R4‘§
R2
CO,Me

AN CO,Me

Au[P(t-Bu),(o-biphenyl)]CI (5 mol %)
AgOTf (5 mol %)

167

167a=R;=R,=R;=R, = H

167b = R; = OMe, R, = Ry = R, = H
167c=R,;=F, R,=R3=R,;=H
167d =R; = H, R, = Me, Ry = R, = H
167e = Ry = R, = H, R3=R,= Me

Dioxane, 25 °C, 30 mins

168

168a = >99%
168b = 89%
168c = 91%
168d = 71%
168e = 92%

T

169

CO,Me
CO,Me

Scheme 40. Au(l)-catalysed reaction for theintramolecular cyclisation of C2 indolyl allene for formation of tricyclic derivatives.

Widenhoeferet al®! then reported their extension of this work to establish an enantioselective

intramolecular reaction with the use of chiral bis(gold)phosphine catlysts. After screening of
catalysts the group found that the [§-3,5tBu-4-MeOMeOBIPHEP]ALCL and AgBR (1:2)

catalytic system could catalyse the cyclisation of-@4,5-hexadienyl) indole 170 with formation

of 4-vinyltetrahydrocarbazole 171 with high ee (Scheme 41). Further screening found that

using toluene at low temperature with a longer reaction time resulted in better

enatioselectivity.
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For example, the reaction ofL70 in MeOH at rt for 3 hours yieldsl71 with 63% ee, whereas
the reaction of 170 in toluene at-10 ©C for 17 hours yields171 with 91% ee Scheme 41).

R4

RSK ~ _
N |
, R? 0 _CO,Me [(S)-3,5-tBu-4-MeO-MeOBIPHEP]Au,CI, (2.5 mol %) ) COzMe N CO:Me
R AgBF, (5 mol %) CO,Mg
\ coMe CO,Me /
Toluene, -10 °C, 17 hrs.
2
N R! R R
\ l Bu —
170 PAr 171 172
[(S)-3,5-tBu-4-MeO-MeOBIPHEP] = MeO PAri f R3 L \ ]
t-Bu
170a=R'=OMe, R2=R*=H (n=1) 171a = 85%, 75% ee e
170b=R"'=H,R2=R%=Me,R*=H (n 171b = 82%, 91%ee e
170c=R'=R?=R%=R*=H(n=2) 172 = 80%, 91% ee

Scheme 41. Bis(Au)phosphine catalysed cyclisation of-2llenyl indoles for the formation of functionalised tricyclic derivatives.
The reaction was found to work well with substituted indolyl allenesl70a giving good yields
and selectivity of the desired 4vinyltetrahydrocarbazole derivatives 171a, however better
enatioselectivity and higher yields were achieved when the terminal cadn of the allene was
substituted 170b . Also, when the 5,6-heptadienyl) indole 170c was usedresulting in 80%
of the 7-exo-trig cyclised product 172 with 91% ee (Scheme 41).

In 2009,%3 the group of Ma reported their mild and efficient method for the syrtesis of
substituted carbazoles174 via PtCh-catalysed cyclisation of 1(indol-2-yl)-2,3-allenols 173
(Scheme 42). A variety of substituted carbazoles could be afforded in high yields using the
optimised conditions with substitution on the allenic moiety173a/173b as well as substituted
indoles 173c (Scheme 42).

\ .
R3 PtCl, (5 mol %) O O R3
\ Toluene, RT, 2-4 hrs

5
R R2 N
N oH I R2
\ R’
R

173 174
173a=R"'=Et,R?=R%=H, R*=nCsH, R®=H 174a = 83%
173b=R'=Et,RZ=H, R®=Ph,R*=R%=H 174b = 70%
173¢ = R' = Et, R2 = R® = H, R* = nCgH 3, R® = OMe 174c = 75%

Scheme 42. PtC}-catalysed cyclisation of 4(indol-2-yl)-2,3-allenols with formation of substituted carbazoles.

The proposed mechanism for this reaction involveshe coordination of PtC} to the allene
moiety activating it towards nucleophilic addition by the C3 of the indole with subsequent

formation of intermediate 176.
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Protonation of the hydroxyl group onl176 allows for the elimination of HO from intermediate
177, which forms the cyclic platinum carbene intermediatel78. 1,2H shift on intermediate
178 and demetallation gives the final productl74 with regeneration of PtCh (Scheme 43).
This mechanism has been supported by further mechanistic investigationgported by the
same group? where they confirmed that the reaction proceeds through the metal carbene
intermediate 178.

173
174 PtCI;
=3 PtCl,
CI* 1,2-H Shift T\
Protodemetallation \ R4

Scheme 43. Proposed mechanism for Ptgtatalysed cyclisation of 3(indol-2-yl)-2,3-allenols.

Alongside the PtG work, Ma et al s also reported the synthesis of carbazoles using Au(l)
catalysis. This was an extension of the PtQleaction to incorporate functionalities on the
carbazoles with further derivatization for the formation of naturally occurring carbazole
alkaloids such as Siamendl83a and Clausine ML83b. Firstly, the group established a method
for the synthesis of the indolyl allenols containing methoxy groups, using readily available
methoxypropadiene and appropriate indole. The corresponicig 2,3-allenol 181a/b , then
undergoes successful cyclisation to form the desired substituted carbazal@2a/b (Scheme
44). The carbazole at this stage can undergo a series of functional group transformations to

reach the desired naturally occurring carbaale alkaloid.
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In 2013 the same group reported further application of this method for the synthesis of more

naturally occurring carbazoles: isomukonidine, glycosinine and clausine%'.

\©i>7 n-BuLi AUC| O O
179a n -40 OC EtO Toluene rt

182
HsCO 180 (:3881/3 Bn (81°/f Bn Bn
183a
Siamenol
(66%)
MeOOC
@> W O . O
179b n -40 °C, Et,0 Toluene, 1t
/S 181b b 182b 183b
HsCO  1g0 (83%) "

Clausine M
(54%)

Scheme 44. Au(l)-catalysed cyclisaton of substituted 2,3allenols with formation of functionalised carbazoles as precursors to
naturally occurring carbazole alkaloids siamenol83a and clausine M183b.

In 2011, Alcaideet al.?” published their simple and efficient method for carbazole formation
using indole-tethered allenols with Au(l) and Pd(ll) catalysis.The diverse reactive sites of
indole-tethered allenols could lead to either C, N or O cyclisation asgecificcatalytic systems
are required to control which type of cyclisation occurs. They reported that AuCl was found to
be the ideal catalytic system to enable this cyclisation control and observed that AuCl
carbocyclisation of allenol184a gives selective formation of the orresponding carbazole
185a, with no oxy-cyclisation occurring (Scheme 45). The high stability of the émembered
carbocycle makes the &ndo carbocyclisation thermodynamically more favoured than the

faster 5-endo cyclisation reaction to form the furan.

OH
DCE, RT, 2 hrs
N\ o——

|

Me
184a R = Me 185a = 75%
184b R = Ph 185b = 89%

Scheme 45. Au(l)-catalysed cyclisation of indoletethered allenols with selective carbocyclisationvs oxy-cyclisation with
formation of functionalised carbazolesl85a and 185b.

They also reported that unsubstitutedN-indole-tethered allenols 184c/d undergo selective
carbocyclisation to form the corresponding carbazold85c/d as opposed to the proposedN-
cyclisation that could occur to form the pyrido[1,24]indole derivative (Scheme 46). The
proposed mechanism for this reactn is analogous to that proposed for the Ptgtyclisation

reaction (Scheme 43).
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OH
AN AuCI (5 mol %)
DCE, RT, 2 hrs R

N .
\ N
H R |
H
184c R = Me 185¢ = 74%
184d R = Ph 185d = 58%

Scheme 46. Au(l)-catalysed cyclisation of indoletethered allenols with selective carbocyclisation/sN-cyclisation with formation
of functionalised carbazolesl85b .

Aclaide et al®a also reported the synthesis of functionalised carbazole$87a/b via the Pd
catalysed cyclisative coupling reaction of indolgethered allenols184 with allyl bromide 186
(Scheme 47). This reaction was reported to work well with a range of allenol and allyl bromide
derivatives, giving relatively good yields of the corresponding carbazoles37. Dimers have a
higher affinity for biological targets, therefore the group tested lhe reactivity of bis(indole-
tethered allenols) 188 under the Pd conditions and achieved successful synthesis of dimeric
carbazole derivatives189 (Scheme 47).

RS R3S
Br:
H 186
PdCl;, (5 mol %)
DMF, RT, 2 hrs R?
N
187 |
R1
184a = R'=R2 = Me 186a=R3=H 187a = 69%
= 0,
184d =R' = H, R? = Ph 186b = R% = Me 187b = 56%
R2 R? R2
B \/K
186
___PdCly (5mol %)
T DMF,RT, 2Hrs
189 R1
188a = R'= Me 186a=R3=H 189a = 60%
188b = R' = Me 186b = R3 = Me 189b = 54%

Scheme 47. Pdcatalysed cytisative coupling reaction of indoletethered allenols184 and 188 with allyl bromide 186.
This successful carbocyclisatiorcoupling reaction between allenols and allyl bromides led
I 1 AAE A AGdexpd@ h énillar sequence between indok¢ethered allenols andy -allenic
esters for the preparation of carbazoles. Initial reactions were carried out using PdClI
conditions for the reaction of indoletethered allenols184 x E O-Bllenjc acetate190, however

only the carbazolel92 was isolatedbecause otarbocyclisation without the crosscoupling.
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But, the group established that heating the reaction to 88C gave successful carbocyclisation
cross-coupling to give the desired carbazold91 (Scheme 48). This highlights that carbazole
192 is the kinetic product whereas carbazolel91 is the thermodynamic product. The reaction
works well for a diverse range of allenic esters and allenols, giving the corresponding
carbazoles as single isomers witle-selectivity in the newly formed C=C bond with high yields
(Scheme 48).

OH R*
AN OAc /J
= PdC|2 (5 mol %)
o + *
N\ R? DMF, 80°C

184a Me 190 o
Thermodynamic product Me
190a = R, = 40MeCgHy, R; = Me, Ry = H 191a=71%
190b = R, = CgHs, R3= R4 =H 191b = 67%

Klnetlc product

Scheme 48. Pdcatalysed cyclisativecross-coupling reaction of indoletethered allenols 184 with allenic esters 190.
The group proposed a mechanism for this reaction involving the coordination of Pdab the
allene moiety activating it towards 6-endo-trig carbocyclisation with formation of
intermediate 194 . Aryl palladium intermediate 195 is formed after HCI loss and dehydration
of 194. The palladacarbazolel95 then couples with190 regioselectively at the cental carbon
of allene, generating specie496. A trans| -deacetoxypalladation 0f196 generates the highly

stereoselective carbazole91 with regeneration of the Pd(ll) catalyst Scheme 49).
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191 + AcOH
PdCl,

184
PdClzx R1
N\193 OH

H

R N 194
| OH
190

Scheme 49. Proposed mechanisnfor Pd-catalysed cyclisativecross-coupling reaction of indoletethered allenols with allenic
esters.

A further example of cyclisation of C2 allenic indoles is that by Becadli al #® who reported the
use of Pd(ll) catalysis for the intramolecular carboanwiation and hydroamination of indole 2-
carboxylic acid allenamides, leading to a variety of vimgubstituted imidazo-[1,5-a] indole
derivatives. Unlike the previous reactions, which involve the cyclisation at the C3 position of
the indole, these two reactbns undergo cyclisation at the nitrogen of the indole. The
carboamination of allenamide197 ET OT 1 OAO OE A -aEll galladiin@l) domplexE A
198 which is generated by the insertion of an aryl Pd(ll) iodide species on the allene. Selective
trapping | /E GaliyRpalladium(ll) complex at the internal carbon of the allene by the nitrogen
IT OEA ETATIT A -st@A-imidaxd[D8aDinddE derivative 199 (Scheme 50,
Reaction A). Results show the reaction to work well with different allyl iodide with good
yields, but also the reaction was explored using carbonylative conditions. Using a CO
atmosphere, the reaction followed the same pathway with generation of imidaz{d,5-a] indole
products bearing an enone moiety201 (Scheme 50, Reaction B), thé reaction also worked

with different aryl iodides however the yields were lower.
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N—NMe
N\
197 H °
Reaction A
N—NMe
A\
197 ” ©
Reaction B

Pd(PPhs), (5 mol %)
ArI, K2CO3

MeCN, Reflux, 2 hrs

Pd(PPhs), (5 mol %)
Arl, KQCO3

CO (1 atm)
MeCN, RT, 48 hrs

198
198a = Ar =Ph

198b = Ar = CgH,OMe -4

|—Pd ':'
200 7
200a = Ar =Ph

200b = Ar = CgH,OMe -4

199a = 74%

199b = 88%

201 o}
201a=45% Ar

201b = 31%

Scheme 50. Pdcatalysed carboamination of allenamides with formation of vinysubstituted imidazo-[1,5-a] indole derivatives.

In the abserce of an external aryl iodide, the Paataylsed hydroamination reaction proceeds
O E A -alll Pd(ll) complex 202, generated by insertion of the NPd(ll) species on the allene
moiety, with subsequent cyclisation forming the vinylsubstituted imidazo-[1,5-a] indole
derivative 203a/b (Scheme 51, Reaction A). This &xo-allylic hydroamination reaction
requires the use of microwave irradiation to achieve the desired product, without microwave

irradiation degradation occurs.

Also, without palladium present, product203 is not formed,instead formation of thehydroxy-
substituted pyrazino[1,2-alindole species205 is observed as a result of water addition to
intermediate 204 (Scheme 51, Reaction B). The &xo-allylic hydroamination reaction works

well with a range of indole allenamides substituted on the phenyl ring as well as the nitrogen.
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N—R?
N (e}

197a H

197a = Ry =H, R, = Me
197b =R, =Cl, R, = Me
Reaction A

N—NMe
%
H e}

197a

Reaction B

Pd(PPhs), (5 mol %)

Toluene, 150 °C, 1 hr, mw

Toluene, 150 °C, 1 hr, mw (41%)

or
Reflux, 1 hr (38%)

N—Me

Me

204

—_—

203¢c =71%

203b = 85%

I~
N N—~Me
v

OH
205

Scheme 51. Pd(ll)-catalysed hydroamination of allenamides with formation of vinydsubstituted imidazo-[1,5-a] indole

derivatives using microwave conditions.

1.5.c. Metal catalysed intramolecular reaction of N

-substituted indoly! allenes

There are only a few reported examples for the intramolecular reaction df-tethered indolyl

allenes with Au(l) and Pt(Il) catalysis. Allenes have multiple reactive sites, therefore ring sizes

can vary depending on the catalytic system and conditions used to control the chemoegio-

and stereoselectivity of the reactionil34 |In 2011, Zeldin and Tostel® carried out a

retrosynthetic analysis of the antimalarial bisindole alkaloids, flinderole B208a and C208b,

where they proposed the pyrrolidine rings to be synthesised by Au(iratalysed hydroarylation

of an N-tethered indolyl-allene through the C2 position of the indole. The reported the

successful cyclisation of indolylallene 206 using the NHGcatalyst, IPrAuSbE, to yield 91% of

the corresponding pyrrolidine 207, further manipulation of this intermediate completed the
total synthesis of flinderole B208a and C208b (Scheme 52).
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NMe,

A\

OTBDPS OTBDPS

Flinderole B

N IPrAUCI (5 mol %) 208a
N / AgSbFg (5 mol %) NMe, NMe,
DCE, 45 °C,
0
/Y%

A\

Flinderole C
208b

Scheme 52. Aucatalysed cyclisation ofN-tethered indolyl allene for the formation of flinderoles B208a and C208b .

Recently, Meiet al1otreported their results for the catalystdependent sterecdivergent and
regioselective synthesis of indole fused tricyclic systems through the cycloaddition reactions
of indolyl allenes. The group were able to control the formal [3+2] and [2+2] cycloadditions of
indolyl allenes by use of Pt(ll) and Au(l) catalysis. They repted that PtC} would catalyse the
formal [3+2] cycloaddition of indolyl allene 209a with formation of the cycloadduct 210,
however the [JohnPhosAuCI//AgNTSf catalytic system with the same allene will lead to
formation of the epimer cycloadduct211 (Scheme 53). Screening also found that the [2+2]
cycloadduct212 could be isolated as the major product when indolyl allen209b was utilised

(Scheme 53).

PtCl, (5 mol %)
R R! 4AMS. DCE. 210a = 86%
\< 70°C, 12 hrs
Me [IPrAUCIVAgNTf, i
gt o emon \ ve
N 4AMS, DCE,
212 \/NTS 70°C, 12 hrs 200 NTs
[JohnPhosAu]NTf,
2098 = R = (5 mol %) 211a = 95%,
a =R = Cylcopropyl 4AMS, DCE, 211b = 4%
70°C, 6 hrs

209b =R' = Me

Scheme 53. Synthesis of indole fused tricyclic compounds viat and Aucatalysed reaction of indolyl allenes.
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Thesereactions were found to work well with a range of substituted indolyl allenes with
substituents on the indole ring and allene giving the corresponding produstin good to high
yields. The [3+2] cycbaddition reactions also worked with longer carbon tethers giving the

corresponding 8 membered ring in good yields.

Deuterium and control reactions have led to proposed mechanisms for the Pt(ll) and Au(l)
catalysed reactions. For the Pt@lcatalysed reacton, formation of the intermediate 213 is
achieved by reversible €3 metallation of indole, this intermediate can undergo successfais
addition forming intermediate 214. Ring closure of intermediate214 forms metal-carebene
intermediate 215, which undergoes 1,2H migration followed by demetallation of intermediate
216 to yield product 210a (Scheme 54).

R! R!

RW
e \< .
! [Auts® \ Mo —— ™M Me
\ Me ©i> )\ M = PtCl, or AuLn ©E§ )\
N " B

NT: NTs
2\ N 200 \__ NP 213 \__/

Cis-Addition‘
S}
{ M]
M

R1
R H
[M]
) Me Path B Me d
- (7
% Patﬂ N @N
NTs

\\/NTS
214 \\/NTS 215 \ k/ 214
212

Z

[AuL]+

211

Scheme 54. Proposed mechanism for the Pt and Au catalysed cycloaddition reactiond\sfethered indolyl allenes.

The [3+2] cycloaddition with gold can also govia intermediate 213, however the direct
coordination of Au to the allene is the more dominant process, therefore intermediate p d@s6
formed. Intramolecular nucleophilic addition of indole to the Auactivated allene forms the
vinyl gold intermediate ¢ p 1 This intermediate can then form either product212 or 211,

product 212 is formed by trapping the iminium intermediate through nucleophilic attack of

the GAu bond (Scheme 54, Path A). Whereas produc®l11 is formed by tandem cyclisation,
1,2-H shift and an elimination processvia the metalcarbene intermediate 215 and

intermediate 216 (Scheme 54, Path B).
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The two proposed mechanisms highlight that the stereoselective formation of product&lOa
and 211 is likely to occur because of the differenE and Z configurations of intermediates214

andg p1 0

In 2010, Barluenga et al. 102 reported their results for the Au(l)-catalysed 6endo
cycloisomerisation of N-tethered indolyl allenes, as a new process for the formatiomf
pyrido[1,2 -a]-1H-indole derivatives. The reaction of 2,3utadienyl-1H-indole 217 was found
to undergo successful cycloisomerisation with both [JohnPhosAuCI)/AgNZénd PrPAUNTS
catalytic systems with formation of 6,9dihydro-pyrido[1,2-a]-1H-indole derivatives 218
(Scheme 55). The scope of the reaction shows that the cycloisomerisation has a broad
functional group tolerance, including towards strong and weak activating and deactivating

groups (Scheme 55).
R1 R2 R1

\ LAUNTf, (5 mol %) \

N / Toluene, 80 °C ~
217 \\/ 218 /

217a = R'=H, R? = Me (RT) L = JohnPhos 218a = 93%

pd

217b =R'= Br, R2 = H L = JohnPhos 218b = 79%

L =PPh; 218c = 89%
217c = R1 = OMe, R2 =H

Scheme 55. Au(l)-catalysed 6endo cycloisomerisation reaction of Neethered indolyl allenes.
Functionalisation of the indole at position C3 favours the cycloisomerisation reaction at
position C2. However, if position C2 is blocked, then the more competitivetermolecular
activation of C3 will occur. This was validated by investigating the reaction with C2 substituted
indolyl allenes 219 (Scheme 56). Carefully controlling the time and concentration of the
reaction allows for cyclotrimerisation with formation of macrocyclic compound220 (Scheme
56).
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R
JohnPhos)AuNTf, (5 mol %
0,
N / Toluene, 80 °C Me \

IS
R N /
220
219a=R=H 220a = 20%
219b =R = Br 220b = 23% (X-ray)

Scheme 56. Au(l)-catalysed cyclotrimerisation of C2subsituted N-tethered indolyl allenes.

Based on deuterium incorporation patterns, Barluenga proposed a mechanism for the
formation of the 6,9dihydro-pyrido[1,2-a]-1H-ET AT 1 A AAOE OA GEobfle®ds ) T F
formed by coordination of cationic Au(l) to the allene, cyclisation of this gives intermediate

221 with a positively charged C3 position. Stabilisation by the lone paof the nitrogen would

afford cationic intermediate 222, which would aromatise to form products218 (Scheme 57).

os

/\N / N D N

217 ¢ 218 / 218-D /
\\/ 229b = R = Me, H

LAUNTF, /_\

R

LAUNTf, (5 mol %) \ \

217a=R =Me, H

R
D
X
| < N
= N /
221 Au-L 222 / Au-L

Scheme 57. Mechanism for Au(l}catalysed 6endo cycloisomerisation reaction of Ntethered indolyl allenes.

This Au(l)-catalysed 6endo cycloisomerisation of 2,3butadienyl-1H-indole derivatives is
highly important to the work carried out in this thesis. It has allowed us to understand the
relationship of Au(l) and Pt(ll) catalysis with respect to 2,3butadienyl-1H-indole derivatives
and the effect that these catalytic systems have on the products of cycloisomerisation, this will

be discussed further in chapter 2.
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1.6. Bis-indolylmethanes (BIMS)

Indoles and their derivatives, in particular bisindolylmethanes, are an important class of
heterocyclic compounds. These biologically active compounds have received a lot of attention
over the years in both chemical and pharmaceutical industries because of their diverse
properties.103 BIMs are known to exhibit a wide spetum of biological activities and are found

in a range of natural products and pharmaceutical agents. The structure, properties, uses and
synthesis of these compounds will be described in this section to highlight their importance

and relationship to the work carried out in this thesis.

1.6.a. Structure and properties

Bis-indolylmethanes are compounds which contain two indolyl moieties connected to the
OAIT A AAOATT AOI i h AgAiBMsZEh | @EMeHHAA A -BiiskiE0 A A

(Scheme 58), where the number indicates the position at which each indole is linkel@4

Scheme 58 3 O00OAOO0OAO O1 OEI x OEA ( hEq 6EWIBCA AcAhCox8A AT  ET AT i
Indoles are most reactive at position 3, therefor® UT O E A O-BI0Is i$ tHe modi ao@monly
OADPT OOAA AgAipPi A8 (1 xAOAOh EA bl OEBMsiislalsco EC
Dl OOEAI A8 4 EA -BOM is Qe A& complicdfed ddtause of the reactivity at
position 3 of the indole which Bkes precedence over position 25 Therefore there are fewer
reports for their synthesis even though they are of high importance because of the broad
OPAAOOOI T &£ ET OAOAOGOETI ¢ AET 11T CEAAIBIMATonthBEA OI
basis of this hesis and will be discussed in further detail.
Bis-indolylmethanes and their derivatives are known to be present in a range of natural
products and are found in bioactive metabolites of marine and terrestrial origiri% These
molecules are generally isolatedfrom a range of marine and terrestrial sources such as
sponges, tunicates and parasitic bacteri®®? Over the years many different BIM derivatives
have been identified with a range of biological activities associated with them, such as

antibacterial, antibiotic, antimicrobial, antifungal, and antiinflammatory properties.89.108
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") - Oh O Gdittlolyln@thameén2@Fa (Figure 15), have been shown to exhibit inhibitory
effects on cancer cells growth and induce apoptosisThis has been readily reported for tle
inhibition of human prostate cancer cell$0.119and human breast cancer cellg! as well as
others.®3 The importance of BIMs has also been reported for the naturally occurring example
Vibrindole A 223b (Figure 15), which is reported to be useful for the treament of

fibromyalgia, chronic fatigue and irritable bowel syndromet12

| \/ \

HN NH HN NH
223a 223b

3,3'-Diindolylmethane Vibrindole A
Figure 158 3 O O O A O inBidlyimeéihafe (284apadd Vibrindole A 234b).
The importance of these BIM structures has resulted in a wide range of synthetic routes being
developed, these involve the more classic methods utilising protic and Lewis acid catalysis as

well as the more modern methods using transition metal catalysis.

1.6.b. Classic methods for synthesis

Friedel-Crafts reaction between indoles and carbonyl compounds using protic or Lewis acid
catalysis has been widely studied for the synthesis of bisdolylmethanes (Scheme 59),
however only a few interesting exampleshave been described here to briefly highlight this

area.

H + R +
>:/(;\H+ H OH, (‘OHZ
R

N N
135 H 227 H 228

Scheme 59. General scheme for the synthesis of bindolylmethanesvia the Friedel-Crafts reaction between indoles and carbonyl

compounds.
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In 1996, Chenret al113 described the use of lanthanide catalysts for the reaction of indoles with
aldehydes and ketones. They demonstrated that various lanthanide triflates are mild and
effective catalysts for the reaction of indolel35 with various aldehydes and ketones, e.g.
benzaldehyde231, giving the corresponding BIM223c in high yields.They were able to extend
this reaction to various substituted indoles as well as a range of aromatic and aliphatic
aldehydes and ketones. The group proposed a mechanism as seensitheme 60 which
involves the activation of the carbonyl grou231 by the lanthanide to allow for electrophilic
substitution at C3 on the indolel35, similar to that observed for protic acid catalysigScheme
59). Loss of water generates the intermediat®33, which is then activated by the lanthanide

allowing for attack at the second indole molecule to form the final BIM produ@23c.

/,Ln3+
o
| Ph
\ H  Ln(OTf);(0.10 M) O O
+
EtOH/H,O, RT / \
N
H HN 223c —NH
135 231 (64 - 93%)
Indole
Ho Ph
H
Ph
-H,0 / H
N
232 HO 233 \F
Ln®*

Scheme 60. The lanthanide triflate bisindolylation reaction and mechanism.
Despite the mildand effective nature of both the catalyst and conditiongjumerous groups
began reporting methods that used inexpensive, facile and efficient catalysts as well as solvent
free conditions. Several groups have achieved solvefree conditions by grinding sdid
reagents together yielding a viscous liquid melt phasg4which after a period of time gives the
crude product, this is known as the grindstone methodit5 An example of this reaction includes
the work by Loh et al13 which uses iodine as a mild Lewis adi it is a highly efficient catalyst
because of its ability to activate both the carbonyl group and the indole, promoting the reaction
which follows a similar mechanism to that inscheme 60. This reaction exhibits short reaction
times of <10 mins and solvat free conditions for the synthesis of a range of different BIMs
with very good yields (Reaction 1Scheme 61). The group of Pash&é were also able to achieve
BIM formation using protic acids in solvent free conditions in ten minutes and found the

reaction to work well with a range of aldehydes and ketones (Reaction 3cheme 61).
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These examples and the majority of other BIM formation methods work for the synthesis of
symmetrical BIMs, whereas the group of Bandgaet al11” were able to adapt their reactionto
give a range of both symmetrical and unsymmetrical BIMS. They achieved this using solvent
free conditions with fluoroboric acid adsorbed on silica, HBFSIQ, as the catalyst, and using
one indole already substituted in position 3 with a group ready tdorm a vinyl indole which is

a key intermediate in the reaction with the second indole.

The reaction was shown to be simple, inexpensive and the catalyst can be recycled, it was also
shown to work well with a range of aldehydes and ketones, although it wafound that
aldehydes reacted faster than ketones.

The reaction was extended to a range of substituted indoles forming the corresponding
unsymmetrical BIMs e.g. the reaction of -bromoindole 234 with 1H-indol-3-
yl(phenyl)methanol 228 to give the correspading unsymmetrical BIM223e in an 89% vyield
(Reaction 3, Scheme 61). The group of Wang!8 were also able to successfully form
unsymmetrical BIMs in a similar approach. Their reaction was carried out with the cheap and
non-toxic catalyst, ceric ammonium niréde (CAN) with ultrasonic radiation (U.S.R.) to give a
fast and efficient route to a wide range of unsymmetrical BIMs with high yields, howevéney
were not achieved using solvent free conditions. e.g. reaction ofrbethylindole 235 with 1H-
indol-3-yl(phenyl)methanol 228 to yield the corresponding BIM in 96% vyield (Reaction 4,
Scheme 61).
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Reaction 1 \ + ArCHO 2 > Q O
N RT, Neat \
135 H 226a HN 223c NH
\ H p-TSA
Reaction 2 + R Neat, rt
i -
135 226b HN 223d NH
Ph
OH Br
Br.
AN . N HBF,-SiO,
Reaction 3 Neat, rt
N N
H H / \
234 228 223e
HN NH
Ph
OH
. N\ N\ CAN
Reaction 4 +
U.S.R EtOH, rt
N N
H / 223f \

235 H 228
HN NH

Scheme 61. Schemes for the solvertree BIM formation utilising various catalysts.
Other examples of Lewis acid catalysed reactiomequire different conditions and can require

the use of high catalyst loadings to achieve the successful BIM formation, e.g. the sulfamic acid
catalysed reaction by Wang and L1it° which requires methanol as the solvent and 50 mol % of
the mildly acidic, nan-volatile, odourless and stable acid catalyst to synthesise a range of
substituted BIMs with high yields.

The group of Bandga¥2o successfully synthesised BIMs using molecular iodine, however this

required the use of acetonitrile and 20 mol % catalyst loadg. Although this reaction works

as aliphatic, alicyclic and aromatic ketones, giving excellent yields, the conditions are not as

favoured as those previously mationed by Loh113

Some of these high catalyst loadings are needed because Lewis acids can be deactivated or
decomposed due to trapping by nitrogen containing reactants and therefore more than
stoichiometric amounts of the Lewis acid are required. Howeve Yadavet al12! identified that
lithium perchlorate could be used in catalytic amounts, as a 5 M ether solution of lithium
perchlorate or as a 10 mol % of LiClQin acetonitrile for the highly efficient synthesis of the

BIMs using neutral reaction and wok-up conditions.
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Also, Kambleet al122were able to use thereusable, selective, simple, noworrosive andlow-
costperchlorate catalyst,HCIQ-SiQ, in methanol with extremely low loading of 0.01 mmol to

give very short reaction times and excellent yields.

An interesting example was reported in 2008 by Kolvaret al123 using bis or tris-aldehydes
for the synthesis of di and tri-(bis(indolyl)methanes). They used silica sulphuric acid (SSA)
synthesised from silica gel and chlorosulphonic acid as the protic catalyst for the reaction of
terephthaldialdehyde 236 with indole 135 to form the corresponding dibisindolyl derivative
237 (Scheme 62).

AN Si0,-0S03H (0.02 mmol)
+ OHC CHO
N CH4CN, RT

135 H 236

Scheme 62. Scheme for the synthesis afi-bisindolyl methanes237 using SSA catalysis.

The group also found that the reaction worked well with trialdehydes to give the
corresponding tri-bisindolylmethane as new materials under mild and heterogeneous reaction
conditions using SSA, e.g. reaction of indol&5 with tripodal 238 to give the coresponding
tri -bisindolylmethane 239 (Scheme 63).

HN\

N )\N CHO N)\
N\ ‘ Si0,-0S03H (% 30 eqs) |
+ )\ )\ CH3CN, RT )\ )\
N
H

z

N

o N o o o
135 i 238 | 239
HN H

N
Scheme 63. Scheme for the synthesis dfi -bisindolyl methanes using SSA catalysis.
The reactions outlined here and the many others that have also been publisi&dshow how
broad the more conventional method for BIM formation is. The various groups have worked
rapidly over the years to generate a wide range of methods with a variety of protic and Lewis

s o~ 2 e 2 A e
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However, it may seem that their solvent free and use of low costing but efficient catalysts may
IT1U AA OOAAEDI AiBWSs itk Ager@tallagpodciOtg Ymnieticalekambies.
Whereas, the more challenging compounds suchaswhé | AOOEAAIT " )-BIbsafel A
of increasing interest and therefore transition metal catalysed reactions for BIM formation

have been developed.

1.6.c. Transition metal -catalysed methods for synthesis

Although almost all the procedures for BIM fomation described in literature are based on the
more classic method, there are methods which have been developed over the past couple of
decades which utilise transition metal catalysis. These reactions involve the addition of indoles
O1 -bamds such as &ynes, allenes and to cyclopropeneia direct double hydroarylation,
which can occur step wise through a vinyl indole intermediaté2s This section will summarise

these methods with a variety of transition metal catalysts.

One of the earliest reports for meal catalysed BIM formation was by Fujiwaraet al.in 2000,126
who reported their results for palladium catalysed BIM formation. The group reported that
Pd(OAc) in acetic acid could catalyse the addition of indoles and pyrroles to alkynoates with

selectiveformation of either cis-heteroarylalkenes or diaryl products being achieved.

This was dependant on the substituents on the alkynoates and the solvent used and they found
that small R groups such as Me on alkynoat@40 in acetic acid favoured diaddition products
223g, whereas bulky R groups such as P31 favour the formation of mono-addition products
242 (Scheme 64). Bisindolyl products were formed by further addition of indole to the
arylalkenes/vinylindole intermediates in acetic acid, they also repded that in
dichloromethane they could control the reaction to stop at the mon@ddition product, even

when small substituents were present.

CO,Et

@ . Me—=—=—CO,et —OAc)(Smol%) / \
N

HOAc, 72 hrs, RT

135 H 240 HN 223g NH
(45%)
Ph CO,Et
\ Pd(OAC)5 (5 mol ©
+ Ph—=—=—co,et —AQAc)Emol%) _ \
N HOAc, 24 hrs, RT
135 H 241 N~ 242
H (78%)

Scheme 64. Pd(OAc) catalysed addition of indoles to alkynoates with selectivéormation of BIMs or cis-heteroarylalkenes.
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The most reported methods for BIM formation using transition metal catalysis involves the use

of Au(l) and Au(lll) catalysis for the addition of indoles to alkynes and one example involving

the addition to cyclopropenes. The earliest reported example by Het al127in 2005 involves

Au(lll) catalysed addition of heterocycles such as indoles, furans and benzofuran to olefins and
alkynes. The group found that using Aughs the catalyst gave successful addition of twid-

methyl indole 127 units to ethyl propiolate 243 with the subsequent formation of the bis

indolyl product 244 in a 74% yield (Scheme 65). They proposel that the reaction occursvia

AT -ynBaturated ester intermediate245 x EEAE EO OAAAOEOA AO OEA |

second indole addition to occur.

N\ o
©E> ., == CO,Et AuCl3 (5 mol %)
N CH3CN, RT

127 \ 243

CO,Et

-

/ Intermediate 245

Scheme 65. AuC# catalysed reaction of Nmethylindole with ethyl propiolate to give the corresponding BIM product.
Recently, Zhanget al.128 also published their results for the reaction of various substituted
indoles with ethyl propiolate. However, instead of using gold catalysis, the group found they
could achieve high yields of around 99% when using gallium dodecyl sulphate, Ga(BS)
water making this a great candidate for green chemistry. For example, the reaction efriethyl
indole with methyl propiolate gave the corresponding bisindolyl propanoate€47 in 98% yield
(Reaction 1,Scheme 66). The reaction is reported to work well witha range of substituted
indoles, however, when disubstituted alkynes wre explored reactivity changed. Wh mono-
hydroarylation occurring when N-methyl indole 127 was reacted with the disubsituted alkyne
dimethyl acetylenedicarboxylate246b forming compound 248 (Reaction2, Scheme 66.
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R R20,C

R1
i 1 Ga(DS); (5 mol % Q O
Reacton1 R \ . =—  COR? (DS)s ( o) / \
N

H,0, 70 °C, 18hrs
135 H 246a HN 247 NH

R'=5-Me, 247 = 98%

N
Ga(DS); (5 mol %)
Reaction 2 \ + MeO,C—=——=——CO,Me : /
N H,0, 70 °C, 18hrs

127\ 246b 248 \  COMe

MeOzC

25°C, 38 hrs = 32%
70 °C, 36 hrs = 35%

Scheme 66. AuCt catalysed reaction ofN-methylindole with ethyl propiolate to give the corresponding BIM product.

Other Au(l) catalysed reactions include an example by Barluengaal.in 2009122 who reported
the successful double addition olN-methyl indole 127 to butynol derivatives. The group found
that PhsPAUCI (5 mol %) and AgSEBR5 mol %) could catalyse the siteselective addition ofN-
methyl indole to both terminal (Reaction 1,Scheme 67) and internal alkynes (Reaction 2,
Scheme 67). The reaction with terminal alkynes249 gives addition at the terminal carbon and
works well with a range of 3butyn-1-ol derivatives to give the single regioisomer of the
corresponding BIM product250. When applied to internal alkynes, homopropargylic alcohols
251, the addition occurs at the carbon distal to the free hydroxyl group, with the successful

formation of the single regioisomerc h-BiX 252 product with high yields.

iPr
(Ph3P)AuCI (5 mol %)
\ OH AgSbFg (5 mol %)
Reaction 1 + CH,Cly, RT

127 N\ l l 249

H
(PhsP)AuCI (5 mol %)
AN OH AgSbFg (5 mol %)
Reaction 2 + >
eaction . l l CH,Cl,, RT

127 \ 251

Me

Scheme 67. Au(l)-catalysed reaction ofN-methylindole with terminal and internal alkynes giving the corresponding BIM product.
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The group proposed the mechanism irscheme 68, which involves the formation of the
reactive gold complex that coordinats to the triple bond of the alkynol 249 giving
intermediate 253. Intramolecular addition of the hydroxyl group to the terminal carbon of the
alkyne gives intermediate 254, which undergoes protodemetallation to give the enol ether
255. The catalyst coordinates ta255 generating the oxonium intermediate 266 to which
indole 127 adds forming 257. Aromatization and protodemetallation affords the
tetrahydrofurane intermediate 258 (analogous to compounds obtained by Chereg al.) 130 The
gold complex coordinates to the oxygen to give ring opening, forming intermediatg59.
Addition of the second indole to 259 occurs, followed by re-aromatisation and
protodemetallation to obtain the final product 250 with regeneration of the catalytic species
(Scheme 68).

(PhsP)AuCl + AgSbFg 250
iPrA<v
/ —

= 249
253 N AgCl

\ 127

258

Scheme 68. Mechanism for Au(Bcatalysed reaction ofN-methylindole 127 with terminal alkyne 249 giving the corresponding
BIM product 250.

Another Au(l)-catalysed reaction involving the addition of indoles taerminal alkynes was
reported by Echavarrenet al.in 2007.131 The reaction uses the Au(l) catalys?262 (Scheme )
to catalyse the addition to the alkynes with the formation of the corresponding BIM as a single

regioisomer.
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The reaction is reported to work well with a range of substituted indoles and substituents on
the aryl group giving the products in relatively high yields, as well as working with pyrroles.
e.g. Indole135 addition to phenylacetylene261 with formation of the corresponding BIM
223h in 99% yield (Scheme &9).

AN ___ [Aul(5mol %)
. Ph—=—
N Toluene, RT \
135 H 261 HN 223h NH

(99%)

r + SbFg
tBu ;\tBu
P—Au—NCMe

- Catalyst 262  —
Scheme 69. Reaction scheme for Au(#atalysed addition of indole to terminal alkynes with high yields.
In 2009, Zhanget al.132 reported their results for the synthesisof sulfonyl-containing BIMsvia
the double Michael addition reaction of indole with acetylenic sulfon®247 under Cu(OTf}
catalysis. The reaction was also reported to work with pyrrole to form the corresponding
bis(pyrrolyl)alkane derivative 265 which is another biologically and physiologically active

molecule generally formedvia condensation of carbonyl reagents and pyrrolé33

Both reactions involving indole and pyrrole were reported to proceed in the presence of 20
mol % Cu(OTf), with other Lewis acid catalysts showing no catalytic capability for the
reaction. The reaction involving indoles and acetlylenic sulfones could proceed with a variety
of substituted and unsubstituted derivatives to achieve a range of different sulforrgontaining
BIM derivatives 263 (Reaction A,Scheme70). However, the reaction of pyrrole264 with the
acetylenic sulfone247 was only expanded in the presence of substituted sulfones to achieve
the bis(pyrrolyl)alkane derivative 265 (Reaction AScheme70), with substituted pyrrol es not

achieving the desired product.

AN 8
Reaction A . Ph— 50,70 Cu(OTH), (20 mol %)
N CH,Cly, RT

135 H 247

Ph CH2802T0|

(68%) N
H

CH,Cl,, RT

Reaction B [/ \5 + Ph—==—50,Tol Cu(OTf), (20 mol %)
N
H

264 247 265
(78%)

Scheme70. Reaction scheme for the Cu(OEfatalysed reaction for the synthesis of sulfonytontaining bis-indolyl alkanes and
bis-pyrrolyl alkanes.
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A novel approach to BIMs using Au(l) catalysed indole addition to cyclopropenes was reported
by Leeet al.in 2012.134 During their studies they found that catalyst262 (Scheme &) could
selectively form the 3(E)-vinylindoles or BIM products from indole addtion to the 3,3-
disubstituted cyclopropane 266, depending on the reaction conditions. They established that
at 0°Cfor 3 hours they could selectively form the E)-vinylindoles 268, whereas at reflux for
42 hours the BIM267 was selectively formed. e.g.eaction of cyclopropene266 with indole
127/135 results in the corresponding BIM product in 76% yield (>99:1, 280d:281d)%cheme
71).

R! R?
\
R! R? RY
talyst 262 19 4
\ R4 Catalyst 262 (5 mol %) \ R
+ N CH,Cl,, Reflux, 42 hrs
\ N
266 127135 R3 268 \R3
3-(E)-vinylindole
L 0°C,39hrs _]
266a = R'= Me, R% = (CH,),Ph, 135 =R®=R*=R®%=H 267a = 69% 268a =81%
=719 268b = 919
266b = R' = Me, R? = (CH,)gMe, 127 =R%® = Me, R*=R%=H 267b =71% 0%
266c = R'=Me, R?=Bn,135=R3=R*=R%=H 267c =61% 268c = 73%

266d = R' = Me, R? = (CHp)gMe, 135 = R®=R* = R® = H 267d:268d = >99:1, = 76%

Scheme 71. Reaction scheme for Au(#atalysed addition of indole to3,3-disubstituted cyclopropenes.
This selective formation is supported by their proposed mechanism where it is shown that 3
(B)-vinylindoles 268 are intermediates in the formation 0of267. The mechanism begins with
the Au-catalysed ring opening of cyclopropne to form the carbene/cationic intermediate270
followed by indole addition to give intermediate 271 which undergoes
protonation/deauration to form the 3 -(E)-vinylindole product 268. Optimised conditions will
either stop the reaction at this point, or ativation of 268 by Au(l) or H* would allow the

addition of the second indole moleculevith formation of product 267 (Scheme 72).
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° /
‘ /‘\
N e
Gl Nass
NH AH
267 272

Scheme 72. Proposed mechanism for the formation of BIM from cyclopropensa the 3-(E)-vinylindole product 281.
Another example in which vinyl indole derivatives have been identified as intermediates in the
formation of bis-indolyl products is that by Ma and Yu in 200335 They reported the use of
triflate salts, in particular Sc(OTf}, for the addition of indoles to 1,2allenic ketones, producing
both 1 -indolyl-| hunsaturated (E)-enones andy hbis-indolyl ketones. The conditions for the
mono-addition reaction were extended to examine the double indole addition and the group
found that a variation in ratio of the indole to ketone with slightly longer reaction times gave
the successful double addition with bisindolyl ketones formed in good to high yieldse.qg.
reaction of indole 135 with allenic ketone 273 gives the successful formatia of thet Rbjs-
indolyl ketone 223i in 60% yield (Scheme 73). The group also demonstrated the stepwise
double addition by reacting the vinyl indole derivative with indole to obtain the corresponding
bis-indolyl ketone product in relatively good yields.

C7H1s
(6]

SCve
AN L S(OTf)3 (5 mol %) _ l \

o CHZCN, RT

HN 223i NH

N
135 H 273 .., 60%)

Scheme 73. Sc(OTf)-catalysed addition of indoles to 1,2allenic ketones for the formation off Rbjsindolyl ketone derivatives.
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Of importance to this thesis is the synthesis of BIMs using platinum catalysis, there are oaly
couple of examples to date, one of which is by Cheagal12® They published their results for
the multistep addition of indoles to alkynyl alcohols274 using PtC} with the formation of 3-
substituted five-membered tetrahydrofuran compounds 276, as wel as six-membered
tetrahydro-2H-pyran indole derivatives. It was reported that longer chain alkynyl alcohols
underwent double addition of indole with the formation of the corresponding BIM product
275. This led the group to identify that a 2:1 ratio of indle:alkynyl alcohol would give the
corresponding bisindolylmethane product with good yields (Scheme 74). As with the other
examples (seeScheme 71) this reaction was found to proceedvia 3-substituted indole
intermediate 276 (Scheme 74).

HO .
O
AN — PtCl,, THF
©EN> * \ OH 6 hrs / \ \
127\ 274 N 275 N N\
2.0 mmol 1.0 mmol / (82%) \
L Intermediate 276 _|

Scheme 74. PtC} catalysed addition of indoles to alkynyl alcohols.
Another platinum catalysed example is the bigndolylation of allenes that has already been
discussed in section 1.4.d for the metal catalysed hydroarylatih of allenes. This reaction was
carried out by the Mufioz group in 20127 and involves theaddition of two molecules of indole
to the terminal, less hindered carbon of the allene with complete saturation of the internal
bond forming the correspondingo h-BIN products in moderate yields. The reaction scheme

and mechanism can be seen schemes 32 and 33 respectively.
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BIMs. Although less common, they have been reported for their existence in natural products,

examples of which includemalassezints¢ 277 (Scheme 75), which is the first alkaloid
described from cultures of lipophilic Malasseziayeast. Bengacarboling&?” 278 (Figure 16), a
marine alkaloid extracted from Fijian ascidianDidemnum sp. which exhibits interesting
inhibitory activity of topoisomerase Il with cytotoxicity towards a wide range of tumor cell
lines in vitro. Also,yuehchukeng38 279 an indole alkaloid which is isolated from the roots of
the tropical evergreen plantMurraya paniculataas well as otherMurraya plant species. This
compound has shown ingresting anti-implantation activity in rats and has been regarded as a

potential fertility regulating agent.

N
CHO N
277 278 279
Malassezin Bengacarboline Yuehchukene

Figure 168 % @A | D i-BIM3 ininarat phodudts.
AEAOGA OEOAA AgGAI b1 AOG DI 004 déy althBvk difteterd gtruciuiall T A A
connectivity with different groups connecting the two indole units, this allows them to have

different properties and different biological activity. This makes them of high interest to

chemists and therefore allowsexploration into new routes of their synthesis.

As mentioned previously, these compounds are harder to synthesise because of the favoured
addition at the 3 position of indoles rather than position 2, and there are only a couple of
reported examples using transition metal catalysis for their synthesis.Both examples report
the use of PtCl catalysis for the addition of indoles to alkynes and allenes, the example which

utilises alkynes was reported in 2013 by Tangt al.139

The group reported the synthesis of 2Z1-8IMs through a Pt catalysed indole
annulation/arylation cascade reaction, where a metal carbene intermediate is generated from
annulation of propargylic ethers which can then be trapped with indoles generating the
desired¢ h-BII.
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Although the reaction was found to work with both Rh and Pt catalysis, higher yields were
achieved with Pt and therefore catalytic amounts of Pt&€lwere used as the optimised
conditions. The reaction is reported to work well with a range of substituted indoles, with
electron-donating groups as well as halogen substituents giving relatively high yields. For
example, the reaction oN-methylindole 127 and 4-cyanoindole 281 with propargylic ether
280 gives the corresponding¢ h-BiMs 282 and 282a in 88% and 81% yield respectively
(Scheme 7).

PtCl, (10 mol %)

NHBoc
R \ Na,CO3 (1.5 eqs) _
+ N Dioxane, 100 °C

\ 2
280 N 127/281 \Rz 282 R
(2 eqs)
OMe 127 =R;=H,R;=Me 282 = 88%
281 = R,=CN, R, = H 282a = 81%
Boc
NHBoc N
®0OMe -MeOH
?\ 284 C ° |
/ [M] H
OMe OMe .
R R1® Boc
N AN _-N
282 = 88% |
282a = 81% /
285

Scheme 75. Reaction scheme and mechanism for P&l A OAT UOAA AT 1T O1 ACEI T 7TAOUI AOGET BIMBAOAAA
The reaction is also reported to work well wih a range of substituted anilines as well as with
N-methylpyrrole giving the indole-pyrrole cross product in relatively good yield. The proposed
mechanism for the reaction can be seen ischeme 75 and involves the coordination of the

metal catalyst to thepropargylic ether 280 that initiates the 5-endo-cyclisation of the metal
complex283 generating intermediate 284 . Methanol elimination produces the metal carbene
intermediate 285 which is then trapped by an indole unit to form the adduc286, which after

protonation andre-AOT | AOEOAQET T @IMPrAddctsQ®R2AndZBPd. Al chod
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The second reported PtGIAAOAT UOAA O ABAA@riakidn foras the basis dob this
thesis, this example was first reported by the Mufioz group in 20¥2as an exarple of their
bis-indolylation reaction. The group reported that PtC] could catalyse the intramolecular
reaction of N-(2,3-butadienyl) indole derivatives 217/219 (Scheme 76), however instead of
observing only one 6endo cyclised product like with Au catalgis reported by Barluengalo!
they observed two isomers of the éendo cyclised product which differ in position of the double
bond 218 and ¢ p YStheme 76). These were isolated as inseparable mixtures with differing
ratios depending on the solvent used.

R1

PtCl, (5 mol %)
AN 2 Solvent (0.06 mM)
70 °C, 20 hrs
N ./
217/219 \\/

THF = 218a/218a' = 1.2:1 (65%)
217a=R'=Me, R2=H MeOH = 218a/218a' = 2.6:1 (83%)

THF = 218b/218b"' = 1.4:1 (30%)
217d = R1 R2 =H MeOH = 218b = (9%)
THF (0.2 mM) + MeOH (3 eqs) = 218b/218b" = 1:1.6 (31%)

THF = No Reaction

_pl_ 2 _
219a=R'=H, R = Me MeOH = No Reaction

Scheme 76. Ptcatalysed 6endo cyclisation ofN-(2,3-butadienyl) indole derivatives with various solvents.

This observation led the group to explore the possibility of an intrantermolecular bis-
indolylation reaction, therefore they reacted N-(2,3-butadienyl) indole derivatives in the
presence of free indole under the platinum conditions and observed a mixturef products.
Having no substituents in position 2 and 3 of the indolyl allene gave only the two isomerie 6
endo cycles, whereas having a methyl group present in position 3 led to a mixture of 3
products; the 6-endo cycles218 and ¢ p YB%), the tris-indole product 288 (2%) and the
desired intra-intermolecular product 287 in 21% yield (Scheme 77). They also reported that
having a methyl group in position 2 formed only the trisindole product because the C2 position

was blocked for 6endo cyclisation.
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N
135 H
(3 eqgs) PtCl, (5 mol %)
R MeOH (3 egs)

THF, 70 °C, 20 hrs

H
- N
\_ ; \
R 7 288 O
N ./
217/219 \\/
217a=R"=Me, R?=H 218a/218a' = 2.3:1 (73%) 287a=21% 288a =2% O
217d=R'=R%=H 218b/218b' = 1:1.6 (17%) -—=— e H

219a=R"=H,R%=Me
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found in natural products with the connectivity occurring through the nitrogen of the indolyl
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functionalisation to increase the molecules potential for biological activy.

1.7. Aims and Objectives

The first aim of this project was to further investigate the bisindolyation reaction already
reported by the Mufioz group by incorporating two different substituted indole units to
synthesise unsymmetrical crossBIM products,which could have interesting properties. Also,
the same reaction conditions were used to investigate the incorporation of different
nucleophiles onto allenes, such as pyrrole, imidazole, indazole, benzimidazole and pyrazole as
well as others. These sets foreactions were investigated with a wide range of reaction

conditions which will be described in the results and discussion section.

The main focus of this project has been to further develop the previously published work for
OU1 OE A OBI®Is Hy dsing dhrange of substitutedll-(2,3-butadienyl) indole derivatives as
well as a range of substituted indoles to investigate the effect on the foation of the desired
¢ h-BINI. We aimed to highlight the effect that substituents had on the overall reaction with
respect to both electrondonating and electrorrwithdrawing groups, also the overall reaction
mechanism was investigated by identifying the itra- and intermolecular processes using

deuterium, NMRspectroscopyand time progress studies.
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Chapter 2.0

Results and Discussion



This chapter will outline the development of both the platinumcatalysed interintermolecular
and intra-intermolecular bis-indolylation reaction of allenes, which were first introduced by
the Mufoz group in 20127 and have been discussed in the introduction (Section 1.4cheme

32 and section 1.6scheme 77 respectively).

The first section of this chapter will discuss tle results obtained from the extension of the inter
intermolecular addition reaction with different nucleophiles, as well as the results obtained

from investigating the addition of two different nucleophiles to the same allene. The following
sections will focus on the intraintermolecular reaction, which makeup most of the present

thesis. This reaction has gained a lot of interest because of its ability to form the interesting

¢ h-BINI compoundst04-111 |n collaboration with Novartis and project students Héen Newson,

Louise Eagling and Sachini Herath, we have been able to optimise conditions and investigate
OEA OAAAQGEI 1T xEOE OAOPAAO OiF OAOEI OGBIMS.OAOC
Alongside this, an extensive mechanistic investigation has beemarried out to propose the

overall mechanism of the reaction and will be discussed in detail in section 2.4.

2.1. Inter -intermolecular addition reaction

2.1.1. Varving nucleophiles

Platinum-catalysed bisindolylation of cyclohexylallene38 was first reported by Mufiozet al7?
with N-substituted indoles 127 £ O ET ¢ OEA A I-BIM3A33 bdaiing thd sameo h o &
indole unit (Scheme 78).

AN PtCI, (5 mol %),
x MeOH (3 egs)
+
THF, 70 °C, 20 hrs
38 127\ 133 \
(3egs) R R
127a=R = Me 133a = 90%
127b = R = Et 133b = 75%
127¢ =R =Bn 133¢c = 60%
127d =R = Ph 133d = 50%

Scheme 78. Platinum-catalysed bisindolyation reaction with N-substituted indoles 127 .

The group, also established that the reaction was not limited to addition of indoles and
reported the double addition of pyrrole 264 to cyclohexylallene38 forming the bis-pyrrole
compound 289 (Scheme ).
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Pyrrole rings show different reactivity to that of indole and therefore these bigyrrole

DOl AOAOO EAOA A ¢h¢d Alintefediny @dnpdords)ecads& & Beirl A E .

role in the synthesis of porphyrins, polypyrrolic compounds and macrocyclesuch as
haemoglobin and vitamin B12140141140 Their synthesis has been readily reported as the
condensation reaction of pyrrole with ketones in the presence of catalytic TFA, as well as a
range of other methodst40

\NH

H
\.\ PtCl, (5 mol %), MeOH (3 eqgs) \ N

/ THF, 70 °C, 20 hrs
38 289
N

N (12%)

264
(3 egs)

Scheme 7M. Platinum-catalysed reaction for addition of pyrrole264 to cyclohexylallene38.

In the work reported by Mufioz et al’8 a conversion to the bispyrrole molecule 289 was
observedin relatively low yield (12%). Considering the potential importance of these bis
pyrrole molecules, optimizing the reaction conditions to increase the yield of the desired

product is highly important and was one of the first objectives of this thesis.

Pyrrole is sensitive to light, air and moisture. Consequently, pyrrole requires fresh distillation
under inert atmosphere to be employed as a nucleophile in this reaction. Entry Tdble 1)
compared with entry 6 (Table 1) shows that distilling the pyrrole directly before use improves
the reaction and increases the yield to 20%. The use of silver salts as halide abstractors for the
generation of more reactive metal cationic complexes has been readily reported and depending
on the size and electronic properties, the counterions can pwide strong or weak interactions

to the metal centre therefore enhancing the catalytic activity42 Therefore, our reaction was
explored in the presence of the silver salt AgOTf to determine if the cationic platinum complex
could increase the formation of tke desired product. However, using PteMeCN}/AgOTf did
not show any improvement in the reaction, achieving only traces of the product after 72 hours
(Entry 5, Table 1). Entry 7 (Table 1) highlights that the presence of methanol promotes the
formation of the bis-pyrrole product 289, and its exact role and functionality will be discussed
in the mechanistic investigation Scheme 150, Pagel74). In addition, microwave irradiation

can promote the formation of the bispyrrole product, but in low yield (Entry 9, Table 1).
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PtCL as the catalyst, MeOH, distilled pyrrole in THF at 7 were found to be the best reaction
conditions to promote the double addition of pyrrole to cyclohexylallene38, however due to
polymerisation of the pyrrole and decomposition of tke allene after prolonged reaction times,

the yield could not be further improved (Entry 8,Table 1).

N NH
N H
e Pt Catalyst, MeOH (eqgs
AN y (eqs) . \ /
// \ THF, temp (°C), time (hrs)
38 289
N
H
264
(3 egs)

Scheme80. Screening of platinum catalysts, solvent, time and temp for bgg/rrole reaction.

Entry | Pyrrole Catalyst Halide MeOH | Temp | Time Result
(eqs) abstractor (eqs) (°O (hrs)
(5mol%) | (10 mol %)
1 32 PtCk N/A 3 rt-70 30 38¢
2 32 PtCk N/A 3 rt 25 38¢
3 32 PtCb(MeCN) AgOTf 0 70 16 38 (major), 289 (traces)°
4 3a PtCb(MeCN) AgOTf 3 rt 24 38 (major), 289 (traces)c
5 3b PtCb(MeCN) AgOTf 3 70 72 38 (major), 289 (traces)c
6 3b PtCk N/A 3 70 48 289 (20%)4
7 3b PtCk N/A 0 70 48 Ratio of 1:0.15 for
38:289
8 3b PtCk N/A 3 70 72 289 (31%)d
9 3v PtCb N/A 3 70e 8.5 289 (16%)d

aPyrrole not distilled directly before use,b Pyrrole distilled directly before use (under N), cResults obtained qualitatively from
crude NMRs¢dIsolated product,e Carried out under mw irradiation.

Table 1. Results obtained during optimisation of ké-pyrrole reaction.
The partially successful addition of pyrrole to allenes led us to investigate the reaction with
other nucleophiles with different heteroatoms present, including; N, S, O and C. This could
expand the scope of the reaction, giving acceto a wide range of compounds with a variety of
properties which could have potential biological importance as well as being useful precursors

in further organic synthesisi43144
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Firstly, we explored the reaction of cyclohexylallene38 with other nitrogen-containing
heteroaromatic nucleophiles, with initial experiments being carried out with commercially
available imidazole290 (Figure 17). This aromatic heterocycle is present in a range of alkaloid

natural products and biological buildng blocks such as histidine291 and histamine 292

(Figure 17).144

NH,

N N (0] N
> < [ ]
®NHj3
N N N
H H H
Imidazole L-Histidine Histamine
290 291 292

Figure 17 . Structure of imidazole290 and its presence of biological building blocks histidin@91 and histamine292.

Initial reactions were carried out with the same conditions reported for the bisindolylation
reaction catalysed by PtGland using cyclohexylallene as the model substraté&s¢heme 77).
However, using these conditions no nucleophilic addition to cyclohexylaller#8 was observed
and only staiting material was recovered after 20 hours (Entry 1Table 2). Cationic platinum
complexes were also tested by employing different silver salts (AgNTfAgOTf and AgShfras
halide abstractors, but despite using various cationic platinum complexes, diffeme solvents
and reaction times, the expected reaction did not occur and starting material was recovered in

most cases (Entries Z 6, Table 2).
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38

~

Pt Catalyst, MeOH (eqs)
70 °C,Solvent, time (hrs)

290 (eqgs)

Complex mixture/
recovered starting material

Scheme81. Screening of platinum catalysts, solvent, time and temp for bisidazole reaction.

Entry Catalyst Halide Solvent MeOH | Time (hrs) Resulta
abstractor (eqs)
(5mol %) | (10 mol %)
1 PtCh - THF 3 20 38
2 | PtCh(MeCNY | AgNTE THF 3 20748 38
3 PtCk(MeCN) AgOTf THF 0 20748 Complex mixture.
4 PtCk(MeCN) AgOTf Dioxane 0 20 38
5 PtCk(MeCN} AgSbk THF 3 20 38
6 PtCh AgNTR THF 0 20 38

aResults obtained qualitatively from crude NMRs

Table 2. Reaction conditions explored for the platinurrcatalysed reactions of imidazole€90 with cyclohexylallene 38.

Nitrogen-containing heteroaromatic nucleophiles pyrazole 293, indazole 294 and
benzimidazole295 (Figure 18) were also used as nucleophiles to irestigate their reactivity
for the inter-intermolecular addition to allenes. These heteroaromatic nucleophiles have been
reported for their addition to allenes in the presence of rhodium catalysts, with subsequent
formation of the allylic derivative as desribed by Breit et al.”? and they are also found to be

important structural components of natural products and drugs4

\ \ \
ﬁ/ N/ N>
H H

Pyrazole Indazole Benzimidazole
293 294 295

Figure 18. Structures of pyrazole293, indazole294 and benzimidazole295.

Again, initial reactions were carried out with standard platinum conditions and
cyclohexylallene, however, no incorporation of the nucleophile to the allene was observed and

only starting material was recovered in all cases (entries-B, table 3).
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38

AN

AN

Pt Catalyst (5 mol %), halide abstractor (10 mol %)
MeOH (egs), Solvent, temp (°C), time (hrs)

293/294/295

Complex mixture/
recovered starting material

Scheme 82. Screening of platinum catalysts, solvent, time and temp for pyrazoB93, indazole 294 and benzimidazole295

addition to cyclohexylallene38.

Entry | Nucleophile Catalyst Halide Solvent | MeOH | Temp | Time | Result2
(3 eqgs) (eik(J)srtTrch:tozr) (eqgs) 0 (hrs)
1 293 PtCk - THF 3 70 20 38
2 294 PtCh - THF 3 70 20 Complex
mixture
3 295 PtCb - THF 3 70 20 Complex
mixture
4 293 PtCk(MeCN) AgNTE THF 3 70 24 38
5 293 PtCk(MeCN) AgOTf THF 0 70 24 38
6 293 PtCb(MeCNY AgOTf 1,4 0 70 24 | Complex
Dioxane mixture
7 293 PtCk(MeCN) AgShs THF 0 70 24 38
8 293 PtCh AgNTRE THF 0 70 24 38
9 294 PtCk(MeCN} AgOTf THF 3 70 56 38
10 294 PtCk(MeCN} AgOTf 1,4 0 80b 2 Complex
Dioxane mixture
11 295 PtCb(MeCN} AgOTf THF 3 70 56 38
12 295 PtCk(MeCN} AgOTf DCM 3 50 20 38
13 295 PtCk(MeCN) AgOTf DCM 0 55 18 38

aResults obtained qualitatively from crude NMR$,Carried out under mw irradiation.

Table 3. Reaction conditions explored for the platinum catalysed reactions of pyrazok93, indazole294 and benzimidazole295
with cyclohexylallene 38.

As with imidazole, these nucleophiles were explored using the cationic platinum complexes
such as PtG{MeCN)/AgOTf, with different solvents (THF, DCM and 1;dioxane), time and
temperature (Entries 4z 13,table 3). Several reactions were also carried out in the absence of
methanol to establish if this had an effect, but overall, the reactions did not occur agdve

either complex mixtures or recovered starting material.

93



As described in the introduction, gold can catalyse the addition of nucleophiles to allenes with
formation of the allylic derivatives (Section 1.4.c.Scheme 14).42a5%67 Therefore we were
interested to know if gold would catalyse the addition of thes@&l-containing nucleophiles to
cyclohexylallene 38. Reactions were carried out with commercially available
triphenylphosphine gold(l) chloride and AgOTf as halide abstractor to generate the cationic
gold complex. Several reactions were carried out with different solvents, THF and DCM for
varying lengths of time ¢able 4), but even with this catalytic system in place we could not get
the addition of the nucleophile to the allene. Interestingly, the pyazole-THF complex296 was
isolated in low yield in the reaction carried out with pyrazole in THF (Entry 1Table 4). This
molecule arises from theN-alkylation of the azole with THF, which has been previously
reported to occur via a radical mechanism withmetal catalysis such as Fés and Cul46146 |ts
structure was confirmed by comparison of NMR data with reported dat&’ The reaction has
been reported to work with other azoles (imidazole290, indazole 294 and benzimidazole
295)146 to generate a range oN-alkylated azoles which are common structures in medicinally
important products, but we did not observe the formation of those analogues in our reaction

conditions.
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Complex mixture

§ (PPh3)AUCI (5 mol %)/AgOTf (10 mol %), MeOH (egs) or
~ Solvent, temp (°C), time (hrs) - _N
293/290/294/295 QN@
38 =~ o
296

Scheme 83. Screening of solvent, time and temp for gold catalysed reaction of pyraz@@3, imidazole 290, indazole294 and

benzimidazole295 addition to cyclohexylallene38.

Entry Nucleophile Solvent MeOH Temp Time Resule
(3 eas) (eqs) (O (hrs)
1 293 THF 3 70 30 Observed38 and isolated
296 (8%)

2 293 1,4-Dioxane 0 RT-70 48 Complex mixture

3 293 THF 0 70 24 Complex mixture

4 290 THF 3 70 30 38

5 290 DCM 3 RT 48 Complex mixture

6 294 THF 0 70 24 Complex mixture

7 295 THF 3 70 24 Complex mixture

aResults obtained qualitatively from crude NMRs

Table 4. Reaction conditions explored for the goletatalysed reactions of pyrazole293, imidazole 290, indazole 294 and

benzimidazole295 with cyclohexylallene 38.

Several reactions were carried out with anilie 83, a cheap and readily available aromatic
amine which can undergo golecatalysed single addition to allenes with formation of the
corresponding allylic amine (refer to section 1.4.c in introduction}?-67 Therefore, we were
interested to know if aniline under standard platinum conditions would undergo double
addition to cyclohexylallene38. However, after 20 hours a complex mixture was obtained with
traces of starting material observed (entry 1table 5). To further explore this reaction and
based onpreviously published work by Widenhoefer and Toup% who used cationic platinum
complexes with phosphines to synthesis&-allylic amines from moncsubstituted allenes, we
investigated the reaction with cationic platinum complexes with a few silver salts asalide
abstractors. Silver salt abstractors were employed in place of phosphine ligands as these were
observed to inhibit the reaction. It was interesting to see that with 3 eqs of aniline (entry 2,
table 5) we only recovered starting material, however wih 1.5 eqgs (entry 3table 5) we obtain
the allylic amine84b in 15% after 3-4 hrs. The time was extended for this reaction but we did

not observe the addition of the second aniline unit.

95



N Pt Catalyst (5 mol %), Halide Abstractor (10 mol %) N
\ MeOH (3 egs), THF, 70 °C, time (hrs)

38 QN H, 84b

83 (eqs)

Iz

Scheme84. Screening of solvent, the and temp for platinum catalysed addition of aniline3 to cyclohexylallene38.

Entry Nucleophile Pt Catalyst Halide Time Result
abstractor (hrs)
(10 mol %)
1 83 (3 eqs) PtCh - 20 Complex mixture/382
2 83 (3 eqs) PtCk(MeCN} AgOTf 18 Complex mixture/382
3 83 (1.5 eqs) PtCk(MeCN} AgOTf 3-4 84b (15%)"
4 3,5-dimethoxy PtCk(MeCN} AgOTf 24 Complex mixturex
aniline (3 eqgs)

aResults obtained qualitatively from crude NMR$ Isolated product.

Table 5. Reaction conditions explored for the platinum catalysed reaction of anilin@3 with cyclohexylallene 38.

The successful dihydroalkoxylation reaction which was also reported by Mufia al5in 2010
(refer to section 1.4.b in introduction) highlights thesuccessful addition of oxygen nucleophiles
to allenes. Trying to extend this methodology, phen@97 was explored as the nucleophile with
the same catalytic system, however, instead of observing the double addition of the
nucleophile, aldehyde300 was isdated (entry 1, table 6). This aldehyde could come from
hydrolysis of the corresponding acetal formed in the reaction (PhQr MeO), or more likely
from the double addition of water present in the reagents or the solvent. To minimize the
formation of this aldehyde300, reactions were carried out with molecular sieves and in the
absence of methanol, but only starting material was recovered (entry 2able 6). Microwave
irradiation was also utilised to increase the rate of the reaction and minimize aldehyde
formation, but after 8 hours the reaction gave a complex mixture and traces of the aldehyde

were observed (entry 3,table 6).
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The aldehyde300 was also observed when reactions were carried out with carbebased
nucleophile, electronrich aromatic 1,4-dimethoxybenzene 299 even in the absence of
methanol (entries 6 and 7 table 6). Finally,the carbon-based nucleophile dimethyl malonate
298 in the presence of a base was reacted with cyclohexylalleB8 using the platinum cationic
complex, but despite theactivation, there was no reaction and only starting materiaB8 was
recovered (entries 4 and 5fable 6).

N PtCly(MeCN), (5 mol %)/AgOTf (10 mol %)
\ MeOH (eqs), Sovlent, temp (°C), time (hrs) H
OH

o 0 C
MeO OMe
38 © MeOMOMe 300

297 298 299

Scheme85. Screening of solvent, time and temp for catatonic platinumatalysed addition of oxygen containing nucleophiles to

cyclohexylallene38.

Entry Nucleophile Solvent Temp (€O Time Result
(3 eqs) (hrs)

1 297 THF/ Methanol 70 20 300 (47%)®

2 297 THF/ Molecular 70 20 38a
sieves

3 297 1,4-Dioxane 100¢ 8 Complex mixturex

4 298 (3 eqs) / K2:CQ THF 70 3-4 38a

(10 mol %)

5 298 /NaH (1:1) THF 70 20 38

6 299 THF 70 20 300 (20%)®

7 299 THF/ Molecular 70 20 Complex mixture
sieves

aResults obtained qualitatively from crude NMRS;, Isolated product,cCarried out under mw irradiation.

Table 6. Reaction conditions explored for the platinurrcatalysed reactions of oxygen containing nucleophiles with
cyclohexylallene38.

Several reactions were also carried out with sulphur containing nucleophiles, thiophen@5
and 1,3propanedithiol 301, that have been shown to add to allenes with the use of palladium
and gold catalysis(refer to section 1.4.a in introduction)38-40 Using the standard platinum
conditions as well as the platinum cationic complexes with different silver salts and varying
the solvent, time and temperature, the addition of the sulphur nucleophiles did not occur
(table 7).
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Sulphur is known to have a high affiity to transition metals3é and is considered harmful to

some reactions, this could be the reasoning for the poor reactivity and the complex

unidentifiable signals.

38

\0
N

PtCl,(MeCN), (5 mol %)/Halide abstractor (10 mol %)

MeOH (egs), Sovlent, temp (°C), time (hrs)

QSH HS” " sH

301 (eqgs)

35 (egs)

Complex mixture/

recovered starting material

Scheme 86. Screening of platinum catalysts, solvent, time and temp for addition of sulphur containing nucleophiles to

cyclohexylallene38.

Entry | Nucleophile | Pt catalyst Halide Solvent | MeOH | Temp Time Resulta
(3 eqs) abstractor (eqs) (°O (hrs)
(20 mol %)
1 35 PtCh - THF 3 70 23 Complex
mixture
2 35 PtCk(MeCN} AgOTf THF 0 70 20 38
3 35 PtCb(MeCN} AgShs THF 0 70 6-7 38
4 35/NaH PtCb(MeCN} AgOTf THF 0 RT-50 20 Complex
(1:1) mixture
5 301 PtCb(MeCN) AgOTf THF 0 70 20 38
6 301 PtCb(MeCN) AgOTf 1,4 0 100p 2 38
(1.5 eqs) Dioxane

aResults obtained qualitatively from crude NMR$, Carried out under mw irradiation.

Table 7. Reaction conditions explored for the platinurrcatalysed reactions of sulphur containing nucleophiles with
cyclohexylallene38.

After extensive exploration of the reaction conditions and nucleophiles led to no successful
double addition to cyclohexylallene38 as previously hoped, it was therefore decided to leave

this investigation and focus our attention on the successful additioaf indoles and pyrroles.
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2.1.2. Optimisation for formation of cross _-products

It was reported by Mufiozet al.’? that the bis-indolylation reaction was not limited to the
addition of the same indole and the crosgroduct 302, bearing a new chiral centre, could be
synthesised by addition of indole135 and benzylindole 127¢ to the same allene moiety

(Scheme 87), although the addition of the same indole is also observed.

@

\. PtCl, (5 mol %),
MeOH (3 egs)
135 THF, 70 °C, 20 hrs

127¢ \\

(3 egs) Ph

9

Ph

Scheme87. Reaction ofaddition of two different indoles 135 and 127c to cyclohexylallene38.

The potential utility of this reaction is increased by formation of these chiral crosproducts,
which could be used for functionalisation or as precursors to biologically important meicules.
Therefore, modifying reaction conditions to favour their formation is important. Alongside this
we were also interested to know if two different nucleophiles could be added to the same allene

and investigated the addition of both indole and pyrrolén the same reaction.

Initial reactions were carried out with indole 135 and methyl indole 127a (entry 1, table 8),
as well as indole135 and benzylindole 127c (entry 2, table 8) under the standard bis
indolyation conditions to support the formation of the crossproducts. These reactions gave
rise to the crossproduct 302, with the NHNMe 302b as well as NHNBn 302a being formed.
The non-cross products NMeNMe 133a and NBnrNBn 133c were also achieved, however it
was interesting to note that NHNH 133 product was not formed in either casg Scheme 88,
table 8).
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PtCl; (5 mol %),
MeOH (3 egs)

O/\-\ THF, 70 °C, 20 hrs
: \> \>
38
N N
\

R! R2
R =H/Me/Bn

Scheme88. Shows the reaction for addition of two different indoles to cyclohexylalleng8.

Entry Rt R2 % Yield % Yield % Yield % Yield % Yield % Yield
(eas) | (eas)
(133) (133a) (133c) (302a) (302h) (302¢)
1 H (3) Me 0 13a - - 32a -
3)
2 H (3) | CHPh 0 - 11a 302 - -
3)
3 H (1) Me 0 392 - - 25a -
3)
4 H Me 0 29 with - - 25 with -
(0.5) | (0.5 respect to respect to
indole indole
(135)a (135/127)a
5 H CHPh 0 - 182 0 - -
(0.5) | (0.5
6 Me | CHPh - 17v 24b - - 27b
1) 1)
7 Me | CHPh - 29b 24b - - 29b
(0.75) | (0.75)
8 Me | CHPh - 41b 19b - - 32b
(0.5) | (0.5)

a|solated Products.? Inseparable mixture, yields calculated from NMR integrals.

Table 8. Reaction conditions explored for the platinurrcatalysed reactions of two different indoles with cyclohexylallen&8.

This reaction works well under the PtCl optimised conditions and changing the solvent and
temperature (e.g. 1,4dioxane at 130°C) did not give the desired products. Therefore, to
optimise the reaction to form solely the crossproduct, the equivalents of substituted indoles

were investigated.
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Carrying out the reaction with NMe and NBn indoles could give rise to three products;
NMe/NMe 133a, NBn/NBn133c and the cross product NBn/NMe302¢ (Scheme 88).

As mentioned, different ratios of indoles were utilised. From the calculated vyields, it is
observed that the reaction with 0.5 eqs of NBn and NMe indoles gives the best overall yield,
with highest conversion to the crosgproduct 302c (entry 8, table 8). However, all three
examples show a similar ratio of products, with the crosproduct 302 observed as the major
compound in the reactions with 1:1 and 0.75:0.75 ratio of indoles. This reaoti shows promise
for the formation of these unique chiral products, however the poor separation was very time
consuming and problematic. Although TLC showed only one main spot, upon purification by
column chromatography,tH-NMR spectra highlighted that allthree products were present,
meaning that they are all eluted from the column at the same time due to similar polarities. The
characteristic triplet peak at ~4.4 ppm is from the proton at position 9 Figure 19), this can be
seen for both the NMe/NMeL33a structure and the NBn/NBn133c structure (Figure 19) and
can be used to identify the crosproduct NBn/NMe (Figure 20).
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Figure 19.1H NMRs showing the characteristic peak at ~4.4 ppm for position 9 of the two BIM83a and 133c.
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302¢

133a

4.66 4.62 4.58 4.54 4.50 4.46 4.42 43f81 ( )4.34 4.30 4.26 4.22 4.18 4.14 4.10
ppm

Figure 20.1H NMR highlighting peaks at ~4.4 ppm showing the presence of three product83a and 133c and 302c.

Despite all three products significantly overlapping, we could calculate yields from the
combined mass and the integral ratio of the three compounds in tHél-NMR spectra, using the
signals corresponding to position 2 of the three different products. Theseere separated

enough for us to carry out the analysisKigure 21).
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Figure 21 .1H NMR highlighting peaks at ~6.& 7.0 ppmfor the protons at position 2 of the three products used to calculate yields.

The successful double pyrrole addition to allenes and the combination of two different indoles
to the same allene led us to explore the reaction of pyrrole and indole with the same allene to
determine if we could get crossproducts. If successful, this wold open a new area for
exploration with the potential biological importance of the structures and the ability to further

functionalise them.

Initial reactions using the conditions reported by Mufiozt al?7 (Scheme78) were carried out
with 3:3 equivalents of indole:pyrrole (entries 1 and 2,table 9) at different reaction times.
However, after 48 hours there was no presence of the desired product and only starting
material was recovered. The 1:1 ratio of indole:pyrrole was then investigated using the
standard conditions (entries 3-4, table 9), even with long reaction times the reaction did not

seem to occur and complex mixtures containing starting material were recovered.

Entries 8 and 9 (able 9) show that microwave irradiation has no effect on the overalleaction
with starting material being recovered after 2.5 hours. Using the substituted benzylindole
127c with pyrrole 264, 1:1, (entry 10table 9) a complex mixture was obtained and there was
no evidence of indole addition to the allene. The use of pyri®264 and methyl-pyrrole 264a
as the two nucleophiles resulted in complex mixtures with no addition being observed (entries
11z 12,table 9).
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PtCl, (5 mol %), MeOH (eqgs)
Sovlent, temp (°C), time (hrs)

38 @

/

k
R = H (264) R =H (135)
R= Me (264a) R= Bn (127¢)
(eqs) (egs)

Complex mixture/

@ recovered starting material
N N
R

Scheme89. Screening of reaction conditions for addition of pyrrol€64 and indole 135/127¢ to cyclohexylallene38.

Indole/pyrrole Pyrrole Solvent MeOH Temp Time Resultsa
Entry (egs) (eqgs) (eqgs) (°Q (Hrs)
1 135 (3) 264 (3) THF 3 70 24 Complex
mixture/ 38
2 135 (3) 264 (3) THF 3 70 48 Complex
mixture/ 38
3 135 (1) 264 (1) THF 3 70 20 38
4 135 (1) 264 (1) THF 3 70 24 38
5 135 (1) 264 (1) THF 3 70 4 days Complex
mixture/ 38
6 135 (1) 264 (1) THF 0 70 24 38
7 135 (1) 264 (1) THF 3 RT 24 Complex mixture
8 135 (1) 264 (1) THF 3 70b 2.5 38
9 135 (1) 264 (1) 1,4 0 1000 1 Complex
Dioxane mixture/ 38
10 127c (1) 264 (1) THF 3 70 72 Complex
mixture/ 38
11 264a (3) 264 (3) THF 3 70 22 Complex
mixture/ 38
12 264a (3) 264 (3) THF 0 70 24 Complex mixture
13 264a (1) 264 (1) THF 3 70 24 Complex mixture

aResults obtained qualitatively from crude NMRg, Carried out under mw irradiation.

Table 9. Reaction conditions explored for the platinurrcatalysed reactions of indole and pyrrole derivatives with cyclohexylallene

38.
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These results highlight the difficulty of adapting this platinum catalysed reaction to
incorporate different nucleophiles. It has also shown that the incorporation of two different
nucleophiles onto the same allene cannot be successfully achieved. Howevtke, addition of

two different indoles to the same allene to produce the desired chiral crogsoducts has been
achieved but the difficulty arises in analysis to determine if we have only one product or a
mixture of more than one. These issues and the tinfeame of the thesis led us to explore a
related pathway for the addition of two different nucleophiles to allenes, which was being
explored within the group. It involved the extensive analysis of the intrantermolecular
addition of indoles to indolylalAT AO OOET ¢ bl AOGET 0i AAOGBIMUOEO

2.2 Intra -intermolecular addition reaction

As described in the introduction fefer to section 1.6.c.J7 the intra-intermolecular reaction
involves the reaction of an external indolel35 with 3-methyl-N-(2,3-butadienyl)indole
217a 01 1T AOAET OBIWM 28A (Gehérfk 80). He pr@dsence of the methyl
group in C3 of the indolylallene was found to be essential for the formation of compound
287a in 21% isolated yield. However, the two 6endo cycles¢ p Y A T ¢ wete Aldo
formed in a 71% isolated yield under the reported reaction conditions. The -@ndo
cyclisation has been described irsection 1.6.c where the difference between Au and Pt
catalysis was discussed with the single cycl218a being fomed with Au and the two cycles
¢ pYAT ¢lpeipdddrmed with Pt, more details with respect to their synthesis will be

discussed in the mechanistic investigation section 2.3.

PtCl, (5 mol %)
\ MeOH (3 egs)
THF, 70 °C,
N / 20 hours

7 \

N
135 H
(3 eqs) 229a:229a' = 2.3:1 (73%)

Scheme90. Intra-intermolecular reaction of indole 135 and 3-methyl-N-(2,3-butadienyl)indole 217a.
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This section will first outline the screening and optimisation of reaction conditions
achieved to selectively form compound®87a. It will then describe the resultsachieved
from investigating the reaction with various substituted indolyl allenes and external
indoles as well as investigating the effect of chain length linking the allene to nitrogen.
Finally, a detailed mechanistic study will outline how the reactiorproceeds and the

intermediates and factors that influence the overall reaction.

2.2.1. Optimisation of reaction conditions

Screening of solvent, time, temperature, concentration and equivalents of platinum, indole and
methanol were carried out for the reation of 3-methyl-N-(2,3-butadienyl)indole 217a
with external indole 135 to optimise the conditions for selective formation of compoun@87a
(Scheme90). These reactions were carried out by project student Helen Newson as part
of her year in Industry placement at Novartis in their industry research lab using L&AS
ELSD (Evaporative Light Scattering Detector) traces for detecting the different

components of the reactions.

Reported reactions by Mufiozt al’8 were carried out at 70°C using thermal heating in an oil
bath. However, it was established that using microwave irradiation decreased the reaction
time dramatically from 20 hours to 1-2 hours as well as increasing both the selectivity and
yield of product 287a. The efficiency of microwave irradiationhas increased its popularity for
organic synthesis over the years because of its dielectric heating and réathe monitoring of
temperature and pressure which has increased yields, reduced reaction time, reduced side

product formation and can change theelectivity of reactions 148147

Microwave irradiation was therefore used for all further screening. Screening of solvent and
temperature were carried out with THF, 1,4dioxane, CPME (cyclopentylmethyl ether) and-2
methyl-THF (Table 10). Their different boiling points allowed various temperatures and times
to be explored.Table 10 shows the results obtained and identifies that 1,4lioxane heated at
130 oC for 1 hour gives the best conversion to desired compoun@87a (77% from LCMS and
61% isolated, entry 3,table 10).
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217a \\/

PtCl, (5 mol %),
MeOH (3 eqgs)

Solvent, MW,

/ time, temp

(€ eqS)

Scheme 91. Screening of conditions for the intrantermolecular reaction of indole 135 and 3-methyl-N-(2,3-butadienyl)indole

217a.
Entry Solvent Temp (°C Time (mins) % of % of 287a2
218al/¢ p YrA §
1 THF 100 180 0 33
2 THF 130 30 0 37
3 1,4-dioxane 130 60 5 61
4 1,4-dioxane 150 15 0 47
5 CPME 180 20 5 39
6 2-Methyl THF 150 15 0 5

alsolated product.All results in table carried out by project student Helen Newson.

Table 10. Results obtained after screening of conditions for the intrantermolecular reaction of indole 135 and 3-methyl-N-(2,3-

butadienyl)indole 217a.

With the successful identification that microwave irradiation with 1,4dioxane at 130°C at 1

hour gives thebest results (Entry 3,Table 10), variations in equivalents of platinum, indole

and methanol were then explored. PtGlis a relatively expensive catalyst and although results

are high with 10 mol %, it is cheaper and similar reactivity is achieved when 5oh% is used.

The role of methanol was not completely understood at the time, but it had shown to be

important for the selective formation of 287a, therefore varying the equivalents of methanol

was carried out. Table 11 shows the reaction requires an excess of methanol, with the best

results achieved with 3 or more equivalents as already reported.
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PtCl, (5 mol %)
\ MeOH (Varying eqs)

1,4-Dioxane, MW,
217 N / 1 hr, 130 °C
a \\/
N\

N
H

135
(3 eqs)

Scheme 92. Screening egs of MeOH for the intrmtermolecular reaction of indole 135 and 3-methyl-N-(2,3-butadienyl)indole
217a.

Entry Equivalents of MeOH % conversion of287a2
1 1 92
2 2.5 95
3 3 100
4 3.5 100
5 4 100

aDetermined by LCMS ELDS traceall results in table carried out by project student Helen Newson.

Table 11. Shows the effect the number of equivalents of methanol has on the % conversion for compo@gda.

The equivalent of indole to allene was also investigated andble 12 shows that using 1, 3 or
4 equivalents gives 100% conversion to produc287a, however, the results were more

reproducible with 3 equivalents thereforethis was thechosen amount for the overall reaction.
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PtClI, (5 mol %) H \
\ MeOH (3 eqs) \

1,4-Dioxane, mw,

N / 1 hour, 130 °C 287a
217a \\/
N\

N
H

=z

135
(Varying eqs)

Scheme 93. Screening eqs of indolel35 for the intra-intermolecular reaction of indole 135 and 3-methyl-N-(2,3-

butadienyl)indole 217a.

Entry Equivalents of indole135 % conversion of287aa
1 1 100
2 1.5 91
3 2 91
4 2.5 90
5 3 100
6 4 100
7 4.5 96
8 5 85

aDetermined by LCMS ELDS tracedll results in table carried out by project student Helen Newson.

Table 12. Shows the effect the number of equivalents of indolE85 has on the % conversion for compoun@87a..

The optimised conditions were found to be microwave irradiation at 13®C for 1 hour with 5
mol % PtC}, 3 egs indole, 3 egs of methanol and tdioxane (0.2 M). These newly optimised
conditions were able to give an isolated yield of 71% for compoun®87a. It is also important
to state that the reaction requires dry 1,4dioxane as the solvent, because reactions carried out

with wet 1,4-dioxane resulted in the preferential formation of the cyclised products
¢ pWAT q(Pahld1B).
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Entry Dioxane Methanol % yield of218a/¢ p Y 4 % vyield of287a
1 Wet Wet 58% (not isolated) 0
2 Dry Wet 5 61
3 Dry Dry Traces 71

All results in table carried out by project student Helen Newson.
Table 13. Shows the effect that wet and dry 1;dioxane has on theselectivity of the reaction.

2.2.2. Substituent effect on the reaction

It has already been observed that the presence of a methyl group in position 3 of the indolyl
allene 217a DOT i | OAO OEA A&l Oi AOBBIM 287h.Ahe@fEr8, we veteE O A A
interested to further investigate the scope of the reaction by varying the substituents in
position 5 of the indolyl allene. In particular, we were interested in the electronics of the
reaction, thus reactions were carried out with boh electron-donating, OMe and Me and
electron-withdrawing Br, Cl and CN groups to determine the effect on the selectivity of the

reaction.

The indole framework is widely represented in natural and medicinal compounds and these
substituted indole nuclei canbe identified. The 5methoxyindole nucleus is present in several

core structures, for example it is found in melatonin303 and 5-methoxy-3-acetic acid304

(Figure 22), which are developed in vertebrate pineal glands. Melatonin exhibits antioxidant,
immunomodulatory and antitumor activities and 5methoxy-3-acetic acid304 has been shown

to exhibit antifungal and antibacterial activity making them biemedically and agriculturally
important.149|t is also a core structure in many tubulin polymerisation inhibitas such as 2
aroylindoles 305 (Figure 22q xEEAE AOA EECEI U AAOEOA ACA

resistant to paclitaxels0

OH
CH3j | 0
o N Y ©
N N
H H
Melatonin 5-Methoxy-3-acetic acid 2-Aroylindole R
303 304 305

Figure 22. Shows the naturally occurring Bmethoxyindole derivatives.

111



Halogentcontaining compourds are found in terrestrial organisms, for example there are
numerous bromoindole alkaloid derivatives which have been isolated from a range of marine
spongest4é In particular, the 5-bromindole nucleus has been identified in the structure of
aplicyanins AF 306 (Figure 23), which are isolated from marine tunicate apilidium cyaneum
and reported to exhibit cytotoxic and antimitotic activity 15! Less reported or observed are the
chloroindole derivatives, however they have been reported in terrestrial plants. #h as the
growth hormone 4-chloroindole-3-acetic acid307 (Figure 23), which is found in peas and

broad beans of the Vicieae tribés2

R1

/ A=R'=R?=R®=H
N H
>/N B=R'=Ac, RZ=R3=H
OH
HN C=R2=0OMe, Ry =R3=H
Cl
Br \ D =R"'=Ac, R2= OMe,R3= H 0
E=R'=H, R?>=0Me, R®=Br
R3 N N
H
R2 F =R'=Ac, R?= OMe, R3=Br
Aplicyanins A -F 4-Chloro-3-acetic acid
306 307

Figure 23. Shows the naturally occurring bromeand chloro-indole derivatives.
Indoleacetonitrile derivatives 308 (Figure 24) have also been reported to play an essential
role in plant growth after being identified in a range of Cruciferae, where they inhibit the

seedling-growth of light-grown cabbage, Brassoca oleareas

R1 R1

R'=H, R?=0Me, R3=R*=R%=H
Isolated from Brassica Pekinensis

R'=R2=R3=R*=H, R®= OMe

R4 308 ° Isolated from Chinese cabbage

Figure 24. Shows the naturally occurring indoleacetonitrile derivatives.
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As well as the mechanistic information that can be obtainetly analysing the effect of the
electronic properties of the starting materials, the sigificance of these substituted indole

nuclei in naturally occurring products makes them ideal candidates for expanding the scope of
OEEO OAAAOEITT xEOE OE ABIMEIwAdh AiGHEHave erihaBced idterdiad E O O
for biological activity.

2.2.2.a. Varying substituents at position 5 of indolyl allene

Except for 5bromo-3-methyl indole, all the other 5substituted-3-methylindoles 313 were not
commercially available and therefore were synthesised from their corresponding
commercially available 5substituted indole. The regioselective synthesis of the G3ethyl
derivatives was achievedvia a stepwise procedure adapted from that proposed by Amagt
al.,;154 followed by N-propargylation and Crabbé homologatio@-26 to form the corresponding
5-substituted-3-methylindolyl allene 217 . This section will outline the procedures carried out

for each step as seen incheme 94 and the results obtained.

Br

X NaH (1.6 egs) X Freshly recrystallised X
N\ _ PrsSICl (1.6 eqs) A NBS (1.3 egs) N\
THF, 0°C - RT, THF, -78 °C,
N 3 hrs N N
135 H 309 \ 3 hrs 310 \
X = b-e b-e SIIPF3 b-e Si’PI’3
H (a) _
OMe (b), n-BuLi (2.3 eqgs)
Me (c),
Cl (d), THF, -78 °C,
CN (e) 20 mins
Br (f)
Li
X X X
AN TBAF (1.1 egs) AN Mel (2.2 egs) N
N THF, 0 °C - RT, N THF, -78 °C - RT, N
313 H 10-15 mins 312 \ ) 20 hrs 311\
b-e b-e SiPrs b-e SiPrs

Scheme94. The stepwise procedure for the synthesis ob-substituted-3-methylindoles 313.

The first step involves the triisopropylsilyl protection of the nitrogen atom of indole. This bulky
protecting group prevents reactivity at the nitrogen atom and provides regioselectivity to the
other steps. This straighforward step gives near quantitative yields for all examplestéable

14), with flash chromatography carried out before use in the next step.
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X NaH (1.6 eqgs) X
\ iPr3SiCl (1.6 egs) \
THF, 0 °C - RT, 3 hours

N
135 H 309 \
X = SiIPI'3
OMe (b), Me (c),
Cl (d), CN (e)

Scheme 95. N-protection of 5-substituted indole 135a-d with triisopropylsilylch loride.

Entry Substituent 309 (%)
1 OMe 99
2 Me 90
3 Cl 98
4 CN 97

Table 14. Results from theN-protection of 5-substituted indole 135b -e with triisopropylsilylchloride.

Although Amat et al.154 carried out their protection and bromination in a onepot step, we
found that higher yields were achieved when two steps were employed. The reactivity of indole
allows for selective bromination at position 3. At first, this step proved problematic with la/
yields and decomposition occurring, but we found that using freshly recrystallized NBS at8
oC in the dark for 3 hours reduced the chance of any side reactions occurring, which improved
yields and minimized decomposition Table 15). Also, yields were inproved when the
reaction was quenched with water and extracted with ED, instead of using the pyrrole and-

hexane conditions as reported by Amagt al.154

Br
X Freshly recrystallised X

\ NBS (1.3 eqgs) \

THF, -78 °C, 3 hrs

N N
309\ 310 \
X = SIIPr3 Si Pr3
OMe (b), Me (c),
Cl (d), CN (e)

Scheme96. Selective bromination ofN-protected 5-substituted indole 309b -e with NBS

Entry Substituent 310 (%)
1 OMe 57
2 Me 65
3 Cl 64
4 CN 48

Table 15. Results for the formation of indole310 via bromination of indole 309b -e with NBS.
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The next onepot step involves the methylation of position 3 producing compoun®12. This
involves first generating the 3lithioindole 311 derivative via halogenlithium exchange using
n-BuLi at-78 oC (Scheme 97). The presence of the bulky triisopropylsi¥l protecting group
prevents the undesired migration of the lithium atom from position 3 to 2, due to its steric
restraints.154 20 minutes after the addition of then-BuLi (maximum), Mel is added to the
solution and warmed to room temperature for 20 hours.Quenching the reaction with NHCI
and extracting with EtO isolates312 in near quantitative yields with no further purification
required (Table 16).

Br Li
X X X
AN n-BuLi (2.3 eqs) AN Mel (2.2 egs) - \
THF, -78 °C, 20 mins THF, -78 °C - RT, 20 hrs N
N N
310 \ 3\ 312\

X = Si'Prs Si'Prs Si'Prg
OMe (b), Me (c),
Cl (d), CN (e)

Scheme97. Onepot step for methylation at position 3via halogertlithi um exchange.

Entry Substitutent 312 (%)
1 OMe 96
2 Me 99
3 Cl 98
4 CN 96

Table 16. Results for the formation of indole312 via methylation of indole 310 with n-BuLi and Mel.

Despite the high yields obtained, there werseveralimportant factors that had to be taken into
account to achieve these. For example, the equivalents fBuLi were found to have an
important effect, with only 33% of312 and 66% of starting material310 being obtained when
1 eq ofn-BuLi was utilised. Itwas also established that-BuLi was ineffective for this reaction
with only starting material 310 being isolated. Another factor was the time delay between the
n-BuLi addition and Mel addition, when the delay was longer than 2fhinutes, traces of the
unsubstituted derivative 309 were observed, thereforethe delay was found to be best around

15 minutes.

The length of time left betweenn-BuLi addition and Mel addition was also found to be
important for the reaction involving the 5-cyanoindole derivative. It was observed that instead
of halogenlithium exchange, the nucleophilic addition on-BuLi occurred preferably at the

nitrile group if longer times were left between the two additions.
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In those cases, this addition generated the corresponding imine salt compl814 (Scheme
98), which upon acidic workup with NHsCl generated the corresponding ketones
322/323 with either methyl or proton present in position 3 resulting from the successful ad
unsuccessfulmethylation (Scheme 98). The ketone derivatives were not detected until the
final step when Crabbé homologation was carried out, therefore yields were not obtained.
However, the corresponding indolylallenes were used in the platinum reactiowith external

indole, but no cyclisation or BIM formation were achieved, therefore they were not synthesised

again.
H® <—|®
®O
= R LiNE R *NH R
N
N N N
309/312 \Si"Pr3 314 sipr, 315 SiPpr,

®
NH, R NH, R
HL‘o\@ N\ N\
) H N\ N\
H20 318 SiPrg 316 SiPry
/‘H® ,/\ NH,
{ H
®0
NH, R | R
y—0
N\ N\
319 SiPry 321 Sipr,
o R
N
322 silPry
322=R=Me,
323=R=H

Scheme 98. Mechanism for the nucleophilic addition oh-BulLi to nitrile group forming the corresponding ketone derivatives
322.
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Following successful methylation, the crude products were then deprotected using tetira
butyl ammonium fluoride (TBAF). Its source of fluorine is the driving force for this step wit
the formation of the strong SiF bond. The deprotection takes less than 10 minutes and is
followed by a vigorous work-up and column chromatography to remove the ammonium salt

and isolate the 5substituted-3-methyl indoles 313 in relatively good yields (Table 17).

X X
AN TBAF (1.1 egs) AN
N THF, 0 °C - rt, 10 mins H
312 SiPrg 313
X = X =
OMe (b), Me (c), H (a), OMe (b), Me (c),
Cl (d), CN (e) Cl (d), CN (e), Br (f)

Scheme99. Deprotection 0f312 with TBAF to form 313.

Entry Substituent 313 (%)
1 OMe 59
2 Me 68
3 Cl 48
4 CN 62

Table 17. Results for the formation of indole313 via deprotection of indole 312 with TBAF.

The final two steps of the procedure involve firstly the propargylation of the nitrogen, followed
by the Crabbé homologatio??-26 of the acetylenic precursorThese reactions werecarried out

for all the substituted indoles bearing the methyl group irposition 3.
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The propargylation of indole occursvia an $2 mechanismand worked well for all examples,

giving the desired products in good yieldsTable 18).

X NaH (1.5 eqs) X
\ THF, 0°C-RT, 20 hrs \
N Br % N
313 H (15 eqs) 324
X = a-f a-f
H (a), OMe (b), Me (c), /

Cl (d), CN (e), Br (f)

Scheme 100. Propargylation 0f313 with sodium hydride and propargyl bromide to form 324.

Entry Substituent 324 (%)
1 OMe 57
2 Me 30
3 Cl 59
4 CN 65
5 Br 51
6 H 84

Table 18. Results for the formation of indole324 via propargylation of indole 313 with sodium hydride and propargyl bromide.

The final step involves the homologation of the acetylenic derivativ@24 to the corresponding
allene217a-f (Scheme101) usinga modified version of theCrabbé homologation, a procedure
which has been explainedh detail in the introduction (Section 1.2).20-26 |t js a fast and effective
procedure involving microwave irradiation for 10 minutes at 150°Cusing formaldehyde N,N-
diisopropylamine and copper(l) bromide in 1,4dioxane. After column chromatography to
remove the copper salts and byproducts of the reaction, the desired indolyl allene17a-f

were isolated in relatively high yields {Table 19).
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HCHO (2.5 egs)
X CuBr (0.3 egs) X

\ ProNH (2 egs) . \

1,4-Dioxane, 130 °C,

N . N
10 mins, mw 217

324
a-f a-f

\
. 7 \

H (a), OMe (b), Me (c),
Cl (d), CN (e), Br (f)

Scheme 101. Homologation 0f324 using microwave irradiation to form 217.

Entry Substituent 217 (%)
1 OMe 60
2 Me 60
3 Cl 70
4 CN 70
5 Br 87
6 H 74

Table 19. Results for the formation of Ssubsituted, 3methyl indolyl allene 217 a-f via homologation of acetylenic indole324 a-

f using microwave irradiation.

With the optimised platinum conditions achieved and desired Substituted-3-methylindolyl
allenes 217a-f synthesised, the scope of the reaction was explored with respect to the

substituents.
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\ PtCl, (5 mol %),
MeOH (3 eqgs)

N / 1,4-Dioxane,

217 \\// 1 hour, mw, 130 °C

S

X
H (217a), OMe (217b), Me (217c), 135 H H (218a), OMe (218b), Me (218c), H (287a), OMe (287b), Me (287c),
Cl(217d), CN (217e), Br (217f) (3 egs) ClI (218d), CN (218e), Br (218f) Cl (287d), CN (287e), Br (287f)

Scheme 102. Platinum-catalysed reaction of 5substituted indolyl allene 217.

Entry Indolyl Allene % 218/ ¢ p YRatio) % 287
1 217a 5 (1:0.3) 61
2 217ba 0 48
3 217c 0 21
4 217d 35 (0.8 :1) 0
5 217eb 47 (0.78:1) 0
6 283f 53 (1:0.95) 20

aResult obtained by Sachini Heratt?.Result obtained by Helen Newson.

Table 20. Results from the investigation of substituent effect on the optimised platinum reaction.

Analysis of results fromtable 20 highlights a trend for the selective formation ol p ¢ 7 cop 6
287 depending on the nature of the substituent in position 5. It was found, that if position 5

was substituted with an electronAT T AOET ¢ CcOIl Obh O-BIMI287 GvasA A A
preferentially formed (Entries 1 and 2,Table 20). Poor yield for compound287¢ was obtained
because of poor separation from the indolevia column chromatography. Whereas, when
position 5 contains an electronwithdrawing group the reaction is more selective for the
formation of the 6-endo cyclised prodicts¢ p @ 7 cirpap @most 1:1 ratio (Entries 5, Table

2008 4EAOAAZI OAnh EO EAO AAAT -BANDEZBA Adnbe &chidved OE A
preferentially when an electron-donating group is present in position 5, reasoning for this
pattern will be discussed in further detail within the mechanistic investigation section (Section

2.3).
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2.2.2.b Varying substituents on the external indole

Further to investigating the reaction with substituents on the aromatic ring of the indolyl allene
217, the reaction was also investigated with different substituents present on the external
indole. Therefore, reactions were carried out with both electrordonating, 5OMe, 2Me and 2

Ph and electronwithdrawing 5-Br, 5Cl and 5CN groups to determine the effect on the

selectivity of the reaction.

The presence of these indole nuclei in natural products have already been discussed in section
2.2.2149152 These external indoles 135a-f are commercially available and only 3
methylindolylallene 217a was synthesised as describedn section 2.2.2.a. These reactions
were carried out in collaboration with project students Louise Eagling and Sachini Herath.
These reactions were carried out using the optimised platinum conditionsScheme 103),
under an inert atmosphere and all product were obtained after purification by column

chromatography.

N
2 PtCI, (5 mol %), 218a

R
MeOH (3 eqs)
\ ¥ mR1 1,4-Dioxane, 1 hour,
N Y N mw, 130 °C AN

$ H
217a \\/ 135/127

(3 eas) N
218a’ i

R'=H, R? = OMe (135b), R' = H, R? = OMe (325b),
R'=H, R?= CI (135d), R'=H, R? = Cl (325d),
R'=H, R? = CN (135e), R'"=H, R? = CN (325e),
R'=H, R? = Br (135f) R" = H, R? = Br (325f)
R' = Me, R? = H (135g), R" = Me, R? = H (325g),
R'=Ph, R?=H (135h), R' = Ph, R? = H (325h),
N-Me, R" = H, RZ = H (127) N-Me, R" = H, RZ = H (325i)

Scheme 103. Platinum-catalysed reaction 3methylindolyl allene 217a with substituted external indoles 135/127 .

Entry External Indole % 218a/ ¢ p Y(Ratio) % 325
1 135b 17 (0.35:1) 37
2 135da 74 (¢ p ray) Traces
3 135ea 74 (c p pry) 15p
4 135f 33 (¢ p prdy) Traces
5 1359 19 (0.2:1) 46
6 135ha Traces 35
7 127 44 (c p prdy) 22

a Dimer product either observed in crude or traces isolated from the reactio mixture (4-10%). ® Yield calculated from NMR.

Entries 2, 3 and 4 were carried out by Louise Eagling and Sachini Herath.

Table 21. Results from the investigation of substituent effect on the external indo286 for the optimised platinum reaction.
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A similar trend to that shown for the various substituents in position 5 of the indolyl allene is
observed, where the indoles bearing an electreadonating group(Table 21, Entries 1, 5 and 6)
AAOT 60 OEA &l Oi AOEBIM 325, wheréag dn elddbiOwtbdkaivinggfowpd
(Table 21, Entries 2, 3 and 4)favours the formation of the 6endo cyclisation products
218a/ ¢ p . Aterestingly, we only observe the formation of the conjugated-éndo cycleg p ¢ &
when electronwithdrawing groups are present, but a nixture of the two observed with

electron-donating.

The selectivity of these reactions is not as predominant, with both the-éndo cyclesg p 7 ¢ p ¢ 6
AT A O BM325tbeind observed in all cases. The substituent effect was also investigated

with N-methyl indole 127 as the external indole, this was found to give both cycle p rid the

AT OOAODI IBIMB25gin g Alordtio. Furthermore, we wanted to investigate the effect

of substituents on both the external indoleand the 3-methylindolyl allene, therefore an
example with 5-methoxy-3-methyl indolyl allene 217b and 5-methoxyindole 135a was carried

out (Scheme104qh xEQOE &I Ol -BI®BI6 las the ABajdd Brdduct witlo £D% vyield

and only traces of the cycle p yHeidg observed. This helpstosuppoO OEA E/MBMA OE /

formation is favoured in the presence of electrordonating substituents in both partners.

PtCl, (5 mol %), MeO
MeOH (3 eqs)
1 ,4-Dioxane,

1 hour, mw, 130 °C
217b 135a 218b’
(3 eqgs) Traces (40%)

Scheme 104. Platinum catalysed reaction of nethoxy-3-methylindolyl allene 217b with 5-methoxyindole 135a.

4 E A -RIM sirdctures have a very distinctivetH NMR spectra, with a characteristic triplet at
~4.6 ppm for the proton at position d and the diastereotopic protons at ~3.9 and 4.3 ppm for
the CH at position a in figure 25. The diastereotopic protas for positions b and c are less

characteristic because of their overlap with methyl groups in the region of 2 ppm.
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Figure 25.1H NMR showing the characteristic chemical shifts for structur@87.

However, characterisation of compound 325 containing the Ph group at position 2 of the
external indole showed shifts in the characteristic signalsuggesting there is a different
environment around the proton in this derivative. The diastereotopic protons were observed
at a highe chemical shift of ~4.6 and 4.2 whereas the triplet was observed at a lower chemical

shift of around 4.0 ppm Eigure 26).
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Figure 26.H NMR showing the change in chemical shifts for structu@25.

Further analysis of the NOESYRigure 27) of this structure shows interaction between the

protons at position a with the aromatic protons on the indole from the indolylalleneand

interaction of proton d with the ortho-aromatic protons of the Ph group. This suggests that the

external indole is twisted with the phenyl ring on the same side of protod due to sterics and

therefore explaining the difference in chemical shiftsmaybe due to the anisotropic effects of

the aromatic ring on that proton.
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Figure 27. Structure and NOESY NMR highlighting the interaction between protonsaand d with Ph group.

Although we achieved successful-€ndo cyclisation and intraintermolecular addition when
various substituted external indoles were incorporated, there were a few reactions (&l, 5CN
and 2-Ph) where small amounts (410%, Table 21) of an unexpected dimeric compoun®27
were isolated. Full characterisation of the isolated compound by pton, carbon, HSQC and
HMBC NMR and HRMS has allowed us to suggest that unexpected dimerization of the indolyl

allene partially occurred with the following structure being suggestedEigure 28).
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Figure 28. Structure of unexpected compound327, occurring from dimerization of two indolyl allene units.

Firstly, we identified the presence of 3 methyl groups, two of which correspond to those in
position 3 of the starting indolyl allene Figure 29), suggesting the presence divo indolyl
units, this was supported by the presence of double aromatic protons of the indol&igure
30).
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Figure 29.1H-NMR expansion showing the methyl groups of the dimerised structure.

A singlet present at 6.68 ppm was identified as the proton atgsition 14 (Figure 30). This
suggested that an endocyclic double bond in a-fhembered ring was present, however a
second 6membered cycle did not seem to be preserin fact, we identified a quaternary chiral

centre from the carbon NMR which along with angsis of both the HSQC and HMBC allowed

us to suggest a Bnembered ring with a methyl group at the chiral centre Figure 31).
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There were in fact two sets of diastereotopic protons at 4 ppm suggesting two sets ofQt
groups (Figure 30), two other sets ofdiastereotopic protons were identified around 2.6z 2.2
ppm (Figure 29), which would correspond to the Chs at position 12 and 17, confirming the

chiral centre.

R R REEE R ERER R 9858999900 S88585589858
NENNNRNNNNNRNNNNNNNNNNNNN FFFFF SISO OO0
N TN rrrrr———— B R
r6E+08
r6E+08
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Aromatics L JE+08
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—
I
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Iy 1
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Figure 30.1H-NMR expansion showing the diastereotopic protons of the dimerised structure.
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Figure 31. HSQC and HMBC NMRs showing the corresponding connectivity in dimer 327.
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This suggested dimerization was also supported by HRMS where the molecular ion M+1 was
identified with a mass of 367, while the M+1 of the @&ndo cyclisation product wasfound to be
184.

2.2.2.c Varying substituents at position 3 of indolyl allene

To further understand the effect that substitution had on the selectivity of this platinum
catalysed bisindolylation reaction, investigations were carried out with various substituents
in position 3 of the indolyl allene217 g-j (Scheme105 and 106). Thes reactions were carried
out by project student Louise Eagling during her time at Novartisall the starting materials
were either commercially available or synthesised on site. These reactions were carried out
using the optimised platinum conditions Scheme 105 and 106), under an inert atmosphere

and all products were obtained after purification usingcolumn chromatography.

Interestingly, the electronicsand sterics of the different groups tested have a dramatic effect
on the selectivity and products of tke reactions.Table 22 shows the results from the reaction
with alkyl substituents, moderate electrorrdonating groups by inductive effect, where we
observe the formation of both the conjugated @ndo cyclec ¢ w8l A O EBM 38th o &
However, the selectivityfor 218g-E Vs 287g-j is dependent on the size of the substituent in
position 3, where if position 3 bears a methyl group formation oR87 is favoured (Entry 1,
Table 22), whereas when thet-Bu group is present (Entry 4, Table 22) ¢ p (sdreferentially

formed, possibly because of the steric restraints of the bulky substituent.
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N
X 218 /
PtCl, (5 mol %), X
\ MeOH (3 eqs)
1,4-Dioxane, AN

N /1 hour, mw, 130 °C

217 \\/ \ ,
X = Me (217), X = Me (218), X = Me (287a),
X = Et (217g), N X = Et (218g), X = Et (287g),

H

Z
=

X = iPr (217h), 135 X = iPr (218h), X = iPr (287h),
X = tBu (217i) (3 eqs) X = {Bu (218i) X = tBu (287i)
X = Ph (217j) X = Ph (218j) X = Ph (287j)

Scheme 105. Platinum-catalysed reaction of alkyl 3substituted indolyl allenes217g-j with indole 135.

Entry X % 329/0 ¢ «96) 287 (%)
1 217 5(1:0.3) (218:C p W & 61
2 2179 Traces € p W@I§) 41
3 217h 27 (¢ p YEn) 7
4 217i 25 (C p UoElyY) 19
5 217j Traces € p UoBIyY) 11

*All results in table obtained by Louise Eagling and fully characterised by Lisa Cooper.

Table 22. Results from the investigation of alkyl substituents in position 3 of indolyl alleng17.

The most surprising results were obtained with the electroawithdrawing groups in position

3 where a switch inreactivity was observedwith the formation of the allylic 330 k-n (Table
23) and the tris-indole 331k -n (Table 23) derivatives as the only products of the reaction
(Scheme 106). These two compounds arise from the addition of the external indole to the
terminal carbon of the allene, which is favoured because the electrewithdrawing group
removes electron density from position 2 therefore making the &ndo cyclisation
unfavourable and encouraging the nucleophilic addition of the indole to the allene as in the
previously reported reactions with platinum and gold. Interestingly, the greater the electron
withdrawing properties of the substituent, the better the selectivity for the trisindole product
331, e.g. CN vs CHO (entries 1 aadTlable 23).
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X X X
PtCl; (5 mol %),

\ MeOH (3 eqs) _ \ \

1,4-Dioxane, H

N /1 hour, mw, 130°C N N
328 \\/ % 330 \ O
N
H

X = CN (217k), X = CN (330k/331k)

X = CO,Me (2171), 135 X = CO,Me (330/3311) /

X = COMe (217m), (3 eqs) X = COMe (330m/331m)

X = CHO (217n) X = CHO (330n/331n) N N
H

Scheme 106. Platinum-catalysed reaction of electroawithdrawing 3 -substituted indolyl allenes217 with indole 135.

Entry X 330(%) 331(%)
1 217k 15 41
2 217l 13 32
3 217m 11 23
4 217n 5 5

Table 23. Results from the investigation of electrorwithdrawing substituents in position 3 of indolyl allene 217.

The electronics of the substituents on both the indolyl allene and external indole have shown

that selectivity can be controlled by incorporation ofeither an electrondonating or an
electron-withdrawing group. We have established that an electrofwithdrawing group present

on the indolyl allene in either position 3 or 5 favours the é&ndo cyclisation or gives rise to the
formation the allylic 330 k-n and tris-indole 331 k-n products, with little or no formation of

OEA A A OBIM Ardducts hVehéreas incorporating an electrordonating group onto the
ETATT Ul AITTATA ET PIOEOEIT v TO 11 OEABMA@OA
However, bulky substituents in position 3 of the indolyl allene reverse the selectivity and

favours the formation of the 6endo cycle.

Another example involving varying substituents on the indolyl allene wre explored when an

ethyl chain was incorporated onto he terminal carbon of the 3methylindolyl allene to
investigate the effect of this on the overall platinum reaction. This new allen832 was
synthesisedvia Crabbé homologation with propanal instead of pardormaldehyde. The allene

was reacted under standad platinum conditions with indole 135 to achieve the 6endo
cyclised products333 ando o ¢Stheme107q8 &1 Oi AOET 1 IBM podudwas A OE C
not achieved, possibly due to the steric hindrance of the ethyl group in positiahof the cyclised
product (Scheme107).
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PtCl, (5 mol %),

\ MeOH (3 egs) \
1,4-Dioxane,
N ./\/ 1 hour, mw, 130 °C /
332 W 333
(9 \
n=1

N
H

pd

(1:0.5, 37 %)

135
(3 eqs)

Scheme 107. Platinum-catalysed reaction of ethyl substituted indolyl allene832 with external indole 135.

As well as adding chains to the terminal carbon of the allene, several reactions were carried
out to extend the chain connecting the nitrogen to the allene, this was exploreda various
methods to incorporate n=0, n=2 and n=3 derivatives. However, reactions to form these
derivatives proved tricky, also decomposition and isomerisation were found to ban issue and

no results were achieved.

2.2.3. Intra -intermolecular addition reaction with other nucleophiles

It was established during the interintermolecular reaction that pyrrole could successfully add
to allenes with formation of the bispyrrole product 289 (Scheme ). Therefore, this intra-
intermolecular platinum reaction was extended to incorporate pyrroleas both the external and

internal nucleophile.

Freshly distilled pyrrole 264 was reacted with 3-methyl-N-(2,3-butadienyl)indole 217a
under standard platinum microwave irradiation conditions and the indolegpyrrole
cross product334 was isolated after purfication by column chromatography §cheme

108) in a 65% yield, with no formation of the 6endo cycles.

\ /' \  PtCl, (5 mol %), MeOH (3 eqs) NH
. 0N

N 1,4-Dioxane, 1 hour, mw, 130 °C
N ./ H

217a \\/ 264 334

(3 eqs) (65%)

Scheme 108. Platinum-catalysed reaction of pyrrole264 with 3-methyl-N-(2,3-butadienyl)indole 217a.
This unique structure contains two different heteroaromatic substituents, which increases the
potential for biological and pharmaceutical importance. The importance of pyrroles in natural
products and their biological importance led us to explore whethertis reaction would work

with pyrrolyl allenes, synthesis of which would follow that proposed inscheme 94.

132



Successful propargylation of freshly distilled pyrrole264 using propargyl bromide yielded
compound 335 in 49% vyield (Reaction A, Scheme 109), this then underwent successful
Crabbé homologation to also yield 49% of the desired pyrrolyl allen@36 (Reaction B,
Scheme109).

NaH (1.5 egs)
Reaction A // \\ THF, ?) °C - :‘g; hrs // \\

\

N N
H Br/\
(1.5 eqgs)
264 335\
HCHO (2.5 eqgs) 49 %
CuBr (0.3 eqgs)
{ \ ProNH (2 / \
Reaction B / \ 2 (2 eqs) > / \
N 1,4-Dioxane, 130 °C, N
10 mins, mw k/ /
/
335 336
49 %

Scheme 109. Propargylation and Crabbé homologation of freshly distilled pyrrol@64.

The platinum-catalysed reaction was carried out for this pyrrolyl allene836 under microwave
irradiation in the absence of external nucleophiles$cheme110). The crude from thetH-NMR
showed the presence of the @ndo cycless ¢ X T o(6igur@ 32) in a ratio of 1.21 (337:0 0 ¥ 0

however, these compounds could not be isolated due to decomposition during column

chromatography.
// \\ PtCl (5 mol %), MeOH (3 egs) / \ / \
N 1,4-Dioxane, 1 hour, mw, 130°C \ N
7 \
7 VY
336 337 337

(1.2:1)
Scheme 110. Platinum-catalysed cyclisation of pyrrolyl allene337.

The pyrrolyl allene 336 was also reacted under optimised conditions as before with the
external indole 135. However, analysis of the crude!H NMR after 1 hour showed only

formation of the two cycles above which were not isolated.
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Figure 32. Cude *H-NMRs showing the presence of cycl&37 ando ¢ )pefore decomposition in column.
7A ET1T x A£OT 1T OEBMOtE: thefmbtByEgioup has aq immoidant effect on the
reaction. Therefore, we were interested to investigate this with the pyrroke. Using the route
from Scheme77, successful silyl protection of freshly distilled pyrrole was achievedieaction

A, Scheme 111) with 98% yield and bromination in position 3 of pyrrole was also achieved
with 58% vyield (Reaction A, Schemel1ll).

NaH (1.6 eqgs)
Renction A // \\ iPrSaSiCI (1.g?asqs) N // \\

N THF, 0°C - RT, 3 hrs N
: |
SiiPr,
264 338
Br
Freshly recrystallised
. / \ NBS (1.3 eqs) / \
Reaction B o >
N THF, -78 °C, 3 hrs N
SiiPr3 SIIPr3
338 339

Scheme111. Protection and subsequent bromination of freshly distilled pyrrole264 .
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However, when methylation usingn-BuLi was attempted, a complex mixture was obtained
resulting from the methylation in various positions of the pyrrole. The brominated derivative
339 was instead deprotected using TBAF in 94% yieldReaction A, Scheme112), but after
exposure to air for less than 10 minutesthe unprotected derivative 340 decomposed. Both
propargylation and Crabbé homologattn were attempted for the freshly prepared 3
bromopyrrole derivative 340 (Reaction B and C, Scheme112), however due to poor stability
these compounds decomposed within 24 hours and therefore no platinum reactions could be

carried out.

Scheme 112. Deprotection, propargylation and homologation of ®romopyrrole derivatives.

The quick decomposition of these products put a time restraint on this work and was therefore
not continued, however because of the potential for tisireaction to proceed and theavailable

scope, further investigation is currently being carried out within our research group.
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